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Abstract—A FORTRAN computer program is presented and documented applying the Turkel-Zwas
explicit large time-step scheme to a hemispheric barotropic model with constraint restoration of integral
invariants of the shallow-water equations. We then proceed to detail the algorithms embodied in the code
EXSHALL in this paper, particularly algorithms related to the efficiency and stability of T-Z scheme and
the quadratic constraint restoration method which is based on a variational approach. In particular we
provide details about the high-latitude filtering, Shapiro filtering, and Robert filtering algorithms used in
the code. We explain in detail the various subroutines in the EXSHALL code with emphasis on algorithms
implemented in the code and present the flowcharts of some major subroutines. Finally, we provide a
visual example illustrating a 4-day run using real initial data, along with a sample printout and graphic
isoline contours of the height field and velocity fields.
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ation, Filtering techniques.

INTRODUCTION

Recently, a considerable amount of work has been
dedicated and aimed at efficient integration of shal-
low-water equations in view of using these methods
in numerical weather prediction models. In order
to achieve computational accuracy and efficiency,
most methods are concerned with the different time-
scale of the advection and the gravity-inertia terms
in the shallow-water equations model separately.
Semi-implicit schemes (Robert, 1979; Burridge, 1975)
and split-explicit schemes (Magazenkov, Shvets,
and Shneyerov, 1971; Gadd, 1978a, 1978b) are
examples of those methods. In the split-explicit
schemes, a substantial computational economy is
achieved when compared to usual explicit time
integration schemes.

Turkel and Zwas (1979) proposed a space-splitting
rather than a time-splitting algorithm for the explicit
integration of the shallow-water equations. Their
method is based on the fact that the fast gravity-
inertia waves contain only a small fraction of the
total available energy and therefore these waves can
be calculated with a lower accuracy than the slow
Rossby waves, that is on a coarser mesh. An appli-
cation of the T-Z space split-explicit integration
schemes with real initial data is presented and dis-
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cussed by Navon and de Villiers (1987) and its
properties are discussed further in Neta and Navon
(1989). A linear transfer function analysis of the
shallow-water equations in spherical coordinates for
the Turkel-Zwas explicit large time-step scheme was
carried out by Neta, Navon, and Yu (1990).

The purpose of this paper is to present a practical
FORTRAN code, EXSHALL, which implements
the T-Z explicit large time-step scheme for the shal-
low-water equations in spherical coordinates along
with constraint restoration methods for enforcing a
posteriori conservation of the integral invariants of
the shallow-water equations. The computer program
is explained in detail in connection with the various
algorithms implemented in the code EXSHALL.
This paper can be used as a user’s guide to the
program EXSHALL both in providing a brief
description of the theory as well as detailed program-
ming implementation.

We present here the T-Z scheme for the shallow-
water equations in spherical coordinates and its
related algorithmic background. Various filters used
with T-Z scheme and which impact on its stability
also are presented; a detailed description of the
various subroutines in the code EXSHALL is pre-
sented; and a typical example of a 4-day run with the
program EXSHALL is presented along with graphi-
cal output. Finally, in the Appendix the commented
and documented FORTRAN source listing the code
of the program EXSHALL is attached.
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TURKEL-ZWAS EXLICIT LARGE TIME-STEP
SCHEME

Shallow-water Equations in Spherical Coordinates

The shallow-water equations in spherical coordi-
nates are given by
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Here f'is the Coriolis parameter given by
f=2Q siné. C))

Q is the angular speed of the rotation of the Earth,
h is the height of the homogeneous atmosphere, u and
v are the zonal and meridional wind components
respectively, whereas the latitudinal and longitudinal
directions are given by 6 and 2 respectively, g is the
acceleration of gravity, and a is the radius of the
Earth.

Turkel-Zwas Explicit Large Time-step Scheme

In the Cartesian situation, the stability condition
for the leap-frog explicit finite difference time inte-
gration of the shallow-water equations requires

At 1
<

— S (%
Ax " lu|+ v+ /28h
For typical meteorological conditions one has
V&h » (ul + |v]) ©

wheareas most of the energy is carried out at the
convective speed O (Ju] + [v]). Here Az and Ax are the
time and space mesh sizes, respectively.

Turkel and Zwas (1979) calculated the terms re-
lated to the gravity-waves, namely (gh,+ fv) and
(gh, +fu) in the continuity equation on a coarser
mesh than the advective terms and applied a Padé
compact fourth-order accurate finite-difference ap-
proximation for their calculation, to compensate for
the higher truncation error on the coarser grid.

It has been shown (Navon and de Villiers, 1987)
that the stability condition for T-Z scheme with
leap-frog explicit time differencing is

At 1
— 5;.___________________
Ax " uj+ vl + /2gh/p

(see Turkel and Zwas, 1979; Navon and de Villiers,
1987).
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In the spherical situation, the stability condition
for the shallow-water equations model assumes the
form

A = a cos Al

o ®
where @ =sin(kAl), k is the zonal wave number.
This stability condition is obtained by using an
analysis similar to that of Arakawa and Lamb (1977)
for the linearized shallow-water equations in spheri-
cal coordinates (see also Takacs and Balgovind,
1983).

The Turkel-Zwas scheme for the nonlinear shal-
low-water equations in spherical coordinates takes
the following form:
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Shallow-water equations in spherical coordinates

where

At At

7T aM T anb (12

For a = 1/3 the geostrophic balance and the in-
compressibility condition are satisfied to a higher
order in the Cartesian coordinate situation, this being
exactly the fourth-order Padé finite-difference ap-
proximation (see Turkel and Zwas, 1979; Navon and
de Villiers, 1987). The stability condition of the T-Z
scheme (9)-(12) for the Padé weighting parameter, a,
is @ < 1/2 (see Neta, Navon, and Yu, 1990). p and ¢
are parameters of the coarse mesh ratio to the fine
mesh.

Filters Used in the Code EXSHALL

Fourier filtering for polar regions

Near the poles the longitudinal distances between
neighboring points Ax =a cos A4 decrease as one
approaches the poles for a fixed AA.

Owing to these short distances and to the presence
of fast moving inertia-gravity waves near the poles,
prohibitively short time-steps are required to ensure
computational stability. Different Fourier filtering or
high-latitude filtering methods have been put forward
for latitude-longitude global gridpoint models to
allow the use of large time-steps for explicit time
integration. For a comprehensive survey of this topic
see Takacs and Balgovind (1983).

In the code EXSHALL, we have used the Arakawa
and Lamb (1977) Fourier high-latitude filtering
method in which the zonal pressure gradient and
zonal mass flux terms are Fourier filtered. For the
Turkel-Zwas scheme differencing gravity-wave re-
lated terms on a coarse grid over points p meshes
away in the longitudinal direction results in a typical
stability condition of the form
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sin

The increase in the maximum allowable time-step is
the result of the differencing of gravity-wave related
terms on a coarse mesh has several implications for
high-latitude filtering. On one hand, on the coarse
mesh, the frequency of the fastest resolved propagat-
ing gravity mode, w, decreases, but on the other
hand, we can use a larger time-step.

As has been shown by Daley (1980) and Takacs,
Kalnay, and Navon (1985), the condition for an
explicit time-differencing scheme for the shallow-
water equations on the sphere to be stable linearly is

(14)

1
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The set of all gravity modes whose eigenfrequencies
satisfy
15)

1
Iwel > At
constitutes the set of “fast” modes which will have to
be Fourier filtered to maintain stability near the
poles.

The coarse mesh differencing reduces the size of the
fast modes set, but the use of a larger time-step again
increases the number of modes in the “fast” set, as
defined by Daley (1980), meaning that as far as
high-latitude filtering is concerned the same amount
of effort will be required to maintain computational
stability.

In all techniques used, the filtered quantities were
fast-Fourier transformed into their wave components
whose amplitudes then were altered by a wave-depen-
dent damping function. In the code EXSHALL, the
damping function assumes the form:

. cos 6,
F,——mm(l,;in—(EA—“) .

Shapiro low-pass filtering

(16)

Spatial finite difference schemes which are not
enstrophy conserving nor implicitly damping require
global filtering of short waves (2Ax to 4Ax) to
eliminate the build-up of energy in the shortest
wavelengths resulting from nonlinear aliasing. Global
filtering is applied in the code EXSHALL, using a
17-point Shapiro filter (Shapiro, 1979) on the geo-
potential height field as well as on the velocity field
components # and v.

The form of the two-dimensional 17-point Shapiro
filter consists of two passes of a one-dimensional filter
applied in succession (Takacs, 1986, p. 15). To obtain
the high order of the filter, eight passes of the 3-point
second-order operator are used as given by

g = [(1 = (FI1 — (F})*g, an

where
Fi(qi‘j)=(qi+l.j—2qi,j+qi—l.j)/4 (18)
Fg(q,;j) = (qi,j+l - zqi.j + g, 1)/4. (19)

Here, ¢ is any quantity being filtered. In our
situation, g would consist of the fields of either 4, u,
or v.

Robert filtering for leapfrog time integration

The Robert filter is used in connection with the
leapfrog time integration scheme (Robert, 1966; see
also Haltiner and Williams, 1980, p. 145) in order to
suppress the computational component inherent in
this three-level explicit time-differencing scheme, as
follows. First one integrates in time using the leapfrog
scheme,

Fr+l= F*=\ L 2A1(dF[dt)" (20)
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then one averages for three terms to obtain F*",
F#n=Fn+,y(Fn+l__2Fn+Ftn—l) (21)
where F*" is the Robert-filtered field.

The Constraint Restoration Method

The idea of enforcing “a posteriori” integral invari-
ants conservation has been pursued by Sasaki
(1976, 1977), as well as Isaacson (1977). These ideas
have been tested by Navon (1987). Miele and Heide-
man (1968) and Miele, Heideman, and Damoulakis
(1969) proposed a constraint restoration method
based on a least-square change in the coordinates of
the state-vector. A new approach based on an aug-
mented Lagrangian combined penalty-multiplier
method related to equality-constrained optimization
has been proposed by Navon and de Villiers
(1983, 1987).

Some algorithmic differences as well as the equival-
ence between the Bayliss—Isaacson algorithm and the
constraint restoration method are discussed by
Navon (1987). The method implemented in the code
EXSHALL is the constraint restoration method
(CRM) which will be presented briefly in the follow-
ing content.

The idea guiding the constraint restoration method
is to make a modification of the smallest norm to the
value predicted by the finite difference scheme at a
given time step, such that certain integral invariants
of the solution remain almost unchanged during the
time integration. In our situation, to be specific, we
let
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strophy, and energy respectively at the point x*
which satisfies the equality constraints. H®, Z° E° are
the initial total mass, enstrophy, and total energy
integral invariants respectively. In the spherical situ-
ation, our definitions of H(x), Z(x), and E(x) are,
respectively

d sin(d/2

H(x)= —-s'—“:ﬁ L,k cos 6, @4)

ad® _ cos 0,

ZO=5hm"

Viety "y Myer “Uy-1 o :
. [ 2ad cos 6, Sad +f’] 23)
(ad)?
E(x)= —2—)— Z,;(ui + v+ ghy)h;cos 6,  (26)
where

d=A6 = Al @7

The term d sin(d/2) in H comes from a spherical area
average where a is the radius of the Earth. Let us term
x the normal point not consistent with the constraint
(23), and let x” denote a varied point. The presented
idea can be summarized as a minimization problem,

min( | x* — x},). (28)
Subject to
D (x*) =0. (29)
Quasilinearizing the constraint, we obtain:
P(x)+ AT(x)6x =0 30)
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As shown in Miele and Heideman (1968), by using
standard methods of the theory of maxima and
minima, the functional to be minimized is

F =16xT6x + ATMa®(x) + AT(x) 6x]  (40)

where a is a prescribed restoration step-size factor in
the range 0 < « < 1, which prevents the perturbation
ox from becoming too large.

The following algorithm of the constraint restor-
ation method is used in the code EXSHALL (Navon
and de Villiers, 1987),

(1) Assume a nominal point x.

(2) At the nominal point compute the constraint
vector @(x), the matrix A(x) with Equation
(31) and matrix B = A7(x)A(x) with Equation
(31), as well as the performance index P which
is given by

P =dT(x)d(x). 40
Assume the restoration of step-size « =1 and
determine dx, using the equation

€)

Sx = A(x)B~(x)P(x). 42)

(4) Compute the varied point x* by
x¥=Xx + 6x. (43)
(5) At the varied point compute the performance

index P*. If P* < P, the first iteration is com-
pleted and the restoration step-size o =1 is
acceptable. If this inequality is violated, that is
P*> P, instead of conducting a step-size
search, Miele, Heidemann, and Damoulakis
(1969a, 1969b) and Miele, Levy, and Cragg
(1971) propose a bisection process, that is a is
bisected several times unti! the condition

Pi<P 44)

is met first. That this happens is guaranteed by
the descent property.

(6) After a value of « in the range 0 <« <1 has
been determined such that P'< P, the first
iteration is completed. The point x* = x + dx s
employed as the new nominal point x for the
second iteration; this procedure then is re-
peated until a desired degree of accuracy is
obtained, namely until the performance index
satisfies the inequality

P<e 45)

where ¢ is a small number.
In our situation € = 10~'°, that is we continued
iterations until

P<107Y, (46)

PROGRAM EXSHALL

Initial Conditions and Test Problem

The integration domain in the code EXSHALL
consists of the northern hemisphere. Our hemispheric
mesh is a mesh of (128 x 32) grid points, correspond-
ing to a spacing of 2.8135° in A1 and Af. The initial
velocity fields are generated geostrophically using the
initial geopotential height field A},. The initial height
used in the sample run is taken from a realistic data
set of 1 January 1979, 00Z (taken from the FGGE
data set). A bicubic interpolation is used to interp-
olate the realistic data set from the original FGGE
grid to our hemispheric grid resolutions, which is the
initial height field 47; saved in a file.

Let A}, be the initial height read from an auxiliary
storage, the initial horizontal velocity components

u};,v}; are generated geostrophically using
gj=:§h1"+l,j+l+hl’}j+l_h;+l,j_h;.j (47)
af 2A6
00 = g h;+l.j+l"h;,/+l+h:"+l,j_h;,j.
Y oacosb,,f 2A%
(48)

Then a 10-point interpolation is used to interpolate
h{, on the same points as u};, v}, are evaluated. Two
passes of a one-dimensional interpolation are ap-
plied, first interpolating along longitude lines, then
along latitude lines.

The first pass of the interpolation assumes the
form:

10
h¥ =Y Phi,. 49)
i=1
The second pass is
10
W= P, (50)
i=1
Here
0 /i—55
Pi= ( ) 1<i<]l0. (51
j=1j#i\ J —1



1316

Computer Implementation

Structure of the program EXSHALL

Input specifications. The input to the program
consists of a single data card of format (8F16.11). It
reads the initial geopotential height from a file named
“hfield”. All the constants used in the code are
initialized in the beginning of the program.

Preprocessing. Before starting the integration of the
T-Z scheme, we require initial conditions for the
velocity field. The initial velocity components u{;, v{;
are generated geostrophically using the initial height
field A{,. The algorithm is explained in detail in the
subroutine GEOWND. The subroutine SCALE
scales down the initial conditions and other constants
used, as the result of the vastly different physical
units, the integral constraints would assume mainly
different orders of magnitude and slow down the
minimization process because of ill-conditioning (see
Navon and de Villiers, 1983).

Postprocessing. There are two subroutines,
MAPPA and PLOT, which plot the approximate
solutions every 24 h. MAPPA produces a printer-plot
contour of the height field (see Fig. 1). Subroutine
PLOT produces graphic contours of the height
field and graphic vector velocity fields using the
NCAR graphics package (see Figs. 2-10). This
subroutine can be modified easily to use any
other graphic package available. If a user desires to
observe the behavior of the integral invariants evol-
ution, he can look at the file named “rate”” which
saves the relative integral invariants at each time step
(see Fig. 11).

The main program EXSHALL. The main program
initializes the constants used in the code, reads the
initial geopotential height, then carries out the time
integration of the Turkel-Zwas large time-step ex-
plicit scheme by leapfrogging. It then carries out a
postprocessing phase by calling the subroutine
DAYEND every 24 h. For the detailed relationship
between the main program and the various subrou-
tines, see Figure 12.

The common blocks used in main program are
explained in the following context. The resolution
implemented in the code is 128 grid points in the
longitudinal direction and 32 grid points in the
latitudinal direction. Because of the restriction on
the number of the grid points required by the sub-
routine FFT which implements the Fast Fourier
Transform, the number of grid points taken in both
longitudinal and latitudinal directions must an in-
teger power of 2” where m is a positive integer.

The arrays XE,XO are of dimension N, x N,
where N,, N, are the number of grid points in longi-
tudinal and latitudinal directions, respectively. In the
code, N, =2, N,=2° XA is an array of dimension
N, x (N, +1). The arrays XE, XO, XA are used for
storing field variables, namely, u;, v;;, and A,
respectively (Fig. 13). The storage layout of the
arrays XE, XO, XA is displayed in Figure 14.
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The vectors XO and XE store the integrated sol-
utions at even and odd time steps, respectively. The
array XA is used for the solution vector after per-
forming the Robert filtering.

The common block C0 stores the initial integral
invariants, namely initial total mass CHO, initial total
enstrophy CZ0 and initial total energy CEO. The
common block CA stores some constants used in the
code. D is the 2A6, G is the Earth’s gravity accelera-
tion, A is the radius a of the Earth. DS is equal
to 4Afa, IP, 1Q are the mesh sizes in the latitudinal
and longitudinal directions respectively. ALF is
the weighting of the Padé compact finite-difference
approximation, and DT is the scaled time-step
size.

The common block CC just as C0 stores integral
invariants of the shallow-water equations model at
the most recent integration time-step. The common
block CG stores two counters. NG counts the inte-
gral invariants saved while IG counts data points
saved for the graphics package. The common block
CT stores while NRP, the number of points where
constraint restoration of the integral invariants was
carried out, TIME is the scaled accumulated time of
integration. The common block CW is a working
storage used throughout the entire code by several
subroutines for memory saving.

The array IDT stores different time-step sizes in
seconds for the automatic time-step selection accord-
ing to the mesh size IP in latitude.

Subroutine SMTHFLD (A, G). This subroutine
performs Fourier filtering for high latitude, that is for
latitudes of 55° and higher. On entry, array A con-
tains the field to be smoothed out using Fourier
filtering. A could be the geopotential height field, or
the velocity field components, u or v. Array G is just
a working storage of dimension N,. The subroutine
smooths out a given field row by row (or longitude
by longitude) using the Fast Fourier Transform
algorithm. For details, see Figure 15.

Subroutine MINMAX (H). This subroutine locates
and prints out the minimum and maximum of the
height field for the users reference. On entry, array H
contains the height field. On exit, H is unchanged.

Subroutine GEOWND (X, FS). This subroutine
computes velocity components u, v geostrophically at
intermediate points using Equations (47)~(51). On
entry, the array XA in high position contains the
height field. Array FS contains the Coriolis par-
ameters. On exit, FS is unchanged, while the array
XA in low position contains the velocity field com-
ponents u, v.

Subroutine MAPPA (H, C, NX, NY). This subrou-
tine produces a printer-plot contours (see Fig. 1) of
the height field on the line printer. On entry, the array
H contains the height field. The constant C controls
the contour intervals required by the user. The in-
tegers NX, NY are N, N,, respectively, that is the
number of grid points in the longitudinal and latitu-
dinal directions, respectively.
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Figure 1A. Printer-plot contours of initial geopotential height field, contoured in intervals of 100 m, from

4800 to 5600 m.
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Figure 1B. Initial geopotential height field.
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S0.

67.

45,

22.

90.

67.

45.

22.

) ———

—
n,_-‘\\\“”,,,,,,............,,,,,,Hﬂ_---\\\\\\\\\\\\\\

F1e 7
}-nn:,,-\‘\‘“”“, ............ P R R AR R NN
h”“”“'lllll/l""' ..... “,..o-_~\\\\\“._,..-n;___.__;n..\\-‘

5 T o S L NN ——— 2 S N
'\\I’¢\....,‘I'.414———*\\\~\..\. ........... m\,~1
h:///\p___\“.\I/,_._\\\“..,\U ....... ,,,,__..__.__,_..._“\\\\: "'Q"

g 3”"‘4-"‘\\\'/ ”~\~\\~\\”“-\\~"‘"‘““’"“--~-~'-~-~\|\\~:- E
:..~_-,~_//,_\\\, I S RN R R S e :
.__.,~\‘\,//_‘\\\A//,.”,..,’4—_\\\\_4//4__\,.,...‘_.‘ ...... e [
R el T R R g R B et s e ey -~

5 ’_....._1--.,.,-— ...... E NI R T T IR EEERRSE
PRI L. PRI f e e 4
......... L T T T T T Ny
........... i e e et e e et e e e e e od

L A L L 1 1 R i 1 Il 1 L L

-180.0 -90.9 2.9 99.0 180.0

LONGITUBE

I.S_H.Ecli
MAXTINUM VECTOR
Figure 3. Same as Figure 2 but after 2 days.

T T T T T T T T T ———— 7
N T PPy PPr L A A A AR AR RS
I N I IR I I TR R IEEEENRRRRREM
“““""HI//”"" ..... NI CNNNNN T e srvviansaad

5 ROV e T 2ma s N £ 7 s
AR RPN Y 4 [ P w
Y (4T P ]
for /. 1 2

o Ry g et U e PR S —
S T e S :
R e Ve St L IS fadd
b pr}
PP T ey oae
Lo e e s ]
Lot PR ]

1 L 1 1 1 A 1 L 1 1 L 1 1 L

LONGITUDE

5.008E-02
=
RAXINUM VECTOR

Figure 4. Same as Figure 2 but after 3 days.

1319



1320 I. M. NavoN and J. Yu

90.0 Y T T T T T T T T T
FPlrereeanasy AR R IR T R R R R
-\\\l:;,._”””,,, ................ R TR saNy
-\\\\llr,.\””//,,_~\\\v,.“.,,.....“\\\\\.......,.-_--_-~\~\~

67.5 '\\\\\\n.,,”““.../////z\\\n.:;.......__~\\\\_-__.<_\\\..--.:
S I R e s U .
N ‘-w..»’///"'\\‘ AN .,///,___\\\\_//A_____.,N,: g

45 B Rerrtrn V2 et A (A A S A (S S e -~ 2

. fmmeneve P e PP s, R s S D, PISR —
it R R N el e —

22 .5 f_..\\,.“.........,...n......-r-...-_.\..“‘._.-“./“__._....._

L st e r e e e e e e e e e e e e 4

P .4

L g e e e e e e e e ]
@ 1 L i ! 1 ) I L ¢ 1 1 1 A ! 1

L@NGITUDE

0.521E+82
—
MAXINUM VECTOR

Figure 5. Same as Figure 2 but after 4 days.

90.8

<B
67.5 55

45.8

LATITUDE

22.5
8

L@NGITUDE

CONTOUR FROM 4500.90 TO  6880.8 CONTOUR INTERYAL OF 190.82 PT{3.31»  5868.1

Figure 6. Geopotential height field after 1 day of integration of T-Z scheme for p =2,¢9 =1 with
o = 1/3(At = 300's) on mesh with resolution 128 x 32 points.
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Figure 10, Initial geopotential height field contours for hemispheric T-Z scheme taken from 500 mb,
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FILE rate saves relative integral invariants
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0.997713E+00 0.999960E+00
0.997876E+00 0.999962E+00
0.997742E+00 0.999958E+00
0.997856E+00 0.999959E+00
0.997786E+00 (0.999956E+00
0.997876E+00 0.999956E+00
0.997854E+00 0.999953E+00
0.997935E+00 0.999952E+00
0.997949E+00 0.999949E+00

Figure 11. Printout list of file ‘rate’.

Subroutine SMTH (B, Q), FFT (A, M, S), RLFFT
(LL, K, D, SN). These subroutines are called by the
Fourier filtering subroutine SMTHFLD. When S, SN
are equal to 1, FFT and RLFFT decompose the
discrete real data stored in an array into its consti-
tutes of different waves, then the amplitudes of
different wave numbers are smoothed by the filter
function defined in Equation (16), the smoothing part
being carried out in the subroutine SMTH. Right
after the smoothing, an inverse Fast Fourier Trans-
form is performed to get the filtered data again from
the Fourier domain to the physical domain using
RLFFT, FFT with S=SN = —1.

Subroutine AV1 (A, B, C, G) and subroutine AV2
(A,B,C,D,G). These two subroutines perform
the Robert filtering [Eq. (21)] after each leapfrog
time-step integration. AV1 is used for the second
timestep, whereas AV2 performs averaging after
the third and subsequent timesteps. On entry, B, C,D
contains the solution  (u,v, h), (u, v, h)] ",
(u,v,h) ", respectively. On exit, A contains the
averaged solution (u, v, h);7 of B, C, D with a weight
given by G.

Subroutine LOOK (X, F, IPRNT). This subroutine
calculates the integral invariants [Eqs. (24)(27)] of
the shallow-water equation model. On entry, array X
contains the geopotential height and the velocity
components u, v. Array F contains the Coriolis par-
ameters. The logical parameter IPRNT tells whether
to print out the integral invariants at a given time-

step. If IPRNT is .TRUE.,, it prints out the integral
invariants. Some constants in common block CA are
used in this subroutine. On exit, common block CC
contains the integral invariants of the shallow-water
equations, that is SH, SZ, SE which are the integral
invariants of the most recent time level of the numeri-
cal integration.

Subroutine SCALE (X, F). This subroutine scales
the height A, the velocity components u, v in order to
achieve comparable magnitudes for the total mass,
enstrophy, and total energy integral invariants so as
to facilitate the task of the constrained optimization
computational procedure. On entry, the array X
contains the unscaled fields 4, ¥ and v, whereas F
contains the unscaled Coriolis parameters. On exit,
X, F contain scaled values of &, u, v, and f, respect-
ively. The scale used in the code are 10? for the
time dimension and 10° for the length dimension.
The constants G, DS, A in the common block CA
also are scaled. This subroutine is called only once
in the preprocessing stage before starting the time
integration.

Subroutine FORCE (X, F). This subroutine tests
whether the integral invariant constraints are satisfied
within some prescribed limits. If they are not con-
served, it calls the subroutine RESTO to restore the
integral invariants by carrying out a small modifi-
cation of the current approximation according
to a least-square principle guiding the constraint
restoration approach. On entry, X contains the
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File EXS.OUT saves monitoring message

OMIN. H = 4662.9630
MAX. H = 5904.1140

MASS, ENSTROPHY, ENERGY : 0.559852E-01 0.19120SE+02 0.395393E+02
OALPHA = 0.33; P = 2; Q0 = 1; TIME = 300 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559852E-01 0.191219E+02 0.395394E+02
OALPHA = 0.33; P = 2; Q0 = 1; TIME = 600 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559851E-01 0.191205E+02 0.395392E+02
OALPHA = 0.33; P = 2; Q0 = 1; TIME = 900 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559851E-01 0.190972E+02 0.395390E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 1200 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559850E-01 0.190905E+02 0.395386E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 1500 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559850E-01 0.190648E+02 0.395371E+02
CONSTRAINTS AFTER RESTO-ALGORITHM 0.559852E-01 0.191205E+02 0.395393E+02

OALPHA = 0.33; P = 2; Q = 1; TIME =

1800 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190627E+02 0.395370E+02
CONSTRAINTS AFTER RESTO-ALGORITHM 0.559852E-01 0.191205E+02 0.395393E+02
OALPEHA = 0.33; P = 2; Q = 1; TIME = 2100 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559850E-01 0.190950E+02 0.395384E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 2400 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559850E-01 0.190974E+02 0.395386E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 2700 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190815E+02 0.395380E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 3000 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190816E+02 0.395381E+02
OALPHA = 0.33; P = 2; Q0 = 1; TIME = 3300 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190712E+02 0.395377E+402
CONSTRAINTS AFTER RESTO-ALGORITHM 0.559852E-01 0.191205E+02 0.395393E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 3600 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190761E+02 0.395378E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 3900 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559851E-01 0.191040E+02 0.395388E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 4200 SECONDS, 0 DAY(S}.

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190760E+02 0.395378E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 4500 SECONDS, 0 DAY(S).

MASS, ENSTRQOPHY, ENERGY : 0.559850E-01 0.190936E+02 0.395384E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 4800 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190760E+02 0.395378E+02
OALPHA = 0.33; P = 2; 0 = 1; TIME = 5100 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190872E+02 0.395382E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 5400 SECONDS, 0 DAY({(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190761E+02 0.395378E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 5700 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559849E-01 0.190834E+02 0.395381E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 6000 SECONDS, 0 DAY(S).

MASS, ENSTROPHY, ENERGY : 0.559848E-01 0.190764E+02 0.395378E+02
OALPHA = 0.33; P = 2; Q = 1; TIME = 6300 SECONDS, 0 DAY(S).

Figure 13. Printout list of file ‘EXS.OUT".

approximate solution at the current time-level of the
integration whereas F contains the Coriolis par-
ameters. On exit, X contains the restored A, u, and v
fields with the integral invariants conservation con-
straint being satisfied within the prescribed limits. See
Figure 17.

Subroutine RESTO (N, X, F). This subroutine car-
ries out the integral invariant restoration algorithm
[see Eqgs. (41)1(46)). On entry, array X contains the
nominal solution X defined in (22) not consistent with
the integral invariant constraints conservation (23)
whereas the array F contains the Coriolis parameters.

i=128

I=1
J=1
Velocity component uu
J=33
Velocity component vu
J=65
Height hiJ
J=96

Figure 14. Layout of arr

ay EX, OX, and AX.
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E“ &~ S*10"2 #l°

E, €= 25%107 #2°
E, € 25%107 »¢°

Call LOOK to compute
integral invarients

H" | z" and E"

Save relative integral
invariants
E"/ES 2" /2°and EM /E°

jzn-2° ke,
and
JE" -E° I<E,

YES

First attemp of repairing

[ h" «— h" + (H"-H")
i i

L

Call LOOK to compute
integral invariants

H" ,Z" and E®

&

Save relative integral

Cell RESTO to corry out

constraint restorstion
algorithm

invariants

i

RETURN

N o—.

—

D

e

-

e

Figure 17. Subroutine FORCE.

The integer N is the dimension of the vector X defined
in (22), which is 3 x N, x N,. On exit, array X
contains the restored point X at which the integral
invariant constraints are satisfied within the pre-
scribed limits (23). See Figure 18.

Subroutine FUNCT (X, F, PHZ, PHE, PHIHH,
PHIHZ, PHIHE, PHIZZ, PHIZE, PHIEE). This
subroutine calculates the gradients required by the
constraint restoration algorithm. On entry, the array
X contains an approximate solution whereas F con-
tains the Coriolis parameters. On exit, array PHZ
contains the second column of the matrix A(x), that
is 0¢p,/0x, in Equations (34)~36), PHE contains the
third column of the matrix A(x), that is d¢,/0x, in
Equations (37)«39). PHIHH, PHIHZ, PHIHE,
PHIZZ, PHIZE, PHIEE form the entries of the
symmetric matrix B(x).

Subroutine DAYEND (X, F,ID). This subroutine
carries out the postprocessing stage every 24 h. It calls
subroutine MAPPA to produce printer-plot contours
of the height field, saves the height field and velocity

field onto an auxiliary storage for later graphics or for
other processing purposes. It also calls subroutine
PLOT to produce a graphical display for the height
field and velocity field using a graphic software
package, for example the NCAR graphics package.
On entry, X contains the field of #, «, and v at
the ID-th day whereas F contains the Coriolis
parameters.

Subroutine FILTER (X, IUVH). This subroutine
performs a 17-point low-pass Shapiro filtering on the
approximate solution contained in array X. Integer
IUVH tells which one of the fields of A, u,v is
contained in array X. On exit X contains the low-pass
filtered field. See Figure 16.

Subroutine STEP! (X1, X0, F). This subroutine
carries out the first step of the time integration
procedure by leapfrogging. On entry, X0 contains the
initial conditions, namely, 4};, u};, v}, whereas F con-
tains the Coriolis parameters. On exit, F is un-
changed, while the array X1 contains now the
approximation at ¢ = At, namely, u};,v},, h}; using
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N

Compute Pe =l| d’(x)llf

and set JIT=1

] uem,l(—-x +a5x7

Call FUNCT to obtain

L Call LOOK to obtain integral
inveriants H" ,2* and E®

A(X) end B(X)=A (X)A(X)

)

A

Compute P = Iltl’(!()l'f2

Compute B::(x) and
A €— B (X) &(X)
J

5x €— -a(0A l
i

bu <— X + 5X l
A

Call LOOK to compute
integral invarients

H" ,Z" and E"
S
Compute P"= 1|¢(x)IFL
2

o=1, KIT=1

&

GETURD

JIT = JiT + 1

Figure 18. Subroutine RESTO.

Equations (5}~(7) where (u, v, #)~' is defined now as
(u, v, h)°.

Subroutine SNEXT (X1, X0, X, F). This subroutine
advances the time integration by leapfrogging using
the T-Z algorithm for the second and subsequent
time-steps. On entry, X0 and X contain approximate
solutions at time levels 1 = nAr and (n — 1)At respect-
ively, whereas F contains the Coriolis parameters. On
exit, X1 contains the approximate solution at time-
level 1 =(n+1)At, namely, (u,v,h);*' integrated
using Equations (5)~(7).
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APPENDIX
Program EXSHALL

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeecccceecceccecceeceeccccccceee

IN SPHERICAL COORDINATES.

AT EACH TIMESTEP

OQOOOQQO0000Q0000

IMPLEMENTS THE TURKEL-ZWAS EXPLICIT LARGE~TIMESTEP SCHEME
FOR SOLVING THE SHALLOW WATER EQUATIONS ON A HEMISPHERE

VERSION 1.0 EXSHALL WRITTEN IN 1986 (ON MESH 128X32)
VERSION 2.0 EXSHALL 1990 (FOR MESH 256X64)
VERSION 1.1 EXSHALL DOCUMENTED VER.1.0 ,1990,JUNE.

INITIAL VALUES FOR THE HEIGHT FIELD ARE READ FROM TAPE1l
VALUES OF THE INTEGRAL INVARIANTS H,

Z & E ARE WRITTEN TO TAPE7

THE HEIGHT FIELD IS WRITTEN TO TAPE10 EVERY 24 HOURS

CCCCCCCCCCCCCCCCCCCeceececcecceceeecececcccccceccccccecccceecececccceccecee

DIMENSION XE(128,96),X0(128,96),XA(128,97),1IDT(6),F(32)

COMMON/C0/CHO,CZ0,CEQ

COMMON/CA/D,G,DS,A,IP, IQ,ALF,DT

COMMON/CC/CH, CZ, CE
COMMON/CG/NG, IG
COMMON/CT/NRP, TIME
COMMON/CW/GD (128) , WS (49024)

D--MESH SIZE; G--GRAVITY;

IQ-LON. MESH;

[eXeNeXeke oo NeKeKe!

XE, X0, XA (I,J) FOR I=1 TO 128,J=1 TO 32 STOTRES VEL. COMPONENT U
XE,X0,XA (I,J) FOR I=1 TO 128,J=33 TO 64 STORES VEL. VOMP. V
XE,X0,XA (I,J) FOR I=1 TO 128,J=65 TO 96 STORES HEIGHT H.

CHO,CZ0,CE0 ARE INITIAL TOTAL MASS,ENSTROPHY AND ENERGY RESPECTIVELY.

A--EARTH RADIUS; IP--LAT. MESH

ALF-PADE WEIGH.; DT-TIME STEP SIZE;
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Shallow-water equations in spherical coordinates

CH--TOTAL MASS; CZ--TOTAL ENSTROPHY; CE-~-TOTAL ENERGY;

NG, IG ARE COUNTERS: OP----GRAPHICS OPTION

TIME--TIME ACCUMULATOR:; GD,WS ARE WORKING STORAGE;

ISHAPI--~--~~~~ TIME STEP SIZE OF SHAPIRO FILTERING
INITIALIZATION

DATA IDT/180,150,480,600,720,900/

DATA GAM/0.1/,G/9.80616/,A/6370000./,NRP/0/,TIME/O./
DATA IP/2/,1Q/1/,16/1/,ID/0O/,NG/1/,GH/1./,GZ/1./,GE/1./
DATA NX/128/,NY/32/,0P/1/,0ONEDAY/86400/,MAXDAY/2/
DATA JU/1/,JV/33/,JH/65/,1SHAPI/900/

IDTP=IDT (IP)

ALF=1./3.

PI=4 ,*ATAN(1.)

D=PI/64.

DS=D*A*2

DT=IDTP/100.

ILAP=IDTP

INITIALIZATION OF NCAR GRAPHICS

CALL OPNGKS

FILE 'EXS.OUT’ SAVES MESSAGES OF INTEGRATION FOR MONITORING

FILE ’'hfield’ INPUT FILE OF INITIAL HEIGHT FIELD

JU,Jv,JH ARE INDEX POINTERS FOR H,U AND V IN ARRAY XO,XE AND XA

FILE ’‘rate’ FOR RELATIVE INTEGRAL INVARIANTS AT EACH STEP

FILE ‘save’ SAVES HEIGHT,VELOCITY FIELD FOR LATER USE.
OPEN(6,FILE=/EXS.0UT’)
OPEN(1,FILE='hfield’)
OPEN(7,FILE=’rate’)
OPEN(10,FILE='save’)
WRITE (6, 890)
WRITE(7,891)
WRITE(10,892)
GET INITIAL GEOPOTENTIAL HEIGHT H
READ (1,999) ((XA(I,J),I=1,NX),J=JH,JH+NY)
FIND MIN. AND MAX. OF INITIAL HEIGHT H
CALL MINMAX(XA(1,JH))
FIND INITIAL CONDITIONS GEOSTROPHICALLY
CALL GEOWND (XA,F)

SCALE U,V,H AND OTHER CONSTANTS CONSISTENTLY FOR
CONSTRAINT RESTORATION.

CALL SCALE (XA, F)
PERFORM HIGH LATITUDE FOURIER FILTERING

XA(1,JH)---HEIGHT, XA(1l,JU)---VEL. U, XA(1,JV)---VEL.

CALL SMTHFLD(XA(1,JU),GD)
CALL SMTHFLD (XA(1,JV),GD)
CALL SMTHFLD (XA(1,JH),GD)

PRODUCE PRINTER-PLOT CONTOURS OF THE HEIGHT FIELD
CALL MAPPA(XA(1l,JH),2000.,NX,NY)
PLOT HEIGHT CONTOURS AND VELOCITY FIELD
CALL PLOT(XA(1l,JH),XA(1,JU),XA(l,JV},NX, NY)
COMPUTE INITIAL INTEGRAL INVARIANTS
CALL LOOK(XA,F,.TRUE.)
CHO=CH
C20=CZ
CEQO=CE

WRITE(7,991) NG,GH,GZ,GE
WRITE(6,992) ALF,IP,1Q,ILAP,ID

v
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[eEeXeNe]

1. M. NavoNn and J. Yu

FIRST TIMESTEP (ODD)
CALL STEP1(XO,XA,F)

PERFORM HIGH LATITUDE FOURIER FILTERING
X0(1,JU0)----VEL. U, XO({(l,JV)----VEL. V,

CALL SMTHFLD (X0(1,JU),GD)
CALL SMTHFLD(XO(1,JV),GD)
CALL SMTHFLD(XO(1l,JH),GD)
ILAP=ILAP+IDTP

SECOND TIMESTEP (EVEN)

WRITE(6,992) ALF,IP,IQ,ILAP,ID
CALL SNEXT (XE, XA,XO,F)

PERFORM HIGH LATITUDE FOURIER FILTERING

X0(1,JH)--~~HEIGHT

X0(1,JU) -~-~VEL. U, XO(1,JV)~----VEL. V, XO(1,JB)~-~--~HEIGHT

CALL SMTHFLD (XE (1, JU),GD)
CALL SMTHFLD (XE(1,JV),GD)
CALL SMTHFLD (XE(1,JH),GD)
PERFORM ROBERT FILTERING
CALL AV1 (XA, X0, XE, GAM)

SUBSEQUENT STEPS
SUBROUTINE SNEXT ADVANCES THE INTEGRATION

SUBROUTINE SMTHFLD PERFORMS HIGH~LATITUDE FOURIER FILTERING

AT EACH TIMESTEP

SUBROUTINE FILTER PERFORMS SHAPIRC FILTERING EVERY 900 SECONDS

ILAP=ILAP+IDTP
ODD TIMESTEP
WRITE (6,992) ALF,IP,IQ,ILAP,ID

TURKEL-ZWAS SCHEME WITH LEAP-FROG TIME INTEGRATION

CALL SNEXT (XO, XA,XE,F)

PERFORM HIGH LATITUDE FOURIER FILTERING
X0(1,JU)~---VEL. U, XO0(l,JV)----VEL. V,

CALL SMTHFLD (X0(1,JU),GD)
CALL SMTHFLD (X0(1,JV),GD)
CALL SMTHFLD (XO(1,JH),GD)
IF (MOD (ILAP, ISHAPI) .NE.O) GO TO 7

PERFORM SHAPIRO 17-POINT FILTERING
X0(1,JU) ---~VEL. U, XO(l,JV)----VEL. V,

CALL FILTER(XO(1,JU),1)
CALL FILTER(XO(1,JV),2)
CALL FILTER(XO(1,JH),3)
PERFORM ROBERT FILTERING
CALL AV2 (XA, XO, XE, XA, GAM)
IF(ILAP.LT.ONEDAY) GO TO 3
ID=ID+1
POSTPROCESSING
CALL DAYEND(XO,F,ID,OP)
IF(ID.EQ.MAXDAY) GO TO 4
ILAP=(Q
EVEN TIMESTEP

ILAP=ILAP+IDTP
WRITE(6,992) ALF,IP,IQ,ILAP,ID

TURKEL-ZWAS EXPLICIT LARGE-TIME STEP
SCHEME WITH LEAP-FROG TIME INTEGRATION

CALL SNEXT (XE, XA,XO,F)

X0(1,JH) ----HEIGHT

X0 (1,JH) ~---HEIGHT
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PERFORM HIGH LATITUDE FOURIER FILTERING
XE(1,J0)~---~VEL. U, XE(1,JV)----VEL. V, XE (1, JH) ----HEIGHT

aoonon

CALL SMTHFLD(XE(1,J0),GD)
CALL SMTHFLD (XE(1,JV),GD)
CALL SMTHFLD (XE(1,JR),GD)
IF (MOD (ILAP, ISHAPI) .NE.0) GO TO 8

PERFORM SHAPIRO FILTERING
Xe(1,JU)----VEL. U, XE(1l,JV)----VEL. V, XE (1,JH) ----HEIGHT

[eXeXeXe]

CALL FILTER(XE(1,JU),1)
CALL FILTER(XE(1,JV),2)
CALL FILTER(XE(1,JH),3)
8 CALL AV2 (XA, XE, X0, XA, GAM)
50 IF (ILAP.LT.ONEDAY) GO TO 2
ID=ID+1

POSTPROCESSING

[eXeXe]

CALL DAYEND (XE,F,1D,OP)
IF(ID.EQ.MAXDAY) GO TO 4
ILAP=0

GO TO 2

CLOSE NCAR GRAPGICS

CALL CLSGKS

O 00

4 WRITE(6,995) IG
WRITE(6,996) NRP,TIME

[oX e}

890 FORMAT(1X,‘File EXS.OUT saves monitoring message’)
891 FORMAT(lx,’FILE rate saves relative integral invariants’,
/,13%X,"Bn/Ho’ ,14X,'2n/20’ ,8X,'En/Eo0’)
892 FORMAT(IX,'FILE <SAVE> SAVES H,U AND V FOR EVERY 24HRS’,
2%, NX=’,I4,5X, NY=',614,
/,2X,'FORMAT (BE16.10) ((X(I,J),I=1,128),J=1,96)’,
/,2X,’ LAYOUT OF X,H(i,j)=X(i,3+64),U(i,j)=X(i,]),
Vi, j)=X(i,j+32)")
991 FORMAT(1X, 'NG=',bI9,2X,3(2X,E12.6))
992 FORMAT(’OALPHA =’ ,F5.2,’; P =',12,'; Q =’ ,12,'; TIME =’,1¢,
+’ SECONDS, ’,I2,’ DAY(S).')
995 FORMAT (' ONUMBER OF DATA POINTS FOR GRAPH =’,I5)
996 FORMAT(’ONO. OF REPAIR POINTS =',I3,’ ,CPU TIME TAKEN =’,F5,2)
999 FORMAT(8F16.11)
STOP
END
CCCCCCCCCCCCCCCCecceececececcecceeceececeeeececceeeccececceeecececceccecec

++ o+ o+

o
c
C FOURIER FILTERING CALLING ROUTINE
C ON EXIT : A IS SMOOTHED BY HIGH LATITUDE FOURIER FILTERING
C
CCCCLCCCCLCCCCCCCCCCCCCCCCCCCCCCCeeeeeeceeeeeeeeeeeecceceeecccececcecece
SUBROUTINE SMTHFLD(A,G)
DIMENSION A(128,32),G(128)
DO 30 J=20,32

o}
c HIGH-LATITUDE FOURIER FILTERING STARTS
c AT APPROX. 55 DEGREES LATITUDE
C
D=ATAN(1.)/16.
o
c GET ONE ROW INTO G FOR FOURIER FILTERING
c
po 10 I=1,128
10 G(I)=A(I,J)
Q=COS ( (J~.5)*D)
[of
o DECOMPOSE THE DATA IN G INTO ITS WAVE COMPONENTS
C
CALL FFT(G,6,1.)
CALL RLFFT(128,6,G,1.)
[of
[of PERFORMING DAMPING FUNCTION ON AMPLITUTDES OF DIFF. WAVE NOS.
C
CALL SMTH(G,Q)
C
[ TRANSFORMING BACK FROM FOURIER SPACE TO PHYSICAL SPACE
C

CALL RLFFT(128,6,G,-1.)
CALL FFT(G,6,-1.)
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REPLACE THE UNSMOOTHED SOLUTION

DO 20 I~1,128
A(I,J)=G(I)/64.

30 CONTINUE

RETURN
END

ceceeceeececceecececcecceeccceccccecececcecececcccececccecececcececceecceeccece

C
(o}
[of

MINIMUM AND MAXIMUM OF THE HEIGHT FIELD

cceeeececeeecceecccceceeccccceccceecceecceceecceccceccecccceccceccecece

5
10
15

SUBROUTINE MINMAX (H)
DIMENSION H(4224)
HMIN=H (1)
HMAX=H (1)
DO 10 L=2,4224
IF(H(L) .GE.HMIN) GO TO 5
HMIN=H(L)
GO TO 10
IF(H(L) .LE.BMAX) GO TO 10
HMAX=H (L)
CONTINUE
WRITE(6,15) HMIN, HMAX
FORMAT (‘OMIN. H =‘,F10.4/’ MAX. H =',F10.4)
RETURN
END

CCCCCCCCCCCCCCCCCCCCeecececeececcceeceeecececeecceceecceececececceeecccececcec

c
c
C
c
c
C
C
c

[2XeXe] Qo0 000

aoanon

[eXeXe]

THIS ROUTINE TAKES THE GIVEN H VALUES

(ON A HEMISPHERICAL GRID WHICH INCLUDES THE EQUATOR AND POLE),
CALCULATES U AND V VELOCITY COMPONENTS GEOSTROPHICALLY AT
INTERMEDIATE POINTS, THEN USES A 10-POINT INTERPOLATION TO
OBTAIN H AT THE SAME POINTS

ccceceeeeececeecccceeccceccccceceeccccceeccecceeecceccecececcecceccececece

SUBROUTINE GEOWND(X,FS)
COMMON/CA/D, G, DS, A, IP, IQ,ALF, DT
COMMON/CW/W(137)
DIMENSION X(128,97),FS(32)
DO 20 J=1,32
JH=J+64
JP=JH+1
FS(J)=1,.45842E~4*SIN((J-.5) *D)
F=AMAX1 (SIN((J~.5)*D),.5)*1.45842E-4
Q=COS ( (J~.5) *D)
DO 20 I=1,128

IP=]1
IF(I.LT.128) IP=I+1

COMPUTE V-COMPONENT OF VELOCITY GEOSTROPHICALLY
X(I,J+32)=G*(X(1P,JP)-X(I,JP)+X(IP,JH)-X(I,JH))/DS/F/Q
COMPUTE U~COMPONENT OF VELOCITY GEOSTROPHICALLY

X(I,J)=-G*(X(IP,JP)+X(I,JP)-X(IP,JR)-X(I,JH))/DS/F

20 CONTINUE

INTERPOLATE H IN THE LATITUDINAL DIRECTION

DO 100 I=1,128
I164=I+64
IF(I64.GT.128) I64~164-128

TAKE ONE ROW ALONG THE LATITUDINAL DIRECTION

30
31
32

DO 30 J=65,97
W(J)=X(I,J}

DO 31 J=65,68
W(129-J)=X(1,J)
DO 32 J=94,97
W(195-J)=X(I64,J)
DO 40 J=65,96

INTERPOLATES H USING 10-POINT

40

+
+

X(I,J)=.00053406*W(J-4)-.00617981*W(J-3)+.03460693*W(J-2)
-.13458252*W(J-1)+.60562134*W(J )+.60562134*W(J+1) -.13458252*
W(J+2)+.03460693*W(J+3)-.00617981*W(J+4) +.00053406*W(J+5)

100 CONTINUE
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C INTERPOLATES H IN THE LONGITUDINAL DIRECTION
C
DO 200 J=65,96
DO 130 I=1,128
E TAKE ONE ROW ALONG THE LONGITUDINAL DIRECTION
C
130 W(I+4)=X(I,J)
DO 131 I=125,128
131 W(I-124)=X(I,J)
DO 132 I=1,5
132 W(132+1)=X(I,J)
DO 140 I=1,128
E INTERPOLATES H USING 10-POINT
C

140 X(I,J)=.00053406*W(I )-.00617981*W(I+1)+.03460693*W(I+2)
+ -.13458252*W(I+3)+.60562134*W(I+4)+.60562134*W(I+5) -.13458252*
+  W(I+6)+.03460693*W(I+7)-.00617981*W(I+8) +.00053406*W(I+9)
200 CONTINUE
RETURN
END
CCCLCLCCeececececcccececececcecceccecececececceceeeecccceeeceeeecccecceccececee

ol

E PRODUCES HEIGHT FIELD CONTOURS AND VELOCITY VECTOR FIELD USING
C GRAPHICS SOFTWARE PACKAGE
C
C

CCCCCCCCeecceccecceeecceccccceeccccceceeeeecceeecceceececeecccceeccecceecee
SUDROUTINE PLOT(FLD, NX, NY)
DIMENSION H(NX,NY),bU(NX,NY),V(NX,NY)

C PLOT HEIGHT FIELD

CALL PWRITY(0.5,0.9,’HEIGHT FIELD/,12,2,0,0)

CALL PWRITY(0.5,0.1,’LONGITUDE’,9,2,0,0)

CALL PWRITY(0.05,0.5,'LATITUDE’,S8,2,90,0)

CALL SET(0.2,0.8,0.2,0.8,-180.,180.0,0.,90.,1)
CALL LABMOD(’ (f6.1)’,’(£f5.1)',6,6,2,2,0,0,0)

CALL PERIML(Z2,2,2,2)

CALL CONREC (H,NX,NX,NY,4500.0,6000.0,100.0,-1,0,0)
CALL FRAME

PLOT VECTOR VELOCITY FIELD

Oo00n

CALL PWRITY(0.5,0.9,'VECTOR VEL. FILED’,17,2,0,0)

call pwrity(0.5,0.1,’LONGITUDE’,9,2,0,0)

CALL PWRITY(0.95,0.4,'LATITUDE’,8,2,90,0)

CALL WTSTR(0.5,0.75,TITLE,15,0,0)

call set(0.1,0.9,0.2,0.6,~180.,180.0,0.,90.,1)

call labmod(’ (f6.1)’,’ (£5.1)’,6,6,2,2,0,0,0)

call periml(4,4,4,4)

call velvct (U,NX,V,NX,NX,NY,0.,0.,-1,0,0,0.)

call frame

RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCceecceceeeeeceeceecceeececcee
C
C PRODUCES HEIGHT FIELD CONTOURS ON THE PRINTER

¢
CCCCCCCCCCCCCCCCCCCCCececeeceecceeccecececcceeeeccccecceecccccececccccceceee
SUBROUTINE MAPPA (H,C,NX,NY)
COMMON/CW/2(125),1Z(125)
DIMENSION H(NX,NY),NUM(10)

SET UP CHARACTERS USED IN THE PRNTER-PLOT

aoo

DATA NUM/1H1,1H2,1H3,1H4,1H5,1H6,1H7,1H8,1H9,1H0/,BL/1H /
DATA N/4/,FN/4/,1/0/
NYM=NY-1

PRODUCE FIRST LINE ON THE PRINTER-PLOT

aQaan

WRITE(6,1) (J,J=1,NY)
1 FORMAT (' ', 3X,32I4)

LOOP OVER EACH ROW OF DATA IN ARRAY H

[eXeXe]

10 I=I+1
IP1=I+1
IF(IP1.GT.NX) IP1l=IP1-NX

(o e]

GET ONE COLUMN OF DATA INTO Z
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[sKeXe]

18

20

ano

25

30

35
50

aoan

55

60
65
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DO 15 J=1,NY
JX=1+N* (J-1)
Z(JX)=H(I,J)

GET MORE POINTS IN EACH COLUMN BY LINEAR INTERPOLATION

DO 20 J=1,NYM
JX=1+N* (J-1)
YDIF=(Z (JX+N)-2(JX))/FN
Ml=JX+1
M2wJX+N-1
DO 20 M=M1,M2
Z{M)=Z (M-1)+YDIF

MEND=1+N*NYM
TRANSFORM NUMERICAL DATA INTO CHARACTERS FOR PRINTER-PLOT

DO 40 M=1,MEND
IF(Z(M) .GE.CG.) GO TO 30
AANS=-7Z (M)
KANS=C*AANS
KKANS=2* (KANS/2)
IF (KANS.EQ.KKANS) GO TO 35
KANS=KANS/2
KANS=MOD (KANS, 10)
IF(KANS.EQ.0) KANS=10
1Z (M)=NUM(KANS)
GO TO 40
KANS=C*Z (M)
KKANS=2* (KANS/2)
IF (KANS.EQ.KKANS) GO TO 25
12 (M)=BL
CONTINUE
CONTINUE

PRINT OUT ONE COLUMN OF TRANSFORMED DATA ON PRINTER

WRITE(6,2) I, (Xz(M),M=1,MEND)
FORMAT(* ’,I3,1X,125A1)
IF(I-NX) 10,55,65
I=I+1
DO 60 J=1,NY
JX=1+N* (J-1)
Z(JX)=H(1,J)
GO TO 18
RETURN
END

Ccceeecceeceeeeeeeeeececcececceccececcecccececeeeccceccccecececeeeeececccece

C
C
c
C
C
C

10

CALLED BY THE FOURIER FILTERING ROUTINE
THIS SUBROUTINE PERFORMS THE DAMPING OF THE AMPLITUDES OF
DIFFERENT WAVE NUMBERS.

CCCCCCCCCCCCCceeeeeeeccceceeeeceececeeeeecceceeeeeceeeceecececeecece

SUBROUTINE SMTH(B,Q)
DIMENSION B(128)
D = ATAN(1.0)/32.
DO 10 L=3,128
M= (L-1) /2
S=Q/SIN{(M*D)
IF(S.GT.1l.) S=1.
B(L)=S*B(L)
CONTINUE
S=Q/SIN(64*D)
IF(S.GT.1.) S=1.
B(2)=8*B(2)
RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeececeeeececcececcccceeee

CALLED BY THE FOURIER FILTERING ROUTINE

THIS SUBROUTINE TOGETHER WITH THE SUBROUTINE RLFFT TRANSFORMS
THE DISCRETE DATA IN ARRAY A INTO ITS WAVE COMPONENTS IF S=1.
IF S=-1,IT TRANSFORMSTHE DISCRETE DATA FROM FOURIER SPACE
BACK TO THE PHYSICAL SPACE.

C
C
C
c
C
C
[o}
C

CCCLLLLLLLLLLLLLLLLLLLLLLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

SUBROUTINE FFT(A,M,S)

COMPLEX A(1l),U,W,T
Nm2**M
NV2=N/2
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NM1l=N-1

J=1

PI=4 *ATAN(1.)

DO 7 I=1,NM1
IF(I.GE.J) GO TO 5
T=A (J)

A(J)=A(I)

6 IF(K.GE.J) GO TO 7
J=J-K
K=K/2
GO TO 6
7 J=J+K
DO 20 L=1,M
LE=2**L
LE1=LE/2
U=(1.,0.)
ANG=PI/LE1l
W=CMPLX (COS (ANG) , S*SIN (ANG) )
DO 20 J=1,LEl
DO 10 I=J,N,LE

IP=I+LE1l
T=A(IP)*U
A(IP)=A(I)-T
10 A(I)=A(I)+T
20 U=U*W
RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeeeee

C CALLED BY THE FOURIER FILTERING ROUTINE

o}

o} THIS SUBROUTINE TOGETHER WITH THE SUBROUTINE FFT TRANSFORMS

C THE DISCRETE DATA IN ARRAY A INTO ITS WAVE COMPONENTS IF S=1.
C IF S=-1,IT TRANSFORMSTHE DISCRETE DATA FROM FOURIER SPACE

c BACK TO THE PHYSICAL SPACE.

c

C LL IS DIMENSION OF REAL ARRAY D

C L GIVEN BY LL=2**L

C K=L-1

c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCcceecececceceeceeeecceeeeceece

SUBROUTINE RLFFT(LL,K,D, SN)

DIMENSION D(LL)

PI=4 . *ATAN(1.)

M=2#**K

N=M+M

MM1=M~-1

DO 10 Jl=3,MM1,2
J2=J1+1
NJ1=N-J1+2
NJ2=NJ1+1
Te.5% (D (J1)+D (NJ1})
D(NJ1)=.5*(D(NJ1)-D (J1))
D(J1) =T
T=,5%(D(J2)-D(NJ2))
D(NJ2)=.5*(D(J2)+D(NJ2))
D(J2)=T

10 CONTINUE

T=D (1)

D(1)=T+D(2)

D(2)=T-D(2)

ST=SN*PI/FLOAT (M)

TH=0.

DO 20 J1=3,MM1,2
TH=TH+ST
C=COS (TB)
S=SIN(TH)
J2=J1+1
NJ1=N-J1+2
NJ2=NJ1+1
T1=D(NJ2) *C-D (NJ1)*S
T2=D(NJ1) *C+D (NJ2) *S
D(NJ1)=D(J1)-T1
D (NJ2)=~D (J2) +T2
D(J1)=D (J1)+T1
D(J2) =D (J2) +T2

20 CONTINUE

D (M+2) =SN*D (M+2)

IF(SN.GT.0.) RETURN

MD2=M/2

DO 30 I=2,MD2
Lm=2*I-1

1335
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LM= (M+2-1)*2~1
C=D (L)
S=-D(L+1)
D(L)=D(LM)
D(L+1)=~D(LM+1)
D (LM)=C
D (LM+1)=S
30 CONTINUE
DO 40 I=1,2
D(I)=D(I)/2.
40 CONTINUE
MD2= (MD2+1) *2
D{(MD2)=-D(MD2)
RETURN
END
CCCCCeeeceecceeeeecceceeecececececceccecccecececceeececceceeceeeececeececcecce

C

C ROBERT FILTER OF THE LEAP-FROG EXPLICIT TIME-INTEGRATION SCHEME
< PERFORMS AVERAGING AFTER THE SECOND TIMESTEP
C
C

CCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeceeecccececeeee

SUBROUTINE AV1(A,B,C,G)

DIMENSION A(128,96),B(128,96),C(128,96)

H=1.-G

DO 1 J=1,96

DO 1 I=1,128
A(I,J)=H*B(I,J)+G*C(I,J)
1 CONTINUE

RETURN

END
CCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCeCeeecceeeeeceeeece
o
C ROBERT FILTER OF THE LEAP-FROG EXPLICIT TIME-INTEGRATION SCHEME
o PERFORMS AVERAGING AFTER THIRD AND SUBSEQUENT TIMESTEPS
c
cceeeeececececcceeeceecceeececceceeeeeeeeceeceeeeecceeccccceececccccccecec

SUBROUTINE AV2(A,B,C,D,G)

DIMENSION A(128,96),B(128,96),C(128,96),D(128,96)

H=1,-G-G

DO 1 J=1,96

DO 1 I=1,128
A(I,J)=G*B(I,J)+H*C(I,J)+G*D(I,J)
1 CONTINUE
RETURN
END

cceeeceececccecececcececcececcceccccecceccecccccececceccecececcecccceecceceececcccecccee

C CALCULATES INTEGRAL INVARIANTS OF THE SHALLOW-WATER EQUATION
C MODEL , NAMELY

C H - TOTAL MASS

c Z - TOTAL POTENTIAL ENSTROPHY

[o E - TOTAL ENERGY

[o

o

Ccceeceeeececcececeeccceccecceccccccceecccceccececcececcccecccccecceeccccee
SUBROUTINE LOOK(X,F,IPRNT)
DIMENSION X(128,96),F(32)
LOGICAL IPRNT
COMMON/CA/D, G, DS, A, IP, IQ,ALF,DT
COMMON/CC/SH, S2,SE
C2=DS
CH=SIN(.5*D)/64.

CZ=(A*D) **2/2.
SH=0.
SZ=0.
SE=0.
DO 10 I=1,128
IP1=I+1
IF(IP1.GT.128) IP1=IP1-128
IMl=I~1
IF(IM1.LT.1) IM1=IM1+128
I64=I1+64
IF(I64.GT.128) I64=164-128
DO 10 J=1,32
PMJP1=1.
IJPl=I
JPl=J+1
IF(JP1.LE.32) GO TO 1
PMJP1=-1.
IJP1=164
JP1=32
1 JM1l=J-1
IF (JM1.GE.1l) GO TO 2
JM1=1
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OO0 [eNeKe]

[eEeXe]

Shallow-water equations in spherical coordinates
CJ=COS ((J~.5) *D)
Cl=C2*CJ
ACCUMULATES THE MASS
SH=SH+X(I,J+64)*CJ
ACCUMULATES THE ENSTROPHY

SZ=SZ+ ( (X(IP1,J+32)-X(IM1,J+32))/Cl- (PMJP1*X(IJP1,JP1l)-X(I,
JM1) ) /C2+F (J)) **2*CJ/X(I,J+64)

ACCUMULATES THE ENERGY
SE=SE+ (X (I,J) **2+X(I,J+32) **2+G*X(I,J+64))*X(I,J+64)*CJ

10 CONTINUE

11

SH=SH*CH

SZ=SZ*C2Z

SE=SE*CZ

IF (IPRNT) WRITE(6,11) SH,SZ,SE

FORMAT (Y MASS, ENSTROPHY, ENERGY :‘,3El6.6)
RETURN

END

CCCCCCCCCCCCCCCCCCCCCCCCCCceeeeeeeeecceeeeeecececcceeeceeeeecececcececce

C
C
c
o}
C
o
[of
[
c

10

11
12

THIS SUBROUTINE ATTEMPTS TO REDUCE INTEGRAL INVARIANTS H, Z AND E
TO COMPARABLE MAGNITUDES USING CONSISTENT SCALING ,FOR THE SAKE OF
EFFICIENT MINIMIZATION.

THE SCALE USED IS :
LENGTE SCALE IS 1.E5 METERS
TIME SCALE IS 1.E2 SECONDS

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeecceccceeeeeccecccccccceecee

SUBROUTINE SCALE(X,F)
DIMENSION X(128,96),F(32)
COMMON/CA/D, G,DS,A, IP, IQ,ALF,DT
DO 10 J=1,64

DO 10 I=1,128
X(I,J3)=X{1,J)/1.E3
DO 11 J=65,96

DO 11 I=-1,128
X(I,J)=X(I,J)/1.ES
DO 12 J=1,32
F(J)=F (J)*1.E2
G=G/10.
DS=DS/1.E5
A=A/1.E5
RETURN
END

CCCeeeeeeceecececcecececcceccececcceeececeecccecccececceccceecccccccccececee

(o}
[o
C
C
o}
9
c
C
o
C

[eNeNe]

a0

SUBROUTINE FORCE
TESTS WHETHER THE CONSTRAINTS ARE SATISFIED WITHIN SPECIFIED LIMITS
IF NOT, CALLS THE RESTORATION ROUTINE

ON ENTRY: X CONTAINS H,U AND V, F CONTAINS THE CORIOLIS PARAM.
ON EXIT: X SATISFIES THE INTEGRAL INVARIANTS CONSERVATION
CONDITION

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeeeeeeeeeeceeececeeceeeeeecceccccceee

SUBROUTINE FORCE(X,F)
DIMENSION X(128,96),F(32)
COMMON/C0/CHO, C20, CEQ
COMMON/CC/CH,C2,CE
COMMON/CG/NG, IG
COMMON/CT/NRP, TIME
EPSH=CHO*5.E-2
EPSZ=C20*2.5E-3
EPSE=CE0*2.5E-3

COMPUTES THE INTEGRAL INVARIANTS
CALL LOOK(X,F, .TRUE.)
IG=IG+1
NG=NG+1
GH=CH/CHOQ
GZ=CZ/C20
GE=CE/CEOQ
SAVE RELATIVE INTEGRAL INVARIANTS

WRITE(7,220) NG,GH,GZ,GE

1337
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[
o

FORMAT (1X, 'NG=',19,3(2X,E12.6))
CHECKING CONSERVATION OF THE TOTAL MASS
IF (ABS (CH~CHO) .LT.EPSH) GO TO 10

IF NOT SATISFIED,FIRST ATTEMPT OF REPARING THE TOTAL MASS
INTEGRAL INVARIANTS.

oo NoNe] oo

DO 20 J=65,96

DO 20 I=1,128
20 X(I,J)=X(I,J)+CRO-CH

COMPUTES THE INTEGRAL INVARIANTS AGAIN AFTER FIRST ATTEMPT

OO0

CALL LOOK(X,F,.TRUE.)
IG=1G+1

GH=CH/CHO

GZ=CZ/C20

GE=CE/CE(Q

WRITE(7,220) NG,GH,GZ,GE

CHECKING CONSERVATION OF THE TOTAL ENSTROPHY AND TOTAL ENERGY
10 IF(ABS(C2Z-Cz0).LT.EPSZ.AND.ABS (CE~-CEQ) .LT.EPSE) RETURN

IF NOT SATISFIED, PERFORM THE CONSTRAINT RESTORATION ALGORITHM

a0 oo

TICK = SECOND()

CALL RESTO(12288,X,F)
TOCK = SECOND{()
TIME=TIME+TOCK-TICK

NRP=NRP+1
80 IG=IG+l1

GH=CH/CHO

GZ=CZ/C20

GE=CE/CE0Q

WRITE(7,220) NG,GH,GZ,GE

RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeecceeceee
C
C APPLIES THE RESTORATION ALGORITHM

C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeceeee
SUBROUTINE RESTO(N,X,F)
DIMENSION X(N),F(32)
COMMON/CA/D
COMMON/C0/CSH0,CS20,CSEQ
COMMON/CC/CH, C2, CE
COMMON/CW/PHZ (12288) ,PHE (12288), SMLP (12288) , XNEW (12288)
HC=SIN(.5*D)/64.
BIGPQ= (CH-CSHO)**2+ (CZ—-CSZ0) **2+ (CE~CSEQ) **2
DO 200 JIT=1,100

COMPUTES MATRIX A(X) AND B(X)
CALL FUNCT(X,F,PHZ,PHE,PHIHR, PHIHRZ, PHIHE,PHIZZ, PHIZE, PHIEE)
COMPUTESTHE INVERSE OF THE MATRIX B(X)

[eNeXe] a0on

CHH=PHIZZ*PRIEE-PHIZE**2
CHZ=-PHIHZ*PRIEE+PHIZE*PHIHE
CHE=PHIHZ*PHIZE-PHIZZ*PHIHE
CZZ=PHIHH*PHIEE-PHIHE**2
CZE=~PHIHR*PHIZE+PHIHZ*PHIHE
CEE=PHIHH*PHIZZ-PHIHZ**2
FACT=PHIHH*CHH+PHIHZ*CHZ+PHIRE*CHE

COMPUTES THE LAGRANGE MULTIPLIERS LAMBDA VECTCR

aoon

HLAM= (CHH* (CH-CSHO) +CHZ* (CZ-CSZ0) +CHE* (CE~-CSEQ) ) /FACT
ZLAM= (CHZ* (CH-CSH0) +C22* (C2-CSZ0) +CZE* (CE-CSEQ) ) /FACT
ELAH-}gHE*(CH-CSHO)+CZE*(CZ-CSZO)+CEE*(CE-CSEO))/FACT
NXY=N

I2=-NXY+NXY
COMPUTES A PERTURBATION OF THE NOMINAL POINT X

[eXeXe]

DO 10 I=1,12
SMLP (I)=-PHZ (I)*ZLAM-PHE (1) *ELAM



[eXeXe!

OO
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10 XNEW(I)=X{(I)+SMLP(I)
I=I2
DO 11 KJ=1,32
CJI=COS ( (KJ-.5) *D)
DO 11 KI=1,128
I=I+1
SMLP (1) =-BRLAM*CJ*HC-PHZ (I) *ZLAM-PRE (I) *ELAM
i1 XNEW(I)=X(I)+SMLP (1)

COMPUTES THE INTEGRAL INVARIANTS AT THE POINT XNEW

CALL LOOK (XNEW,F, .FALSE.)
BIGP=(CH-CSHQ) **2+(CZ-CS2Z0) **2+ (CE-CSEQ) **2
IF(BIGP.LT.BIGP0) GO TO 100
ALPH=1.
DO 30 KIT=1,20
ALPH=ALPH/2.
DO 20 I=1,N
20 XNEW (I)=X(I)+ALPH*SMLP (I)
CALL LOOK(XNEW,F, .FALSE.)
BIGP=(CH-CSHOQ) **2+ (CZ-CSZ0) **2+ (CE~CSEQ) **2
IF (BIGP.LT.BIGPO) GO TO 100
30 CONTINUE
WRITE (6,40)
40 FORMAT(’ NO LUCK - 20 BISECTIONS PERFORMED’)
STOP
100 DO 110 I=1,N
110 X(I)=XNEW(I)
IF(BIGP.LE.1.E-10) GO TO 220
200 CONTINUE
WRITE (6, 210)
210 FORMAT(’ NO LUCK - 100 DIRECTIONS TRIED')
STOP
220 WRITE(6,230) CH,CZ,CE
230 FORMAT (’ CONSTRAINTS AFTER RESTO-ALGORITHM ’,3El6.6)
RETURN
END
CCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCeeeeeeeeeeceecceeceecececceecceeee

CALCULATES THE GRADIENTS REQUIRED BY THE
CONSTRAINT RESTORATION ALGORITHM

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeceeeeeceerceeeeececeeccecececcee

SUBROUTINE FUNCT(X,F,PHZ,PHE,PHIHH,PHIHZ,PHIHE,PHIZZ,PHIZE, PHIEE
+)
DIMENSION X(128,32,3),Q(128,32),PHZ(128,32,3),PHE(128,32,3),F(32)
COMMON/C0/CSH0,CS20,CSEQ
COMMON/CA/D,G,DS,A,IP,IQ,ALF,DT
COMMON/CC/CH,CZ,CE
HC=SIN(.5*D)/64.
C2=DS
DO 10 I=1,128

IP1=I+1

IF(IP1.GT.128) IP1=IP1-128

IM1=I-1

IF(IM1.LT.1) IM1=IM1+128

164=I+64

IF(I64.GT.128) I64=164-128

DO 10 J=1,32

PMJP1=1.

IJP1=I
JP1=J+1
IF(JP1.LE.32) GO T0 1
PMJP1~=-1,
IJPl=1I64
JP1=32
1 JM1=J-1
IF(JM1.GE.1l) GO T0 2
JMl=1
2 CJ=COS ((J~.5) *D})
Cl=C2*CJ
Q(I,J)=((X(IP1,J,2}-X(IM1,J,2))/Cl-(PMIP1*X(IJP1,JP1,1)~
+ X(I,JM1,1))/C2+4F(J))/%X(1,J,3)
10 CONTINUE
ADH=A*D/2.
ADSQ= (A*D) **2
ADSH=ADSQ/2.
PHIHH=0,
PHIHZ=0.
PHIHE=0,
PHIZ2=0.
PHIEE=0.
PHIZE=0.
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DO 40 1I=~1,128
IP1=I+1
IF(IP1.GT.128) IP1=IP1-128
IM1=I-1
IF(IM1.LT.1) IM1=IM1+128
DO 30 J=2,31
JP1=J+1
JM1l=J-1
CJP1=COS ( (JP1-.5) *D)
CJIM1=COS ( (JM1-.5) *D)
PHZ(I,J,1)=(CJP1*Q(I,JP1)-CIM1*Q(I,JM1)) *ADH
30 CONTINUE
PHZ(I,1,1)=COS(1.5*D)*Q(I,2)*ADH
PHZ(I,32,1)=-COS(30.5*D)*Q(I,31)*ADH
DO 40 J=1,32
CJI=COS ((J-.5)*D}

COMPUTES COMPONENTS OF THE MATRIX A(X)

aoon

PHZ(I,J,2)=(Q(IM1,J)-Q(IP1,J)) *ADH
PHZ(I,J,3)=-(Q(I,J)**2)*ADSH*CJ

PHE(I, J,1)=X(I,J,1)*X(I,J,3) *ADSQ*CJ
PHE(I,J,2)=X(I,J,2)*X(1,J,3) *ADSQ*CJ
PHE(I,J,3)=(X(I,J,1)**2+X(I,J,2) **2+42,*G*X(I,J, 3)) *ADSH*CJ

COMPUTE THE COMPONENTS OF THE MATRIX B (X)

[eNeXe]

PHRIHH=PHIHH+ (CJ*HC) **2
PHIHZ=PHIHZ+PHZ (I, J, 3) *CJI*HC
PHIHE=PHIHE+PHE (I, J, 3) *CJ*HC
PHIZZ=~PHIZZ+PHZ(I,J,1) **2+PHZ(1,J,2) **2+PHZ(I,J,3) **2
PHIEE=~PHIEE+PHE(I,J, 1) **2+PHE (I, J,2) **2+PHE(I,J, 3) **2
PHIZE=PHIZE+PHZ(I,J,1)*PHE(I,J,1)+PHZ(I,J,2) *PHE(I,J,2)+

+ PHZ(I, J,3) *PHE(I,J, 3}

40 CONTINUE
RETURN
END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCeeceecceeeeeeee

OUTPUTS INFORMATION EVERY 24 HOURS

IF OP IS 1, PRODUCE PRINTER-PLOT OF HEIGHT FIELD
IF OP IS 2, PRODUCE GARAPHICS CONTOURS AND VELOCITY FIELD

c
c
C
C
C
c IF OP IS 3, SAVE HEIGHT,U AND V IN A FILE FOR LATER USE.
C IF OP IS 4, DO 1 AND 3

[of IF OP IS 5, DO 2 AND 3

o} ELSE PRODUCE NO GRAPHICS,SAME AS OP 3

C

C

CCCCCCCCCCCCCCCCCCCCccceceecceeeeececcecccecccccceccccecccecccceceece
SUBROUTINE DAYEND(X,F,ID,OP)
INTEGER OP
DIMENSION X(128,96),F(32)
WRITE(6,1) ID

1 FORMAT (’1VALUES AFTER’,I2,’ DAY(S)')

IF{(OP.EQ.1) .OR. (OP.EQ.4))CALL MAPPA(X(1,65),2000.,128,32)
IF((OP.EQ.2) .OR. (OP.EQ.5))

+ CALL PLOT(X(1,65),X(1,1),%X(1,32),128,32)
IF({(OP.GE.3) .AND. (OP.LE.5))
+ WRITE(10,88) ((X(I,J),I=1,128),J=1,96)
88 FORMAT (1X, 8E16.10)
RETURN
END
CCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccceececececcceceeeeceeeecceeece
c
c SUBROUTINE FILTER IMPLEMENTS THE
C 17-POINT SHAPIRO FILTER

C
cceeeeeeecceecceceeeceecceccececcececeececcececceceeccececcccccccecceeccececce

SUBROUTINE FILTER(X, IUVH)

DIMENSION X(128,32)

COMMON/CW/W(144)

PMEQ=1.

PMPOLE=1.

IF(IUVH.EQ.2) PMEQ=-1.

IF{IUVH.LE.2) PMPOLE=-1.

SMOOTH ALONG EACH LATITUDE DIRECTION

anNno

DO 100 I=-1,128
164=1+64
IF(164.GT.128) I64=164-128
DO 10 J=1,32
10 W(J+8)=X(I,J)
DO 20 J=~1,8
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20 W(9-J)=PMEQ*X (I, J)
DO 30 J=25,32
30 W(73-J)=PMPOLE*X(I64,J)
DO 40 J=1,32
40 X(I,J)=(-W(J)+16*W(J+1) ~120*W (J+2) +560*W (J+3) -1820*W (J+4)

+ +~4368*W (J+5) -B008*W(J+6) +11440*W(J+7) +52666*W(J+8) +11440*W (J+

+ 9)-8008*W(J+10) +4368*W(J+11)-1820*W(J+12) +560*W(J+13) -120*W(J+

+ 14)+16*W(J+15)-W(J+16)) /65536.

100 CONTINUE

c
C SMOOTH ALONG EACH LONGITUDE DIRECTION
C

DO 200 J=1,32
DO 110 I=1,128
110 W(I+8)=X(I,J)
DO 120 I=121,128
120 W{I-120)=X(I,J)
DO 130 I=1,8
130 W(1364I)=X(I,J)
DO 140 I=1,128
140 X(I,J)= (~W(I)+16*W(I+1)-120*W(I+2)+560*W(I+3)-1820*W(I+4)
+ +4368*W (I+45)~B008*W (I+6) +11440*W(I+7) +52666*W (I+8) +11440*W(I+
+ 9)-8008*W(I+10)+4368*W(I+11)~1820*W(I+12) +560*W(I+13)-120*W(I+
+ 14)+16*W(I+15)-W(I+16))/65536.
200 CONTINUE

RETURN

END
CCCCCCCCCCCCCCCCCCCCCeCCLecccceecceececceceeececeeccceececececceeceeccee
[

o} SUBROUTINE STEP1

(o ADVANCES INTEGRATION ONE STEP BY LEAPFROGGING
c FIRST STEP
C

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCececeeeeeecceeeccececceceececececeeeece
SUBROUTINE STEP1 (X1, X0,F)
DIMENSION X1(128,96),X0(128,96),F(32)
COMMON/CA/D,G,DS,A, 1P, IQ,ALF,DT
Cl=DT/DS
AHLF=ALF/2.
DO 10 I=1,128
IP1=I+1

o
C DEALSWITH PERIODIC BOUNDARY CONDITIONS IN LONGITUDE DIRECTION
C
IF(IP1.GT.128) IP1=IP1-128
IMl=I-1 -
IF(IM1.LT.1) IM1=IM1+128
IPP=I+IP
IF(IPP.GT.128) IPP=IPP-128
IMP=I-IP
IF(IMP.LT.1) IMP=IMP+128
164=1+64
IPP64=1PP+64
IMP64=IMP+64
IF({I64.GT.128) 164=164-128
IF(IPP64.GT.128) IPP64=IPP64~128
IF(IMP64.GT.128) IMP64=IMP64~128
DO 10 J=1,32

Cc

C HANDLES BOUNDARY CONDITIONS AT NORTH POLE POINT

C
PMJP1=1.
IJPl=1
JPl=J+1
IF{(JP1.1LE.32) GO TO 1
PMJPl=-1,
IJP1=I64
JP1=32

1 PMJPQ=1.
IJPQ=I
IPPJPQ=IPP
IMPJPQ=IMP
JPQ=J+IQ
IF(JPQ.LE.32) GO TO 2
PMJIPQ=~1.
IJPQ=164
IPPJPQ=IPP64
IMPJPQ=IMP 64
JPQ=65-J-1IQ
2 PMJM1=1.

JMl=J-~1
IF(JM1.GE.1) GO TO 3
PMIM1=~1.
JM1=1
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3 PMJMQ=-1.
JMQ=J-IQ
IF(JMQ.GE.1) GO TO 4
PMJIMQ=~1.
JMQ=1-J+IQ

4 CJ=COS ( (J-.5) *D)
CJPQ=COS ( (J+IQ-.5) *D)
CIMQ=COS ((J-IQ-.5) *D)
TJI=TAN ((J-.5) *D)
TJIPQ=TAN ( (J+IQ-.5) *D)
TIMQ=TAN ( (J-IQ-.5) *D)
C2=G/CJ/1P
C3=G/IQ

INTEGRATES MOMENTUM EQUATION RELATED TO THE
VELOCITY COMPONENT U USING LEAPFROGGING

[sNeXeNel

X1(I,J)=X0(I,J )-C1l*(X0(I,J)/CJI*(X0(IP1l,J )-X0(IMl,J

))}+ X0 (I,Jd+32)*(PMJP1*X0(IJP1,JP1l ) -XO(I,JIM1 ))+C2*(

X0 (IPP, J+64)~-X0(IMP,J+64)) ) +DT*((1.-ALF) *(F(J)+X0(I,J) *TJ/A)
* X0(I,J+32)+AHLF* (F (J)+X0 (IPP,J)*TJ/A)*X0 (IPP, J+32) +AHLF* (
F(J)+ X0 (IMP,J)*TJ/A)*X0 (IMP,J+32))

++++

INTEGRATES MOMENTUM EQUATION RELATED TO THE
VELOCITY COMPONENT V USING LEAPFROGGING

[eXoNeXe]

X1(I,J+32)=X0(I,J+32)-C1*(X0(I,J)/CJI*(X0(IP1,J+32)-X0(IM1, J+
32))+ X0(I,J+32)*(PMJP1*X0(IJP1,JP1+32)~PMIM1*X0(I,IM1+32))+
C3*( X0 (IJPQ,JPQ+64)-X0(I,JMQ+64)))-DT*((1.-ALF)*(F(J)+X0(I,
J)*TJI/A) * X0(I,J)+RHLF* ((F (JPQ)+PMJPQ*X0 (IJPQ, JPQ) *TJPQ/A) *
PMJPQ *X0(IJPQ, JPQ)+ (PMJIMO*F (JMQ)+X0 (I, JIMQ) *TIMQ/A) *X0 (I,
JMQ)))

+++++

INTEGRATES CONTINUITY EQUATION USING LEAGFROGGING

[eXeXe]

X1(I,J+64)=X0(1,J+64)-C1*(X0(I,J)/CJI*(X0(IP1,J+64)-X0(IM1,J+
64) )+ X0(I,J+32)*(X0(IJP1l,JP1+64)~X0(I,IM1+64))+X0(I,J+64)/
CI* (((1.-ALF)* (X0 (IPP,J)~-X0 (IMP,J))+AHLF* (PMJPQ*X0 (IPPJPQ,
JPQ) ~PMJPQ* X0 (IMPJPQ, JPQ) +X0 (IPP, JMQ)-X0 (IMP, JMQ) ) ) /IP+( (1.
-ALF) * (PMJPQ* X0 (IJPQ, JPQ+32) *CJIPQ-PMJIMQ*X0 (I, JMQ+32) *CIMQ) +
AHLF* (PMJPQ* X0 (IPPJPQ,JPQ+32) *CJPQ-PMJIMQ*X0 (IPP, JMQ+32) *
CIMQ+PMJPQ* X0 (IMPJPQ, JPQ+32) *CIPQ-PMIMQ*X0 (IMP, JMQ+32) *
CJMQ)) /1Q))

10 CONTINUE

A+

IMPOSE ‘A POSTERIORI’ INTEGRAL INVARIANTS RESTORATION

1y ()

CALL FORCE (X1,F)

RETURN

END
CCCCCCCCCCececeeeeceeeeeeceececccceeeeeecceeeecccccceceececceececeeeccececce

SUBROUTINE SNEXT
ADVANCES NUMERICAL INTEGRATION ONE STEP BY LEAPFROGGING
THE SECOND AND SUBSEQUENT TIME STEPS

QOO0

CCCCCCCCCCCCCCLceeceeeeeecceecceeceeececeeeccececceececceecececceeceece
SUBROUTINE SNEXT (X1,X0,X,F)
DIMENSION X1(128,96),X0(128,96),X(128,96),F(32)
COMMON/CA/D, G, DS, A, IP, IQ,ALF,DT
C1=DT/ (D*A)
TDT=DT+DT
AHLF=ALF/2.
DO 10 I=1,128

DEALS WITH PERIODIC BOUNDARY CONDITIONS IN LONGITUDE DIRECTION

[eX¥ XS]

IP1=I+1

IF(IP1.GT.128) IP1=IP1-128
IMl=I-1

IF(IM1.LT.1) IM1=IM1+128
IPP=I+IP

IF(IPP.GT.128) IPP=~IPP-128
IMP=I-IP

IF(IMP.LT.l) IMP=IMP+128
164=I+64

IPP64=1PP+64

IMP64=IMP+64

IF(164.GT.128) I64=~164-128

IF (IPP64.GT.128) IPP64~IPP64~128
IF (IMP64.GT.128) IMP64=IMP64-128
DO 10 J=1,32
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C
C HANDLES BOUNDARY CONDITIONS AT NORTH POLE POINT

c

SR XS XS] [eXeNoXe]

[eNeXy]

anon

444+

444+

+H o+

PMJP1=1,

IJP1=I

JP1l=J+1

IF(JP1.LE.32) GO TO 1
PMJPle=-1,

IJP1=164

JP1=32

PMJPQ=1.

IJPQ=I

IPPJPQ=IPP
IMPJPQ=IMP

JPQ=J+IQ
IF(JPQ.LE.32) GO TO 2
PMJPQ=-1.

IJPQ=~I64
IPPJPQ=IPP64
IMPJPQ=IMP 64
JPQ=65-J-1Q

PMJM1=1.

IM1=J-1

IF(JM1.GE.l) GO TO 3
PMJM1=-1,

JM1=]1

PMJMQ=1,

JMQ=J-1Q

IF(JMQ.GE.1) GO TO 4
PMJMQ=-1.

JMQ=1-J+1Q

CJ=COS ((J-.5)*D)
CJPQ=COS ( (J+IQ~.5) *D)
CJIMQ=COS ( (J-IQ~.5) *D)
TJ=TAN ( (J-.5) *D)
TJPQ=TAN ( (J+IQ~.5) *D)
TIMQ=TAN ( (J-IQ~.5) *D)
C2=G/CJ/ 1P

C3=G/IQ

INTEGRATES MOMENTUM EQUATION RELATED TO THE

VELOCITY COMPONENT U USING LEAPFROGGING

X1(I,J)=X0(I,J )-C1*(X(I,J)/CI*(X(IP1,J )-X(IM1,J ))+
X(I,J+32)*(PMJIP1*X (IJP1,JP1 )- X(I,JMl ))+C2*( X(IPP,J+64)~
X{IMP, J+64)))+TDT* ((1.-ALF) * (F (J)+X(I,J) *TJ/A)* X(I,J+32)+
AHLF* (F (J) +X (IPP,J) *TJ/A) *X (IPP, J+32) +AHLF* (F(J) + X(IMP,J)*
TJ/A) *X (IMP, J+32))

INTEGRATES MOMENTUM EQUATION RELATED TO THE

VELOCITY COMPONENT V USING LEAPFROGGING

X1(I,J+32)=X0(I,J+32)~Cl*(X(I,J)/CJI* (X(IP1,J+32)~-X(IM1,J+32)
)+ X(I,J3+32)*(PMJP1*X(IJP1,JP1+32)-PMIM1*X (I,JM1+32))+C3*(
X(IJPQ, JPQ+64)~X (I, MQ+64)))~TDT* ((1.-ALF) * (F(J)+X(I,J) *TJ/
A)* X(I,J)+AHLF* ((F (JPQ)+PMJIPQ*X (IJPQ, JPQ) *TJIPQ/A) *PMIPQ
*X(1JPQ, JPQ) + (PMJIMQ*F (JMQ) +X (I, JIMQ) *TIMQ/A) *X (I, IMQ) ) )

INTEGRATES CONTINUITY EQUATION USING LEAGFROGGING

X1(I,J+64)=X0(I,J+64)~-C1l*(X(I,J)/CI*(X(IP1l,J+64)-X(IM1,6J+64)
)+ X(I,J+32)*(X(IJP1,JP1+64)-X(I,IM1+64))+X(I,J+64)/CI*(((1.
-ALF) *(X(IPP,J)-X(IMP,J))+AHLF* (PMJPQ*X (IPPJPQ, JPQ) ~PMIPQ*
X (IMPJPQ, JPQ) +X (IPP, JMQ) ~X (IMP, JMQ) ) ) /IP+( (1.~ALF) * (PMJPQ*
X(1JPQ, JPQ+32) *CIPQ-PMIMQ*X (I, JMQ+32) *CIMQ) +AHLF * (PMJPQ*

X (IPPJPQ, JPQ+32) *CIPQ-PMIMQ*X (IPP, JMQ+32) *CIMQ+PMJIPQ*

X (IMPJPQ, JPQ+32) *CJIPQ-PMIMQ*X (IMP, IMQ+32) *CIMQ) ) /1Q) ) -

10 CONTINUE
IMPOSES’A POSTERIORI’ INTEGRAL INVARIANTS RESTORATION

CALL FORCE(X1,F)
RETURN
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