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SUMMARY

Massively parallel finite element methods for large-scale computation of storm surges and tidal flows are
discussed here. The finite element computations, carried out using unstructured grids, are based on a three-step
explicit formulation and on an implicit space-time formulation. Paralle] implementations of these unstructured
grid-based formulations are carried out on the Fujitsu Highly Parallel Computer AP1000 and on the Thinking
Machines CM-5. Simulations of the storm surge accompanying the Ise-Bay typhoon in 1959 and of the tidal flow
in Tokyo Bay serve as numerical examples. The impact of parallelization on this type of simulation is also
investigated. The present methods are shown to be useful and powerful tools for the analysis of storm surges and
tidal flows. © 1997 by John Wiley & Sons, Ltd.
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1. INTRODUCTION

Storm surges is a phenomenon in which the sea level in a near-shore rises significantly because of the
passage of a typhoon or low atmospheric pressure. This can cause enormous damage in major bays
and harbours. Tidal flows in ocean bays are less violent, yet their understanding is also important to
the design of shoreline and offshore structure. For the study of storm surge, computations were
carried out in the past by some of the present authors and also other researchers.’ Tidal flow
simulations were previously reported in References 3 and 4. The finite element method is a powerful
tool in such simulations, since it is applicable to complicated water and land configurations and is
able to represent such configurations accurately. In practical computations, especially in the case of
storm surge analysis, the computational domain is large and the computations need to be carried out
over long time periods. Therefore this type of problem becomes quite large-scale and it is essential to
use methods which are as efficient and fast as the available hardware allows.

In recent years, massively parallel finite element computations have been successfully applied to
several large-scale flow problems.”” These computations demonstrated the availability of a new level
of finite element capability to solve practical flow problems. With the need for a high-performance
computing environment to carry out simulations for practical problems in storm surge analysis, in this
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1372 K. KASHIYAMA ET AL.

paper we present and employ a parallel explicit finite element method for computations based on
unstructured grids. The finite element computations are based on a three-step explicit formulation® of
the governing equations. In these computations we use the selective lumping technique for numerical
stabilization. Parallel implementation of this unstructured-grid-based formulation is carried out on the
Fujitsu Highly Parallel Computer AP1000. As a test problem, we carry out simulation of the storm
surge accompanying the Ise-Bay typhoon in 1959. The computed results are compared with the
observed results. The effect of parallelization on the efficiency of the computations is also examined.
The computation of the second class of problems, involving tidal flows, is accomplished here with
a stabilized implicit finite element method based on the conservation variables. This stabilization
method is based on the streamline upwind/Petrov—Galerkin (SUPG) formulation for compressible
flows, which was originally introduced in Reference 6 for incompressible flows and in Reference 7
for the Euler equations of compressible flows. This methodology was later supplemented with a
discontinuity-capturing term in References 8 and 9 and then extended in References 10 and 11 to the
Navier-Stokes equations of compressible flows. The time-dependent governing equations are
discretized using a space-time formulation developed for fixed domains in References 12 and 13 and
for deforming domains in Reference 14. The present data-parallel implementation makes no
assumptions about the structure of the computational grid and is written for the Thinking Machines
CM-5 supercomputer. As a test problem, simulation of the tidal flow in Tokyo Bay is carried out.

2. GOVERNING EQUATIONS

The storm surge phenomena can be modelled using the shallow water equations, which are obtained
from the conservation of momentum and mass, vertically integrated, assuming a hydrostatic pressure
distribution:

u+uu,; +g(C— o), + p((hrl—):iC) — p(:':)-il) — v +u;,;); =0, 1)
CH I+ Ou); =0, )

where u; is the mean horizontal velocity, { is the water elevation, A is the water depth, g is the
gravitational acceleration, {, is the increase in water elevation corresponding to the atmospheric
pressure drop, (t,); is the surface shear stress, (tp); is the bottom shear stress and v is the eddy
viscosity. The increase {, can be given by Fujita’s formula'’ as

1 Ap
10pg /[1 + (r/re)"]

where Ap is the pressure drop at the centre of the typhoon, p is the density of fluid, r is the distance
from the centre of the typhoon and r; is the radius of the typhoon.
The surface shear stress can be given as

(Ts)i = paywi\/(wkwk)’ (4)

where p, is the density of air, y is the drag coefficient and w; is the wind velocity 10 m above the
water surface. The wind velocity can be evaluated using the expressions

€)

Co

C,V.
Wy = — ‘r 8 (sin Ox, — (x,).] + cos Olx, — (x) ]} + C, Ve~ /", (5)
C,V. . —(r/R)n
Wy = — ]r £{—cos Ox; — (x1).] + sin Ox, — (x3) J} + C, Ve r/Rm 6)
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COMPUTATION OF STORM SURGES AND TIDAL FLOWS 1373

where V, is the gradient wind velocity, ¥, and V;, denote the velocity of the typhoon, (x;), and (x;),
denote the position of the typhoon, 8 is the gradient wind angle and R, C; and C, are constants. The
gradient wind velocity is define as

-372
_fr 4Ap \?
Vg—i -1+ l+m|:l+<a):| , (7)

where f is the Coriolis coefficient.
The bottom shear stress can be given as

2
(5o = s /e, ®)

where n is the Manning coefficient.

3. VARIATIONAL FORMULATIONS

We present two finite element formulations of the shallow water equations which have been
implemented on parallel architectures. The first method is a three-step explicit method for fixed
domains. The second method is an implicit stabilized space—time formulation. Although the examples
presented in this paper involve fixed domains only, the latter (space—time) formulation is seen as a
step towards solving an important class of problems which involve deforming domains. With the two
formulations included in this section addressing different classes of problems, a cost/accuracy
comparison is not performed; however, it is expected that the explicit method for a given time step
size will be more economical than the space—time formulation if the domain is fixed. The implicit
space—time formulation, on the other hand, does not involve as much time step size restriction (due to
numerical stability) as the explicit method.

3.1. Three-Step Explicit Finite Element Method

For the finite element spatial discretization of the governing equations the standard Galerkin
method is used. The weak form of the governing equations can then be written as

*[ 4 _ (Tb)i _ (Ts)i
Jy (i - s, - )
+ L uf vy ; +u; )] dQ2 — JF uftdll =0, 9
L HE 4 [+ Dul) dR = 0, (10)

where u* and {* denote the weighting functions and #; represents boundary terms.
Using the three-node linear triangular elements for the spatial discretization, the following finite
element equations can be obtained:

. (Tv)s ) ( (7o) >
Mgty + Ko ttgiity; + Hogi(Cg — T, -7, gty =0, (11
pltpi + Kapyjttgityi + Hopi(Lp — Cop) + /3<p(h+c) T\ o), s an

Magls + Bagiyttgi(hy + ) + Cogttg(h, +£) = 0. (12)
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1374 K. KASHIYAMA ET AL
The coefficient matrix can be expressed as

M

a,

p= J ©,D4dQ2, Kogy = J 0,04, ;dQ,
Q Q
Haﬂi = gJ (Da(l)ﬁ,,-dQ, Taﬂ - J (I)a(l)ﬂdﬂ,
Q Q
Saiﬂj = VJQ (Dayi(l)ﬂ‘de + VJQ kq)ﬂ k6 dQ

Baﬂiy = JQ (DO((I)ﬁV,-(D./dQ, Caﬂyi = JQ (D“(Dﬂq)yvidg’

where @ denotes the shape function. The bottom stress term is linearized and the water depth is
interpolated using linear interpolation.
For discretization in time the three-step explicit time integration scheme is employed using the
Taylor series expansion
aF(t) AR PF(t) AP PF(r)

Ft+ A =F() + At +—

Tt + O(AY), (13)
2 o 6 a3

where F is an arbitrary function and At is the time increment. Using the approximate equation up to
third-order accuracy, the following three-step scheme can be obtained:'®

F( A3> o + At3F (1)

3 o’
F(H—E) Fl)+ AtaF(t+At/3) (14)
2 ot
F(t + A = F(1) + At%;f—’@.

Equation (14) is equivalent to equation (13) and the method is referred to as the three-step Taylor—
Galerkin method. The stability limit of the method is 1-5 times larger than that of the conventional
two-step scheme.*!” Details of this method are given in Reference 3. Applying this scheme to the
finite element equations, the following discretized equations in time can be obtained:

Step 1

p(h+0) 8
s)i " n
S (p(£:+ C)),;Jrs“iﬁjuﬂj}’ (3

A
Mgy = M = 5 Bty + &)+ Copatih, + I (1o

At (1: ) "
1/3 n n b/i
Mo]fﬁ ZT P =M ﬁ“ﬁ: 3 I:Kaﬂyiuﬁj“;i + Haﬂi(Cﬂ - 585) + Talg( )
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Step 2
At (r,), \"'7
L n+1/2 L n+l/3 n+1/3 n+l/3 n+1/3 n+1/3 b/i
Magrtys = Maptys ™~ =5 [Kaﬁwuﬂj i Hanlly by T T (p(h+C))ﬂ
(o) s AR
-T ! S, , 17
” (p(h+C) g (17
ML C”+1/2 MS Cn+l/3 [Baﬂry ;Tl/:%(h + Cn+l/3) _+_ Caﬂw Vl+1/3(hy + (;H—l/:i)]’ (18)
Step 3
1/2
ML n+l __ ML n+1/2 A n+1/2 n+1/2 H n+1/2 n+1/2 T (Tb)i e
apUpi aﬂuﬁx ! aﬂyt 8 Uy, + aﬂx(c C ) + af
pth+0) B
(o) >n+1/2 n+1/2
~T. +S,ip4 , 19
=y R %
ﬁcn-{-] ﬂc’H—l/Z _ At[Baﬁ,y ;;FI/Z(h + C”+1/2) + Caﬂ.ylu;j—l/z(h}, + £:+1/2)]’ (20)

where superscript n denotes the value computed at the nth time point and At is the time increment
between the nth and the (n + 1)th step. The coefficient M, ﬂ expresses the lumped coefficient and M
is the selective lumping coefficient given by

My = eMyy + (1 — )M,, @21

where e is the selective lumping parameter.

3.2. Space-Time Implicit Finite Element Method

In the implicit implementation a stabilized space—time finite element method is used. Using the
conservative variables defined as

U, H
U = Uz = Hul N
Us Hu,

where H = h + (, the variational formulation of (1) and (2) is written as

JU* aU ot P
Jgn -(U+A,a)dQ JQH (—(,,-;)( ua)dQ+j"(U ¥ - V)~ (U);]d

(et au*\ | au U 9 au
+ T(Ay) ( ) Eadi iy gAY § *gad N
e:zl J (A Xk ar Tax,  ax \ Yoy 0 See note on next page.

(na), Ju* au “R
* e_}—:l JQ5,6< x; ) <3x )dQ
=J U*-RdQ+J U*H dP. (22)
e Py
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1376 K. KASHIYAMA ET AL

Here U* denotes the weighting function and the integration takes place over the space-time domain
(or its subset referred to as slab) Q,, its lateral boundary P, and its lower spatial boundary Q,. The
space-time terminology is explained in more detail in Reference 18. A; and Kj; are the coefficient
matrices of the advective—diffusive system, defined as

0 1 0 0 0 1
A= —Ulz/H2 +gH 2U,/H 0 , A, = U, U2/H2 U,/H U,/H |,
-U UZ/H2 v,/ H U//H —U22/H2 +gH 0 2U,/H
0 0 0 0 0 0 For the correct forms of
_1_ 2 _ these six matrices and
K;, = 2vU,/H* 2v/H 0 |, K;, = 0 0 0], Egs. (22) and (24), see
—vU,/H? 0 v/H —yU, JH* v/H 0) the following four pages
extracted from
0 0 0 0 0 0 T.E. Tezduyar, "Finite
Element Methods for
K, =|-v,/H> 0 v/H|, Ky, =| —vU,/H* v/H 0 . Flow Problems with
Moving Boundaries and
0 0 0 ~2U,/H* 0 2v/H Interfaces", Archives of
. . Computational Methods
R denotes the right-hand-side vector in Engineering, 8 (2001)
0 83-130.
R = | —gHa(h+ Lo)/ox, — (1), /p + (1), /p (24)

—gH(h + {o)/0x; — (T )/ + (15)2/p

and H is the natural boundary condition term defined on the subset of the lateral boundary P,. The
notation (...)} and (...), indicate the values of a discontinuous variable as the time  approaches the
temporal slab boundary ¢, from above and below respectively.

The first two left-hand-side terms and the entire right-hand side of equation (22) constitute the
Galerkin form of the shallow water equations (1) and (2). The third term enforces weakly the
continuity of the solution across the time levels #,. The fourth and fifth terms are the SUPG
stabilization and discontinuity-capturing terms respectively. For the derivation of the stabilization
coefficients T and J for multidimensional advection—diffusive systems see e.g. Reference 11. The
stabilization terms are integrated over the interior of the space—time elements (.

The variables and weighting functions are discretized using piecewise linear (in both space and
time) interpolation functions spaces for all fields. The resulting non-linear equation system is solved
using the Newton—Raphson algorithm, where at each Newton—Raphson step a coupled linear equation
system is solved iteratively using the GMRES update technique.

4. PARALLEL IMPLEMENTATION

For the explicit algorithm a data-parallel implementation is performed on the Fujitsu AP1000, which
is a distributed memory, highly parallel computer that supports the communication mechanism.
Figure 1 shows the configuration of the AP1000 system. The AP1000 consists of 1024 processing
elements which are called cells, a Sun workstation which is called the host and three independent
networks which are called the T-net, B-net and S-net. Each cell possesses a memory of 16 MB. Using
1024 cells, the peak computational speed reaches 8-53 Gflops. The cells perform parallel
computation synchronizing all cells and transferring boundary node data to neighbouring cells.
The host performs institution of cells’ environment, creation of task, transfer of data and observation
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Summary

This paper is an overview of the finite element methods developed by the Team for Advanced Flow Sim-
ulation and Modeling (T+AFSM) f[}:H:'l:p: / /i .mems . rice. edu/TAFSM/] for computation of flow problems
with moving boundaries and interfaces. This class of problems include those with free surfaces, two-fluid
interfaces, fluid-object and fluid-structure interactions, and moving mechanical components. The methods
developed can be classified info two main categories. The interface-tracking methods are based on the
Deforming-Spatial-Dormain/Stabilized Space-Time (DSD/SST) formulation, where the mesh moves to track
the interface, with special attention paid to reducing the frequency of remeshing. The interface-capturing
methods, typically used for free-surface and two-fluid flows, are based on the stabilized formulation, over
non-moving meshes, of both the flow equations and the advection equation governing the time-evolution of
an interface function marking the location of the interface. In this category, when it becomes neccessary
to increase the accuracy in representing the interface beyond the accuracy provided by the existing mesh
resolution around the interface, the Enhanced-Discretization Interface-Capturing Technique (EDICT) can
be used to to accomplish that goal. In development of these two classes of methods, we had to keep in mind
the requirement that the methods need to be applicable to 3D problems with complex geometries and that
the associated large-scale computations need to be carried out on parallel computing platforms. Therefore
our parallel implementations of these methods are based on unstructured grids and on both the distributed
and shared memory parallel computing approaches. In addition to these two main classes of methods, a
number of other ideas and methods have been developed to increase the scope and accuracy of these two
classes of methods. The review of all these methods in our presentation here is supplemented by a number
numerical examples from parallel computation of complex, 3D flow problems.

1 INTRODUCTION

In this paper we provide an overview of the methods developed in recent years by the Team
for Advanced Flow Simulation and Modeling (T*AFSM) [www.mems.rice.edu/TAFSM/] to
address the computational challenges involved in simulation of flow problems with moving
boundaries and interfaces. Within this general category, the classes of How problems we
identified as areas of computational mechanics where we expect to make an impact include:
unsteady flows with interfaces, fluid-object and fluid-structure interactions, airdrop systems,
and flows with rapidly-moving mechanical components. The main computational challenge
in flows with moving boundaries and interfaces is that the spatial domain occupied by
the fluid changes in time, and the formulation must be able to handle this accurately and
efficiently. In some classes of problems the location of the boundaries or interfaces is an
unknown that needs to be determined as part of the overall solution. The location of the
boundary or interface might be unknown within the fluid mechanics problem or through
dependence on the solution of the non-fluid part of a multi-physics problem.

Unsteady flows with interfaces can involve two-fluid (such as two different liquids or
a liquid and a gas) or free-surface flows. For example, simulation of operational stability
of vehicles carrying bulk liquids requires solution of this class of flow problems. This is a
class of problems where the location of the boundaries and interfaces is unknown within
the fluid mechanics problem, and must be determined together with the solution of the
Navier-Stokes equations.

©2001 by CIMNE, Barcelona (Spain). ISSN: 11343060 Received: September 2000
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o

Figure 1. Space-time concept

discretizations. The DSD/SST formulation of Equation (6) can then be written as follows:
given (U%),, find U" € 8 such that YW?" € V.

h BUh f?. aUh awh h 8Uh
O w ( ot o Q+ Jo \ B v oy aQ

— [ wh-RRQ+ /Q (WhY, - (UM = (UM)y) do

('?-n.
(st oy (OWP\ [oUh  gUuh 9 (., oU" ,
= A . Al = K —R"| dO
* ; / Tsure (d‘.}:_ ) { ot A Ox; da; ( E 8:1:3,-) ] "

h 3
o Z / TsHOC (l) (%Ii )dQ /;) Wh. H'qp, ; (16)

‘-z

Here H" represents the Neumann-type boundary condition, P, is the lateral boundary
of the space-time slab, Tyype 18 the SUPG stabilization matrix, and 7Tgyoc is the scalar
shock-capturing parameter. The SUPG stabilization parameter Tsype originated in [9] as
a scalar parameter, and was later modified in [29] to its matrix version used here, The
shock-capturing parameter 7sgoc was introduced in [10]. The solution to Equation (16) is
obtained sequentially for all space-time slabs Qqu, Q1,@2. ..., @n_1, and the computations
start with

(Ut =, (17)

where Uy is the specified initial value of the vector U.

The first four integrals, together with the right-hand-side, represent the time-discontinuous
Galerkin formulation of Equation (6), where the fourth integral enforces, weakly, the con-
tinuity of the conservation variables in time. The first series of element-level integrals are
the SUPG stabilization terms, and the second series are the shock-capturing terms. For
problems not involving moving boundaries and interfaces, Equation (16) can be reduced to
a semi-discrete formulation by dropping the fourth integral and converting all space-time
integrations to spatial integrations.
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Defining the total water height as H = h+(, we can re-write Equation (55) in the following
form:

oH .
rry +V-(uH)=0 on&k Vte(0,T). (56)
The momentum equations corresponding to the horizontal directions can be written as
6(;“) +V - (uHu) + gHV (H—h)—20HV -e—S=0 on€y Yte(0,7), (57)

where ¢ is the gravitational acceleration, and the strain-rate tensor £ is defined by Equa-
tion (5), with the velocity u interpreted as the two-dimensional average velocity we have
here. The vector 8 represents the surface and bottom shear stresses, and is defined as

_ o ((T31)s — (T51)e) /p
S_( Tji) —(T:ﬁ))/ﬁ)’ (58)

where the subscripts “s” and “b” refer to the surface and bottom respectively. We re-write
Equation (57) as
d(Hu)
ot
—gHVh+2vVH-e—S5=0 on 4

+V. (uHu)—i—V( qHa) — 20V - (He)
Vt € (0,T). (59)

This equation, together with Equation (56), can be used for defining U, Fq, Fy, Ej,
Es, and R, starting with U = (U, U, Us) = (H, Huq, Huy). The Euler fluxes are:

iy H . ’LLJH
Fi=| wpHu; + %QHQ ) Fy = ug Huy ; (60)
w Hus us Hauy + %QI‘IZ
The viscous fluxes are:
0 0
El = QI/HET] | ; E2 = 21/H€2]_ X (61)
QVHEI‘Z QIJHEQQ .

The vector R is:

0
R= ( +gH (Oh/Ox1) — 2v [(OH/Ox)) €11 + (OH /Ox2) £21] + S ) " (62)
+gH (ah/83 ) — 20 [(QH/Ox1) €12 + (aHfa.Eg) g9 J+ S.

122

To define A; and Ay, we first re-write Fy and F» as follows:

Uy
Fi=| (U/U0)U2+ 29002 |,

U
3 F, = ( (U3/U51)U2 ) . (63)
(Uz/U)Us

(Uz/U1)Us + %g[ﬁ ?
Then, by using Equation (7), we derive A; and Ag:

0 Ik 0
A, = s (Uq/Ul)‘ 2Us /U, 0
—(Ua/Uh)(Us/Un) Us/Up Us/U; |
I 0 0 1
A, = —(Us/Th)(Uz/TUh) Us/Ur  Up/Us (64)
gU — (U3/Uh)? 0 2Us/U; |
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Similarly, by using Equation (8), we derive K, K2, Ko1, and Koo:

0 0 0 0 0 0
Kn = —2?/{}2/[}1 2 0 ; K12 = 0 0 0 y
—vUs3/Uy 0 v —vla/U; v 0
0 0 0 0 0 0
Kii = [ =sllgfth 0 » |, Bae | =allalll » 0 1. (65)
0 0 0 -vUs3/U; 0 2v

With all these definitions, the DSD/SST method given by Equation (16) can now be
extended to shallow water equations, and the motion of the water-land interfaces can be
taken into account automatically. Beyond this point, the formulation can be seen very much
like the DSD/SST formulation we discussed in previous sections. Several of the DSD/SST
concepts previously discussed, such as moving interior boundaries, mesh update options,
STCT, FOIST, and MITICT, can be extended to this model.

Remark

(15) The MITICT can be extended to shallow water equations to compute the time-
evolution of a surface contaminant spreading in large bodies of water such as bays and
lakes. These computations would be based on using the DSD/SST formulation (as
an interface-tracking technique) for solving the shallow water equations, and using
the EDICT for solving the advection equation governing the time-evolution of the
contaminant.

16 ITERATIVE SOLUTION METHODS AND PARALLEL COMPUTING

The finite element formulations reviewed in the earlier sections fall into two categories: a
space-time formulation with moving meshes or a semi-discrete formulation with non-moving
meshes. Full discretizations of these formulations lead to coupled, nonlinear equation sys-
tems that need to be solved at every time step of the simulation. Whether we are using a
space-time formulation or a semi-discrete formulation, we can represent the equation system
that needs to be solved as follows:

N (dps1) = F. (66)

Here d, 1 is the vector of nodal unknowns. In a semi-discrete formulation, this vector
contains the unknowns associated with marching from time level n to n 4 1. In a space-
time formulation, it contains the unknowns associated with the finite element formulation
written for the space-time slab @,. The time-marching formulations described earlier can
also be used for solving a steady-state flow problem (see Remark 7 in Section 10). In
such cases, the time steps do not have a physical significance, but are only used in “time-
marching” to the steady-state solution.
We solve Equation (66) with the Newton-Raphson method:

ON

gl (Adiy) =F-N(dh.), (67)

d:r-l—]

where i is the step counter for the Newton-Raphson sequence, and Adi.--m is the increment,

computed for d’. ;. The linear equation system represented by Equation (67) needs to be

I
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T-Net

Figure 1. AP1000 system

of cells’ condition. All cells are connected by the T-net (torus network) for one-to-one
communication between cells. The host and cells are connected by the B-net (broadcasting network)
for broadcast communication, distribution and collection of data and by the S-net (synchronization
network) for barrier synchronization. The communication and synchronization mentioned above can
be realized using the vendor-supplied parallel library.'®

To minimize the amount of interprocessor communication, the automatic mesh decomposer
presented by Farhat?® is employed. For each subdomain the processor associated with that subdomain
carries out computations independently, exchanging only the subdomain boundary data with the other
processors.

The finite element equation can be expressed as

MX =F, (25)

where M is the lumped mass matrix, X is the unknown vector and F is the known vector. Figure 2
shows an example mesh, with the broken line denoting the boundary of a subdomain. Elements (1)-
(4) belong to domain 1 (processor 1) and elements (5) and (6) belong to subdomain 2 (processor 2).
The unknown values X are solved by

X =F/M (26)

No interprocessor communication is needed to compute the unknown values of a node which is
located in the subdomain interior, such as node A. However, in the case of node B, which is located
on the boundary of subdomains, interprocessor communication is needed and the following procedure
is applied. First the following values are computed in each processor:

Mg, = My + Mpay,  Fai = Fpg) + Fp)  (processor 1), @7

MBZ = MB(S) + MB(G)V FBZ = FB(S) + FB(G) (prOCCSSOr 2) (28)

Next these values are gathered using the communication library, then the unknown values of node B
can be obtained by

Xg = (Fp; + Fy)/ (Mg, + Mp,). (29

Data transfer is performed at every time step (see Figure 2). As the lumped mass matrix M remains
constant throughout all time step, the data transfer of that matrix is required only once.

The implicit algorithm is implemented on the Connection Machine CM-5. Similarly to the Fujitsu
AP1000, the CM-5 is also a distributed memory, parallel machine, with a single partition size of up to
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Figure 2. Parallel implementation

512 processing elements (PEs) and a Sun multiprocessor host machine. The PEs are interconnected
through fat-tree data, control and diagnostic networks. Each PE manages 32 MB of memory and has
a peak processing speed of 128 Mflops, for a total peak of over 65 Gflops. As on the AP1000, highly
optimized communication utilities are available, grouped in the Connection Machine Scientific
Software Library (CMSSL). The implementation of the implicit algorithm described in Section 3
follows closely the finite element implementation of the Navier—-Stokes equations which have been
described in References 21 and 22.

5. NUMERICAL EXAMPLES

As an application of the three-step explicit algorithm, simulation of the storm surge in Ise-Bay, Japan
accompanying the Ise-Bay typhoon in 1959 is carried out. This typhoon occurred on 22 September
1959 and was the greatest disaster ever to hit the Ise-Bay district. Over 5000 people were killed
because of this storm surge. Figure 3 shows the configuration of the domain and the path of the
typhoon. Figure 4 shows the finite element discretization used. The total numbers of elements and

nodes are 206,977 and 106,577 respectively. This mesh is designed to keep the element Courant
23,24

number constant in the entire domain. Figure 5 shows the water depth diagram. From Figures 4

0 200 400km
9/27 5:00 | IS E—

9/26 18:00

9/26 0:00

9/25 0:00

9/22 16:00

Figure 3. Computational domain and path of Ise-Bay typhoon
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Figure 4. Finite element discretization

Figure 5. Water depth diagram (contours are evenly spaced at 500 m intervals)
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Figure 6. Finite element discretization around Ise-Bay

and 5 it can be seen that an appropriate mesh in accordance with the variation in water depth is
realized. Figures 6 and 7 show the finite element discretization and water depth diagram around Ise-
Bay respectively. A fine mesh which represents the geometry accurately is employed. Figure 8 shows
the mesh partitioning for 512 processors. The typhoon data such as its position, speed and power are
given at 1 h intervals. Using these data, the wind velocity can be computed at every time step. Linear
interpolation is used for the data interpolation. For the boundary condition the no-slip bound-
ary condition is applied to the coastline and the open-boundary condition is applied to the open
boundary. For the numerical condition the following data are used: n=103,4, =
10m?s~!, C; = C, = 0-6, R = 500 km, ry = 60 km. The selective lumping parameter and the time
increment are assumed to be 0-9 and 6 s respectively. Figure 9 shows the path of the typhoons; the
numerals denote the time and position of the typhoon. Figure 10 shows the computed water elevation

Figure 7. Water depth diagram around Ise-Bay (contours are evenly spaced at 10 m intervals)
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Figure 8. Mesh partitioning for 512 processors

at times 17:00 and 24:00. Figure 11 shows the computed water elevation at 1 h intervals. It can be
seen that the water elevation varies according to the movement of the typhoon. Figure 12 shows the
computed current velocity at time 22:00 and the complicated flow pattern. Figure 13 shows the
comparison of water elevation between the computed and observed results® at Nagoya. It can be seen
that the computed results are in good agreement with the observed results.

13 (hour}

Figure 9. Path of typhoon
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17:00

24:00

Figure 10. Computed water elevation (contours are evenly spaced at 0-1 m intervals)

In order to check the performance of the parallelization, three finite element meshes are employed:
mesh L with 206,977 elements and 106,577 nodes, mesh M with 133,546 elements and 69,295 nodes
and mesh S with 76,497 elements and 40,197 nodes. Figures 14 and 15 show the relation between the
number of processors and the speed-up ratio and efficiency of parallelization respectively. In these
figures the speed-up ratio and efficiency can be defined as

computational time for one PE

speed-up ratio = (30)

computational time for N PEs
speed-up ratio

N ,
where N denotes the total number of processors. From these figures it can be seen that the

performance is improved in accordance with an increase in the degrees of freedom and the efficiency
is decreased in accordance with an increase in processors. In the case of the computation using mesh

31

efficiency =
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Figure 11. Computed water elevation at 1 h intervals (contours are evenly spaced at 0-1 m intervals)

L and 512 processors, it can be seen that the speed-up ratio and efficiency reach approximately 400
and 80% respectively.

As an application of the stabilized space-time formulation, the tidal flow in Tokyo Bay has been
simulated. This problem was analysed earlier using the three-step explicit scheme described in
Section 3.%° Here we carry out the simulation using the implicit formulation introduced in Section 3.

The mesh used in the computation consists of 56,893 elements and 60,210 space-time nodes, as
shown in Figure 16. The mesh has been decomposed into 256 subdomains (which are assigned to the
individual CM-5 vector units) using a recursive spectral bisection algorithm, as shown in Figure 17.
The mesh refinement is related to the water depth, shown magnified 100-fold in Figure 18. In this
simulation a time step size of 60 s is chosen and the total duration is 1600 time steps, approximating
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Figure 12. Computed current velocity at time 22:00
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Figure 13. Comparison between computed and observed water elevation at Nagoya
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Figure 14. Comparison of speed-up ratios
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Figure 15. Comparison of efficiencies

Figure 17. Mesh partitioning for 256 processors
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Figure 18. Water depth view of Tokyo Bay

Figure 20. Computed water elevation at t=18:00 h
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Figure 22. Computed water elevation at t=24:00 h

one 24 h period. At the ocean boundary a diurnal tidal wave is imposed with an amplitude of 0-5 m
and a period of 12 h. The following parameters are used: n = 0-03, 4, = 5 m? s~ !, C,=C=0.
The storm surge term (3) is ignored in this problem. The resulting elevation is shown in Figures 19—
22, magnified 50,000 times with respect to the horizontal dimensions, at times ¢ = 15:00, 18:00, 21:00
and 24:00 h into the simulation respectively. The simulation was performed on a 64-node CM-5 with
256 vector units and took 8-5 h of computer time to complete.

6. CONCLUDING REMARKS

A three-step explicit finite element solver and an implicit stabilized space-time formulation of the
shallow water equations, applicable to unstructured mesh computations of storm surges and tidal
flows, have been successfully implemented on the massively parallel supercomputers AP1000 and
CM-5 respectively. The explicit method has been applied to the analysis of the storm surge
accompanying the Ise-Bay typhoon in 1959. The efficiency of the parallelization has been
investigated and the computed results have been compared with the observed results. The
performance and efficiency were observed to improve linearly in accordance with an increase in the
number of degrees of freedom. The implicit method has been used to compute the tidal flow in Tokyo
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Bay. From the results obtained in this paper, it can be concluded that the presented method can be
successfully applied to large-scale computations of storm surges and tidal flows.
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