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ABSTRACT

The dispersion of radioactive waste disposed of in the deep-sea or transferred from the
atmosphere is a complex hydrodynamic problem concerned by space scales as large as
the world ocean. The recent development in the high-speed computers has led to signifi-
cant progress in ocean modelling and now allows a thorough improvement in the accura-
cy of the simulations of the nuclides dispersion in the sea. A three-dimensional ocean
general circulation model has been recently developed in France for research and engi-
neering purposes. The model solves the primitive equation of the ocean hydrodynamics
and the advection-diffusion equation for any dissolved tracer.

The code has been fully vectorized and multitasked on 1 to 4 processors of the
CRAY-2.

INTRODUCTION

Until recently, only simple geochemical box models and one-dimensional advection-
diffusion models of ocean mixing were used to assess the dispersion of nuclides in ocean
basin or in the world ocean [4, I I , 6J. In these models, the advection fluxes are more or
less "tuned" to reproduce large time-space scale averaged properties of some tracers
(temperature, salinity, I4C, etc...). The experience have proved that such models,
although very useful, can not be expected to precisely predict tracer concentrations in
the ocean for long period of time [9, 7J. These models are excessively sensitive to the
precision of the data used to calibrate their circulation pattern. Uncertainty on data,
seasonal or interannual variability or lack of data in some ocean regions may be very
critical for the model tuning.

A new promising approach can be proposed. This approach takes advantage of the
recent development in high-speed computers and in ocean dynamics modelling by
developing sophisticated ocean general circulation models (OGCM's). OGCM's simulate
both the wind-driven and density-driven circulations and calculate the dispersion of
dissolved tracers with respect to time in response to forcing by sources of momentum,
heat, water and tracers.

This paper describes a three-dimensional OGCM developed in France for research and
engineering purposes. This model will be used at the Commissariat à l'Energie Atomique
to assess the dispersion in the world ocean of the nuclides from radioactive wastes dispo-
ed of in the Nuclear Energy Agency dumpsirc of the North-East Atlant ic Ocean.



IMF MOD KL

'I ho model solves the so-called p r i m i t i v e equat ions of the ocean f - J , I I , 6) . i.e. three-
d imens iona l N a v i e r - S t o k e s e q u a t i o n s on the ea r th sphere, s l i g h t l y s i m p l i f i e d by the
Honssinesq assumpt ion , the hydros ta t ic e q u i l i b r i u m and the r i g i d - l i d a p p r o x i m a t i o n :

h + (k. V x U , . + f ) kxU = - 1 / p _ £|I I «. — [ | —— (_j L

+ div(TUh) + rl?(Tw) - F(T)

- - pg

k. Vx (1 /H Vr1 ty) l - 11 Z x 5

where h denotes the hor izontal components of the vectors and :

U (x ,y ,z , t ) three-dimensional current , U = (u .v .w)

U*n (x .y .z . t ) hor izonta l b a r o c l i n i c cur ren t (of rero vert ical average)

T ( x , y , z , t ) concentra t ion of some tracer ( tempera ture , s a l i n i t y , radioactive tracer...)

P (x.y.z.t) pressure

P(x,y. t .Z) density

V' (x ,y . l ) barotropic (zero ver t ical der ivat ive) mass t ransport s t reamfunct ion

g earth acceleration

f coriolis acceleration parameter

k upward un i t vector

F ( u ) and F fi") are parameter i ra t ions of the effects of suhcrid dynamics on the c u r r e n t s
and t racer concen t ra t ions respectively :

-.vith v^. v v^ . >.-,, eddv diversion and d i f fu s ion coeff ic ients .



Note tha t the t ime variation of the s t reamfunct ion ^ j V is computed from an e l l ip t i c
equation with Dirichlet boundary conditions. The hor izonta l cu r r en t is the sum of the
baroclinic and barotropic currents :

Uh(x.y,z) = Uh ' (x,y,z) + 1/H

These equations are solved with a finite difference method. A curvilinear formalism is
used to allow variable grid spacings. Only orthogonal curvilinear coordinates on the
earth sphere are considered. Each point is referenced in two meshes : the physical grid
(in latitude <t>, longitude Z and distance r from the earth center) and a transformed
grid (in i,j,k frame). The transformation from one grid to the other is given by the
scaling factors C j , 62» 63 defined by the equality of infinitesimal distances in both
frames :

ds2 = r2co320dX2 + r2d<tr + dr2 - Cj2di2 + e2
2dj2 + e3

2dk2

The formal expression of the differentia! operators in the transformed grid is then inde-
pendent of the physical grid, which can thus be varied very easily. For instance, the
gradient, divergence, curl, Laplace and flux operators are written :

1/e2 djf , l/63 dkf }

+ dj(bu/e2) * dk(bw/e3) )

A f = d i v (grod f)

^ 0 = gpod ( d i u U) - rot (rot U)

bu/e, , bu/e2,

b = e,e2e3

The finite difference equations are written on the ful ly staggered C-grid (f igure 1),
following the classification of ARAKAWA [3], A complete description of the fini te dif-
ference equations can be found in [1J. A specific scheme for non-linear terms of the
momentum equation has been considered : it is an adaptation of a scheme designed by
SADOURNY [12] which quasi-conserve potential enstrophy (i.e. square of vorticity
divided by pressure). SADOURNY has shown that such a scheme better simulates the
quasi two-dimensional turbulence of the geophysical fluid dynamics. This scheme also
prevents non-linear instabilities. A centered scheme which preserves the integrals of T
and T' on the whole domain, is used for the advection of tracer. Note that all these
conservation properties arc verif ied whatever the physical grid, thanks to the curvilinear
formal ism.



VFCTORIZATION AND MULTITASKING ON CRAY-2

A global strategy of vectorization and m u l t i t a s k i n g has been followed. The model is
three-dimensional (the three directions are described bv the i , j ,k index) , but the equa-
t ions are not isotropic : the vertical k direction e x h i b i t specific properties due to (he
earth gravity. One should remain moreover that vectorization on CRAY-2 is ef f ic ient
only wi th long enough vectors. As the East-West size of the ocean basin considered in
environmental studies is often larger than the North-South size, the i index has been
chosen to vary in the inner part of the loops, (o increase the vectorization efficiency.
Ihus , the part i t ioning of the domain for mult i tasking could only be achieved in the j or
k directions.

The model is used for a number of engineering or research problems, in different ocean
basins, and there are several versions for the code. Moreover, although the CRAY-2 has
only four processors, new machines with more processors will be available very soon.
Therefore, the code has been parallelized in an "operator oriented" way which allows
some flexibility. Multitasking is thus achieved in a specific way for each mathematical
operators of the equations, using a data partition technique.

The terms of the barociinic equation 1, 2, 3 and 4 are split into two sets : the first
includes the horizontal operators (denoted by a h) and the second the vertical operators
(denoted by a z). For the horizontal (resp. vertical) operators, computations are perfor-
med on horizontal (resp. vertical) slabs. Each processor thus computes one or several
slabs alternatively (figure 2 : example of the multitasked calculation of the three-
dimensional divergence). Note that for both the horizontal and vertical operators, the
vectorization is performed on the i index.

The two-dimensional elliptic equation is solved by an iterative conjugate gradient
method [ IOJ . A diagonal preconditioning is applied to the linear system to increase the
conjugate gradient efficiency. This algorithm is multitasked by dividing the vectors into
equal parts i the available processors. This hardly reduces the vectorization efficiency
because the vectors are very long in the conjugate gradient method.

Performance assessment of the code [2] has shown that the vectorization ratio is about
13.9 and that the speed-up obtained by the multitasking on four processors is 3.76 for
the barociinic equations and 2.47 for the elliptic equation (which requires about 10 % of
the total CPU time). The combined multitasking and vectorization allow a speed-up of
the order of 50, making this rather high resolution model very efficient for long term
environmental problems.

TOWARDS A WORLD OCEAN CIRCULATION MODEL

This model is now currently used in research studies such as the simulation of the
Atlantic Ocean (figure 3) [8]. New features have been introduced in the model in order
to extend the domain to the world ocean. Cyclic boundary conditions on either i or j
index have been fitted to the code : this allows flow simulation on cylindrical or spheri-
cal surfaces. An improved algorithm of the calculation of the flow around islands has
been developed to be compatible with cyclic boundary conditions.

One of the main problem faced by scientists in modelling the world ocean circulation is
the problem of the North pole. All meridians joint at the North pole in an ocean region.
With usual spherical coordinates, the North pole is represented by several points of the
model grid. This problem can be conveniently overcome in the model thanks to the



curvil inear formalism. A new orthogonal coordinate system, which is non-conformal to
the spherical coordinates, has been fitted to the earth sphere. The "North pole" of this
system has ben situated on the Euro-Asia continent, where no flow simulation is
performed. Figure 4 illustrates this new coordinate system which defines the grid.
It is expected that such a world ocean model could be suitable for assessing the impact
of low-level radioactive waste dumping in the deep ocean (as the waste dumped in the
Nuclear Energy Agency North-East Atlantic durnpsite), the impact of coastal low-level
radioactive effluent release (as the anticipated release from the japonese reprocessing
plant) or the impact of subseabed dumping of high-level radioactive waste. This model
could also be coupled to regional or local models for any other environmental study.

ACKNOWLEDGMENTS

This work was supported by the Centre National de la Rech'erche Scientifique, the
Commissariat à l'Energie Atomique, and by the MED-MODEL project. Computer facili-
ties were provided on the CRAY-2 of the Centre de Calcul Vectoriel pour la Recherche
(CCVR).

REFERENCES

1. Andrich, P. (1988), A multitasked ocean general circulation model. Reference
manual . Rapport interne. Laboratoire d'Océanographie Dynamique et de
Climatologie, PARIS.

2. Andrich, P., Madec, G. and L'Hostis, D., "Performance evaluation for an ocean
general circulation model : vectorization and multitasking", to be published in the
Proceedings of the 1988 International Conference on Supercomputing. July 198&,
St MALO.

3. Arakawa, A. (1966), "Computational design for long-term numerical integration of
the equations of fluid motion : two-dimensional incompressible flow. Part. 1",
J. Comout. Phvs.. vol. 1, pp. 119-149.

4. Broecker, W.S., Peng, T.-M. and Engh, R. (1980), "Modeling the carbon system",
Radiocarbon, vol. 22, N° 3, pp. 565-598.

5. Chartier, M. (1985), Un modèle numérique tridimensionnel aux équations primiti-
ves de circulation générale de l'Océan, thèse de l'Université Pierre et Marie CURIE
Paris VI, PARIS.

6. Chartier, M., Durrieu de Madron, X. and Poulin, M. (1987), A model for assessing
the radiological impacts of deep sea of radioactive wastes : development of the
model and preliminary results. IPSN/DPS Report, Commissariat à l'Energie
Atomique, FONTENAY-aux-ROSES.

7. Chartier, M., Durrieu de Madron, X. and Poulin, M. (1987), "Comparison of models
for assessing the radiological impacts of deep-sea disposal of radioactive wastes", to
be published in the Proceedings of the Workshop on Methods for assessing the re-
liabil i ty of environmental transfer model predictions. October J987, ATHENS.

8. Delecluse. P., Andrich, P. and Foujols, M.A., "Simulation of the 84 warm event in
the tropical atlantic and sensitivity experiments using a general circulation model".
Submitted to J. Gcophvs. Res.



9. Gurbu t t , P.A., Kershaw, P.J. and Durance, J.A., "Modelling the dis t r ibut ion of
soluble and particle-adsorbed radionuclides in the Irish Sea", to be published in the
Proceedings of the Internat ipnal Symposium on Radioact ivi ty and Oceanography,
June 1987, CHERBOURG.

10. Madec, G., Rahier, C. and Chartier, M. "Comparison of two-dimensional elliptic
equations solvers for the barotropic streamfunction in a multilevel OGCM", to be
published in Ocean Modelling, issue 78.

11. Nuclear Energy Agency (1985), Review of the continued suitabil i ty of the dumping,
sjte for radioactive waste in the North-East A t l an t i c . OECD Nuclear Energy
Agency, PARIS.

12. Sadourny, R. (1975), "The dynamics of finite-difference models of the shallow-
water equations", J. Phvs. Oceanogr.. vol. 32, pp. 680-689.

T.P

u

T.P T.P

figure 1



J-JMT «-

CPU-A

K-KMT

figure 2

so.

•10.

10

•W. -80. -10. -6O. -M. -10. -30. -». -10. 0. 10. 70.

figure 3



f iaure 4
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by
TETSUO TAKAHATA and KOUICHI TAGUCHI

Fuyo Data Processing ft Systems Developemant,Ltd.
7-14.Akasaka 4 chôme,Minato-ku,Tokyo 107,Japan

SUMMARY

A three-dimensional hydrodynamic model predicting the circulation of
water and heat in the ocean was developed. The model is different from
those conventional models that make use of equations of vorticity and
stream function to determine the barotropic component of the mean
velocity. In this model, equations of fluid motion are solved numerically
in the primitive form, and the algorithm of the SMAC method is adopted to
evaluate the barotropic pressure field.

The model was applied to the North Pacific Ocean. The calculation was
carried out over 30 years from the initial stationary state. Hydrodynamic
features of the circulation were reasonably simulated, showing good
agreement with the obsevations and with the model results by other
reseachers .

1 . Introduction

Fluctuations in the geophysical environnant has recently brought on a
serious problem and evoked people's regard. Such phenomena as the increase
of CO, in the atmosphere due to the extensive industrialization and so-
called "El Nifto" by which the surface water temperature in the eastern
equator of the Pacific Ocean becomes higher than in a common year, have
led to even a social affairs.

Most of these fluctuations are closely related to the oceanic events.
Available océanographie observations, however, elucidate very little about
the mechanism of the general flow circulation including the global mass
and heat cycles, because the ocean is too vast to observe simultaneously,
and especially because explorations of the deeper areas always involve
technical difficuties. Therefore we have been able to understand only
f ragmentarily about the ocean. One approach to find a way out of this
problem has led to the development of numerical simulation models, which,
together with the field observations, has certainly made many
océanographie researchers possible to inquire into the mechanism.
Unfortunately, however, it has been so restrictive for those who wish to
perform numerical experiments, since a mechanistic hydrodynamic simulation
usually costs great deal of the computer time.

From this point of view, we have developed a three-dimensional
hydrodynanic model for the oceanic general circulation that enables us to
make computations more efficient than those by the conventional models
(ex. Bryan, 1969). In our model, the unknown barotropic pressure of the
fluid motion is directly determined through the primitive equations,
instead of the equations of vorticity and stream function. Model
verification and validation have already been done in our preliminary
study, being tested in a rectangular model ocean with a flat bed. Our
present work is to examine whether the characteristic features of the
general circulation in a realistic ocean can be simulated. This paper
presents the brief synopsis of our numerical experiment in the North
Pacific Ocean.

2. The Model

The model consists of the basic equations governing the fluid motion, t
continuity, and the heat conservation. For the equation of state, the
Eckart's formula is adopted with the effect of the salinity variation
being ignored. Considering that the hydrostatic and Boussinesq
approximations as well as the rigid-lid assumption stand well enough for
the large-scale oceanic flow field, the basic equations of the model are
described followingly in a rotating spherical coordinate system ;

1 I -9 P uv


