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Chapter 1  Atmospheric and Oceanic Simulation

Model setting 
The computational domain covers a near-global region

extending from 75˚S to 75˚N except for the Arctic Ocean.

The horizontal resolution and the number of vertical levels

we employed are 0.1 degree and 54 respectively. The depth

of first level is about 5m and the maximum depth is 6,065m.

Model bottom topography is interpolated from 1/30 degree

bathymetry data set created by the OCCAM project at the

Southampton Oceanography Centre. The surface momen-

tum, heat and salinity fluxes are specified from monthly

mean NCEP re-analyses data in addition to a surface salinity

restoring to climatological value. The model was spun up

from annual mean temperature and salinity fields (WOA98)

without motion. To suppress grid-scale noises, we intro-

duced a scale-selective damping of Bi-harmonic type and

employed KPP scheme for the vertical mixing.

Code optimization and computational performance
To attain high performance of our eddy resolving code, a

number of different optimization techniques have been uti-

lized considering distinctive characteristics of the Earth

Simulator. First of all, each routine must be vectorized to

improve the performance on vector machines. In addition,

we applied such common techniques as inline expansions,

loop merging, loop unrolling/rerolling together with re-
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ordering in order to reduce the number of calling procedures

and to make the averaged length of do-loops longer. In some

cases, techniques of loop fission/splitting and loop fusion are

reintroduced in a balanced manner. As the first step of opti-

mization, we attempted to make the vector ratio of almost all

routines to exceed 99.5%. Attained the maximum value of

averaged vector length, vector ratio and value of the total

flops are indicated in Table 1, where the maximum vector

length and peak performance for each processor are 256 and

8 Gflops respectively. 

We employed one dimensional domain decomposition in

the meridional direction, in which parallelization procedure

is limited by the number of employed latitudinal circles,

namely, the maximum number of CPUs to be used for a near

global domain extending from 75˚S to 75˚N is 1500 provid-

ed that the meridional resolution is 0.1 deg. Each processor

is assigned computation in zonal strips. The number of

meridional grid points in a zonal strip depends on the num-

ber of processors. As the number of processors increases, the

meridional extent of a strip becomes comparable to or small-

er than a halo region. This means that some device is neces-

sary to reduce computational burdens especially in the halo

regions. It becomes more and more important to improve the

parallel performance of the code. Especially, computational

burden in halo regions is not reduced by simply dividing a
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Table 1  Routine-wise vector length, ratio and the total flops elapsed.

Table 2  Scaling factor with 4 halo regions.

given computation into many nodes. To this end, we

employed microtasking techniques for intra-node paralleliza-

tion while inter-node communications were achieved via

MPI library to get the best communication performance on

the Earth Simulator. Table 2 shows that computational bur-

dens in the halo regions can be reduced by microtasking

techniques. As a result of our tuning efforts, the parallel effi-

ciency and vector ratio of our code are 99.87% and 99.52%

respectively and one model-year simulation has been com-

pleted in seven hours.

Results
Simulated annual mean sea surface height distribution is

shown in Figure 1. We can clearly see that, in consistent with

a simple geostrophic relation, the SSH in the subtropics is

higher than that in the sub-polar region and the lowest SSH

appears in the southern flank of the strong Antarctic

Circumpolar Current. A zonal band of lower SSH can be

noticed along 7˚N in the Pacific, which corresponds to the

boundary between the North Equatorial Current and the North

Equatorial Countercurrent. Therefore, we can say that the

basin-wide pattern of the mean SSH field is simulated well. 

Smith et al. (2000) suggest that the distribution of eddy

activity becomes realistic compare to that derived observation

data with increasing horizontal grid spacing. Fig.2 shows the

root-mean-square variation of the simulated SSH anomaly.

The variability maxima appear in the western boundary cur-

rent regions such as the Kuroshio/Kuroshio Extension, the

Gulf Stream/the North Atlantic Current, the Malvinas Current

and the Agulhas Current and around the Antarctic

Circumpolar Current. For example, in the Kuroshio region, a

high SSH variability region extends from Japan coast to the

date line in forming a zonal band. This is mostly due to the

path variation of the Kuroshio Extension (Mizuno and White,

Main computation [routine names]

baroclinic computation [baroclinic]

vertical mixing with implicitly [invtri]

Barotropic coputation [expl_freesurf]

unisco_density [unisco_density]

computation with biharmonic [delseq_velocity]

Main computation of tracers [tracer]

calculate advection velocities [adv_vel] 

construct diagnostics [diagt1]

computation of normalized densities [statec]
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* 4 parallelized for intra-node

Fig. 1  Simulated annual mean sea surface height. Fig. 2  Root-mean-square variation of sea surface height. 
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1983). Fairly high variability regions are also seen along 20N

and 6N in the western Pacific. Locations of these high vari-

ability regions are observationally confirmed by the satellite

altimetry (Le Traon and Orgor, 1988).

We can see the mesoscale features of ubiquitous activities

in our high-resolution simulation. Fig.3 shows the snapshot of

the sea surface height and the velocity field in the south of

Africa. Our model reproduce several eddies, so-called Agulhas

Rings shed at the Agulhas retroflection. Agulhas Rings are

anti-cyclonic eddies, which contribute to the heat transfer from

Indian Ocean to Atrantic Ocean. The scale of the simulated

Agulhas Rings is close to the observation. Fig.4 is the snapshot

of the sea surface temperature in the eastern tropical Pacific in

the fall. Legeckis waves are the meandering front structure

between the cold upwelling water of the Pacific equatorial

cold tongue and the warm water (Legeckis, 1977). Such tropi-

cal instability waves, which propagate westward, are simulated

well in our eddy-resolving model. 

It is well known that in low-resolution simulations the

Fig. 3  Snapshot fields of sea surface height and velocity  velocity

vector at 100m in the south of Africa. 

Fig. 4  Snapshot of sea surface temperature in the eastern tropical

Pacific in 15 September at 50th  model year.

western boundary current tends to overshoot and the result-

ing separation point turns out to be quite unrealistic. The

composites of the simulated monthly mean Kuroshio and

Gulf Stream paths during one year are shown in Fig.5 and

Fig.6. Both simulated western boundary currents separate

with right latitude. And the Kuroshio Extension bifurcates

into two branches. Observation (Mizuno and White, 1983)

suggested that the bifurcated Kuroshio Extension is con-

trolled by the bottom topography. The horizontal resolution

of our model is enough to resolve mesoscale eddy and fine

structure of bottom topography. The similarity to the obser-

vation is mainly attributed to high resolution of our model.

Summary
We have developed OGCM code (OFES) optimized for the

Earth Simulator. A number of different optimization tech-

niques are employed. As the result of our effort, we have per-

formed fifty-year-integration of our global eddy-resolving

simulation. A quick look at the simulated result tells that the

Fig. 5  Monthly-mean Kuroshio Current paths as defined by the

14˚C (Black) and 10˚C (red) isotherm at 300m depth, super-

imposed upon bathymetry.

Fig. 6  Monthly-mean Gulf Stream paths as defined by the 12˚C

isotherm at 400m depth, superimposed upon bathymetry. 
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overall characteristics of oceanic fields are quite realistic. The

hi-resolution of the model contributes to resolve the fine

structure such as the mesoscale eddies, which encourages us

to extend our investigation further on variety of topics.
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