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"VIRTUAL" ATMOSPHERIC AND
OCEANIC CIRCULATION IN
THE EARTH SIMULATOR
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High-resolution simulations of the atmospheric and oceanic general circulations on the Earth
Simulator are briefly introduced to a wider research and educational community.

ne of the main goals of the Earth Simulator
(ES) Project is to reduce ambiguities in global
warming projections. The effect of cumulus
convection, which is represented with subgrid-scale
parameterization in conventional primitive-equation
atmospheric general circulation models (AGCMs),
has been considered to be one of the critical sources of
uncertainty in these future projections. This issue will
be overcome by developing convective cloud-resolving
nonhydrostatic AGCMs with a very fine horizontal
resolution of a few kilometers or less, and this is one
of the ultimate goals of global warming simulations on

O

the ES. Indeed, two such ultrahigh-resolution AGCMs
have already started operations on the ES. Because
development of the models is, however, challenging
and time consuming, future projections using these
AGCMs coupled with other components of the climate
system, including ocean GCMs (OGCMs), have yet
to be conducted. To date, all of the future projection
and time-slice experiments of global warming on the
ES have been conducted with conventional coupled
GCMs (CGCMs) or AGCMs, and with nonhydrostatic
regional atmospheric models (details available online
at www.es.jamstec.go.jp/publication/annual/index.
en.html).
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Meanwhile, the main task of our group, since
the beginning of ES operations in March 2002, has
been to conduct model simulations with the highest
possible spatial resolution, in order to deepen our
understanding of the natural variability of the global
atmosphere and ocean on a wide range of temporal
and spatial scales. To accomplish our task in the
given time frame, we utilized an existing conventional
primitive-equation AGCM and an OGCM, wherein
subgrid-scale convection and mixed-layer turbulence
are parameterized. The original codes were then substantially modified to run efficiently on the massive
vector-parallel architecture of the ES. As discussed
below, even with the limitation imposed by the hydrostatic approximation, conventional GCMs, when run at
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ultrahigh resolution, can be used to address a number
of important scientific issues on the mechanisms and
predictability of natural variability in the weather and
climate systems, including extreme weather events.
When planning our numerical experiments, however,
we became aware of a major problem. Even though
we could complete long-term, ultrahigh-resolution
simulations of the global atmosphere or ocean within a
reasonable amount of wall-clock time, the output datasets would be too huge to store and handle. Therefore,
as specifically mentioned below, our (quasi) global
simulations were limited to relatively short periods in
order to retain the ultrahigh resolution of our GCMs.
In this article, we briefly introduce these simulations
to the global research and education community,
together with some of the scientific problems we have
investigated so far. We also discuss possible utilization
of these results, and ongoing and future plans.
The particular AGCM used for our simulations is
called the AGCM for the ES (AFES). The original code
was adopted from an earlier version of a Japanese community AGCM that had been jointly developed by the
Center for Climate System Research, the University
of Tokyo, and the Japanese National Institute for
Environmental Studies. It is a conventional AGCM
with a spectral Eulerian dynamical core based on
the primitive equations, but its code has been rebuilt
from scratch to realize the best-possible computational
performance on the ES. The first AFES simulation
with T1279 horizontal resolution and 96 vertical
levels (T1279L96), with the top level at about 1 hPa,
was carried out in early May 2002 to assess its computational performance. This turned out to be remarkably high, reaching 25.6 TFLOPS, or 65% of the peak
performance of ES.1 This resolution is equivalent to
10 km in the horizontal and about 500 m in the vertical, though the resolution is much finer near the surface. Within the following 4 months, three additional
simulations with the same resolution were completed
for 10-16-day periods, with climatological mean sea
surface temperatures (SSTs), a carbon dioxide level of
345 ppm, and ozone concentrations from data provided by Drs. Liang and Wang of the Atmospheric
Sciences Research Center, State University of New
York at Albany [information online at www-pcmdi.
llnl.gov/projects/amip/AMIP2EXPDSN/OZONE/
wang.html; note that the URL given in Ohfuchi et al.
(2004) has been changed to the current one at this
moment and may be changed in the future]. We
1

Owing to this performance, the Gordon Bell Award for Peak
Performance was awarded for AFES in Supercomputing
2002, in Baltimore, Maryland, in November 2002.
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believe that these numerical experiments were the
first 10-km-mesh global general circulation simulations in the history of computational meteorology.
The initial conditions for these ultrahigh-resolution
simulations were taken from a 12-yr AFES simulation that had been conducted with T319L24 resolution (corresponding to 40-km horizontal and 2-km
vertical grid intervals). Three "events" were selected
for the ultrahigh-resolution integrations. One is a
typical event of rapid cyclogenesis in January over
the northwestern Pacific, associated with a cold-air
outbreak from Siberia (Fig. 1). The other two are a
well-defined baiu-mei-yu front period, simulated
in June along the Japanese coast, and a period of
active typhoon genesis in September over the tropical
western Pacific. As demonstrated in Ohfuchi et al.
(2004), despite the limitation of the primitive equations based on the hydrostatic approximation, AFES
can simulate detailed mesoscale features, such as the
frontal structures within extratropical cyclones, the
mesoscale precipitation systems behind cold fronts
and those associated with polar lows, and mesoscale
cyclones developing along the baiu front and their
interactions with regional topography and surface
baroclinic zones. Furthermore, AFES was also able
to simulate the whole life cycle of an intense tropical storm, with its central surface pressure falling as
low as about 920 hPa, including its initiation and its
transition into an extratropical cyclone. This storm
has a realistic structure, including a tight warm
core surrounded by well-developed eyewall clouds
and spiral bands. The model output is suitable for
studying interactions among mesoscale phenomena,
regional topography, and synoptic- to planetary-scale
flows without any elaborate nesting techniques. For
example, Fig. 1 shows global and local snapshots of
lower-tropospheric relative vorticity taken from our
January simulation. A locally magnified portion of
Fig. 1 can be compared with Fig. 2 of Ohfuchi et al.
(2004), which shows realistic features in the simulated
extratropical cyclone. However, it is impossible to tell
whether the features shown in Fig. 1 are realistic or
not, because of the lack of observational data with
sufficiently high three-dimensional resolution for a
direct comparison with our simulations. In a sense, we
are obtaining more detailed data from the AFES simulations than from observations. Later in this article we
will propose possible collaborations with scientists
working on high-resolution observational data.
In addition, we have been utilizing the abovementioned and additional simulations to investigate
other interesting problems, such as the effect of the
thermal tides on tropical cyclones (Yoshioka et al. 2005),
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the possible mechanisms and
predictability of the cutoff
low that brought a flooding
situation over Europe in
August 2002 (Enomoto et al.
2007), those of the 2003 heat
wave in Europe (Nakamura
et al. 2005), and the so-called
mesoscale shallowing of
kinetic energy spectra of the
atmospheric general circulation (Takahashi et al. 2006).
Most of the additional simulations were conducted at a
lower spatial resolution but for
longer periods (from a month
to a few years), and some
of them are hindcasts with
initial conditions taken from
operational analysis, using
observed time-varying SSTs.
We have also investigated the
effect of changes in both the
horizontal and vertical resolution. Yamada et al. (2005),
for example, investigated the
resolution dependency of the
organization of equatorial
convective activity in a series
of very idealized aquaplanettype simulations. A vertical
resolution of about 500 m
from the midtroposphere to
midstratosphere, with the top
level at about 1 hPa, seems
adequate for simulating some
wave propagations from the
troposphere to the stratosphere. However, placing the
top level at about 0.1 hPa or
higher seems a necessary

FIG.
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I . Global and local snapshots of relative vorticity (s ) at the
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surface (about 8 5 0 hPa over the ocean) for mid-January taken from an A F E S
simulation with the climatological mean sea surface temperature prescribed.
The local map is for the N o r t h Pacific, with a precipitation rate of I m m h _l
in black contour.

condition for reproducing spontaneous quasibiannual
oscillation (QBO)-like phenomena, even though the horizontal resolution can be substantially lower, which seems
to be consistent with previous studies on QBO simulations. However, note that Takahashi (1996) needed to
reduce the horizontal diffusion and utilize a noisier moist
convective parameterization for the first successful QBO
simulation by an AGCM with a horizontally very coarse
resolution of T21. It is still an open question as to why it
is possible to simulate QBO-like oscillations even with
such a low horizontal resolution when many scientists
believe that much-smaller-scale gravity waves are esAMERICAN METEOROLOGICAL SOCIETY

sential for the generation of QBO. A top level of 0.1 hPa
or above is also necessary in order to simulate correctly
either the planetary wave field in the stratosphere or its
interaction with the winter vortex. A recent compact
but extensive review by Hamilton (2007) summarizes
issues of both the horizontal and vertical resolution in
atmospheric simulations and discusses many aspects
thereof, including QBO and troposphere-stratosphere
interactions.
Our OFES was based on the Modular Ocean Model
version 3 (MOM3) developed at the Geophysical Fluid
Dynamics Laboratory of the National Oceanic and
JUNE 2007
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Atmospheric Administration (NOAA), in Princeton,
New Jersey. Even for a 50-yr OFES integration, which
we completed on the ES within reasonable wall-clock
time, it was possible to keep its horizontal resolution as
high as 0.1° in a regular latitude-longitude grid system
of a quasi-global domain (75°S-75°N) and to adopt 54
vertical levels. This particular simulation was conducted
as a spinup for 50 yr, forced by climatological monthly
mean atmospheric reanalysis data from a state of no
motion with realistic annual mean temperature and
salinity distributions (Masumoto et al. 2004). We can
study low- and midlatitude "ocean climate" in a statistical equilibrium state of the upper-ocean circulation. The
ability of OFES to resolve mesoscale variability offers
a unique opportunity to study interactions between
basin-scale and regional phenomena. As an example,

Fig. 2 shows global and local snapshots of surface current
speed taken from the spinup simulation. It demonstrates
the remarkable ability of OFES to resolve fine frontal
structures embedded in basin-scale circulation systems
and to represent the associated vigorous activity of mesoscale eddies. Associated sea surface height variability
compares well to that seen in satellite observations,
Although an increasing amount of observed data have
been archived in recent years, the data, especially for
the subsurface ocean, is still insufficient to resolve the
three-dimensional structure of fronts and eddies, and
their variability over a long time period. This OFES
spinup and the following 50-yr hindcast simulation with
interannually varying forcing (Sasaki et al. 2004), thus
provides a unique quasi-global dataset that is suitable
for analyzing the four-dimensional variability of the
ocean. Such a high-resolution
quasi-global simulation will
allow us to investigate a number of key unresolved issues.
These include, for example,
a) the dynamics of oceanic
fronts and mesoscale eddies,
b) direct validation of mesoscale eddy parameterization
schemes for coarser-resolution models, c) the association
and/or interaction among
various phenomena on a wide
range of spatial and temporal
scales, including variations
in coastal areas and marginal seas as components
of a basin-scale circulation
system, and d) possible influences of mesoscale eddies
on the water mass and tracer
distribution.
For these u l t r a h i g h resolution OFES simulations,
the volume of the simulation
data has been one of the most
difficult problems with which
to contend, as it has also been
for the AFES runs. The size
of one three-dimensional
snapshot is about 1.1 GB,
including meaningless "land
data." Sasaki et al. (2007)
describe our system as ex-

FIG. 2. Global and local snapshots of surface current speed (cm s 1 ) taken from
a 50-yr integration of O F E S under atmospheric forcing with the climatological
mean annual cycle. The local map is for the N o r t h Atlantic.
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eluding the land data, so that

we can reduce the volume by

about 40%. Nevertheless, for
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the 50-yr spinup run, we have only been able to store
data every 3 days from the 46th year, and monthly data
from the last 10 yr. For the following hindcast simulation from 1950 to 2005, data have been stored every 3
days, but thinned to 0.2° until 1980.
The spinup and hindcast simulations discussed
above provide valuable data to investigate many scientific issues, such as North Pacific decadal variability
in the Kuroshio extension region (Nonaka et al. 2006)
and alternating zonal jets in the ocean (Maximenko
et al. 2005; Richards et al. 2006). In addition to the
above baseline simulations, we have incorporated sea
ice (Komori et al. 2005), chlorofluorocarbon tracers
(Sasai et al. 2004), and biogeochemical processes
(Sasai et al. 2005) in OFES. Detailed analyses of data
from a series of OFES simulations are underway.
The simulated fields introduced in this article,
of course, by no means truly represent reality.
Nevertheless, the "virtual reality" of our simulated
data may possibly lead to the "discovery" of unknown
phenomena, which are not captured in currently
available observational data. In this manner, the
AFES/OFES simulations can contribute to deepening
our insight into atmospheric and oceanic processes
that are currently not understood. In addition, the
high-resolution output of the simulations can be
utilized for planning new targets of future observations or designing observing systems for the atmosphere and ocean. If realized, these new observations would, in turn, provide us with valuable data
for improving many aspects of current numerical
models of the atmosphere and ocean. We are aware
that there are high-resolution observational data
from satellites and radars that have not been well
verified yet due to the lack of sufficient "ground
truth." Usually, these observational data have been
produced through certain retrieval algorithms. It will
be interesting to cross validate these high-resolution
datasets from simulations and observations with
different algorithms. Hopefully, such interaction
between the observation and modeling communities will accelerate future progress in meteorology,
oceanography, and climate dynamics.
Although a couple of even higher resolution nonhydrostatic AGCMs are now running on the ES, we believe that AFES output is still valuable for the research
community. Although nonhydrostatic AGCMs with a
horizontal resolution of a few kilometers would permit
the explicit simulations of convective systems, it is
impossible to eliminate all of the uncertainties that
arise from cloud microphysics and turbulent mixing
in the boundary layer, which would still have to be
parameterized even in these next-generation AGCMs.
AMERICAN METEOROLOGICAL SOCIETY

Furthermore, the excessive size of output datasets may
limit the integration lengths of such AGCMs, just as
for our 10-km-mesh simulations. Given the finite
resources for computation and data storage, we must
always consider some limitations resulting from the
trade-off between a model's spatial resolution and
integration period. For some particular purposes,
high-resolution conventional AGCMs such as AFES
are still an effective tool.
A few other groups have carried out some experimental short-term simulations of the oceanic global
circulation with 0.1°, or even higher, resolution on
supercomputers that are much smaller than those of
the ES. Still, we believe that the 50-100-yr length of our
simulation adds a unique scientific value to the OFES
data. We have started distributing some OFES output
data (online at www2.es.jamstec.go.jp/ofes/eng), and
are currently preparing AFES data for distribution.
Also, it should be mentioned here that the Advanced
Perception Research Group at the Earth Simulator
Center is developing a visualization software to handle
terascale data (Araki et al. 2006; Uehara et al. 2006).
AFES and OFES have been and will continue to
be upgraded. For example, different schemes for
cumulus convection and low-level clouds have been
implemented in AFES, and implementation of a
semi-Lagrangian scheme is also planned. We have
also included the polar regions in OFES with a sea
ice scheme, and are almost ready for the AFES-OFES
coupled system, called the coupled GCM for ES
(CFES). The horizontal resolution of CFES is 50 km
in AFES and 25 km in OFES. We are also preparing
a "mini-CFES" with a coarser resolution for sensitivity studies or big ensemble forecast experiments.
Collaborating with the Japan Meteorological Agency,
our group is experimenting with an ensemble Kalman
filter (EnKF) for data assimilation, currently only for
the atmosphere. We plan to apply the EnKF to the
ocean and the coupled system, although we are aware
that data assimilation into a fully coupled system
still needs further study. Using AFES, OFES, and
CFES flexibly, and comparably on the ES with other
tools such as the EnKF system, we hope in the near
future to conduct ensemble hindcasts and reanalyses
to better understand the mechanism and predictability of high-impact phenomena of the weather
and climate systems. We believe that the products
from our future efforts as mentioned above would
be of interest to the wider research community and
hope to distribute them gradually. We encourage
those who are interested in our simulations and/or
science to visit the above data server or contact the
corresponding author.
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