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Why do we need computers?

• The Earth system cannot be put in a test tube!

• Numerical simulation is necessary for:
- carrying out “virtual” experiments;
- compensate for the scarcity of field data, whose space-time

resolution is much too low;
- estimate variables that cannot be measured in situ.

• The use of such numerical simulation in scientific research [...]
is thought by many to represent the first major step forward in the
basic scientific method since the seventeenth century. Science is
now a tripartite endeavour, with Simulation added to the two
classical components, Experiment and Theory.
Allan R. Robinson (1987)
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Why do we need big computers? (I)

• The timescales of climate are long: simulations over long periods
of time are needed, i.e. 101 105 years.

• Several interacting components (atmosphere, oceans, lithosphere,
cryosphere, biosphere): many variables are to be simulated.
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Why do we need big computers? (II)

• Enormous range of time and space scales and the smallest scales
cannot be ignored: highest possible resolution is needed. Many
discrete variables that must be updated at every time step.

Schematic representation of
the oceanic variability.

(Fig. courtesy Prof Hans von Storch)
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Two lines of research conducted at Louvain-la-Neuve

• Reconstruction of climates of the past and their evolution.
Example: gaining insight into the little ice age.

• Widening the range of the scales of motions that are explicitly
simulated — i.e. not parameterized — in the ocean.

Example: development of a second-generation ocean model.
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Gaining insight into the little ice age (I)

• Temperature over the last 2,000 years were reconstructed from
proxy-data (tree rings, lake sediments, etc).

3 major features over the last
1,000 years:
- medieval warm period
- little ice age
- rapid warming (last 150 y)
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Gaining insight into the little ice age (II)

• Probable external causes of these temperature anomalies:

- medieval warm period (900-1250): volcanoes , sun 

- little ice age (1450-1850): volcanoes , sun , deforestation?

- rapid global warming over the last 150 years:
                           anthropogenic emissions of greenhouse gases

• Numerical simulation is needed to investigate in detail how the
climate system reacts to the forcings (volcanoes, sun, etc).

• As the system is partly chaotic, ensemble runs ( 100) are needed
to account for uncertainties in the initial conditions and the
external forcings (volcanoes, sun).
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Gaining insight into the little ice age (III)

On Lemaître:
3 days of CPU / 1000 y
4 Tbytes storage / 1000 y
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Gaining insight into the little ice age (IV)

• Hemispheric temperature evolution over the last 1000 years is
pretty well reproduced, and so is the space variability of the
temperature.

Winter temperature anomaly for 1690-1700 (little ice age)

Reconstruction Best simulation

(White areas are those where the values are not statistically significant)
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Gaining insight into the little ice age (V)

• The model provides information that can not be derived from
proxy-data, such as the winter anomaly of the geopotential height,
i.e. pressure anomaly, for the period 1690-1700 (little ice age).

reduced westerly winds and
increased northerly winds

 colder air over Europe
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Gaining insight into the little ice age (VI)

• Anomaly in surface ocean current for the period 1690-1700
(little ice age).

reduced North-Atlantic drift
 less heat transported toward Europe



12

Resolving smaller scales of motion (I)

• Classical representation of the ocean surface circulation: steady-
state, smoothly-varying currents and basin-scale gyres.
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Resolving smaller scales of motion (II)

• By removing the low-pass filter, a radically different picture
emerges: the ocean is far from smooth and steady!

The are many transient,
highly energetic eddies

(meso-scale eddies)
about 50 km in diameter,

especially
along the western boundaries,

in the equatorial region
and in the Southern Ocean.

(Semtner and
Chervin, JGR, 1992)
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Resolving smaller scales of motion (III)

• Meso-scale variability cannot be resolved in long simulations:
in climate studies, the most energetic motions are not resolved and,
hence, must be parameterized by having recourse to expressions
that are, at best, questionable...

• Continental shelf seas, which are not resolved either, exhibit a
large primary production and are the land-ocean interface, so that
they are likely to play a crucial role in the carbon cycle and in
other processes of importance for the evolution of climate.

• A new generation of ocean models is needed. These models will
be able to enhance the resolution when and where it is needed,
which the present-day models cannot do, because of the lack of
flexibility of the structured grids they are based on.
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Resolving smaller scales of motion (IV)

• Development of the Second-generation, Louvain-la-Neuve, Ice-
ocean Model (SLIM, www.climate.be/SLIM).

• Key features of SLIM:
- unstructured mesh rather than structured grid ;
- finite element method rather than finite differences.

Unstructured
mesh

Structured grid
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Resolving smaller scales of motion (V)

• Testing SLIM on a continental shelf: the Great Barrier Reef.

GBR length  2,600 km

2,800 reefs &  islands

reef &  island area :  10-2 -102  km2

1.2 106  elements  /  20 sub - domains
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Resolving smaller scales of motion (VI)

To obtain similar
results, first-

generation models
would need to resort
to homogeneous high

resolution grids,
which would demand

much more CPU
time.

On Lemaître :  1 h / 2 h of physical time
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Resolving smaller scales of motion (VII)

•  Testing SLIM on an open ocean problem: modelling the
evolution of a barotropic eddy in the Gulf of Mexico.

• The eddy travels westward as a Rossby wave packet. Then, upon
hitting the coast, it breaks into smaller-scale structures.

• An adaptive mesh strategy is used, in which an attempt is made
to keep a relevant estimate of the error equal to a value prescribed
a priori. The number of elements varies from 3,000 to 8,000 in the
course of the simulation (see movie =>).

• To achieve the same accuracy with a non-adaptive mesh, as
many as 34,000 elements would be needed.

• Conclusion: adaptivity works!
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Resolving smaller scales of motion (VIII)

    

SLIM is evolving toward
a fully-fledged OGCM,

whose first version should be ready
by the end of 2009.


