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to various research subjects; not only is it involved in

all subjects of earth sciences but also closely related

to computing science. In another word, the existence

and ability of ESM in a country not only re°ects its

research ability in earth sciences but also shows its

comprehensive capability in science and technology.

Therefore, as one of the countries with acclaimed aca-

demic renown both in earth sciences and in science

and technology, China should naturally recognize and

develop its own ESM.

2. De¯nition of Earth System Mo del

What is ESM? Until now, there has been no

clear deflnition of ESM. At the beginning of the 21st

century, with inflltration and con°uence of various

branches of earth sciences, the concept of earth sys-

tem emerged and the notion of ESM was put forward.

Because the earth system takes the atmosphere, hy-

drosphere, cryosphere, lithosphere, and biosphere as

a whole, some old research methods and techniques

could no longer meet the need of modern scientiflc re-

search of the earth system. To understand the inter-

action among various spheres, which is the most im-

portant characteristic in earth system evolution and

a key issue in earth system sciences, it is imperative

for the earth system researchers to develop a numeri-

cal model that could re°ect such an interaction among

the various spheres. This model is the ESM as we un-

derstand. Based on the dynamical, physical, chemical

and biological processes of the earth system, a series

of mathematical equations (including dynamic equa-

tions and parameterized schemes) are used to quan-

tify these spheres and their interaction. These equa-

tions compose the mathematical-physical model of the

earth system, which are then solved numerically by

computers through a large comprehensive computing

program. This program provides an important scien-

tiflc tool for modeling and predicting complex behav-

iors and processes of the earth system, which we call

ESM. Because of the complexity of the earth system,

this program requires large memory and fast comput-

ing speed, and it could only be performed on the most

advanced high-performance computer. Japanese sci-

entists used their \Earth Simulator" to represent the

combination between the ESM and high-performance

computer, which has been used as a basic tool for

scientiflc research and an important platform for in-

terdiscipline studies and collaborations among various

branches of earth system sciences.

The development of ESM could be divided into

three phases: a fundamental phase, a transitional

phase, and a prototype phase. We are presently in

the fundamental phase, that is, the model is a phys-

ical climate system mode1, which mainly incorpo-

rates earth’s °uids (the atmosphere and ocean) and

only takes into consideration the physical processes

on earth’s surface to represent a part of the solid

earth. In the transitional phase of the next 5{15

years, the model will include atmospheric chemistry,

biogeochemical processes (both on land-surface and in

ocean), and humanistic processes in the physical cli-

mate system model. The model will have the ability

to describe carbon and nitrogen cycles quantitatively.

However, application, evaluation, improvement and

perfection of the physical climate system model will

still be one of the foci during this phase. In the flnal

prototype phase, the model will further take into ac-

count the interaction among the earth climate system,

solid-earth processes (earthquakes, volcanic eruptions,

tectonic movement and geomorphological change) and

space weather. The model in this phase is a compar-

atively complete numerical model{the so-called ESM.

The commonly mentioned \climate system

model" is actually the \physical climate system

model," which is the most rudimental part of ESM.

The present so-called ESM should be referred to as the

\earth climate system model." If the purpose of devel-

oping the physical climate model is to understand the

physics of interactions among various spheres, then

the purpose of developing the earth climate system

model should be to investigate the rules of the ener-

getic, ecological, and metabolic processes of the earth

by studying the exchange of energy, momentum and

mass among the atmosphere, land-surface and ocean,

and to unravel the climate responses to changes of

land-surface cover, land use and greenhouse gas emis-

sion through these processes. In particular, we should
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pay attention to the roles of the biogeochemical cou-

pling processes of carbon, nitrogen and iron cycles in

climate system and to the in°uences of human activi-

ties on these cycles and on climate change. However,

the real signiflcance of developing ESM is that scien-

tists can then study not only the aforementioned issues

more objectively but also any problems related to ge-

ography, geophysics, earth-surface physics and chem-

istry, and even probe quantitatively the interactions

among earth °uid motions and solid earth processes

and the impact of space weather on earth system.

With the supplement to the sketch of ESM

(Brasseur, 2002z), a more complete schematic diagram

of ESM is provided in Fig. 1. It is basically composed

of flve functional modules: physical climate system

(light blue), biogeochemical system (safiron yellow),

humanistic (or social scientiflc) system related to hu-

man activities (purple), solid earth (dark blue), and

space weather related to solar activities (red). The

in°uences of solid earth and space weather are sim-

plifled in the physical climate system model and the

earth climate system model with known information

as unilateral forcing, which could be described objec-

tively only in ESM.

As shown in Fig. 2, difierent scientiflc issues are

focused on in each of the three phases of ESM. In the

flrst phase of physical climate system model, the key

scientiflc issues investigated through the coupling of

air-sea-land-ice in numerical models are the mecha-

nisms of their interactions, of which the most repre-

sentative progresses have been achieved in the past 20

years. In the second phase of earth climate system

model, models are expected to help scientists to un-

derstand the impacts of biogeochemical processes and

human activities on and their responses to global cli-

mate change, and to study the mechanism of carbon

and nitrogen circles, etc., as well as their roles in the

evolution of the climate system, by including biogeo-

chemical and humanistic processes into the physical

climate system model. In the flnal phase, i.e., the

phase of ESM, the model development will focus on

the interactions among the processes inside the solid

earth and the earth climate system, and the impacts

of solar-activity variations. The purpose is to under-

stand underlying laws and impact factors of the earth

system more comprehensively and objectively.

The processes included in ESM are much more

comprehensive and complicated than those in present

climate system models. The integrated physical,

chemical and biological processes cover almost all the

major research branches in earth sciences. At the same

time, model development is highly related to technol-

ogy development of the hardware and software of com-

puters, which is a huge engineering undertaking that

could not be completed by one person, one team, or

even one institute. At present, ESMs have been de-

veloped under massive research projects that are sup-

ported either nationally or internationally by an al-

liance of countries, such as the European Union.

3. Curren t status of ma jor pro jects on ESM

From the perspective of scientiflc advancement,

the rudiment of ESM|the physical climate system

model|has been a hot topic of international fron-

tier research during the past 20 years. The developed

countries, one after another, established various re-

search projects of climate system models and so-called

ESMs by injecting huge funds. These projects, on the

one hand, focused on the in°uences of global changes

on human and the mechanisms at work, and on the

other hand, provided reflned forecasts of atmospheric-

oceanic environment, which are used by military as

well.

The coupled climate system model is a rudimental

form of ESM. Development of the coupled climate sys-

tem model is a cornerstone of the Climate Variability

and Predictability (CLIVAR) project under the World

Climate Research Program (WCRP), whose main aim

is to describe, simulate, and predict global climate

variations on timescales ranging from seasonal to in-

terannual, decadal and centennial. For this purpose,

the WCRP Joint Scientiflc Committee (JSC) and the

CLIVAR Scientiflc Steering Group (SSG) have jointly
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