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Abstract: A definition of earth surface modeling is proposed on the basis of discussing the concept of earth surface. Studies

on earth’s surface topography modeling and climate system modeling are reviewed, which indicates that it is eagerly necessary

to develop simulation methods with high speed, high accuracy and low memory requirement. Introduction of methods for high

accuracy and high speed surface modeling (HASM), developed by means of the fundamental theorem of surfaces, might be an

efficient way to characterize the states of earth-surface and changes in those states.
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1 INTRODUCTION

Earth’s surface environment is an active and complex place, at
the interface of the lithosphere, the hydrosphere, the atmosphere
and the biosphere (Phillips, 1999). The lithosphere is the solid and
inorganic material of the earth such as rock, soil and sediment.
The hydrosphere encompasses water in all its forms. The atmos-
phere comprises the envelope of gases that surrounds the planet,
mixes with elements of the other planetary spheres, and occupies
the spaces or voids in soils, sediments and rocks. The biosphere
consists of earth’s living things and organic matter. None of these
spheres occurs in isolation, but they interacts each other to produce
the earth’s dynamic systems (Bockheim & Gennadiyev, 2010). In
the field of earth surface processes, Earth’s surface is defined as a
dynamic interface across which the atmosphere, water, biota, and
tectonics interact to transform rock into landscapes with distinctive
features crucial to the function and existence of water resources,
natural hazards, climate, biogeochemical cycles, and life (Com-
mittee on challenges and opportunities in earth surface processes,
2010). An earth surface system is a set of interconnected compo-
nents of the earth surface environment that function together as a
complex whole. Earth Surface modelling is generally defined as a
spatially explicitly digital description of a component of the earth
surface environment or an earth surface system (Yue, 2011).

It should be noted that this paper only reviews studies on earth’s
surface topography modeling, climate system modeling and simula-
tion systems. Others such as surface modeling in biosphere can be
found in a published paper, progress in global ecological modeling
(Yue, et al., 2011).
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2  EARTH SURFACE MODELLING
2.1 Earth’s surface topography modeling

Geomorphology stands in the center of the earth’s surface sci-
ence, where strong couplings link human dynamics, biology,
biochemistry, geochemistry, geology, hydrology, geomorphology,
and atmospheric dynamics (Murray, et al., 2009). Information on
the earth’s relief is a key parameter for almost any geoscientific
analysis and for all precise land-oriented applications and planning
purposes (Dech, 2005). Understanding earth surface processes re-
lies on modern digital terrain representations and depends strongly
on the quality of the topographic data (Tarolli, ez al., 2009). Terres-
trial Laser Scanner (TLS) and Airborne Laser Swath Mapping tech-
nology (ALSM) are able to produce sub-meter resolution Digital
Terrain Models and high-quality land cover information over large
areas. The Shuttle Radar Topographic Mission (SRTM) and the Ad-
vanced Space borne Thermal Emission and Reflection Radiometer
(ASTER) have allowed detailed analyses in large regions.

Earth’s surface obeys the conditions of uniqueness, continuity,
smoothness, and finiteness because the earth’s surface height, as a
vertical coordinate, is restricted in space by the value of gravity and
cannot be infinitely large or infinitely small. Attributes of the earth
surface could be specially considered during the process of surface
modeling include lines of relief discontinuity, steep and overhang-
ing scarps, acute peaks, niches, caves, karst pits and sinkholes, as
well as other elements violating the condition of smoothness. The
shape of the earth’s surface was first expressed in terms of gravity
at ground level (de Gbaaff-Hunter, 1937). The shape of the topo-
graphical earth surface was calculated by means of gravity meas-
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urements on that surface by solving two integral equations (Bragard,
1965). The possibility of constructing potential expansions, which
would converge on the earth’s surface, was explored by general-
izing the external expansion of the earth’s potential in spherical
harmonics to the earth’s surface (Petrovskaya, 1977).

A completely new method for earth surface modeling has been
explored since 1986, by which a mathematical model for cirque
morphology was constructed by means of the theorem of curves
(Yue & Ai, 1990). The mathematical model for cirque morphology
was then developed into the approach to environmental change de-
tection (Yue, ef al., 2002). A nonlinear descending principle (NDP)
was developed to calculate the altitude’s limit on the earth’s surface
(Niu, 1993). An F-approximation method and an S-approximation
method were developed to simulate earth’s surface topography.
The F-approximation of earth surface topography was based on
Strakhov method of linear integral representations and represented
by means of Fourier integral (Strakhov, et al., 1999). The S-ap-
proximation was based on the fundamental formula of the theory of
harmonic functions and specified by means of the Poisson integral
(Stepanova, 2007). The harmonic functions were employed to sim-
ulate the earth surface where displacements take place and can be
picked up by global positioning system (GPS) (Ionescu & Volkov,
2008).

The equation of earth’s surface can be formulated as (Kerimov,
2009), z=f(x, y) where z is an attribute value of the earth’s surface
at location (x, y). It was found that the initial topography is created
due to the addition of the material onto the surface of the layer and
after the buildup of the convective motion the topography of the
surface of the layer is determined only by the displacements of the
material particles lying at this surface (Birger, 2010). This result
suggests that the small-scale convection in the mantle is excited by
the significant topographic disturbances caused by thrusts occur-
ring at the boundaries of the lithospheric plates in the course of the
large-scale convection in the mantle.

2.2 The climate system modeling

Even though the basic components of weather and climate
system are the same, the processes are separated by both spatial
and time scales, climate occurring on the large scales. Weather is
the state of the atmosphere-ocean-land-ice system at any instant
of time, while climate is the aggregation of weather or a statistical
generalization of weather (Budyko & Izrael, 1991). The climate
system of earth is represented by environmental components of
earth surface. Causes of global climate change include the solar
constant gradually increasing over the life of the earth, tectonic
plate movements, orography, ocean circulation, sea level change,
greenhouse gas emission, earth surface reflectivity known as
albedo, orbital parameter changes, random occurrence such as vol-
cano eruptions, and natural variability.

In 1904, Bjerknes first described the necessary and sufficient
conditions for the rational solution of forecasting problems, i.e. a
sufficiently accurate knowledge of the state of the atmosphere at
the initial time and a sufficiently accurate knowledge of the laws
according to which one state of the atmosphere develops from
another. In 1905, Ekman recognized the impact of the wind on ice
and water velocities. In 1922, Richardson presented his predictive

method for one small area in Europe by using available observa-

tional data, but its forecast of the surface pressure at two points
over Europe failed. In 1925, Walker discussed Southern Oscilla-
tion and found an alternating pressure pattern involving the normal
southeast Pacific high pressure and the low pressure region near the
Indian Ocean and western Pacific regions. In 1929, Alt investigated
heat balance of earth’s surface. In 1939, Rossby and Collaborators
recognized the relevance of absolute vorticity advection to large-
scale wave motions. In the late 1940s, major developments in-
cluded the theories of baroclinic and barotropic instability (Charney,
1947), and the concept of equivalent- barotropy (Charney & Elias-
sen, 1949).

Charney, et al. (1950) successfully predicted 24-hr weather by
using a barotropic equation. In 1953, an adiabatic three-level quasi-
geotrophic model was successfully used to predict the rapid devel-
opment of a storm observed over the United States in November
1950 (Charney & Phillips, 1953). Black (1956) simulated distribu-
tion of solar radiation over earth’s surface. Philips (1956) used a set
of quasi-geostrophic equations for the first climate general circula-
tion experiment with a two-level baroclinic system in Cartesian co-
ordinates, which included the effects of heating and cooling along
with a simple treatment of frictional dissipation circulation experi-
ment recognized the close relationship between the dynamics of
cyclones and that of general circulation. Ye, et al. (1956) analyzed
precipitation distribution of Yellow River Basin in China. Burdecki
(1957) analyzed the incoming radiation at the Earth surface and the
atmospheric heat field. Mintz (1958) described the primary idea
of Mintz-Arakawa model. This model included seasonal changes
of solar radiation and long-wave cooling for each layer given as a
function of the temperature at the lower level. Ye and Zhu (1958)
discussed the major results of atmospheric circulation and proposed
an idea on numerical simulation of atmospheric circulation. Phil-
lips (1959) demonstrated that nonlinear computational instability
may occur in solutions of the non-divergent barotropic vorticity
equation, which was the simplest nonlinear dynamical equation ap-
plicable to the real atmosphere.

In 1969, a model with the same two-level vertical structure as
that of the Mintz-Arakawa model was developed and its horizontal
domain covered the entire globe with uniform grid intervals in both
longitude and latitude (Arakawa, 1969). Zeng (1974) proposed a
concept of the best information layer for meteorological satellite
remote sensing in order to find a general method for selecting a
water vapor channel of remote sensing. The first multilevel model
included a change of horizontal grid structure, the implementation
of a bulk model for the planetary boundary layer (PBL), the inclu-
sion of the Arakawa-Schubert cumulus parameterization, and the
prediction of ozone mixing ratio with interactive photochemistry
(Schlesinger & Mintz, 1979). In 1981, the horizontal differencing
of the momentum equation was based on the energy and potential
enstrophy conserving scheme for the shallow water equations (Ar-
akawa & Lamb, 1981). During the period from the late 1980s to
the late 1990s, climate models were characterized by a change in
the radiation scheme (Harshvardan, et al., 1987), inclusion of an
orographic gravity wave drag parameterization (Kim & Arakawa,
1995), inclusion of convective downdraft effects in the cumulus
parameterization (Cheng & Arakawa, 1997), revision of PBL moist
processes (Li, et al., 1999), and inclusion of explicit predictions on
ice and liquid clouds (Koehler, et al., 1997).
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Global climate is a result of the complex interactions between
the atmosphere, cryosphere, hydrosphere, lithosphere, and bio-
sphere, fueled by the nonuniform spatial distribution of incoming
solar radiation (Stute, ef al., 2001). Global climate models should
focus on interactions among atmosphere, ocean, land processes,
and sea ice. The theoretical description remains unresolved for glo-
bal climate models (Washington & Parkinson, 2005). For instances,
scientists still do not know how aerosols alter climate processes de-
spite decades of intense research because relatively little is known
about the global aerosol size distribution and composition. Other
unknowns include the full climatic impacts of ocean temperature
anomalies occurring during El Nino and La Nina episodes as well
as the full impacts of volcanic eruptions on ozone amounts in the
stratosphere and on atmospheric cooling. The precipitation-cloud
physics, specifically how condensation, sublimation and freez-
ing of water drops and ice particles occur, is not fully understood.
Although clouds play a critical role in the radiation characteristics,
their radiative properties are not fully understood. A main weak-
ness of current models is their limited ability to simulate vertical
air movement, such as convection in the tropics that lifts humid
air into the atmosphere. Schiermeier (2010) pointed out that the
simulations of Intergovernmental Panel on Climate Change (IPCC)
failed to provide any robust projection of how winter precipitation
would change at the end of the current century for large parts of all
continents. Even worse, climate models seemingly underestimate
how much precipitation has changed already, which further reduces
confidence in their ability to project future changes. Phase transi-
tions of water are among the major physical processes that shape
the earth’s climate, but such processes have not been well charac-
terized in current global climate models. Makarieva, et al. (2010)
estimated that the global mean power at which this potential energy
is released by condensation is around one per cent of the global
solar power, similar to the known stationary dissipative power of
general atmospheric circulation. They strongly suggested that the
phase transitions of water vapor play a far greater role in driving
atmospheric dynamics than is currently recognized. They found
that previous investigations focused on temporal pressure changes
instead of spatial gradients.

In addition, it is eagerly necessary to develop simulation meth-
ods with high speed, high accuracy and low memory requirement.
Current climate models are operated on very coarse spatial resolu-
tion because of their oppressively slow computational speed and
huge memory requirement for their used computers. Local topo-
graphical gradients of the current climate models are often error
due to the coarseness of their spatial resolutions (Washington &
Parkinson, 2005). The simulation results of current climate models
are questionable on a regional level and are difficult to be applied
to assessing climate change impacts on various ecosystems on re-

gional and local levels (Raisanen, 2007).

3 SIMULATION SYSTEMS
3.1 The earth simulator

In 1997, an Earth Simulator was developed to simulate glo-
bal warming. The primary function was to create a huge-scale
supercomputer, which would achieve at least Steraflop/s for an
atmospheric general circulation model. It first conducted simula-

tions of global atmospheric circulation and oceanic circulation on a
horizontal resolution of 10 km. According to Descartes’ paradigm,
nature loves equilibrium and stability; natural system conditions
seldom move away from the equilibrium point or the point of
stability. However, since nature is an open system through which
information, energy, material and flow are always passing in and
out, it would appear that nature actually loves non-equilibrium, in-
stability and therefore, nonlinearity. The Earth Simulator provides
an important tool necessary for creating a new paradigm of non-

equilibrium/nonlinearity/openness (Sato, 2004).

3.2 The digital earth system

Digital Earth was defined as a system providing access to what
is known about the planet and its inhabitants’ activitiescurrently
and for any period in historyvia responses to queries and explora-
tory tools. During the period from 1998 to 2001, the Digital Earth
Initiative, coordinated by the NASAled Interagency Digital Earth
Working Group (IDEW)), tried to realize the integration of existing
data from multiple sources in order to improve the application of
geospatial data for visualization, decision support, and analysis.
During this period, results of the three-year IDEW effort included
the Web Mapping Service (WMS) standard, a Digital Earth Alpha
Version prototype, and a Digital Earth Reference Model (DERM).
The Geospatial Interoperability Reference Model was produced as
an extension of the Digital Earth Initiative. Since 1998, many ad-
vances have been made. For instance, Earthviewer and GeoPlayer
appeared in 2001, while World Wind and Google Earth were re-
leased in 2003 and 2005, respectively.

Grossner, et al. (2008) proposed the concept of a digital earth
system and defined it as a comprehensive, mass distributed geo-
graphic information and knowledge organization system. The dig-
ital earth system was distributed because: (1) there were necessarily
multiple, geographically dispersed data stores providing content;
and (2) the processing load of serverbased query and analytical
processes needed to be shared for performance reasons. Geographic
information refers to very broad information about well-defined
locations on the earth’s surface.

3.3 European network for earth system modelling

In December 2001, European Union funded a project of Pro-
gram for Integrated Earth System Modeling (PRISM) to undertake
a pilot infrastructure towards the establishment of a distributed Eu-
ropean network for Earth System Modeling (ENES). PRISM pres-
ently includes atmospheric general circulation models (AGCMs),
atmospheric chemistry models (AC), ocean general circulation
models (OGCMs), ocean biogeochemistry models (OC), land-
surface (LS) and sea-ice (SI) models. All of these components can
be either global or regional models.

ENES aims at developing the PRISM infrastructure as a Euro-
pean system of portable, efficient and user-friendly earth system
models and associated diagnostic software under standardized
conventions that can be accessed by all European scientists. ENES
comprise all major climate modeling groups and climate computer
centers in Europe as well as many industrial partners. To ensure that
all researchers have equal access to such facilities across Europe,
ENES has proposed a three-step approach: (1) organize a collec-

tive development of a shared software infrastructure and standard
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physical interfaces for the European climate scientific community;
(2) provide an integrated European service to access and use this
infrastructure for executing multi-institutional ESM simulations;
and (3) provide and manage hyper computing access and resources
for climate research at the European level by 2010 (Valcke, et al.,
20006).

3.4 The planet simulator

The Planet Simulator was a Model of Intermediate Complexity
(MIC) that could be used to run climate and paleo-climate simula-
tions for time scales up to 10 thousand years or more in an accept-
able real time (Fraedrich, et al., 2005a, b). The Planet Simulator
was built to support numerical experiments for understanding the
dynamics of the climate of the earth and earth-like planets.

The model was composed of a dynamical core, parameteriza-
tions and subsystems, and a graphical user interface. The dynami-
cal core of the Planet Simulator was based on the moist primitive
equations representing the conservation of momentum, mass and
energy. The dimensionless set of equations consisted of the prog-
nostic equations for the vertical component of vorticity and hori-
zontal divergence, the first law of thermodynamics, the equation
of state with hydrostatic approximation, the continuity equation
and the prognostic equation for water vapor. The parameterizations
and subsystems included boundary layers and diffusions, radiation,
moist processes, clouds and dry convection, land surface and soil,
and ocean and sea ice.

The Planet Simulator was configured and set up by the module
graphical user interface, Model Starter. Model Starter was the fast-
est way to get the model running, allowing access to the most im-
portant parameters of the model preset to the most frequently used
values. The graphical user interface for running the Planet Simula-
tor had two main purposes. The first was to display model arrays in
suitable representations; the second was to facilitate the interaction
part of the graphical user interface, allowing the user to change se-
lected model variables during the model run.

3.5 Australian community climate and earthsystem
simulator

In 2005, Australia lunched the Australian Community Climate
and Earth-System Simulator (ACCESS). ACCESS is a coupled
climate and earth system simulator to be developed as a joint initia-
tive of the Bureau of Meteorology and the Commonwealth Scien-
tific and Industrial Research Organisation (CSIRO) in cooperation
with the university community in Australia. ACCESS consists of
an atmospheric model, carbon cycle models, an ocean and sea-ice
model, developed by 7 research teams of atmospheric modelling,
ocean modelling, landsurface modelling, coupled modelling, data
assimilation, model evaluation and modelling system.

A 22-yr simulation from 1979 to 2000 was carried out with the
atmospheric component of the ACCESS climate model (Brown, et
al., 2010). The first operational weather forecasts produced by AC-
CESS became available late in 2009. Already forecasts developed
during the ACCESS research phase are proving superior to those
produced by the current forecasting system. ACCESS will begin
producing detailed climate projections for the globe and Australian
region by 2011-2012. Australian scientists will use ACCESS to
produce better climate projections with the intention of contributing

to the next Assessment report for the Intergovernmental Panel on
Climate Change in 2014 (Hirst, 2010).

4 DISCUSSION

The use of the earth’s surface was discussed by many scientists
because of the considerable impacts of human actions on the com-
position and physical conditions of the atmosphere, the hydrosphere
and the lithosphere, on the rates of transfer of solid matter from one
point of the crust to another, and on the loss of many plant and ani-
mal species (Cendrero, 1992).

Committee on Challenges and Opportunities in earth surface
processes (2010) identified nine overarching scientific challenges:
(1) what does our planet’s past tell us about its future? (2) how do
geopatterns on earth’s surface arise and what do they tell us about
processes? (3) how do landscapes influence and record climate and
tectonics? (4) how does the biogeochemical reactor of the earth’s
surface respond to and shape landscapes from local to global
scales? (5) what are the transport laws that govern the evolution
of the earth’s surface? (6) how do ecosystems and landscapes coe-
volve? (7) what controls landscape resilience to change? (8) how will
earth’s surface evolve in the “anthropocene”? (9) how can earth
surface science contribute toward a sustainable earth surface?

To characterize the states of earth-surface and changes in those
states and to meet the challenges, methods for high accuracy and
high speed surface modeling (HASM) were developed by means
of the fundamental theorem of surfaces (Yue, 2011; http://www.
crepress.com/product/isbn/9781439817582). The fundamental the-
orem of surfaces makes sure that a surface is uniquely defined by
the first and second fundamental coefficients. The first fundamental
coefficients of a surface yield information about some geometric
proper ties of the earth surface, by which we can calculate lengths
of curves, angles of tangent vectors, areas of regions and geodesics
on the earth surface. The second fundamental coefficients reflect
the local warping of the surface, which can be observed outside the
earth by remote sensing.

Remote sensing is first of all a measuring technique for ob-
taining data about the earth’s surface and the atmosphere without
coming into physical contact with the objects to be measured. Data
from earth observation instruments have been received for about 40
years. A large variety of sensors on board satellites launched by a
growing number of countries feeds the receiving and archiving sta-
tions with an impressive quantity of data (Escadafal & Chehbouni,
2008). According to United States Geological Survey (USGS),
their archive mainly dedicated to optical imagery was more than
3 million gigabytes in 2004. Earth observation from space allows
spatially integrated and continuous recording of measurements
covering large areas and at various scales ranging from the global
views to the local perspectives. These data are converted into vari-
ous geophysical or biophysical information layers with the help of
physical-mathematical algorithms.

Remote sensing can frequently supply surface information, but
the remotely sensed information is not continuous in terms of time.
Remotely sensed data can serve as the driving fields of HASM for
describing many earth processes. Data from ground-based obser-
vations and samples have higher temporal resolution, but they are
not continuous spatially. The ground observed data can be used as
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optimum control constraints of HASM. In other words, HASM is
an efficient method for assimilating multiscale data from various
sources.

Earth-surface science will not move forward with maximum ef-
ficiency without data collection and model development (Murray,
et al., 2009). However, most modeling and observation efforts have
tended to focus on relatively small scales or very coarse resolutions
until recently. A hierarchical suite of earth-surface models such as
HASM is necessary to most effectively achieve explanatory and
predictive power for earth-surface phenomena over the vast range
of scales involved. Development of new analytical and computing
tools has markedly increased our ability to examine earth’s surface
at high spatial and temporal resolution and to develop models that
can help to understand the speed and magnitude over which surface
processes interact and affect changes (Committee on challenges
and opportunities in earth surface processes, 2010).
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