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Abstract— In the field of computer graphics, we have
several research results to display the ocean waves on
the screen, while we still not have a complete solution
yet. Though ocean waves are constructed from a variety
of sources, the dominant one is the surface gravity wave,
which is generated by the gravity and the wind. In this
paper, we present a real-time surface gravity wave simu-
lation method, derived from a precise ocean wave model
in the oceanography. While there are many ocean wave
models in the field of oceanography, they have used rel-
atively simple models in computer graphics area. Espe-
cially, there are research results based on the Pierson-
Moskowitz(PM) model, which assumes infinite depth of
water and thus shows some mismatches in the case of
shallow seas. In contrast, we started from the Texel,
Marsen and Arsloe(TMA) model, which is a more pre-
cise wave model and thus can be used to display more
realistic ocean waves. We derived its implementation
model for the graphics applications and our prototype
implementation shows more than 50 frames per second
on the Intel Core2 Duo 2.4GHz-based personal comput-
ers. Our major contributions to the computer graphics
area will be the improvement on the expression power of
ocean waves and providing more user-controllable pa-
rameters for various wave shapes.

Index Terms— computer graphics simulation, ocean
wave, TMA model, real-time simulation.

1 Introduction

Representing natural phenomena more realistically is one
of the most important factors to increase reality, especially
in the various fields related to the computer graphics ap-
plications. For example, in the case of three-dimensional
computer games, more realistic behaviors in the gaming en-
vironment will deliver more immersion to the users. In this
paper, among the various natural phenomena, we are focus-
ing on the ocean waves, for which we have many research
results but not a complete solution yet[1].

Waves on the surface of the ocean are primarily gen-
erated by winds and gravity. Although the ocean wave
includes internal waves, tides, edge waves and others, it
is clear that we should display at least the surface grav-
ity waves on the computer screen, to finally represent the
ocean. In oceanography, there are many research results to
mathematically model the surface waves in the ocean. Sim-
ple sinusoidal or trochoidal expressions can approximate a

simple ocean wave. Real world waves are a comprised form
of these simple waves, and called wave trains.

In computer graphics, we can classify the ocean wave-
related results into two categories: fluid dynamics-based
methods[2, 3, 4, 5, 6] and oceanography spectrum analysis-
based methods[7, 8, 9]. Recently, some hybrid methods[10,
11] are also available. Although these methods have ca-
pability of generating much realistic images, they all still
have some drawbacks including too much computations, re-
stricted expression powers, limited number of controllable
parameters, etc.

In this paper, we aim to construct an ocean wave model
based on a surface gravity model, which is newly introduced
into the computer graphics field. Our ocean wave model can
overcome the limitations in the previous hybrid ocean-wave
models. Our method has the following characteristics:

• Real time capability: They usually want to display a
large scale ocean scene and some special effects may
be added to the scene. So, we need to generate the
ocean wave in real time.

• More user-controllable parameters: We will pro-
vide more parameters to generate variety of ocean
scenes including deep and shallow oceans, windy and
calm oceans, etc.

• Focusing on the surface gravity waves: Since we
target the large-scale ocean, minor details of the
ocean wave are not our major interest. In fact, the
minor details can be easily super-imposed to the sur-
face gravity waves, if needed.

• Cooperative to other wave generation methods:
Based on the mesh structure, our method can be used
simultaneously with other wave generation methods.
Furthermore, most geometric operations are easily
applicable to our resulting mesh structure.

In the next section, previous results on the ocean surface
waves are presented. In the following sections, we will
present a new hybrid approach to finally get a real-time sur-
face gravity wave simulation. Since it is a kind of hybrid
approach, it can generate large scale oceans without diffi-
culty, and works in real time, to be sufficiently used with
computer generated animations or other special effects. Ad-
ditionally, we use a more precise wave model and have more
controllable parameters including depth of sea, fetch length,
wind speed, and so on, in comparison with previous hybrid
approaches. We will start from the theoretical ocean wave
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models in the following section, and build up our implemen-
tation model. Our implementation results and conclusions
will be followed.

2 Previous Works

There are two approaches for ocean wave models. The
first approach uses fluid mechanics equations such as those
used in scientific simulations. These physical equations
are mainly derived from the Navier-Stokes equations intro-
duced in 1827, which are the governing laws of fluid me-
chanics. Foster and Metaxas[3] modified the classic marker
and cell(MAC) method[7] to obtain realistic fluids behav-
ior. They extended their method later[4] to include sim-
ple control mechanisms at the level of physical parameters.
Stam[12] departed from the finite-difference scheme used
by Foster and Metaxas[3] and introduced the stable semi-
Lagrangian methods for computing the advection part of the
Navier-Stokes equations. Foster and Fedkiw introduced in
[5] a hybrid liquid model, combining implicit surfaces and
particles, while Enright et al.[6] improve the hybrid model
devising the particle level set method, which is presently
one of the methods of choice for obtaining very realistic
animations of complex water surfaces. But these models
are only for representing small water surfaces and never for
ocean waves. In fact, the representation of large scenes of
ocean waves is an open problem for methods based on fluid
mechanics, because the computation of water motion over
wide areas entails important memory storage and computa-
tion time problems.

The second approach consists of three groups. One sim-
ulates a train of trochoids based on the water wave model
by Gerstner. Fournier[2] had modeled shallow water waves
and surf along a shore line. His model uses two parametric
equations to be represented allow any wave shape. Fournier
added size and shape parameters to a basic wave equation
to simulate various shape waves. More complex parametric
equations to solve the propagation of water waves had been
used by Gonzato[9]. This model is well suited for modeling
propagating water of wave front, but its equations become
quite complex as more shape manipulations are imposed.

Another group is to synthesize the ocean surface as a
height field with a prescribed spectrum based on experi-
mental observations. Mastin[13] introduced an effective
simulation of wave behavior using the Fast Fourier. The
idea is to produce a height field having the same spec-
trum as the ocean surface. This can be done by filtering
a white noise with filter obtained observations in oceanog-
raphy and then calculating its FFT. Despite its simplicity,
it produces complex wave patterns similar to real ocean
waves. Tessendorf[12] showed that dispersive propagation
could be managed in the frequency domain and that the re-
sulting field could be modified to yield trochoid waves. The
negative aspect of FFTs is homogeneity. No local property
can exist, so no refraction can be handled.

The other is an hybrid approach. The spectrum synthe-
sized using a spectral approach is used to control the tro-
choids generated by a Gerstner model[14]. This is only
applicable in the calm sea case, where trochoids of small

Figure 1: The mesh structure for the ocean waves

amplitude are very similar to sines. Smaller scale waves
are obtained by directly tuning some extra Perlin turbulence
function[10]. Hinsinger[11] presented an adaptive scheme
for the animation and display of ocean waves. It relied on a
procedural wave model which expresses surface point dis-
placements as sums of wave-trains. Hinsinger obtained pa-
rameters manually, but it is hard to use.

In this paper, we propose a new hybrid technique and
generate ocean waves using spectrum. Our technique uses
parameter such as, depth of sea, fetch length and wind
speed, so user can generate various ocean waves under dif-
ferent condition easily and simply with proposed technique.

3 The Ocean Wave Model

Since we are focusing on the surface gravity waves, the
ocean itself can be modeled as a height field where a two-
dimensional coordinate (x, y) represents a location in the
interesting area and its corresponding height z is used to ex-
press the water level at that location. For rapid display, we
arranged the location (x, y)’s to the rectangular grid points,
as shown in Figure 1. In this case, the ocean surface can
be expressed as an ordinary mesh structure, and we can use
many acceleration techniques to display it on the screen.

The major generating force for waves is the wind acting
on the interface between the air and the water. From the
mathematical point of view, the surface is made up of many
sinusoidal waves generated by the wind, and they are trav-
eling through the ocean. One of the fundamental models
for the ocean wave is the Gerstner swell model, in which
the trajectory of a water particle is expressed as a circle of
radius r around its reference location at rest, (x0, z0), as
follows[11]:

x = x0 + r sin(ωt− kx0)
z = z0 + r cos(ωt− kz0),

(1)

where (x, z) is the actual location at time t, ω = 2πf is the
pulsation with the frequency f , and

k =
2π

λ

is the wave number with respect to the wave length of λ.
Equation (1) shows a two-dimensional representation of

the ocean wave, assuming that the x-axis coincides to the
direction of wave propagation. The surface of an ocean is
actually made up of a finite sum of these simple waves, and
the height z of the water surface on the grid point (x, y) at
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time t can be expressed as:

z(x, y, t)

=
n∑
i

Ai cos (ki(x cos θi+y sin θi)−ωit+ϕi) , (2)

where n is the number of wave trains, Ai is the amplitude, ki

is the wave number, θi is the direction of wave propagation
on the xy-plane and ϕi is the phase. In Hinsinger[11], they
manually selected all these parameters, and thus, the user
may meet difficulties to select proper values of them.

In contrast, Thon[15] uses a spectrum-based method to
find some reasonable parameter sets. They used the Pierson-
Moskowitz(PM) model[16], which empirically expresses a
fully developed sea in terms of the wave frequency f as
follows:

EPM(f) =
0.0081 g2

(2π)4f5
e
− 5

4

(
fp
f

)4

,

where EPM(f) is the spectrum, g is the gravity constant and

fp =
0.13g

U10

is a peak of frequency depending on the wind speed U10 at
a height of 10 meters above the sea surface.

Although Thon used the PM model to give some impres-
sive results, the PM model itself assumes the infinite depth
of the ocean and thus may fail to the shallow sea cases. To
overcome this drawback, the JONSWAP model and TMA
model are introduced. The JONSWAP(Joint North Sea
Wave Project) model[8] is developed for fetch-limited seas
such as North sea and expressed as follows:

EJONSWAP(f) =
α g2

(2π)4f5
e
− 5

4

(
fp
f

)4

· γe
−

f/fp−1

2σ2

,

where α is the scaling parameter, γ is the peak enhancement
factor, and σ is evaluated as 0.07 for f ≤ fp and 0.09 other-
wise. Given the fetch length F , the frequency at the spectral
peak fp is calculated as follows:

fp = 3.5
(

g2F

U3
10

)−0.33

.

The Texel, Marson and Arsole(TMA) model[17] extends
the JONSWAP model to include the depth of water h as one
of its implicit parameters as follows:

ETMA(f) = EJONSWAP(f) · Φ(f∗, h),

where Φ(f∗, h) is the Kitaigorodoskii depth function:

Φ(f∗, h) =
1

s(f∗)

[
1 +

K

sinhK

]
,

with

f∗ = f

√
h

g
,

K = 2(f∗)2s(f∗)

and
s(f∗) = tanh−1[(2πf∗)2h].

The TMA model shows good empirical behavior even
with the water depth of 6 meters. Thus, it is possible to rep-
resent the waves on the surface of lake or small-size ponds,
in addition to the ocean waves. Additionally, it also in-
cludes the fetch length as a parameter, inherited from the
JONSWAP model. Thus, the expression power of the TMA
model is much increased in comparison with the PM model
previously used by other researchers. We use this more im-
proved wave model to finally achieve more realistic ocean
scenes with more user-controllable parameters.

4 The Implementation Model

To derive implementation-related expressions, we need to
extend the spectrum of TMA model to two dimensional
world as follows[8]:

E(f, δ) = ETMA(f)D(f, δ),

where D(f, δ) is a directional spreading factor that weights
the spectrum at angle δ from the downwind direction. The
spreading factor is expressed as follows:

D(f, δ) = N−1
p cos2p

(
δ

2

)
,

where

p = 9.77
(

f

fp

)µ

,

Np =
21−2pπΓ(2p + 1)

Γ2(p + 1)

with Euler’s Gamma function Γ and

µ =
{

4.06, if f < fp

−2.34, otherwise .

For more convenience in its implementation, we will de-
rive some evaluation functions for the parameters includ-
ing frequency, amplitude, wave direction, wave number and
pulsation. The frequency of each wave train is determined
from the peak frequency fp and a random offset to simulate
the irregularity of the ocean waves. Thereafter, the pulsation
and wave number is naturally calculated by their definition.

According to the random linear wave theory[18, 19, 20,
21, 22], directional wave spectrum E(f, δ) is given by

E(f, δ) = Ψ(k(f), δ) · k(f)
dk(f)

df
, (3)

where

k(f) = 4π2 f2

g

and Ψ(k(f), δ) is a wave number spectrum. The second and
the third term in Equation (3) can be computed as:

k(f)
dk(f)

df
=

32 π2f3

g2
.
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(a) wind speed 3m/s, water depth 5m

(b) wind speed 3m/s, water depth 100m

Figure 2: Ocean waves with different water depths: Even
with the same wind speed, different water depths result in
very different waves. We use the fetch length of 5km for
these images.

(a) wind speed 2m/s, water depth 10m

(b) wind speed 2m/s, water depth 50m

Figure 3: Another example for different water depths. We
use the fetch length of 3km for these images.

This allows us to re-write Equation (3) as follows[19]:

E(f, δ) = Ψ(k(f), δ)
32 π2f3

g2
.

From the random linear wave[19, 21], the wave number
spectrum Ψ(k(f), δ) can be approximated as:

Ψ(k(f), δ) =
β

4π2
A(f)2,

where β is a constant. Finally, the amplitude A(f) of a wave
train is evaluated as:

A(f) =

√
E(f, δ) g2

8f3β
=

√
ETMA(f) D(f, δ) g2

8f3β
.

Using all these derivations, we can calculate the parame-
ter values for Equation (2). And then, we evaluate the height
of each grid point (x, y) to construct a rectangular mesh rep-
resenting the ocean surface.

5 Implementation Results

Figures 2, 3, 4 5 and 6 are some outputs from the pro-
totype implementation. As shown in these examples, we
implemented the ocean wave generation program based on
the TMA model presented in the previous section. It uses
plain OpenGL library and does not use any multi-threading
or hardware-based acceleration techniques. At this time,
we focused on the expression power of our TMA model-
based implementation, and thus, our prototype implementa-
tion lacks some acceleration or optimization factors. Even
though, it shows more than 50 frames per second on a
PC with Intel Core2 Duo 6600 2.40GHz processor and a
GeForce 7950GT based graphics card. We expect that the
frame rate will be much better in the next version.

In Figures 2 and 3, we can control the depth of the ocean
to show very different waves even with the same wind speed
and the same fetch length. Especially, the changes in the
water depth are acceptable only for the TMA model, while
the previous PM model cannot handle it. Figures 4 and 5
show the effect of changing the wind speed. As expected,
the high wind speed generates more choppy waves. Figure 6
is a sequence of images captured during the real time ani-
mation of the windy ocean. All examples are executed with
mesh resolution of 200× 200.

6 Conclusion

In this paper, we present a real-time surface gravity wave
simulation method, derived from a precise ocean wave
model in the oceanography. We started from a precise ocean
wave model of TMA model, which has not been used for a
graphics implementation, at least to our knowledge.

The two major improvements of our method in compar-
ison with the previous works will be:

• Enhanced expression power: Our method can dis-
play visually plausible scenes even for shallow seas.
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(a) wind speed 3m/s, water depth 100m

(b) wind speed 6m/s, water depth 100m

Figure 4: Ocean waves with different wind velocities:
Changes in wind speed generate more clam or more choppy
waves. The fetch length of 10km is used for each of these
images.

(a) wind speed 2m/s, water depth 50m

(b) wind speed 5m/s, water depth 50m

Figure 5: Another example for different wind velocities.
The fetch length of 5km is used for each of these images.

• Improved user controllability: Our method pro-
vides more parameters such as fetch length and depth
of water, in addition to the wind velocity.

We implemented a prototype system, and showed that it can
generate animated sequences of ocean waves in real time.
Since we used a more precise ocean wave model, users can
control more parameters to create various ocean scenes. Ad-
ditionally, we expect that the execution speed will be more
improved using GPU-based techniques.

In near future, We plan to integrate our implementation
to large-scale applications such as games, maritime train-
ing simulators, etc. Some detailed variations to the ocean
waves can also be added to our implementation with minor
modifications.
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Figure 6: An animated sequence of ocean waves.
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