
Very basic tsunami physics...

Figure 1. Excitation of a tsunami by a seismic dislocation. In this very simple model, a fraction of the ocean
e

o
floor is suddenly uplifted, resulting in an immediate and identical hump on the ocean surface (a). Because th
cean is fluid, the hump is unstable and flows sideways (b), with the center of mass of the displaced material

t
(solid dot) falling down by an amount δh /2. The resulting change in potential energy makes up the energy of the
sunami wave, which propagates away from the now defunct hump (c).
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Navier-Stokes equations

Newton’s law Conservation of matter+ + Viscosity

    
ρ ∂v
∂t

+ρ(v ⋅grad)v = −grad(P) − ρgrad(φ) +

    
+ηΔv + (η+ ′ η )grad div(v)( )



Gravity waves: dispersion

and the boundary at the top gives the dispersion relation for  incompressible, irrotational, small 
amplitude “gravity” waves:
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Tsunami eigenvalues & eigenfunctions
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under the ocean with a fault orientation favorable

for tsunami excitation. Thus, tsunamis that in-

duce widespread damage number about one or

two per decade. Although one’s concepts might

be cast by rare “killer tsunamis”, many more be-

nign ones get lost in the shuffle. Today, ocean

bottom pressure sensors can detect a tsunami of a

few centimeters height even in the open sea. Be-

cause numerous, moderate (≈M6.5) earthquakes

can bear waves of this size, “baby” tsunamis oc-

cur several times per year. They pass by gener-

ally unnoticed, except by scientists. Perhaps

while swimming in the surf, the reader has al-

ready been in a tsunami! Whether killer waves or

ripples, tsunamis span three phases: generation,

propagation and shoaling. This article touches

gently on each.

II. Characteristics of Tsunamis

A. Tsunami Velocity, Wavelength, and Period

This article reviews classical tsunami theory.

Classical theory envisions a rigid seafloor over-

lain by an incompressible, homogeneous, and

non-viscous ocean subjected to a constant gravi-

tational field. Classical tsunami theory has been

investigated widely, and most of its predictions

change only slightly under relaxation of these

assumptions. This article draws upon linear the-

ory that also presumes that the ratio of wave am-

plitude to wavelength is much less than one. By

and large, linearity is violated only during the

final stage of wave breaking and perhaps, under

extreme nucleation conditions.

In classical theory, the phase c(ω), and group

u(ω) velocity of surface gravity waves on a flat

ocean of uniform depth h are

c( ) =
gh tanh[k( )h]

k( )h
    (1)

and

u( ) = c( )
1

2
+

k( )h

sinh[2k( )h]

 

  
 

  
   (2)

Here, g is the acceleration of gravity (9.8 m/s2)

and k(ω) is the wavenumber associated with a

sea wave of frequency ω. Wavenumber connects

to wavelength λ(ω) as λ(ω)=2π/k(ω). Wave-

number also satisfies the relation

2
= gk( )tanh[k( )h]    (3)

Figure 1. (top panel) Phase velocity c(ω) (solid lines) and

group velocity u(ω) (dashed lines) of tsunami waves on a

flat earth covered by oceans of 1, 2, 4 and 6 km depth.

(bottom panel) Wavelength associated with each wave

period. The ’tsunami window’ is marked.
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lipses can be thought of as tracing the path of a

water particle as a wave of frequency ω passes.

At 1500s period (left, Fig. 2), the tsunami has a

wavelength of λ=297km and it acts like a long

wave. The vertical displacement peaks at the

ocean surface and drops to zero at the seafloor.

The horizontal displacement is constant through

the ocean column and exceeds the vertical com-

ponent by more than a factor of ten. Every meter

of visible vertical motion in a tsunami of this

frequency involves ≈10m of “invisible” hori-

zontal motion. Because the eigenfunctions of

long waves reach to the seafloor, the velocity of

long waves are sensitive to ocean depth (see top

left-hand side of Fig. 1). As the wave period

slips to 150s (middle Fig. 2), λ decreases to

26km -- a length comparable to the ocean depth.

Long wave characteristics begin to break down,

and horizontal and vertical motions more closely

agree in amplitude. At 50s period (right, Fig. 2)

the waves completely transition to deep water

behavior. Water particles move in circles that

decay exponentially from the surface. The eigen-

functions of short waves do not reach to the sea-

floor, so the velocities of short waves are inde-

pendent of ocean depth (see right hand side of

Fig. 1, top). The failure of short waves (λ<<h) to

“feel” the seafloor also means that they can not

be excited by deformations of it. This is the

physical basis for the short wavelength bound on

the tsunami window that I mentioned above.

III. Excitation of Tsunamis

Suppose that the seafloor at points r0 uplifts in-

stantaneously by an amount uz

bot
(r0) at time τ(r0).

Under classical tsunami theory in a uniform

ocean of depth h, this sea bottom disturbance

produces surface tsunami waveforms (vertical

component) at observation point r=x ˆ x +y ˆ y  and

time t of

uz

surf (r,t) = Re dk
e
i [k •r− ( k ) t ]

4 2 cosh(kh)
F(k)

k

∫

with

F(k) = dr0 uz

bot (r0 )e

r0

∫
−i[ k •r0 − (k) ( r0 )]

   (5a,b)

with k=|k|, and 
2
(k) = gktanh(kh). The inte-

grals in (5) cover all wavenumber space and lo-

cations r0 where the seafloor disturbance

uz

bot
(r0)≠0.

Equation (5a) looks scary but it has three identi-

fiable pieces:

    a) The F(k) term is the wavenumber spectrum

of the seafloor uplift. This number relates to the

amplitude, spatial, and temporal distribution of

the uplift. Tsunami trains (5a) are dominated by

wavenumbers in the span where F(k) is greatest.

Figure 2 . Tsunami eigenfunctions in a 4 km deep ocean

at periods 1500, 150 and 50s. Vertical displacements at

the ocean surface has been normalized to 1 m in each

case.
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Modal approach - sketch
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• EQUATIONS OF MOTION

    
α2∇ ∇ ⋅u( ) -  gez∇ ⋅u =  

∂2u
∂t2

    
α2∇ ∇ ⋅u( ) -  β2∇ × ∇ × u( ) =  

∂2u
∂t2

• BOUNDARY CONDITIONS

    α
2∇⋅u -  gw =  0

  w-j z- j( ) =  w-j-1 z- j( )                        u- j z- j( ) =  u-j-1 z- j( )
  p- j z- j + w- j( ) =  p-j-1 z- j + w-j-1( )

  w-1 z0( ) =  w1 z0( )

  p-1 z0( ) =  σ1 z0( )                                         0 =  τ1 z0( )

  wm zm( ) =  wm+1 zm( )               um zm( ) =  um+1 zm( )

  σm zm( ) =  σm+1 zm( )                 τm zm( ) =  τm+1 zm( )

Modal approach: formulation



25

20

15

10

5

-0.0005 0

d
e
p
th

 (
k
m

)

1_x

1_z

2_x

2_z

3_x

3_z

0

0.1

0.2

0.3

0

0.05

0.1

0.15

0.2

0.25

0.3

0.0001 0.001 0.01 0.1

v
e
lo

c
it
y
 (

k
m

/s
)

frequency (Hz)

p_4

p_6

p_8

g_4

g_6

g_8

4

3

2

1

0

0 0.5 1 1.5

d
e
p
th

 (
k
m

)

Eigenfunctions  of the radial 
and vertical (normalized to 1 at the free-
surface) component of  motion at frequency 
equal to 0.007 Hz, in the fluid. The curves  for 
three crustal models 1, 2 and 3, are totally 
overlapped; on the bottom, the eigenfunctions 
in the solid layers are shown

Modal approach: Eigenvalues



Modal approach: excitation spectra

Amplitude spectra calculated for a double–couple 
source (1013 Nm seismic moment) at 500 km from 
the receiver: 

a)  for pure strike-slip and pure dip-slip; 

b)  for a liquid layer 4, 6 and 8 km thick;

c) for different crustal model and source depths.
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Modal approach: 2D tsunami motion 
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For each of the two source-receiver distances considered, the upper trace refers to the 1-D model and the lower trace to a laterally varying model. In the 
laterally varying model the liquid layer is getting thinner with increasing distance from the source, with a gradient of 0.00175 and the uppermost solid layer is 

compensating this thinning.
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Example: Synthetic signals for the tsunami mode (vertical component) excited by a dip-slip mechanism 
with M0=2.2 1021 Nm.  hs = 14 km; hs = 34 km. 
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Example:Sketch of a laterally heterogeneous model for a realistic scenario. Synthetic 
mareograms (vertical) calculated at various distances along the section. 

The extension of zone C is 500 km.



Measurement of tsunami waves

Tsunami records and their f-t diagram: 
solid line (E) is the time of main shock, 

dashed line (TA) is Tsunami arrival

The 26 December 2004 Sumatra Tsunami: Analysis of Tide 
Gauge Data from the World Ocean Part 1. Indian Ocean 

and South Africa

Alexander B. Rabinovich and Richard E. Thomson

Tide gauges can measure TW 
along the coast...



Measurement of tsunami waves

ocean bottom sensors

(pressure gauges & seismometers)

Seismic Records of the 2004 
Sumatra and Other Tsunamis: A 

Quantitative Study

Emile A. Okal

Tide gauges can measure TW along the coast, but their detection in open 
ocean is challenging, due to their wavelengths and amplitudes.



Measurement of tsunami waves

ocean bottom sensors 

hydrophones 
(towards “high” frequency bands...)

a) Raw time series
b) spectrogram

c) close-up of the tsunami branch and 
comparison with
w2=gktanh(kH)

Quantification of Hydrophone Records of 
the 2004 Sumatra Tsunami

Emile A. Okal, Jacques Talandier and 
Dominique Reymond

Tide gauges can measure TW along the coast, but their detection in open 
ocean is challenging, due to their wavelengths and amplitudes.

http://www.springerlink.com/content/?Author=Jacques+Talandier
http://www.springerlink.com/content/?Author=Jacques+Talandier
http://www.springerlink.com/content/?Author=Dominique+Reymond
http://www.springerlink.com/content/?Author=Dominique+Reymond


Measurement of tsunami waves

NOAA

ocean bottom sensors (pressure gauges or seismometers)

sea level measurement (GPS receivers on buoys)

satellite altimetry

Tide gauges can measure TW along the coast, but their detection in open 
ocean is challenging, due to their wavelengths and amplitudes.



Tsunami signature in the ionosphere
By dynamic coupling with the atmosphere, acoustic-

gravity waves are generated

Traveling Ionospheric Disturbances (TID) can be 
detected and monitored by high-density GPS networks 



Tsunami signature in the ionosphere
Hines (1960): atmospheric Internal Gravity Waves

 
Peltier & Hines (1972): can generate ionospheric signatures 

in the plasma

Lognonné et al. (1998): Analytical Coupled model

Artru et al. (2005): ionospheric imaging can detect tusnami 
signatures. GPS JAPAN net was used to map Chilean 

Tsunami of 2001

Occhipinti et al. (2006): Sumatra tsunami mapped

Three-dimensional waveform modeling of ionospheric signature 
induced by the 2004 Sumatra tsunami 

Giovanni Occhipinti, Philippe Lognonné, E. Alam Kherani and Helene Hebert
GRL, 2006, 33



Tsunami signature in the ionosphere

Normalized vertical velocity Perturbation in the ionospheric plasma

Tsunami-generated IGWs and the response of the ionosphere to 
neutral motion at 2:40 UT.



Tsunami signature in the ionosphere
The TEC (Total Electron Content) perturbation induced by tsunami-coupled IGW 
is superimposed on a broad local-time (sunrise) TEC structure. 


