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High-frequency (HF) surface wave radars provide a unique capability to detect targets far beyond the conven-
tional microwave radar coverage but also could contribute to the development and improvement of Tsunami 
Early Warning Systems. The HF radar system WERA is an oceanographic radar placed at the coast and provid-
ing simultaneous wide area measurements of ocean surface current fields and sea state parameters. This paper 
describes the simulation of tsunami related signatures observed by HF radar at long ranges in case of a tsunami 
travelling towards the coast. A tsunami event is modeled using the oceanographic HAMburg Shelf Ocean Model 
(HAMSOM), which has high spatial and temporal resolution and gives the ocean surface currents induced by an 
approaching tsunami. The tsunami current velocity is converted into modulating signals and superimposed on 
measured antenna signals of the WERA radar. The possible ocean surface current changes due to a tsunami event 
are evaluated using fast update of the radar backscattered spectra. The proposed tsunami detection technique is 
based on the ordered-statistics constant false alarm rate (CFAR) detection algorithm applied to the entropy filed 
of surface currents. It gives an opportunity to issue an automated tsunami alert during the real-time monitoring 
by the WERA radar.
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1. Introduction

A tsunami is a series of waves that can be generated 
when earth plate boundaries abruptly move and ver-
tically displace the overlying water. Not every earth-
quake generates a tsunami. For this reason it must be 
determined at sea whether or not an earthquake has 
actually triggered the deadly wave.

A tsunami has a much smaller wave height offshore 
and a very long wavelength (hundreds of kilometers 
long), that is why they generally pass unnoticed at sea. 
This wave travels at a speed over 800 km/h, but due 
to the enormous wavelength the wave has a typical 
amplitude less than 1 m. This makes tsunamis difficult 
to detect over deep water. As the tsunami approaches 
the coast and the water becomes shallow, the wave is 
compressed due to wave shoaling and its speed slows 
down to 80 km/h. Its wavelength diminishes to less 
than 20 km and its amplitude grows enormously, pro-
ducing a distinctly visible wave. 

No system can warn of a sudden tsunami, which hap-
pens very close to the coast. Only if a tsunami is gen-

erated in the deep ocean and the shelf edge is far 
enough off the coast then sufficient time remains and 
warning systems could be effective. The newly imple-
mented German Indonesian Tsunami Early Warning 
System (GITEWS) for the Indian Ocean goes into op-
eration and now enters its final phase of optimization 
[1]. The high frequency (HF) surface wave radar could 
contribute to the development and improvement of 
Tsunami Early Warning Systems. The HF radar, which is 
based on surface wave propagation along salty water, 
provides a unique capability to detect targets far be-
yond the conventional microwave radar coverage. HF 
radars use the frequency band of 3-30 MHz to provide 
a large coverage that could extend to more than 200 
kilometers in range. These maximum range values are 
of high interest for many applications including ship 
detection, tracking, and guidance, as well as search 
and rescue, distribution of pollutants, fishery and re-
search in oceanography. These radar systems recently 
became an operational tool in coastal monitoring 
worldwide.

HF radar uses over-the-horizon radar techniques and 
could identify a tsunami wave travelling towards the 
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coast at long ranges. Bragg-resonant backscatter-
ing by ocean waves with half of the electromagnetic 
wavelength allows measuring the radial components 
of ocean surface currents at far distances. If these ra-
dar systems have already been installed at the coast 
then it is just a software package to be added to en-
able support for tsunami detection. As no HF radar 
measurements of a real tsunami exist, the ocean cur-
rent signature generated by a tsunami is simulated 
by an oceanographic HAMburg Shelf Ocean Model 
(HAMSOM). The ocean model output is then used as 
an input to simulate what HF radar would actually ob-
serve. Based on these results, an algorithm to detect 
a tsunami signature in the ocean current maps meas-
ured by HF radar is proposed.

2. HF Radar WERA in Coastal Monitoring

The HF radar system WERA (WEllen RAdar) was devel-
oped at the University of Hamburg, Germany, in 1996 
to allow a wide range of working frequencies, spatial 
resolution, and antenna configurations in order to op-
erate as a low power oceanographic radar providing 
simultaneous wide area measurements of surface cur-
rents, ocean waves and wind parameters [2]. This HF 
radar is a tool for synoptic on-line mapping of surface 
current fields and the spatial distribution of the wave 
directional spectrum. WERA is based on a modular de-
sign that can be easily adopted to the requirements of 
an actual application. 

Conventional oceanographic radars use long coherent 
integration time (10 minutes to 30 minutes) to collect 
long-term data and to obtain sea parameters. The tsu-
nami scenario applied to conventional oceanographic 
processing results in disappearing of the fast changing 
tsunami signatures due to the non-stationarity of the 
process. The WERA system has been set to a continuous 
data acquisition mode during the ship detection and 
tracking campaign for several months [3]. The WERA 
system installation includes the transmitting and the 
receiving antenna arrays which are placed at the coast 
and are shown in Fig. 1. We propose to monitor the 
potential tsunami areas in the same operation mode, 
which provides a quick update of the radar backscat-
ter spectra, e.g. at a 2-minute rate. Thus we can use 
the measured data to investigate the tsunami signa-
tures.

WERA transmits a low power of 30 watts totally but 
can achieve a detection range up to 200 kilometers, 
which is far beyond the conventional microwave ra-

dar coverage. It uses a frequency modulated continu-
ous wave (FMCW) mode for range measurements and 
resolution; hence the transmitter and the receiver are 
operated simultaneously. WERA transmits linear fre-
quency chirps, where the frequency shift between the 
transmitted and received echo determines the range. 
The range cell is related to the bandwidth of the chirp 
signal. The azimuthal angle covered by WERA is ±60° 
perpendicular to the linear receive antenna array that 
consists of M = 16 antenna elements located along the 
seashore as shown in Fig. 1b.

Fig. 1. The HF radar WERA system installation.

a) the transmitting array; b) the receiving array.

a

b
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The received signal is a superposition of HF waves, 
which have been backscattered at different distances 
from the radar:
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where τ is the propagation time from the radar to the 
scattering ocean surface area and back. The amplitude 
α(t) and the phase �(t) change slowly with the time t 
due to the variations of the scattering surface waves 
but they can be assumed to be constant during a chirp 
period. After phase-coherent demodulation with the 
transmitted chirp, the in-phase and quadrature-phase 
time series form complex series:
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Range resolution is performed by a windowed Fourier 
transform of each single chirp. Thus the range resolu-
tion is defined as �R= c_

2b where c is the speed of light, b 
is the transmit signal bandwidth. The complex Fourier 
amplitudes of the chirps determine the samples of the 
slowly varying modulation of the backscattered signal, 
which contains the information about the ocean sur-
face variability. 

After sorting into range cells the received signal of an-
tenna elements can be written as
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,, ),()(,)()( tRni

mmnmn metRnttt ΔϕΔα=ζζ=Ζ  (1)

where m = 1, 2, …, M corresponds to each antenna in 
the array, n = 1, 2, …, N corresponds to the number of 
range cells.

After applying the conventional windowed beamform-
ing technique to the received signals (1), the measured 
WERA signals are defined as follows:

Y(t) = Z(t) · B (2)
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,   , (m=1,2,...,M,  
k=1,2,...,K) are defined for a uniform linear antenna 
array with M elements and K beamformed angles, γ

m
 is 

the window coefficient, λ is the radar wavelength, d is 
the distance between antenna elements, θ

k
 is the k-th 

azimuthal beam angle.

The range-Doppler power spectrum maps are obtained 
using further windowed FFT processing. An example 
of a measured range-Doppler power spectrum for a 
specified beam direction is shown in Fig. 2. The coher-

ent integration time of a single snapshot was set to 
133 s for each range cell. The range-Doppler maps are 
updated every 33 s.

It can be seen in Fig. 2 that several kinds of specific clut-
ter and targets are present, e.g. ocean surface backscat-
tering, moving ships and aircrafts, radio and ionosphere 
interferences. The main contribution for the WERA sys-
tem is due to the ocean surface echo signals. As ocean 
waves are moving targets, they cause Doppler shifts to 
any radiation which is scattered from them.

The first-order HF scattering cross section theory intro-
duces the sea surface as a time-varying quantity based 
on Bragg scattering as the physical mechanism responsi-
ble for electromagnetic scatter from the ocean surface. 
The dominant contribution of the HF radar backscatter 
is produced by scattering from ocean waves having half 
of the radar wavelength and moving towards and away 
from the radar site. In a range-Doppler map the Bragg 
lines are observed permanently and provide the radar 
capability of current measurements [4].

Besides the strong first-order Bragg peaks, the Dop-
pler spectrum of electromagnetic backscattering from 
the ocean, such as shown in Fig. 2, contains a continu-
um beyond and between the first-order Bragg peaks. 
Second-order scattering is caused by the interaction 
between crossing sea waves, which leads to side bands 
around the Bragg lines, also referred to as the second-
order continuum [5]. Therefore, the ocean surface 
can be characterized as a distributed, non-directional 
source of scattering. 

Fig. 2. Example of a measured range-Doppler power

spectrum with several kinds of interference and targets.
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The software package developed at the Institute of 
Oceanography by Gurgel et al. [2] uses the informa-
tion about the first-order and second-order ocean 
backscattering to reconstruct ocean surface currents, 
wind directions and significant wave heights within 
the area observed by the WERA radar. It allows con-
tinuous monitoring of oceanographic environment.

While the tsunami wave is approaching the beach, the 
surface current pattern changes in the shelf area. This 
strong change of the surface current can be detected 
by WERA system in real-time monitoring.

3. Simulation of a Tsunami Event
Using HAMSOM and WERA Data

To identify regions at risk where the HF radar can con-
tribute to an Early Warning System it is important to 
have information about the width and depth of the 
ocean shelf, as well as the location and strength of the 
earthquake, thus allowing an early warning time of 30 
minutes and more. The HAMSOM model was devel-
oped at the Institute of Oceanography, University of 
Hamburg [6]. It was designed to allow the simulation 
of ocean/shelf dynamics. Model input data include 
bottom topography and friction, wind forcing, tides, 
etc. Model output data result in ocean surface cur-
rents, surface elevation, as well as water salinity and 
temperature fields.

In the present application HAMSOM was down-
graded to a barotropic two-dimensional model. The 
modified HAMSOM model is evaluated in a special 
high-resolution mode. This high spatial and tempo-
ral resolution is necessary to be able to acquire the 
dynamics of the propagating tsunami wave and its 
signature in the current field correctly, as the propa-
gation speed is up to 800 km/h at an ocean depth of 
4000 m. 

Figure 3 shows the simulated radial component of 
the ocean surface current at about 19 minutes after 
the underwater earthquake. The modeled bottom 
topography represents a typical shape from the deep 
ocean towards the shelf with the shelf edge being 
located 100 km off the coast. The underwater earth-
quake is represented by an initial ocean elevation 
disturbance of 2 metres, 180 km off the coast. The 
ocean surface current field induced by a propagating 
tsunami is calculated at spatial scales of 1 km cover-
ing an area of 250x250 km2 extension and tempo-
ral scales of 1 second. The total time of the tsunami 

event simulation covers a one-hour time frame since 
the earthquake has happened. The white lines indi-
cate the area which the radar covers at 250 km range 
and an azimuthal angle of ±60 degrees. Due to the 
decreasing water depth, the tsunami wave speed is 
reducing and it takes about 40 minutes until the tsu-
nami reaches the coast. That is why HF radar should 
be located at the coast where the shelf extends to 
approximately 100 km. The tsunami induced surface 
current reaches up to 1.3 m/s, which is well above the 
ocean current due to tides, density gradients, and 
wind.

In order to simulate the signals seen by an HF radar 
in case of a tsunami travelling towards the coast, we 
suppose that as the tsunami moves into shallower wa-
ter we could see stronger currents with shorter spatial 
periods as the tsunami wave gets closer. 

The ocean backscattering effect on the received mon-
ostatic radar Doppler spectrum produces two large 
peaks at frequencies of Į gk2 , where g is the grav-
ity acceleration and k is the radio wavenumber. The 
ocean surface currents lead to the additional frequen-
cy modulation in the radar spectrum with the devia-
tions from the theoretical values, i.e. to the additional 
Doppler shift of the first-order Bragg peaks shown in 
Fig. 4. Tsunami currents would cause extra shifts in 
the Bragg frequencies comparing to normal oceano-
graphic situation. Thus they can be laid over the ob-
tained spectrum using real measured signals from the 
WERA antennas. 

Fig. 3. Simulated radial velocities of tsunami induced

currents using HAMSOM.
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The modulating tsunami current signal can be written for 
a range cell and an azimuthal beam angle as follows:
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where )()( , tft kncurrcurr =F  is the Doppler frequency 
shift, which corresponds to fast changing tsunami cur-
rent velocities in space and time.

The final signal X(t) is obtained using the Hadamard 
product of the derived signals (2) and (3)
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Further it has to be processed with a standard signal 
processing scheme with windowed FFT to get the 
power spectra of the signals that include the superim-
posed tsunami currents.

A typical measured HF radar range-Doppler spectrum 
obtained during the integration time of about 2 min is 
shown in Fig. 5 (left). We superimposed the ocean surface 
currents caused by a moving tsunami as they were shown 
in Fig. 3. The situation was simulated based on the meas-
ured radar antenna signals and it is shown in Fig. 5 (right).

Figure 6 presents an example of measured radial ocean 
surface currents using the WERA system. Vectors of sur-
face currents were evaluated from the beamformed 
range-Doppler power spectra. The grid spacing is 1.5 
km with maximum range of 250 km off the coast. Ar-
rows show the direction of the radial current compo-

nent. The colour scale corresponds to the ocean currents 
velocities in m/s. Specific tsunami current signatures are 
clearly observed in this map. The appearance of such 
signatures can be monitored early enough to issue a 
warning message about an approaching tsunami.

4. Proposed Tsunami Detection Technique

The tsunami detection technique is based on the sta-
tistical approach. The ocean current velocity values are 
mapped into an entropy field using the Shannon’s en-
tropy filtering for a single snapshot, i.e. about 2 min of 
integration time, collected by the HF radar. The current 
velocity map statistics may vary from snapshot to snap-
shot, therefore we have to detect the tsunami event 
against a background clutter and noise, which has an 
unknown distribution of entropy values. 

We apply the detection technique to the range-an-
gle ocean current entropy map using a conventional 
constant-false-alarm-rate (CFAR) algorithm. The prob-
ability of detection is a measure of the likelihood that 
a target with a given signal-to-clutter ratio will be 
detected. Variations in both signal strength and the 
contending noise or clutter level determine the prob-
ability that a signal on the threshold boundary will be 
registered as detection. The probability of false alarm 
is determined by the likelihood that the noise or clut-
ter signal amplitude exceeds a given level.

Detection of a tsunami event can be expressed with 
hypotheses

⎩
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clutteronlytsunaminoH
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CFAR methods usually formulate a test statistic for 
each cell of interest and compare it to some threshold. 
The CFAR threshold calculation is usually based on the 
Neyman-Pearson criterion with a fixed probability of 
false alarm and a maximum probability of target de-
tection. A detection decision must be made for each 
entropy map individually.

The adaptive threshold ε
thr

 at the specified test cell 
can be selected according to the ordered-statistic 
CFAR (OS-CFAR) detector [7]. The test cell value ε 
is compared to the threshold ε

thr
 using the test rule

thr

H

H

εε <>
1

0 .

Fig. 4. Additional Doppler shift of the first-order Bragg 

peaks due to radial ocean surface currents.
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The threshold is always calculated as the product

ε
thr

 = C · ε
a

where C is the scaling factor used to adjust the prob-
ability of false alarm P

fa
, ε

α
 is the entropy distribution 

quantile of the α-th order.

When the local entropy exceeds this threshold, we de-
tect a tsunami area and issue a tsunami warning. The 
detection result for the OS-CFAR with P

fa
 = 10-4 is a 

basis of the tsunami alert map shown in Fig. 7, where 
the colour scale gives the importance of the tsunami 
event. It gives the location of tsunami, which is pos-
sible to detect in time. 

Fig. 5. Measured HF radar spectrum at WERA site (left) 

and HF radar spectrum with the superimposed tsunami 

currents shown in Fig. 3 at 19 min after the underwater 

earthquake (right).

Fig. 6. Radial ocean surface current velocity map based 

on the measured HF radar spectra with the  simulated 

tsunami currents shown in Fig. 3.

Fig. 7. Tsunami alert map.



Volume 7  I  Number 2  I  August 2009

5. Conclusions

The HF surface wave radar could contribute to the de-
velopment and improvement of Tsunami Early Warn-
ing Systems. Sufficient time to detect approaching 
tsunamis and issue an early warning message can be 
achieved when these radars are located at the coast 
with a shelf edge of about 100 km. 

A tsunami event is modeled using the HAMSOM mod-
el, which provides high spatial and temporal resolu-
tion and gives the ocean surface currents induced by 
an approaching tsunami.

The simulated tsunami current velocity is converted in-
to modulating signals and superimposed on the meas-
ured antenna signals of the WERA system. The meas-
ured range-Doppler spectra with the superimposed 
tsunami currents have a specific “zigzag” signature 
that changes from snapshot to snapshot according to 
the tsunami movement. The reconstructed ocean sur-

face current map based on the radar spectra shows a 
pattern, which changes very quickly in the shelf area 
before the tsunami wave approaches the beach. Spe-
cific radial tsunami current signatures are observed in 
these maps clearly.

The tsunami detection technique is based on the OS-
CFAR detection algorithm applied to the entropy field 
of surface currents. This gives an opportunity to issue 
an automated tsunami alert during the real-time mon-
itoring by the WERA radar.
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