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ABSTRACT: Within the last 20 years at least 200 super carriers have been lost due to severe weather condi-
tions. In many cases the cause of the accidents is believed to be 'rogue waves', which are individual waves of
exceptional wave height or abnormal shape. In situ measurements of extreme waves are scarce and most ob-
servations are reported by ship masters after the encounter. A normal Atlantic hurricane season typically has 
an average of 10 tropical storms, of which six reach hurricane strength with two classified as major. Above-
normal activity has been observed for six of the seven Atlantic hurricane seasons between 1994 and 2001.
Here, timely forecasting is essential to take the necessary precautions to protect life and property. In this paper
a global set of synthetic aperture radar (SAR) images is used to detect extreme ocean wave events. The data
were acquired aboard the European remote sensing satellites ERS-1/2 and ENVISAT. Complex SAR data
contain information on both single and significant ocean wave height, wave propagation direction, and wave
grouping, as well as on ocean surface winds. For hurricane analysis radar wave mode (5 10 km

2
) as well as 

image mode (100 100 up to 500 500 km
2
) data have been used. Wave mode data were available for the hur-

ricane Fran active during August 23 to September 8, 1996. Due to the small size and distance of 200 km of
the imagettes, only a small part of the hurricane is imaged. Progressing swell was imaged and wave parame-
ters from the hurricane have been extracted. The larger coverage of 500 500 km

2
 ENVISAT images can re-

veal the complete storm system. In image mode data, wind speed and direction are extracted. New gradient
based algorithms show the turning winds in detail. Extreme Wave events are high single waves in a relatively
calm sea state as well as groups of high waves both endangering ships and offshore industry. Single waves
can be imaged globally and global two dimensional ocean surface measurements are possible now for the first
time using this data. Thus the parameters mentioned provide information about sea states near (in location and
time) to known ship accidents and can be used to draw maps of dangerous regions, all using some 34000 im-
ages of the 3 weeks in mid 1996. A huge dataset of 10 years ERS data to be processed in future can provide a
climatologic atlas of sea states. 

1 INTRODUCTION

As mankind pushes ahead in industry, transportation 
and standard of living, the goal of new and safer liv-
ing and working conditions is demanded. Thus early 
predictions and risk estimation of natural hazards are 
of great importance. Two of these dangers, hurri-
canes and extreme waves and their visibility from 
satellite borne SAR sensors are to be examined 
within this paper. Hurricanes being the cause of de-
struction of properties and lives along the American 
coast every summer as well as huge waves destroy-
ing ships and offshore industries are both a big risk. 

The outline of this paper is as follows: In section 
2 the satellite sensors and adapted algorithms used 

within the study are introduced. Hurricanes and ex-
treme waves are studied in sections 3 and 4 resp. Re-
sults are given in section 5, while conclusions and an 
outlook on possible future developments can be 
found in section 6. 

2 SENSORS AND ALGORITHMS 

Synthetic aperture radar sensors (SAR) aboard the 
ERS-1/2 satellites have been imaging the Earth's sur-
face since 1991. They provide large SAR images of 
coastal regions (about 100 100 km

2
) as well as 

small imagettes of (5 10 km
2
) all around the globe, 

especially showing wave systems on high ocean re-
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gions. Both image types have resolutions of around 
30 meters. In addition, RADARSAT provides in its 
ScanSAR mode images of up to 500km 500km 
suitable for wind measurements. 
For processing SAR images of the ocean, several al-
gorithms have been developed: 
- A partition rotation, shift, and scaling algorithm 

(PARSA, [1]) allows reconstruction of the direc-
tional wave spectrum from the SAR image using 
information from wave models for short waves 
not imaged by SAR sensors. 

- A quasi-linear inversion scheme for SAR im-
agettes (LISE, [2]) can estimate sea elevations 
across the image area allowing single wave 
property examinations. 

- An image processing scheme to examine wave 
groupings.

- A wind retrieval scheme yielding the wind speed 
on a certain grid across the image [3]. 

Their combination give important information in 
both kinds of hazards examined within this paper. 

3 HURRICANES 

Hurricanes and severe storm systems include strong 
wind situations and high mean wave heights (meas-
ured as significant wave height Hs being the average 
of the 1/3 highest waves). While the wind is visible 
on SAR images due to the introduced surface rough-
ness increasing the SAR backscatter, swell is di-
rectly visible on the SAR images allowing derivation 
on wave length, propagation direction and wave age 
[4]. Using recently developed techniques even the 
180 degree ambiguity in wave direction is resolvable 
and different wave systems can be separated via par-
titioning the wave spectrum [5]. The wind speed is 
derived from the image brightness using the wind di-
rection given from wind caused image structures e.g. 
due to wind rolls [6]. The 180 degree ambiguity in 
the wind direction can only be removed using addi-
tional information, e.g. wind shadowing in coastal 
regions or general information on the weather situa-
tion. Nevertheless wind direction can be considered 
a continuous vector field (changing smoothly) al-
most everywhere. 

4 EXTREME WAVES 

According to statistical laws waves very much 
higher than the average sea state occur. As they are 
relatively rare, they can be a big danger for ships and 
oil platforms which are not able to predict them just 
by the significant wave height. Thus circumstances, 
under which extreme wave events  high quotients 
between maximal and significant wave height  oc-
cur, have to be investigated, including 
- severe wind and weather conditions 
- sea currents,    and
- swell systems from different directions. 
In certain cases groups of high waves were reported 
as causing damage to ships and offshore structures. 
Due to the oceanographic theory [7] waves tend to 
form groups of large waves separated by lower 
waves. This tendency is also visible on SAR images, 
as Figure 1 shows. Inversion of the SAR imaging 
mechanism allows the reconstruction of a sea sur-
face (cf. Figure 2) yielding parameters like single 
wave height and steepness. 

5 RESULTS 

Hurricane Edouard originated near the African coast 
in late August 1996 and progressed over the North 
Atlantic Ocean. By August 25 it intensified into a 
major hurricane of category four with highest mean 
wind speeds of 65m/s and highest gusts of over 
75m/s. The hurricane track is presented in Figure 3. 

Figure 1. A SAR imagette with wave groups 

Figure 2. A SAR imagette with the reconstructed sea surface 
showing an estimation of the sea state at recording time. The 
red line is showing the highest wave on this image, approxi-
mately 20 meters at a significant wave height of around 9 me-
ters.
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Wave systems derived from SAR imagettes of ERS-
2 passes within this time span and region are given 
in comparison to results of the ECMWF wave model 
WAM.

Figure 4 shows Hurricane Floyd on September 
15, 1999 imaged by RADARSAT-1 ScanSAR with 
the derived wind field superimposed. The eye of the 
hurricane is clearly visible as a calm region on the 
sea surface. SAR sees the ocean surface because 
there are nearly no artefacts from clouds. The high-
est waves detected in a 3 week ERS-2 imagette data-
set from the 1996 hurricane season is given in Figure 
5. Most extreme events are detected in the southern 
hemisphere due to strong weather situations in the 
southern winter and due to longer fetch possibilities 
on larger ocean areas. In addition one can follow the 
path of the cyclones and hurricanes in the northern 
Atlantic. A map of extreme wave events is also 
given.

6 CONCLUSIONS AND OUTLOOK 

Satellite sensors like ERS-SAR are an important 
source for examining and mapping risks of hazards 
like hurricanes and extreme waves. Sophisticated al-
gorithms for extracting wind and wave information 
from SAR images as well as applications have been 
described.

With the opportunity of more than ten years of 
ERS wave mode data to be processed at DLR huge 
new applications are possible: All hurricanes of the 
last decade can be examined on wind and wave 
properties as was done for the hurricanes Edouard 
and Floyd in this paper. A complete extreme wave 
atlas with regional and seasonal risk probabilities as 
well as climatologic changes within the decade can 
be created. 

Additional data from the new ASAR sensor 
aboard the ENVISAT platform launched March 
2002 can provide the double amount/density of im-
agettes (every 100 km along the orbit) as well as 
new imaging modes for imaging large regions of the 

Figure 3. Wave fields during Hurricane Edouard retrieved from 
SAR imagettes (red) and ECMWF WAM wave spectra (blue). 
Wavelength and wave direction are given by the arrows. 

Figure 4. (A) AVHRR NOAA-12+ image (optical) showing 
cloud structure of hurricane Floyd on September 15,1999 with 
RADARSAT ScanSAR image superimposed. 
(B) RADARSAT ScanSar Image with derived Wind field su-
perimposed. 
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ocean allowing wind extraction from huge images. 
This can help weather predictions in an operational 
manner. 

The upcoming German satellite mission Ter-
raSAR (scheduled for launch in 2005) will allow 
high resolution images of the sea surface (up to 1 
metre resolution) and thus provide new ways of ex-
amination of local wind conditions over sea. 
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Figure 5. (A) Map of distribution of the highest wave heights Hmax within a 3 week dataset in August/September 1996. 
(B) Map of most extreme wave events (quotient of Hmax and Hs >2 with Hmax>10m) 
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