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This document gives a summary of 3 publications written by Stephan Brusch as 
lead author. All publications are accepted or already printed in peer reviewed 
international journals (IEEE, IJRS) 
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IJRS International Journal of Remote Sensing, accepted for publication  
 
 
[3] S. Brusch, S. Lehner, T. Fritz, M. Soccorsi, A. Soloviev, B. van Schie (2010) 
“Ship surveillance with TerraSAR-X” in IEEE-Transactions on Geoscience and 
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Summary: 
 

In this work satellite images taken by space borne sensors are used to 
explain atmospheric as well as oceanographic features, e.g. wind fields or ocean 
wave heights, all are compared to operational numerical model output. One 
focus in the first paper was to understand the synergy of high resolution passive 
microwave satellite sensors and optical sensors on different space scales. The 
jointly retrieved meteorological and oceanographical parameters, e.g. wind 
speed and significant wave height, show the high quality of space based data in 
understanding of complex systems, e. g. wave fields.  A space based Radar and 
imaging spectrometers are used to analyse wind and waves during extreme 
weather conditions, in particular, to describe the spatial evolution of the 
atmospheric boundary layer processes involved in cold air outbreaks. The 
behaviour of wind fields in coastal and offshore regions is investigated and 
compared to numerical model results.  For wind field retrieval a geophysical 
model function is used. High resolution radar satellites provide a fine scale 
structure of wind fields and information on small-scale atmospheric features as 
well as more extreme values of environmental parameters during high impact 
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weather, which are not captured well by the numerical models. One case study 
showed that cloud patterns seen in the optical data and radar cross-section 
modulation give a consistent dynamical picture of the atmospheric processes. 
The relevance of space based data for assimilation into numerical models and 
for offshore wind farming is discussed. 

Waves are the most obvious feature in Synthetic Aperture Radar (SAR) 
images over the ocean. The modulation of sea surface roughness by wind makes 
them visible in radar images and thus variations of wave fields can be detected. 
Due to the high horizontal resolution of SAR data (down to 1m) wave refraction 
and shoaling of swell can be monitored. Radar sensors are able to monitor waves 
with a wavelength longer then the cut-off wavelength. The cut-off wavelength 
depends on the SAR sensor (resolution) and is a function of wind speed and 
significant wave height. In this work algorithm to retrieve sea state parameters 
measured by high resolution SAR data have been adapted from known C-Band 
SAR systems (ERS-2/ENVISAT) to the new X-Band satellite TS-X (TerraSAR-
X).  

TS-X gives access to spatial resolution as fine as 1 m in Spotlight mode 
and high resolution variability of coastal wave fields. Images from the TS-X 
satellite are particularly suitable for the observation of wave behaviour in 
transient and shallow water (<100m water depth). By computing the 2 
dimensional spectra waves can be tracked. In the second paper it is shown, how 
wave Refraction and shoaling can be monitored and the calculation of bottom 
topography can be provided. The retrieved bathymetry is compared to ETOPO1 
(a 1 arc-minute global relief model of Earth's surface that integrates land 
topography and ocean bathymetry, source: NOAA), US Coastal Relief Model (a 
3 arc-second US model integrating offshore bathymetry with land topography, 
source: NOAA) and sea charts from the British Admiralty.  

Knowledge of the water depth is one important parameter for monitoring 
of ship traffic and secure navigation. Planning of ship routes is an important 
economic factor. The knowledge about bathymetry in coastal regions or river 
estuaries is of high interest. Therefore, ship detection and maritime surveillance 
with high resolution sensors has increased, in particular in the field of maritime 
security and maritime safety in the last years.  

In the third paper first results on the combined use of TS-X ship 
detection, AIS (Automatic Identification System), and Satellite AIS is presented. 
The AIS system is an effective terrestrial method for tracking vessels in real 
time typically up to 40 km off the coast. The quality of TS-X images with 
respect to ship detection is evaluated and a first assessment of its performance 
for ship detection is given.  Velocity of a moving ship is estimated using 
complex TS-X data. First results on simultaneous superposition of satellite AIS 
and high resolution radar images are presented.  
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1. Discussion of each publication: 
 

Paper 1: Synergetic Use of Radar and Optical Satellite Images to Support 
Severe Storm Prediction for Offshore Wind Farming (see Appendix) 
 

Abstract 
 

Satellite images taken by space-borne radar sensors and cloud parameters 
from optical data are combined to help maintain and plan offshore wind farms. 
With both the synthetic aperture radar (SAR) and the medium resolution 
imaging spectrometer (MERIS) onboard the environmental satellite (ENVISAT) 
of ESA a severe cold air outbreak is analyzed on 1 November 2006 over the 
North Sea. The satellite data are compared with numerical model results of the 
German Weather Service “Lokal Modell” (LM) and the high-resolution limited 
area model (HIRLAM). LM and HIRLAM show differences in mesoscale 
turbulent behaviour and coastal shadowing. Maximum wind speeds of up to 25 
m/s are measured by SAR and are confirmed by the models. However, 
significant differences are observed in the models concerning location of the 
maxima. High-resolution ENVISAT ASAR measurements provide very detailed 
information on small-scale atmospheric features, which seem not to be captured 
well by the numerical models in coastal areas. Meteosat Second Generation 
(MSG) data are used to determine the movement of cloud patterns. Cloud 
patterns seen in the optical data and radar cross-section modulation at the ocean 
surface give a consistent dynamical picture of the atmospheric boundary layer 
processes. The relevance for offshore wind farming is discussed. 
 
 
Discussion of the Paper 
 

An explanation for particulary high individual ocean waves causing an 
accident at the offshore platform FiNO 1 in the North Sea is given by 
investigating the fine scale structure of the low pressure system (“Britta”) on 1 
November 2006 using satellite and numerical model data (HIRLAM,  LM - 
DWD). “Britta” developed initially as a frontal wave in the central North 
Atlantic early on 28 October 2006 and, after moving firstly northeast, turned 
further east and developed hurricane-force northwesterly winds on its western 
side as it passed through the North Sea. Britta was captured partly by an 
ENVISAT ASAR with a resolution approximately of 150m x 150m in Wide 
Swath Mode (WSM) on 1 November 2006 at 10:42 UTC. The wind field was 
derived by using the CMOD algorithm and then compared to model results (see 
Figure 1).  
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Synergetic Use of Radar and Optical Satellite Images to Support Severe 
Storm Prediction for Offshore Wind Farming 

 
The calculated wind fields of Storm Britta from the HIRLAM or the 

German Weather Service LM are validated using the ENVISAT ASAR and 
QuikSCAT wind field. In Figure 2 the comparison of the German Weather 
Service LM and ENVISAT ASAR is shown.  LM shows differences in 
mesoscale turbulent behaviour and coastal shadowing. Maximum wind speed of 
up to 25 m/s is measured by SAR and cannot be observed in the model output. 
Significant differences are observed in the location of the wind maxima. Due to 
the high horizontal resolution ENVISAT ASAR data allow very detailed 
information on small scale atmospheric and oceanographic features, which are 
not captured by the numerical model in particular for coastal areas.  

Mesoscale features, e.g., downburst due to cloud streets with a diameter of 
up 15 km are not detected by LM. The Marine Atmospheric Boundary Layer 
(MABL) and the ocean often exchange large amounts of heat, moisture, and 
momentum. Updrafts and downdrafts in cells and roll-like updrafts and 
downdrafts in cloud streets in the MABL cause strong flux differences. Cells 
and rolls each cause distinctive signatures in the wave fields. The signatures 
result from changes in ocean surface roughness caused by wind gusts. For the 
explanation of gusts high backscatter in front of cloud bands can be explained 
by optical cloud products, e.g., cloud optical thickness and total water path that 
are products of combined visible and infrared channels from MERIS and the 
Moderate Resolution Imaging Spectroradiometer (MODIS). Ahead of clouds the 
surface wind speed is observed to increase by 15 m/s. A sub-image in Figure 3 
(left part) shows a cut through a cloud pattern perpendicular to the wind 
direction with embedded convective cloud streets separated by up to 13 km. The 
main wind direction is from north to south. These clouds are precipitating. From 
north to south an increase in wind speed of 5 m/s is observed. Footprints of these 
cloud streets with outflows (downward winds) ahead of convective lines are 
detectable in the radar images of the sea surface (see Fig. 3 left) by the 
roughening of the sea surface. Thus strong convective outflow ahead of 
convective cloud patterns is not present in the numerical atmospheric models 
and can be used to improve or validate them. ENVISAT ASAR wind vector 
fields show more structure caused by coasts, topography, and cloud pattern. 
Results open new opportunities to compare offshore wind farm sites and 
validate the results with in situ measurements and models of nearly the whole 
North Sea.  

The joint use of high-resolution SAR, Scatterometer and optical data 
allows observation of high-resolution wind fields also between offshore wind 
farms, because small scale wind patterns can be detected and can help to 
understand the behaviour of an offshore wind farm. While large-scale wind 
patterns are mainly responsible for wave height, which is an important factor for  
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Synergetic Use of Radar and Optical Satellite Images to Support Severe 
Storm Prediction for Offshore Wind Farming 

 
the construction of offshore wind turbines and, therefore, for their life time, 
short-term wind power forecast is one of the most important points in managing 
wind parks. Satellite retrieved high-resolution wind vector fields can help to 
increase the confidence level of weather forecast models. 
 
 

 
Fig. 1: ENVISAT ASAR Wide Swath Mode-WSM ( 400km x 400km coverage, 
150m x 150m resolution) with superimposed wind vector field at 10m height on 
1 November 2006 at 10:42 UTC. 
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Synergetic Use of Radar and Optical Satellite Images to Support Severe 
Storm Prediction for Offshore Wind Farming 
 
 

 
 
Fig. 2: Left: Wind field of the LM model at 09:00 UTC (background) and 
ENVISAT ASAR wind vectors  superimposed as arrows at 10:42 UTC 
(coordinates: bottom left corner: 54° 6'10.26"N,  1° 5'21.24"W, upper right 
corner: 55° 2'46.33"N,  0°34'5.16"E)    Right: Wind field of the LM model input 
at 09:00 UTC  (background) and the ENVISAT ASAR wind vectors at 10:42 
UTC superimposed by arrows (coordinates: bottom left corner: 56°29'23.23"N, 
3° 1'41.98"W; upper right corner: 58°10'49.45"N, 0°10'23.16"W); wind vectors 
are coloured as the model wind speed 
 

 
 
Fig. 3: Left: Sub-scene ENVISAT ASAR WSM (120 km x120 km, coordinates: 
bottom left corner: 56°15'47.62"N, 1° 9'51.35"W, upper right corner: 
57°14'19.46"N, 1° 1'50.94"E) derived wind field on 1 November 2006 at 10:42 
UTC.  Right: South-North cut along the blue line (42km) showing MERIS cloud 
top pressure and ENVISAT ASAR wind speed. 
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Paper 2: Underwater Bottom-topography in coastal areas from TerraSAR-
X data (see Appendix) 
 
Abstract 
 

In this paper, wave refraction and shoaling in coastal areas are 
investigated   and used to derive the bathymetry. Due to its high spatial 
resolution, which can achieve up to 1m in Spotlight mode, and its low cut-off 
wavelength, images from the TS-X satellite are particularly suitable for the 
observation of wave behaviour in shallow water. By computing the two 
dimensional spectra shoaling waves are tracked from the open sea up to the 
shoreline. The observed wave refraction and shoaling is compared with wave 
refraction laws and first order wave theory (Airy Theory). The retrieved 
bathymetry is compared against depth data from other sources like ETOPO1 (a 1 
arc-minute global relief model of Earth's surface that integrates land topography 
and ocean bathymetry, source: NOAA), US Coastal Relief Model (a 3 arc-
second US model integrating offshore bathymetry with land topography, source: 
NOAA) and sea charts from the British Admiralty. Another goal of this paper is 
the investigation of breaking waves showing up as near shore image patterns. A 
theory is presented how to derive the height of breaking waves by use of this 
pattern. SAR images with azimuth as well as range travelling waves are 
investigated. As test sites the entrance of Port Phillip near Melbourne (Australia) 
and the Duck Research Pier in North Carolina (USA) are chosen. 
 
Discussion of the Paper 
 

Calibrated SAR Spotlight images from the German TS-X Satellite are 
used to investigate the variability of the coastal wave field. TS-X is capable to 
detect wave refraction and wave shoaling due to its high spatial resolution. A 
method to track shoaling waves on their way from the open ocean to the beach is 
demonstrated. Figure 4 shows retrieved wave tracks based on 2-dim FFT 
analysis of a TS-X Spotlight Mode image obtained on 17 March 2008 over the 
entrance of Port Phillip in Australia. In this case, waves travelling in azimuth 
direction were investigated. It has been found, that azimuth travelling waves 
down to 70m wavelength and around 2m significant wave height can still be 
captured by the TS-X satellite. By tracking wave rays, the change of wavelength 
can be measured. The linear dispersion relation for ocean surface gravity waves 
is used to derive water depth from the wavelength measured. Figure 5 shows the 
retrieved bathymetry. The retrieved bottom topography fits well to depth 
information from an official nautical chart. The scatter plot is given on the sub-
image of Figure 5. This comparison is presented to show  the general  agreement  



 9

Underwater Bottom-topography in coastal areas from TerraSAR-X data 
 
of SAR obtained depths against the nautical map. The depth difference is 
smaller than 5m for 72,2% of entries, and <7m for 89,2%). A new approach is 
presented to derive the height of breaking waves from image patterns, produced 
by breaking waves. As a wave is shoaling, wave height increases, which leads to 
an increase of the orbital velocity of water particles within the wave. If the 
velocities of water particles become too high, they cannot be tracked by SAR 
any longer and smearing in the SAR images occurs. The smearing is caused by 
scatterers with different velocities. 

In Figure 6 detected breaking patterns in TS-X Spotlight image acquired 
on 17 March 2008 over the entrance of Port Phillip are shown. In sub-image A 
an area westwards and in sub-image B, an area eastwards of the Port-Phillip 
entrance are shown. The mean length of smearing is 60m in A and 180m in B. 
From the measured length of breaking patterns in sub-image A and B of figure 6 
the height of breaking waves is calculated to be 4.50m and 3.95m, respectively. 
The retrieved wave height is compared to wave height calculated with wave 
shoaling theories and shows a good agreement. The measured maximum wave 
height from a buoy is about 2.6m at the time of SAR image acquisition. The 
comparison of wave height derived from SAR with 3,95m against the buoy 
measurement shows a difference of about 1m which can be explained by the 
shoaling effect near the coast.  
 

 
 
Fig. 4: TS-X Spotlight image acquired over entrance of Port Phillip in 
Melbourne, on 17 March 2008 at 19:45 UTC. Tracked wave rays indicating 
wave length are represented by colour coded arrows 
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Underwater Bottom-topography in coastal areas from TerraSAR-X data 
 
 

 
 

Fig. 5: SAR retrieved underwater bottom topography compared against depth 
isolines from nautical chart of the Port Phillip area, Melbourne-Australia. 
 
 

 
 
Fig. 6: Output of breaking wave streaks detection algorithm for TS-X Spotlight 
image acquired on 17 March 2008 over the entrance of Port Phillip, Melbourne. 
Orange contour line: SAR imaged breaking waves (smeared in flight direction 
of the satellite) 
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Paper 3: Ship surveillance with TerraSAR-X (see Appendix) 
 
 
Abstract 
 

Ship detection is an important application of global monitoring of 
environment and security. In order to overcome the limitations by other systems, 
surveillance with satellite SAR (Synthetic Aperture Radar) is used because of its 
possibility to provide ship detection at high resolution over wide swaths and 
during all weather conditions. The new X-band radar on board the TS-X satellite 
gives access to spatial resolution as fine as 1 m. In this paper first result on the 
combined use of TS-X ship detection, AIS (Automatic Identification System), 
and Satellite AIS is presented. The AIS system is an effective terrestrial method 
for tracking vessels in real time typically up to 40 km off the coast.  Satellite 
AIS is a space based system that allows almost global coverage for monitoring 
of ships. However, not all ships do operate their AIS and smaller ships are not 
equipped with AIS. 

In this paper the quality of TS-X images with respect to ship detection is 
evaluated and a first assessment of its performance for ship detection is given.  
Velocity of a moving ship is estimated using complex TS-X data. As test cases, 
images were acquired over the North Sea, Baltic Sea, Atlantic Ocean, and 
Pacific Ocean in Stripmap mode with a resolution of 3m at coverage of 
30kmx100 km. Simultaneous information on ship positions was available from 
TS-X and terrestrial as well as satellite AIS. First results on simultaneous 
superposition of Satellite AIS and high resolution radar images are presented.  
 

 
Discussion of the Paper 
 

The ship detection problem can be considered as a simple detection of 
bright point targets against a noisy background. However, the reality is more 
complicated due to possible confusions associated with different environmental 
parameters, e.g. wind induced wave crests that could be falsely detected as 
ships. An optimum detector for this situation should maximize the probability of 
detection while minimizing the probability of false alarm. We therefore adopted 
a method that aims at maximizing the detection of ship targets. Validation of the 
method is performed by in-situ measurements (Automatic Identification System 
– AIS). But this coastal-based surveillance system are limited in their coverage, 
e.g., coastal AIS only covers up to 40 km off the coast and requires ships that 
have AIS onboard and operate it correctly. Satellite imagery gives the possibility 
to overcome the near to shore limits. 

In the study TS-X acquisitions are analyzed in order to assess the potential 
of this  new  sensor  for ship  monitoring.  An adapted  ship detection algorithm 
for  
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Ship surveillance with TerraSAR-X 
 
TS-X images based on the classical CFAR method is used for the detection of 
ships. Ship detection systems generally consist of five steps: 
 

-Preprocessing (Calibration, Geolocation) 
          -Land Masking  
          -Prescreening (CFAR) 
          -Discrimination (meteorological phenomena, SAR image artefacts) 
          -Feature Extraction (ship length, width, heading, and speed) 
 

The developed algorithm was implemented for Near Real Time (NRT) 
use in the DLR Ground Station Neustrelitz. TS-X is the only radar sensor with a 
resolution of 1m, hence suited well for monitoring ship traffic both in coastal 
areas and also over the open ocean. Ship detection shows still limitations in 
coastal areas due to insufficient land masking or geophysical phenomena such as 
tidal change or severe weather. The algorithm has been integrated in to the DLR 
Toolbox (SAR AIS INtegrated Toolbox, SAINT) for automatic detection of both 
large and small vessels. Results show in case of the AIS-carrying larger vessels 
(length above 35m) that they were detected in more than 90 % of all cases. For 
smaller vessels (length < 30m) the assessment of quality is more difficult due to 
increasing false alarms in high sea state situations with breaking waves.  

The limited coverage of terrestrial AIS coast makes Satellite AIS and 
SAR perfect candidates to fill this gap of ship traffic information over open 
oceans. In the next example, the synergetic use of high resolution earth 
observation data and satellite based AIS data is demonstrated. Figure 7 shows a 
TS-X Stripmap mode image in the southern Atlantic Ocean near Cape Town. 
Vessels detected by SAR are superimposed and marked with red rectangles. 
Collocated ships with terrestrial AIS messages are marked by green rectangles. 
Satellite AIS is superimposed with yellow rectangles. SAR as well as terrestrial 
and Satellite AIS are reporting the same position of targets as can be observed in 
Figure 7 a. Figure 7 b shows the general limitation of terrestrial AIS covering 
only an area up to 40 km of the Cape Town area. Three small vessels are 
detected by SAR. One of them is reporting to the AIS system via satellite. 

Next ship detection case study of the hijacked tanker ´Sirius Star´ is given. 
The hijacking of the super tanker MV Sirius Star by Somali pirates initiated a 
test of the response time of the TS-X data acquisition as well as the rapid tasking 
performance of the ground segment DLR-BN (Ground Station Neustrelitz, 
Germany) for monitoring the situation. The Supertanker was hijacked close to 
Somalia (Africa) on 18 November 2008 and was released on 
9 January 2009. With the detected ship positions derived from large area 
ScanSAR and Stripmap search acquisitions, high resolution modes of TS-X at 
smaller coverage (Spotlight and High-Resolution Spotlight) were planned.  
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Ship surveillance with TerraSAR-X 
 
Figure 8 gives an overview and examples of the data quality (with reduced 
resolution).  

Velocity estimation based on complex TS-X data has been demonstrated. 
In order to determine ship speed the object velocity is regarded as a vector with 
two components, one in azimuth and one in range direction. The algorithm 
consists of three main steps. The first step is the generation of a sequence of 
single–look SAR images followed by the detection of moving objects. This 
consists of the detection of ship candidates and the respective velocity 
estimation. The third step is the compensation of the object motion and the 
imaging of the moving objects. Two kinds of detection and estimation of speed 
of the moving objects are possible, either in a multi look image or in a sequence 
of single–look images.  Figure 9 b-c show zooms of a sequence of two single-
look images based on a TS-X complex image acquired on 9 June 2008 over the 
East coast of Florida. The estimated velocity of the ship is 12.2 knots with an 
error of 1.6 knots as compared to the 11.3 knots available from the AIS 
information. However, the time lag between the SAR acquisition and the AIS 
may allow for the difference. 
 

 
 
Fig. 7: TS-X Stripmap sub-image (HH-Pol, 3m resolution) acquired on 16 
December 2008 over the southern Atlantic Ocean with ships detected by the 
DLR ship detection algorithm (red rectangles), superimposed AIS (source: IHS 
Fairplay) data with green rectangles, and Satellite AIS reports (yellow 
rectangles, source: Luxspace)   
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Ship surveillance with TerraSAR-X 
 

 
 
Fig. 8: Optical image and Colour composite of three TS-X ScanSAR acquisitions 
(red: 2008-11-27T15:04, green: 2008-11-22T03:02, blue: 2008-11-22T14:56) 
showing the position of the Sirius Star off Somali coast and its displacement. 
During the two acquisitions of 22 November, the ship was anchoring at the 
exact same position (yielding a cyan colour). The blow-ups are from three of the 
16 single acquisitions with the footprints are indicated on the map plot.  The AIS 
Coordinates retrieved later on are indicated by white crosses (source: 
LuxSpace).     
 

 
Fig. 9: sequence of two single-look images based on a TS-X complex image on 9 
June 2008 over the East coast of Florida. 

original image   ( b ) sub-look 1 ( c ) sub-look 2 
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2. Main Results: 
 
The following points are the main results of this work: 
 

• SAR systems can be used for validation of wind speed in high 
resolution numerical models during extreme weather 

• The joint use of high resolution SAR and optical data allow detailed 
observation of turbulent exchange of large amounts of momentum 
between the ocean surface and atmosphere in the marine 
atmospheric boundary layer 

• Distinctive atmospheric caused ocean surface signatures (e.g. from 
atmospheric cells) on SAR imagery and incorporated weather 
conditions can be analyzed by synergetic use of high resolution 
SAR and optical data   

• High resolution X-Band systems (e.g., TS-X) provide the first time 
high resolution coastal bottom topography maps of up to  40m 
resolution measured by space based commercial SAR systems 

• Small objects (<10m) can be observed by TS-X. Vessel monitoring 
reaches a higher level of accuracy and quality with TS-X  

• TS-X ship detection algorithm was successfully integrated and 
tested in a Near Real Time chain at the DLR Ground Station 
Neustrelitz (Germany) and is currently in use for operational 
services  

 
 

3. Outlook: 
 

The used algorithm for wind speed retrieval provides more accurate high 
wind measurements (up to 30 m/s) than earlier algorithms. Future task are 
substantial algorithm improvements to achieve accurate wind measurements in 
strong or severe weather conditions.  
 

Morphological changes in coastal areas, especially in river estuaries, are 
of high interest in many parts of the world. Satellite data from both optical and 
radar sensors will help to monitor and investigate these changes. Several 
polarization modes (dual, quad) for better separation of land and water areas are 
now available (TS-X, COSMO-Skymed, Radarsat 2) and will be used for further 
investigation. 
 

The developed bathymetry retrieval model for SAR system has to be 
constantly improved and tested worldwide. The aim is the generation of a global 
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bathymetry map. Bathymetry products will be defined and delivered or will be 
made available for download.  
 

Future tasks will have to improve ship detection techniques based on 
multi-polarization data from TS-X. The main advantage of using multi channel 
processing, with respect to a single channel, is that there is no need to segment 
or divide SAR spectrum to make the coherence analysis, this can instead be 
performed between the two channels. On the other hand, few multi channel 
satellites are currently available (e.g. TS-X, TD-X, Radarsat 2). Effort will be 
concentrated on Single Look Slant Range Complex (SSC) Dual Polarization 
data, but some experiments will also be done using the quad-polarised (Full) 
data.  

Results have to be integrated to SAINT and the SAR oceanography 
toolbox (SEASAR) at DLR. The focus is on operational services for users, e.g., 
DWD, other national, and international authorities.  
 
 
 

The work is complemented by two more publications as contributing 
author in peer reviewed journals: 
 
[4] G.M. Diaz, S. Lehner, F. O.-Torres, X.M. Li, S. Brusch “Wind and wave 
observations off the south Pacific coast of Mexico using TerraSAR-X imagery” 
International Journal of Remote Sensing IJRS– in print 
 
[5] A. V. Soloviev, M. Gilman, K. Young, S. Brusch, and S. Lehner (2009) 
“Sonar measurements in ship wakes simultaneous with TerraSAR-X 
overpasses”. IEEE Transactions on Geoscience and Remote Sensing (TGARS), 
TerraSAR-X Special Issue; ISSN: 0196-2892; Page(s): 841 - 851 
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AIS   Automatic Identification System 
 
ASAR  Advanced Synthetic Aperture Radar 
 
CFAR  Constant False Alarm Rate 
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DLR-BN   DLR Ground Station Neustrelitz, Germany 
 
DWD   Deutscher Wetterdienst 
 
ENVISAT  Environmental Satellite 
 
ESA    European Space Agency 
 
HIRLAM  High Resolution Limited Area Model 
 
HS   High Resolution 
 
LM   Local Model 
 
MABL  Marine Atmospheric Boundary Layer 
 
MERIS  Medium Resolution Imaging Spectrometer 
 
MODIS  Moderate Resolution Imaging Spectroradiometer 
 
MSG   Meteosat Second Generation 
 
NOAA  National Oceanic and Atmospheric Administration 
 
NRT   Near Real Time 
 
SAINT  SAR AIS Integrated Toolbox 
 
SAR   Synthetic Aperture Radar 
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UTC   Coordinated Universal Time 
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Synergetic Use of Radar and Optical Satellite
Images to Support Severe Storm Prediction

for Offshore Wind Farming
Stephan Brusch, Susanne Lehner, and Johannes Schulz-Stellenfleth

Abstract—In this paper, we show how satellite images taken by
space-borne radar sensors can be used to determine mesoscale
high-resolution wind fields in synergy with cloud parameters from
optical data and, thus, help in the task of maintenance and plan-
ning offshore wind farms. The aim of this paper is to use synthetic
aperture radar (SAR) and medium resolution imaging spectrom-
eter (MERIS) onboard the environmental satellite (ENVISAT)
in synergy to analyze severe weather systems, in particular, to
describe the spatial evolution of the atmospheric boundary layer
processes involved in cold air outbreaks. We investigated the
fine-scale structure of a severe weather case on November 1, 2006
over the North Sea using satellite data. The satellite data are
compared with numerical model results of the German Weather
Service “Lokal Modell” (LM) and the high-resolution limited
area model (HIRLAM). LM and HIRLAM show differences in
mesoscale turbulent behavior and coastal shadowing. Maximum
wind speeds of up to 25 m/s are measured by SAR and are
confirmed by the models. Significant differences are observed
in the location of the maxima. High-resolution ENVISAT ASAR
measurements provide very detailed information on small-scale
atmospheric features, which seem to not be captured well by
the analyzed numerical models, in particular, in coastal areas.
Meteosat second generation (MSG) is used to determine the move-
ment of cloud patterns. Cloud patterns seen in the optical data
and radar cross-section modulation give a consistent dynamical
picture of the atmospheric processes. The relevance for offshore
wind farming is discussed.

Index Terms—Synergy, synthetic aperture radar (SAR), wind
energy, wind field.

I. INTRODUCTION

T O plan offshore wind energy exploitation, an assessment
of the respective wind resources is necessary. Previous

studies have shown that the mean wind speed is higher in off-
shore regions [1] compared to land sites. It has also beenshown
that temporal variability of wind speed on diurnal timescales
[2] has implications on wind energy extraction. Relatively little
work has been done on the use of remote sensing data to study
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the impact of short scale wind field variations on offshore wind
park operations (e.g., [3]). In this study, the focus is on the in-
vestigation of highly dynamical extreme weather events, which
play an important role in wind turbine operations. The most im-
portant issues in this context are:

• increased fatigue loading and, thus, shorter lifetime due to
turbulence;

• turbines are switched off when the wind speed exceeds a
certain limit;

• increased risk that turbines are damaged;
• maintenance of turbines is getting more difficult;
• using a suitable turbine design, the energy contained in

extreme events could be exploited.
To investigate dynamical processes of this kind, a dense spa-

tial and temporal data sampling is desirable. Offshore wind in-
formation from in situ measurements is sparse. Remote sensing
helps to develop more comprehensive and spatially resolved
datasets over the oceans. While in situ observations from off-
shore platforms and coastal stations yield time series of wind
speed and direction, satellite images yield synoptic observation
of an area of up to 400 400 km. Upcoming satellites, e.g.,
Constellation of small Satellites for Mediterranean basin Obser-
vation (COSMO-Skymed) can increase the temporal resolution
of space borne retrieved surface wind fields.

The SAR derived information can support offshore wind
farming with respect to optimal siting and design and help
to estimate their effects on the environment. SAR derived
high-resolution wind fields enable the synoptic extraction of
wind speed and wind direction for any offshore site located in
the scene. Based on these measurements estimates of the energy
yield at the respective offshore location and comparisons of
wind conditions at different sites are possible.

This study concentrates on the analysis of an extreme weather
event which occurred in the North Sea. A lot of offshore wind
farm activities are currently ongoing in the North Sea leading
to a big demand for respective geophysical information. Fig. 1
shows the QuikSCAT [4] and ENVISAT advanced synthetic
aperture radar (A)SAR wide swath mode (WSM) derived wind
field and wind direction in the North Sea on November 1, 2006.
The locations of some already operating and planned offshore
wind farms are superimposed.

Since the launch of the European Remote Sensing satel-
lites ERS-l in 1991 and the subsequent platforms ERS-2,
RADARSAT-1 SAR images have been acquired over the
oceans on a continuous basis. Their independence on daylight
and all-weather capability together with their high resolution

1939-1404/$25.00 © 2008 IEEE
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Fig. 1. Overview North Sea area. Background: QuikSCAT u10 wind field
morning pass. ENVISAT ASAR wide swath mode (400� 400 km size) derived
wind field on November 1, 2006 at 10:42:28 UTC (rectangle with wind arrows).
Buoys wind speed Measurement at 10:00 UTC (both 14 m/s). Platforms FiNO
1 and Ekofisk. Offshore wind farms (1: Horns Rev; 2: Butendiek; 3: Beatrice
Field; 4: Thanet Scheme). Wind direction marked by black arrows.

and large spatial coverage make them a valuable tool, especially
in coastal areas for measuring geophysical parameters such as
ocean surface winds and sea state [5].

Radar reflectivity over the ocean depends on the roughness of
the sea surface and, thus, mainly on the wind field as described
in [6]. Additionally, the backscatter of the radar signal is influ-
enced by the size of hydrometeors, e.g., rain drops or snow in
the atmosphere and their precipitation rate. It is important to
study effects by precipitation on radar reflectivity. Optical data
are used to detect clouds, and, thus, these data are needed to in-
vestigate atmospheric impacts, e.g., in cold air outbreaks.

An overview how satellite images acquired by space-borne
radar sensors can be used to determine mesoscale wind fields
and, thus, help in the task of planning offshore wind farms is,
e.g., described in [7].

The main goal of this paper is to show that a combination of
optical and radar satellite data is an efficient technique for the
analysis of extreme events. Such phenomena are hard to predict
by numerical models and are easily missed due to resolution
effects and other deficiencies of the model.

We selected the case of the Storm Britta in November 2006
for our study to investigate both oceanographic and atmospheric
processes. The study demonstrates the benefit of SAR derived
high-resolution wind fields in the analysis of such extreme at-
mospheric events.

This paper is organized as follows. Section II gives a meteo-
rological overview of the case study presented. Section III sum-
marizes the SAR wind field retrieval scheme, used in the study.
Furthermore, an introduction to cloud products from MERIS

Fig. 2. FiNO 1 research platform (��� ���� ; �� ���	� ).

and MSG is given, and the high-resolution numerical models
COSMO/EU, LM, and HIRLAM are described. Additionally,
images from different satellites are used in synergy to explain
the fine scale structure of the observed atmospheric processes.
In Section IV, the presented case study and the wind field is dis-
cussed and a comparison to results from LM and HIRLAM is
given.

II. CASE STUDY BRITTA

The deep pressure system “Britta” developed initially from a
frontal wave of low pressure in the central North Atlantic early
on October 28, 2006 and, after moving northeast, turned fur-
ther east and developed hurricane-force northwest winds on its
western side as it passed through the North Sea. High sea state
measurements by the research platform FiNO 1 (see Figs. 1 and
2) were observed. An example of significant wave height (red
line), wave period (blue line) and direction (orange line) mea-
sured by a waverider buoy is shown in Fig. 3. The record shows
that a maximum significant wave height up to 10 m was mea-
sured during the severe weather event “Britta” in the morning
of November 1, 2006 at 04:00 UTC. Individual wave height
reached up to 18 m and damaged the platform at this level (see
Fig. 4).

The map in Fig. 5 shows the surface weather analysis for
November 1, 2006 at 06:00 UTC. Northwesterly winds over
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Fig. 3. Significant wave height (red line) measured at FiNO 1 (source: German
Weather Service, DWD).

Fig. 4. Steel-bridge at the FiNO 1 research platform damaged by ocean wave
crest 18 m above normal sea level (source: German Weather Service, DWD).

Fig. 5. Surface weather analysis from November 1, 2006 at 06:00 UTC (source:
German Weather Service, DWD).

the North Sea increasing from west to east over 25 m/s were
observed. The red rectangle marks the acquisition area of EN-
VISAT ASAR and MERIS taken at the same time.

The wind speed reached force 28 m/s with gusts of up to
43 m/s. At 18 UTC October 31, 2006, the buoy 62138 (58.2 N
1.8 W) reported northerly winds of 31 m/s maximum speed,
buoy 63110 (59.5 N 1.5 E) reported north max winds of 28 m/s
from the north. Six hours later the platform XP421 (55.5 N
5.0 E) encountered north west winds of 31 m/s while the storm
center was moving east of the satellite aquisition area [8]. Britta

Fig. 6. Meteosat Second Generation (MSG-1) true color composite acquired
on November 1, 2006 at 10:00 UTC.

caused the highest-ever measured water level above Normal
Amsterdam Water Level (NAP), which occurred just at the mo-
ment of the high tide in Delfzijl ( m, Knock close
to Emden m or Borkum m) on the
morning of November 1. Britta caused individual wave heights
up to 18 m at FiNO1. Parts of the port of Hamburg had to be
closed because the streets were flooded and the level of the River
Elbe was 5 m (16 ft) above normal.

On the morning of November 1, 2006, boundary layer roll
convection occurred over the North Sea due to the cold air out-
break. The general convective nature of the flow is caused by
cold air flowing over a warm sea surface. If the boundary layer
exceeds the height of the lifting condensation level, then the roll
circulation is forming so-called cloud streets that can be seen as
shown in Fig. 6.

These rolls are generated by thermal or dynamical (inflection)
instability of the basic flow as described in [9]–[12]. These two
kinds of instabilities may act independently, but are difficult to
detect. Information on the wind speed at the sea surface asso-
ciated with the boundary layer rolls can be obtained from the
radar image intensity of satellite images. Thus, from SAR data
the gustiness of the wind field can be determined to a high de-
gree of spatial accuracy. The technique is described in the next
chapter.

III. ANALYSIS OF BRITTA WITH SATELLITE EARTH

OBSERVATION (EO) AND MODEL DATA

The detailed investigation of highly dynamical atmospheric
phenomena, such as storms, requires measurements with a high
temporal and spatial resolution in both vertical and horizontal
dimension. SAR gives information about the wind field with
high horizontal resolution. MERIS provides information on the
vertical structure of the atmosphere, e.g., cloud patterns in a
specific region at a certain time. MSG provides data at 15-min
time steps to estimate the cloud propagation direction.
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Fig. 7. Flowchart of the wind field retrieval scheme.

IV. ENVISAT SAR WIND RETRIEVAL USING AN

INTERPOLATION TECHNIQUE

The wind field can be derived from ENVISAT ASAR scenes,
which gives the possibility to measure synoptically spatially
variable wind fields at high resolution and large coverage, which
is especially useful for coastal areas. Wind speed is derived from
SAR data using a geophysical model function, CMOD 4 or 5
referred to [13], relating the NRCS of the ocean surface to the
local near surface wind speed. As further input into the algo-
rithm wind direction versus antenna look direction and inci-
dence angle is needed. A flowchart of the wind field retrieval
scheme is shown in Fig. 7. Streaks observed on SAR images
yield information about wind direction, these linear features are
usually associated with boundary layer rolls, referred to as at-
mospheric roll vortices. Wind direction can be determined from
the image by searching for the dominant wind streak direction in
the spectral domain by fast Fourier transformation (FFT). In the
low frequency range of the spectra at 600 m to about 2 km. Roll
vortices create more spectral energy in the direction perpendic-
ular to the wind. Obviously this FFT method will work only
for images in which the streaks are detectable above a certain
threshold. In areas, where this is not the case, e.g., due to sea
surface features caused by precipitation, in the SeaSAR algo-
rithm wind direction is interpolated using sine and cosine func-
tions in two dimensions. [14]. Fig. 8 shows the SAR retrieved
wind field obtained on November 1, 2006 at 10:42 UTC.

V. MERIS CLOUD PRODUCTS AND CLOUD CLASSIFICATION

The focus here is on the influence of clouds and rain on SAR
radar cross section (RCS) measurements. MERIS is used to de-
termine physical cloud properties. Cloud-particle phase (i.e., ice
versus water), effective cloud-particle radius, and cloud optical
thickness are derived using the MERIS visible and near-infrared
channel radiances.

Cloud top pressure (CTP) retrieval from MERIS is based
on radiation backscattered in the O2-absorption band by the
method described in [15] and [16]. The physical basis of the
cloud optical thickness retrieval is described in [17]. In Fig. 9,
the true color composite obtained from the MERIS data ac-
quired on November 1, 2006 is shown.

VI. METEOSAT SECOND GENERATION (METEOSAT-8)
DERIVED ATMOSPHERIC MOTION VECTORS (AMV)

We want to use sequences of MSG images (15-min time step)
to determine the southward motion of cloud patterns as shown

Fig. 8. ENVISAT ASAR WSM derived wind field on November 1, 2006 at
10:42 UTC.

Fig. 9. MERIS FR true color composite acquired on November 1, 2006 at 10:42
UTC.

in Fig. 10 and, thus, to estimate downward momentum fluxes
(see Section IV) due to high wind speed in the mid level layers
of the atmosphere. By tracking the movement of cloud fields,
wind speed can be extracted. The height of the clouds is deter-
mined from the infrared temperature and converted to pressure
using an ECMWF forecast profile. Atmospheric Motion Vectors
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Fig. 10. MSG detected clouds (left: November 1, 2006 at 09:00 UTC, right:
November 1, 2006 at 10:00 UTC) and moving cloud patterns marked with cir-
cles (white: start point, blue: movement after 1 h).

(AMVs) are currently produced operationally with data from the
Meteosat first and second generation satellite series.

The aim here is to investigate moving cloud patterns as ob-
served by the optical data and the radar cross section modulation
in SAR images.

VII. WIND FIELDS AND PRECIPITATION FROM

NUMERICAL MODELS

To estimate precipitation intensity of the clouds, the German
Weather Service COSMO/EU model provides total convective
and stratiform precipitation rates. The present operational setup
is at a meso-â scale using a grid spacing of 7 km [18]. The
meso-â scale is resolving convection patterns like in the case
of Britta.

For validation the LM wind field is used. LM is a nonhydro-
static numerical model used for operational weather prediction.
LM is nested in GME (Global Model Europe) and uses a mois-
ture convection schemefollowing [19]. The turbulence scheme
for the planetary boundary layer is based on prognostic turbu-
lent kinetic energy (TKE) following the approach described in
[20]. For the North Sea area, LM was set up with a resolution
of 7 7 km.

The high-resolution limited area hydrostatic model HIRLAM
is a numerical weather prediction (NWP) model and is used
for validation, too. The convection scheme currently used is
based on the Kain and Fritsch scheme [21], which was orig-
inally designed for mesoscale convection. The present turbu-
lence scheme is based on a prognostic TKE scheme. For the
North Sea area it was set up with a resolution of 11 11 km.

The most important difference of LM and HIRLAM in the
context of this study is the fact that LM is nonhydrostatic
whereas HIRLAM is a hydrostatic model. Furthermore LM
has a higher spatial resolution. Nonhydrostatic models resolve
more convection patterns in the boundary layer. Furthermore
higher variability of the surface wind field at the macroscale is
observed in such models. In Fig. 11, the North Sea wind fields
computed with LM and HIRLAM are shown for 9:00 UTC. It
is evident that LM shows more spatial details. For this reason
we concentrate on LM wind speed in the next sections, but give
as well the HIRLAM results.

Fig. 11. Surface wind speed forecast as computed by the numerical models
HIRLAM (left) and LM (right) for November 1, 2006 at 09:00 UTC.

Fig. 12. Synergetic use of remote sensing data (red—microwave: ENVISAT
ASAR WSM, green—microwave: ERS-2, yellow—optical: MERIS FR true
color composite, background blue: North Sea—model domain, background
land surface: Great Britain).

VIII. SYNERGY OF RADAR AND OPTICAL DATA

The marine atmospheric boundary layer (MABL) has direct
contact to the ocean and is, thus, strongly influenced by it. The
MABL and the ocean exchange large amounts of heat, moisture,
and momentum. Couplets of cellular updrafts and downdrafts
(cells) and couplets of roll-like updrafts and downdrafts (rolls)
in the MABL cause these fluxes. Cells and rolls each have dis-
tinctive signatures on the ocean surface. The signatures are the
result of the alteration of the ocean surface roughness resulting
from wind gusts [22]. Mesoscale wind systems, e.g., downbursts
due to clouds increase the sea surface roughness.

The special weather situation in the morning of November 1,
2006 over the North Sea is well captured both in optical and mi-
crowave data (see Fig. 12). Typical postfrontal scattered cloud
patterns with embedded convective individual clouds with a di-
ameter up to 10 km are observed. For synergetic investigation
a nearest neighbor method for the co-registration of ENVISAT
ASAR WSM and MERIS scenes was implemented.

From satellite images, the spatial and temporal distribution,
as well as intensity, of cells and rolls can be derived. In the
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following, we will show that cloud patterns seen in optical data
are strongly correlated with the sea surface roughness features
observed in the co-located SAR imagery.

The objective of this study is to determine whether the cel-
lular patterns on the SAR images are due to strong wind gusts
or precipitation. Radar backscatter is influenced by rain drops
impinging on the sea surface and is correlated with intensities
of the radar backscatter. In general, rain events are associated
with wind gusts that roughen the sea surface and increase the
image intensity. A reason for image darkening is the rain-in-
duced turbulence by impinging hydrometeors dampening the
Bragg waves on the sea surface.

To investigate the rain effect, we construct a rain discrimi-
nating mask from MERIS and COSMO/EU data and superim-
pose it on the SAR image. For this study, MERIS cloud derived
parameters and ISCCP cloud statistics are used. Precipitating
clouds need both large enough droplets and large enough ver-
tical extension. We can not retrieve droplet size and cloud thick-
ness directly with optical data. It is well known that under sim-
plifying assumptions these parameters are strongly correlated
with effective cloud droplet radius and the optical thickness.
These parameters are, thus, used as substitutes in this study. In
the first step cloud affected MERIS pixels are superimposed on
the respective ENVISAT ASAR WSM pixels. In the second step
we used effective cloud droplet radius and the optical thickness
to retrieve cloud properties. The retrieval is based on a semi-an-
alytical cloud algorithm (SACURA) which is explained in [23].
This technique is only applicable in middle latitudes and gives a
probability of precipitation. The retrieval of precipitation inten-
sity is based on COSMO/EU forecasts. Model results are com-
pared to MERIS cloud covered and precipitating pixels. Com-
bining all this information cloud covered pixels with precipita-
tion probability higher than 45% are detected.

IX. INTERPRETATION OF THE RETRIEVED WIND IELD

In Fig. 8, the SAR retrieved wind field over the North Sea
acquired on November 1, 2006 is shown. The retrieved wind
field fits very well to the surface weather analysis and observa-
tions as shown in Fig. 5 wind speed is increasing from west to
east up to 23 m/s and lower wind speed at the coast of England
down to 10 m/s. Buoy measurements with 14 m/s at 10:00 UTC
(see Fig. 1) agree quite well with SAR retrieved wind speed of
around 16 m/s at 10:42 UTC. Fig. 8 shows distinct features in
the SAR backscatter perpendicular to the main flow. To inves-
tigate these features satellite cloud data are used. This weather
situation is influenced by structures of cloud clusters that are
organized in postfrontal low-pressure systems. Such postfrontal
cloud clusters can develop into convective systems within few
hours and can even cause intense convective precipitation and
gale force winds.

To investigate the SAR retrieved wind field the MERIS Full
Resolution Level 2 product and model data are used. Postfrontal
precipitation bands are detected due to mixing of satellite cloud
data and COSMO/EU total precipitation data (convective and
stratiform). Fig. 13 shows a subscene of ENVISAT ASAR
image (around 120 120 km) and superimposed clouds (red

Fig. 13. Subscene of ENVISAT ASAR WSM image (around 120 � 120 km)
acquired on November 1, 2006 at 10:24 UTC (red contours: clouds� ��� hPa,
yellow contours: raining clouds, greyscale: RCS).

lines) with a rain probability higher than 45% marked with
yellow lines. Precipitation rates are between 0.1 mm/h up to
2 mm/h. The observed variability of NRCS in Fig. 13 cannot
be explained by such low precipitation intensities. Bright areas
show rough sea surface (strong winds) ahead of observed cloud
patterns, which can only be explained by downdrafts due to the
convective cloud wind system.

Different explanations for the high surface wind in front of
the cloud patterns are possible. One possibility is convective
outflow as a result of downward acceleration associated with
negative buoyancy resulting from evaporative cooling of cloud
water [24] or acceleration due to perturbation pressure gradient
forces. These effects could be increased by downward transport
of strong horizontal momentum in a downdraft [25].

To assess the outflow in more detail, a thermodynamic and
kinematic profile is investigated. The sounding that best rep-
resents the environment of the convection is the one from the
Ekofisk 00 UTC given in Fig. 14 (also see Fig. 1). It was lo-
cated amidst the polar air mass in which the convection occurred
(56.52 N, 3.22 W). Based on the precipitation analysis in Fig. 13
and the Ekofisk sounding, the top of the convectively mixed
layer was located near the 700 hPa level at the time of the anal-
ysis. In this case, of well-mixed air masses, the thermodynamic
profile was practically neutral. The convection is forced by ad-
vection over the warm surface and convection was imbedded
in a very strong wind field as revealed by the Ekofisk 00 UTC
sounding data. The northwesterly winds increased from 30 to
36 m/s within the lowest 600 m above the surface, with a fur-
ther increase to 42 m/s in about 2000 m. The major dynamics,
therefore, taking place on the mesoscale. The structure of this
system appears to represent a “shallow” and “miniature” ver-
sion of well organized mid-latitude warm-season linear convec-
tive systems. In these, evaporative cooling due to precipitation
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Fig. 14. Ekofisk radio sounding acquired on November 1, 2006 at 00:00 UTC.

along with downward momentum transfer in the downdrafts re-
sult in strong outflow winds [26].

As the downward air parcel with negative buoyancy descends
toward the surface, it has a horizontal component of the magni-
tude of the upper-level rear inflow wind. This effect generates a
corresponding horizontal momentum in the descending parcel.
The resultant divergent outflow is enhanced by the parcel’s hor-
izontal momentum. It is proposed that these resulted in strong
convective outflow ahead of the small and shallow convective
line.

In the case of sparse radio soundings, an estimate of hori-
zontal momentum can be retrieved using geostationary satellites
as described in Section IV. To estimate downward momentum
fluxes of southward moving clouds the MSG cloud top pressure
product is used [27]. In Fig. 10, the cloud top pressure over the
North Sea area at 9:00 and 10:00 UTC is shown. The forward
speed of cloud patterns can be used to estimate the enhanced
downward wind speed. In Fig. 10, the white circle marks a cloud
pattern observed at 09:00 UTC. The blue circle marks the same
pattern one our later at 10:00 UTC. The cloud system is moving
with the average speed of the environmental air masses with up
to 40 m/s southward. The northwesterly ambient wind field and
the southward moving clouds are producing gusty winds in front
of the observed clouds and lead to an addition increase in ocean
wave height. This is an important factor in constructing wind
turbines.

Figs. 15 and 16 show a cut through a cloud pattern perpen-
dicular to the wind direction with embedded convective clouds
with of a diameter up to 13 km. The main wind direction is from
north to south. This cloud pattern is precipitating. From north to
southan increase inwindspeedof5m/s isobserved.Footprintsof
these cloud-bands with cloud outflows (downward winds) ahead
of convective lines are detected on the radar image of the sea sur-
face (see Fig. 16) due to roughening of the sea surface. The pre-
sented results, e.g., strongconvectiveoutflowaheadofconvective
cloud patterns are not present in either of the numerical atmo-
spheric models and can be used to improve or validate them.

In the following, the SAR and QuikSCAT retrieved wind field
is compared to numerical model data and in situ measurements.

Fig. 15. Cut along the blue line of Fig. 16 showing MERIS ctp and ENVISAT
ASAR wind speed.

Fig. 16. Subscene ENVISAT ASAR WSM (120 km � 120 km) derived wind
field on November 1, 2006 at 10:42 UTC. Blue line: see Fig. 15.

X. COMPARISON OF SAR RETRIEVED WIND FIELD WITH

NUMERICAL MODEL DATA

Fig. 11 shows the wind speed at 10 m as given by LM
(7 7 km) and HIRLAM (11 11 km) over the North Sea
on November 1, 2006 at 09:00 UTC. Following the analysis
given in Fig. 5, the wind direction is roughly parallel to the
isobars. In the upper (north) part of Fig. 11 north easterly wind
is observed. Going south the wind is turning into a northwest-
erly direction. Both models give a maximum wind speed of
around 25 m/s close to the northern coast of the Netherlands
and Germany. The predicted wind fields in terms of maximum
values agree quite well with the DWD analysis as shown in
Fig. 5 (weather map).

The high-resolution numerical model HIRLAM and LM
wind field show large differences between each other as well
in intensity of the wind speed as in the spatial structure. In
addition large differences to satellite validation data both
from scatterometer and SAR exist. In particular the effect of
topography does not seem to be well captured by the models.
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Fig. 17. QuikSCAT surface wind field acquired on November 1, 2006 and su-
perimposed ENVISAT WSM wind field (arrows); see scenes in the following
figures.

Another effect observed in the SAR data is the high variability
of the wind field organized in cellular structures. Differences of
up to 10 m/s can be observed regarding the spatial distribution
of wind speed especially in coastal zones, e.g., in the south of
the Norwegian coast. Fig. 17 (QuikSCAT) give the QuikSCAT
scatterometer derived wind field. The difference between the
models and QuikSCAT in coastal shadowing areas is clearly
visible. South of Norway a shadowing effect with low wind
speed behind the coast is observed. QuikSCAT measurements
show a more structured wind field, too. This can be explained
due to regional gusty winds caused by cloudy patterns. Also, the
low wind band on the south west side of Norway is not present
in the QuikSCAT satellite data. Both numerical atmospheric
models are different in wind speed, spatial distribution, and
coastal behavior and the average wind speed in both high-reso-
lution atmospheric models is below the respective QuikSCAT
observation.

For comparison to remote sensing data the relevant differ-
ence is that LM is a nonhydrostatic and HIRLAM a hydro-
static model with lower resolution. Nonhydrostatic models re-
solve more convection patterns in the boundary layer. Further
higher variability in the surface wind field in the macroscale is
observed.

Fig. 18. Wind field LM model input (background). The ENVISAT ASAR wind
field is superimposed by arrows (colored at the same scale as the model).

In the following, the LM is compared to SAR retrieved wind
speed. In the following two effects of SAR retrieved wind speed
and model wind data are discussed. The color code in the fol-
lowing figures for SAR wind speed arrows is chosen to be the
same as for the model. The background shows the LM model
wind field. The ENVISAT ASAR wind field is superimposed
showing similar spatial variations as the LM wind field (Fig. 18).
However, the model is not resolving the small scale features as
can be seen on the SAR measurement in Fig. 18. The region of
SAR derived strong winds of up to 25 m/s aligned with convec-
tive cloud bands of 20 km by 10 km can be detected. As men-
tioned in Section IV model resolution is too low to detect these
small scale features. As can be observed in Fig. 19, land surface
effects close to the east coast of Scotland are also not well re-
solved in the considered models. The SAR wind field retrieval
shows a coastal wind band of 25 m/s wind speed and above.
Air in contact with the mountains (Highlands of Scotland) is
cooling and falls down causing an increase in wind speed. In
theory, the area of increased wind speed should extend out over
the ocean only for a few kilometres. But the observed wind band
is to long. This has to be investigated further one for high wind
speeds. One possible explanation is an increase and outlook in
ocean wave height, causing in additional radar backscatter.

Mesoscale features of wind speed can be seen in time se-
ries of in situ measurements. Fig. 20 shows the 10 min aver-
aged wind speed time series at 33-m height measured by FiNO1.
This measurement best represents the atmospheric conditions in
the case of Britta between the October 31, 2006 at 00:00 UTC
and the November 2, 2006 at 00:00 UTC. The satellite images
were taken at 10:42 UTC. Peaks show wind speed increased
due to passage of the maximum wind speed area ahead of cloud
bands and afterward decreased. Measured averaged wind speed
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Fig. 19. Wind field LM model input (background) ENVISAT ASAR wind field
is superimposed with arrows.

Fig. 20. Wind speed measurement FiNO1 from October 31, 2006 to November
1, 2006 at 33-m height.

Fig. 21. Spectral density over time of the wind speed time series measured by
FiNO1 between October 31, 2006 to November 1, 2006.

between 5 and 28 m/s agree quit well with measurements by
the ENVISAT ASAR and the QuikSCAT sensor. The spectrum
of the time series in Fig. 21 shows an expected drop of energy
going to shorter time scales. From 0.1 to 1.0 h the spectrum den-
sity shows peaks. An explanation for this is the turbulent wind
field. By simple use of Taylor hypothesis, it can be estimated that
if the entire cloud system observed moves at an advection speed
of 20 to 40 m/s spectral peaks caused by turbulent structures of
the scale of 0.1 to 0.3 h should are equivalent to a spatial pat-
tern of the wind field of 30 to 50 km which is of the right order
of magnitude when compared to the cell size of cloud patterns.

SAR retrieved spatial characteristic of wind field can be used to
increase the confidence level of short term power forecast.

XI. CONCLUSION

We investigated the fine scale structure of a severe weather
case on November 1, 2006 over the North Sea using satellite and
model data. The wind field of Storm Britta from the HIRLAM
or the German Weather Service LM is validated using the EN-
VISAT ASAR and QuikSCAT wind field. LM and HIRLAM
show differences in mesoscale turbulent behavior and coastal
shadowing. Maximum wind speed of up to 25 m/s is measured
by SAR and can be observed in the model results, too. How-
ever, significant differences are observed in the location of the
maxima. Due to the high-resolution ENVISAT ASAR measure-
ments provide very detailed information on small scale atmo-
spheric features, which seem to be not well captured by the ana-
lyzed numerical models in particular in coastal areas. Mesoscale
feature, e.g., downburst due to cloud patterns with a diameter of
up 15 km are not detected by neither LM nor HIRLAM.

The nonhydrostatic model LM provides more spatial details
of the wind field. For the explanation of high backscatter in
front of cloud bands optical cloud products, e.g., cloud optical
thickness and total water path that are products of combined vis-
ible and infrared channels are used. Ahead of clouds the surface
wind speed is observed to increase by 15 m/s.

Wind field derived by scatterometer are used to validate gen-
eral structures on the km scale. Differences to model data are
observed. LM shows too long wind shadowing at the south coast
of Norway, HIRLAM shows a too smooth wind field due to the
assumption of being hydrostatic. Fine scale features, e.g., due to
cloud patterns or cloud cells can be detected by SAR. Coastal
jets of 25 m/s caused by topography effects are detected, too.
Scatterometer and SAR wind fields show more coastal, topo-
graphic, and turbulent structure.

Results give new opportunities for comparing more offshore
wind farm sites and validating the results with in situ measure-
ments and models of nearly the whole North Sea. In this study
we showed how satellite images taken by space-borne radar sen-
sors can be used to determine mesoscale wind fields and, thus,
help in the task of planning offshore wind farms.

The joint use of high-resolution SAR, scatterometer, and op-
tical data allow observation of high-resolution wind fields in-
side offshore wind farms. Small scale wind patterns can be de-
tected and can help to understand the behavior of an offshore
wind farm. Large-scale wind patterns lead to an increase in wave
height. Wave height is an important factor in constructing off-
shore wind turbines and, therefore, to extend the life time

Short-term power forecast is one of the most important
points in managing wind parks. Satellite retrieved high-reso-
lution wind fields can help to increase the confidence level of
used prediction models.
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In this paper, wave refraction and shoaling in coastal areas are 
investigated and used to derive the bathymetry. Due to its high spatial 
resolution, which can achieve up to 1m in Spotlight mode, and its low cut-
off wavelength, images from the TerraSAR-X satellite are particular 
suitable for the observation of wave behavior in transient and shallow 
water. By computing the two dimensional spectra shoaling waves are 
tracked from the open sea up to the shoreline. The observed wave 
refraction and shoaling is compared with wave refraction laws and first 
order wave theory (Airy Theory). The retrieved bathymetry is compared 
against depth data from other sources like ETOPO1, US Coastal Relief 
Model and sea charts from the British Admiralty. Another goal of this 
paper is the investigation of breaking waves showing up as near shore 
image patterns. A theory is presented how to derive the height of breaking 
waves by use of this pattern. SAR images with azimuth as well as range 
traveling waves are investigated. As test sites the entrance of Port Phillip 
near Melbourne (Australia) and the Duck Research Pier in North Carolina 
(USA) are chosen.  
 

1. Introduction 
 
The shallow waters (<100m water depth) in coastal areas are one of the most 
important regions for human activities on the seas. A lot of fishing, offshore 
technology and most of the research activities are carried out in these regions. Each 
ship, whether it is a small sailing boat or a big cargo ship longer than 300m, has to 
pass shallow water areas before it can enter a harbour. For all these operations, 
knowledge of the water depth is one of the most important information for secure 
navigation.  

But also the behavior of waves in coastal areas is very important for navigation, 
as the wave become shorter and higher when entering shallow water, which leads to 
an increasing of wave steepness. For sailors wave steepness is the more dangerous 
factor than absolute wave height. So in severe weather, with waves propagating to the 
coast, calling at a safe harbour can be more dangerous than staying in the open sea, 
depending on local bathymetry.  

Due to their high resolution, daylight and weather independency and global 
coverage, space borne SAR’s are particular suitable for many ocean and coastal 
applications. SAR is a unique sensor to provide scientists with two dimensional 
information of the ocean surface.  

 
                                                 
 



 

In June 2007, a German SAR satellite was launched, TerraSAR-X 
(http://www.dlr.de/TerraSAR-X). Since January 2008, data and products are available 
for researchers and commercial customers. TerraSAR-X operates from a 514km 
height sun-synchronous orbit. The repeat-cycle is 11 days, but the same region can 
imaged with a different incidence angles, after three days. There are three different 
modes with different spatial resolution, ScanSAR, StripMap, Spotlight and High-
Resolution Spotlight. Technical parameters of the different modes are provided in 
table 1. Typical incidence angles range between 20° and 60°. 

 
Table 1. TerraSAR-X imaging modes. 

 ScanSAR StripMap Spotlight 
High-Resolution 

Spotlight 
Swath Width 

(ground range) 
100 km 30 km 10km x 10 km 5km x 10km 

Azimuth Res. 18m 3.3m 2 m 1.7 m 
Range Res. 1.7m – 3.5m 1.7m – 3.5m 1.5m – 3.5m 1.5m – 3.5m 

 
Due to its high resolution, TerraSAR-X is able to image changes of wave 

direction and wavelength in shallow water. Since Seasat was launched in 1978 many 
investigations on the imaging of ocean features by spaceborne SAR’s have been 
performed. In 1984 Alpers and Hennings presented a first theory of imaging processes 
of under water bottom topography by SAR’s (Alpers and Henning, 1984). The basis 
of this theory is the variation of a strong current by bottom topography. If a strong 
current flows perpendicular over a sand bank, the speed of the current is higher over 
the ridge than before or after, due to the law of conservation of mass. If the current 
becomes faster over the ridge, the wavelength of small-scale wave increases. After the 
ridge, when the current speed decreases the wavelength decreases, too. Due ato this 
wave-current interaction, variations of currents affect the small-scale Bragg waves 
which are responsible for the radar backscatter of the ocean. Therefore underwater 
bottom topography becomes visible in SAR images by modulating the image 
brightness, (Romeiser and Alpers 1997). 

Using this model one can only compute the change of the underwater bottom 
topography. To get the complete bathymetry one has to input water depth from other 
sources, for several reference points. This model was used in many projects and is 
described in papers: Alpers and Hennings (1984), Hennings (1990), van der Kooij et 
al. (1995), Romeiser and Alpers (1997), Hesselmans et al. (2000), Huang et al. (2001) 
Hashim and Kadir (2002) and Fan et al. (2008). Although this approach works only 
for a perpendicular current, or the perpendicular component of a current, X. Li, Ch. Li 
and W.G. Pichel showed that sand ridges parallel to tidal currents can also be imaged 
by SAR (Li et al. 2006). 

In this paper another possibility to retrieve bathymetry from SAR images is 
presented. Via an FFT a directional image spectrum is produced, from this spectrum 
the peak wavelength and direction are extracted. The linear dispersion-relation is used 
to directly calculate water depth by the measured ocean wavelength. This method has 
been used as well for data from the marine radar (WAMOS) (Hessner et al. 1999) and 
optical data (Piotrowski and Dugan 2002). To calculate water depth with the 
dispersion relation one has to also know the wave frequency. As WAMOS data 
consist of a time series, the wave frequency can be found by computing the temporal 
FFT. In the case of static SAR data wave frequency must be obtained from other 
sources or by calculating it with a first guess for the water depth. For all studies 
presented in this paper the latter way is used. The retrieved water depth is compared 



 

against water depth from other sources, e.g. British Admiralty nautical chart and the 
US Coastal Relief Model.  

The second goal of this paper is the investigation of image patterns, produced by 
breaking waves. Wave speed decreases and wave height increases as the wave enters 
shallower water. As the wave height increases the orbital velocities also increases, as 
long as the wave can support its own crest. If the horizontal orbital velocity becomes 
faster than the wave travel velocity the wave begins to break. The high velocities of 
scatter in the moment of wave breaking cannot be tracked by the SAR, which leads to 
a smearing and displacement in the SAR image (Oliver and Quegan 1998, Jackson et 
al. 2005). By measuring the length of the breaking streaks in the SAR image we 
estimate the wave height at its breaking point. 

In the present study, ocean gravity waves on TerraSAR-X Spotlight images with 
coverage of 10km by 10km are investigated. Three test sites with azimuth and range 
traveling waves were chosen: the entrance of Port Phillip near Melbourne in Australia 
and the Duck Research Pier in North Carolina in the United States. In table 2 an 
overview of all TerraSAR-X images used is presented.  

 
Table 2. TerraSAR-X data used for this investigation. 

 Date Time (UTC) Location 
TSX1_SAR__MGD_SE___
SL_S_SRA_20080317T194

534_20080317T194536 
2008-03-17 19:45:36 

Port Phillip 
(Australia) 

TSX1_SAR__MGD_SE___
SL_S_SRA_20080320T225

013_20080320T225014 
2008-03-20 22:50:14 

Duck Research Pier 
(USA) 

 
In figure 1 a TerraSAR-X image, acquired in Spotlight mode on March 17, 2008 

over Port Phillip is shown on a Google Earth map. The ocean waves are clearly 
visible in the image. Coming from the Southwest the long ocean swell is refracted by 
the changing bottom topography until the wave crests have become parallel to the 
shoreline. Wave diffraction can be observed in and after the entrance to Port Phillip. 
Wave convergence due to underwater ridges can be seen in the lower right part of the 
radar image. Even changing of the wavelength due to energy dissipation by bottom 
effects is clearly visible. Near to the coast line smearing occurs due to motion effects 
of the breaking waves.  

The paper is organized as follows: in section 2 the imaging of ocean waves is 
explained briefly. In section 3 the auxiliary datasets used in this paper are presented. 
The theory of wave refraction and shoaling as well as a short comparison of theory 
against measurement is summarized in section 4. The retrieving of ocean wave 
parameters and the algorithm to track wave in SAR images is briefly described in 
section 5. In section 6 the retrieved bottom topography is given for all two test sites. 
The retrieved bathymetry will be compared against depth data from other data sets, 
described in section 3. Section 7 deals with the investigation of breaking patterns in 
SAR images. Conclusions and discussion are given in the last section.  

Over a water surface, the backscatter depends on surface roughness due to short 
surface waves, which wavelength is similar to that of the radar signal. These small 
capillary waves are called Bragg-waves if they satisfy the following Bragg condition 
(Hasselmann et al. 1985): 

irB θλλ sin2/= ,    (1) 

 



 

 
Figure 1. TerraSAR-X Spotlight acquired on March 17, 2008 over the entrance of 
Port Phillip (background image © Google Earth). 

 
where λB is Bragg-water-wavelength, λr is the radar wavelength and θi is the local 
incidence angle. If capillary waves satisfy the Bragg condition, constructive 
interference in the direction of the sensor occurs. This Bragg scattering is the 
dominant backscatter mechanism for incidence angles between 20° and 60° (Lehner et 
al. 1998, Horstmann et al. 1998). Due to uniformly distribution of the small-scale 
waves the Bragg condition is nearly always satisfied (Jackson et al. 2005).  

The short Bragg waves are modulated by the long ocean gravity waves. 
Therefore a two-scale model (Hasselmann et al. 1985) is used to describe the imaging 
process of long ocean waves by SAR. The two-scale model consists of two 
modulation mechanisms, tilt modulation and hydrodynamic modulation. Tilt 
modulation means that the slope of gravity waves changes the local incidence angle θi 
and therefore the Bragg wavelength and the intensity of backscatter. Hydrodynamic 
modulation is caused by the orbital movement of water particles within the gravity 
wave. This leads to a convergence of capillary wave on the crests and a divergence of 
capillary waves in the troughs of ocean gravity waves. Therefore the crests of long 
waves appear brighter in the SAR image (Jackson et al. 2005). 

Wave crests are propagating objects, they move during the image acquisition. 
This movement will cause some image artifacts. This effect is particularly strong for 
waves that travel in the direction of azimuth. This culminates in the fact, that azimuth 
traveling waves which are shorter than a certain threshold is not imaged by the SAR. 
This threshold is the so called SAR azimuth cut-off wavelength. Between several 
approaches to estimate the cut-off wavelength, there is a relative simple empirical 
relationship for the observed cut-off wavelength is given by (Beal et al. 1983):  

S
SAR

o H
V

R
=Λmin .    (2) 



 

In this formula Ro is the slant range, VSAR is the platform velocity, HS is the 
significant wave height and Λmin is the azimuth cut-off wavelength. The SAR azimuth 
cut-off wavelength depends on orbit parameter of the satellite as well as on the sea 
state at acquisition time. Due to its low orbit compared to ERS1/2 and ENVISAT, 
TerraSAR-X should have a quite short azimuth cut-off wavelength of around 100m 
according to theory for a sea state of 2.0m significant wave height. TerraSAR-X is 
therefore able to detect short shoaling waves which propagate in azimuth direction. 
The shortest near shore waves observed in figure 1 have a wavelength of 70m.  

 
3. Description of auxiliary data 
 
In this paper three different data sets of depth information are used. For the Port 
Phillip case an official nautical chart from British Admiralty is used, number of the 
sea chart is BA AUS 144. In the case study of Duck Pier the high resolution US 
Coastal Relief Model is used. It provides depth information of the US coastal zone 
with a 3-arc-second resolution (http://www.ngdc.noaa.gov/mgg/coastal/coastal.html). 
For comparison of wavelength derived from 2D-spectra, the Global Sea wave Model 
GSM of the German Weather Service (DWD) is used. GSM is based on a spatial 
resolution of 0.75° by 0.75° and produces forecast at 3 hour steps.  
 
4. Wave shoaling and refraction 
 
The refraction of long swell at water depth smaller than 50m is caused by influence of 
the underwater topography in coastal areas. We apply the linear wave theory to 
describe wave behavior in intermediate and shallow water. Ocean surface waves 
begin to feel bottom if the water depths becomes lower than about half of the 
wavelength. If long ocean swell is propagating into shallow water it will be 
decelerated. This causes the wavelength to shorten. The wave height increases due to 
conservation of energy. These two facts increase the wave steepness. Deceleration 
together with the increasing wave height and steepness is called wave shoaling.  

If wave crests are not aligned with contour lines of bottom topography, under a 
certain angle between wave direction and contour line, wave refraction occurs. The 
part of a wave which is closer to the beach, e.g. travels in shallower water is 
decelerated stronger than the part of the wave further outside. Parts of the wave in 
shallower water are overtaken by those in deeper water. This results in a changing of 
wave travel direction and takes place until the wave crests have become parallel to the 
shoreline or the wave breaks. This effect is the same as in geometrical optics, when an 
electromagnetic wave propagates from one medium into another with a different 
speed of light. Therefore Snell’s law for optics is used for a mathematical description 
of wave refraction in intermediate and shallow water (Kinsman 1984, Mei 2005):  
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where φ1 and φ2 are angles between wave propagation direction and local bottom 
topography contour for locations 1 and 2 (means changing of wave propagation 
direction) and λ1 and λ2  are the wavelength for these correspondingly. As water waves 
are not pure transversal waves the path of a water particle within a wave describes an 
orbit. To first order the orbits of a water particle are closed curves. The celerity and 
direction of a water particle depends on wave height, water depth as well as on the 
local wave phase. If the speed of wave propagation in shallow water becomes lower 
than the speed of water particles on the wave crest, wave breaking occurs.  



 

The wave height H while shoaling can by calculated by the following formula 
from (Kinsman 1984),  

RSd KDHH = .     (4) 

Here Hd is the deep water wave height, DS is called shoaling coefficient and KR is the 
refraction coefficient. 
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where αd and α are angles between wave crest and coastal line before and after 
refraction respectively, k=2π/λ is the wave number, d is the water depth. Wave 
breaking occurs if the steepness of a wave overtakes a certain threshold, e.g. if the 
following relation is satisfied 
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This corresponds to a wave crest angle of 120° (Stewart 2008). The formulas 
discussed in this section are used for a wave simulation discussed in the following.  

 
5. Tracking of shoaling waves on SAR and computation of underwater bottom 
topography 
 
By computing the Fast Fourier Transformation (FFT) for a sub-image a 2 dimensional 
image spectrum is retrieved. The peak in the 2D spectrum marks mean wavelength 
and mean wave direction of all waves visible in the sub-image. Values for wavelength 
and angle of propagation can be retrieved by the following formulas:  
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where L is the peak wavelength and φ is the peak wave direction with respect to the 
image. kx and ky are the peak coordinates in the frequency space. The retrieved wave 
directions have an ambiguity of 180° due to the static nature of a SAR image. 
Normally this ambiguity problem must be solved with information about wave 
direction from the cross spectrum or other sources. In coastal areas where wave 
shoaling and refraction appears the ambiguity problem can be solved by looking into 
the picture.  

Starting in open sea the box for the FFT is moved in wave direction by one 
wavelength and a new FFT is computed. This procedure is repeated until the corner 
points of FFT-Box reaches shoreline. This way a wave can be tracked from open sea 
to shoreline and changing of wavelength and direction can be measured. Figure 2 
shows tracked rays compared against simulated wave rays. The simulated wave is 
computed by using linear wave theory for a depth field retrieved from the sea chart 
for the entrance of Port Phillip. The measured wave rays are tracked on a SAR image 
acquired on March 17th, 2008 at 19:45UTC over the entrance of Port Phillip. The 
wave rays agree quite well with each other in this case, this indicating that the first 
order Airy Theory is a good approximation to describe wave refraction.  

 



 

 
Figure 2. Simulated wave rays (black) compared to SAR measured wave rays (blue). 

 
To retrieve water depth from SAR images, the linear dispersion relation for 

ocean gravity waves is used. Solved with respect to water depth d the dispersion 
relation reads:  
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where g is the acceleration of gravity, ω=2πf is the angular wave frequency: here the 
obtained water depth also is a function of wave frequency f=1/T. As a SAR image has 
no temporal information on the sea state, wave frequency can be retrieved from other 
sources, as by buoy or the weather services.  

In this paper another method is used: The first measured wavelength of a wave 
ray together with a first guess for water depth from a topography dataset is used to 
calculate wave frequency. In figure 3 the dependence of the retrieved water depth on 
wavelength for different first guesses for water depth d0 is shown. First the wave 
period is obtained from different d0 (30; 32; 34; 36; 38; 40m) using eq.10, and later it 
is applied to obtain the bottom topography for different wave length. E.g. the typical 
swell wavelength about 160m (red vertical bar on the figure 3) present the difference 
of obtained water depth d about 2.8m, if spread of 10m of first guess depth d0  is used 
(obtained depth d=11m for d0=30m and d=13,8m for d0=40m). After computation of 
water depth for every estimated wavelength, all retrieved depth data are interpolated 
in order to get a map of the bathymetry.  

In this section the results for retrieved underwater bottom topography for the 
two test sites will be presented. First the calibrated image acquired on March 20, 2008 
at 22:50 UTC over Duck Research Pier in North Carolina in the United States is 
analyzed. The SAR image, the sigma naught grayscale-bar for calibration as well as 
2D-spectra are shown in figure 4. As visible in the image, ocean swell is traveling in 
range direction towards the shore. From the image spectra an averaged peak 
wavelength of around 163m is derived. A wavelength of 140m swell was forecasted 
by the German Weather Service (DWD) for 21 UTC. A wind of 7.5m/s was blowing 
offshore. Due to the short fetch in the scene, wavelength of windsea is too short to be 
imaged by SAR. A wind sea of 30m in the open sea was forecasted by the model. The 
DWD-model data for significant wave height and wave direction of swell and wind 
sea are shown in figure 5a and 5b respectively. Position of Duck Research Pier is 
marked by red circle in both figures.  

There is a deviation of around 20m between the measured wavelength and the 
forecasted by the DWD, which is probably due to lower temporal and spatial 
resolution of the wave model. Anyway the GSM model is still useful for FFT 
boundary conditions. 



 

 

 
Figure 3. Dependence of retrieved water depth for different first guesses of water 
depth d0 at the start point of a wave ray. 

 
6. Case studies 
 
The SAR image together with color-coded wave rays is shown in figure 6. The arrow 
direction corresponds to wave travel direction. The arrow length as well as the color 
coding corresponds to wavelength. As apparent in the image, wavelength is 
decreasing as the wave is propagating to the coast, represented by blue arrows near 
the shore line. Linear dispersion relation, discussed in section 4 and 5, is used to 
calculate water depth for each measured wavelength. In this case study 397 depth data 
were used to interpolate a depth field. The retrieved bathymetry together with 
contours from US Coastal Relief Model, are shown in figure 7. Inferred bathymetry 
from SAR data is in good agreement with the US Coastal Relief Model. Local 
variations in depth are reproduced well.  

In the next case study, waves traveling in azimuth direction are investigated. 
The calibrated TerraSAR-X Spotlight image was acquired over the entrance of Port 
Phillip on March 17th, 2008 at 19:45 UTC. Here long ocean swell from the south 
Pacific is traveling in azimuth direction. In figure 8 the SAR image together with 2D 
image spectra are shown. From three spectra in the lower part of the image an average 
wavelength of 158m is found. Swell coming from the South West with a wavelength 
of 175m was forecasted by the German Weather Service for 18 UTC. Again there is a 
deviation of around 20m, in this case wavelength was overestimated by the model. 
This is probably because wave shoaling is not sufficiently taken into account due to 
low spatial resolution near coastal zones. But DWD model gives, however, an 
offshore first guess for wavelength and wave frequencies.  

The DWD model forecasts for ocean swell and windsea are shown in figure 9a 
and 9b respectively. A short windsea of 20m wavelength was produced by an offshore 
blowing wind of 6.5m/s (buoy measurement, location see figure 13).  

Figure 10 presents tracked wave rays for the acquisition shown on figure 8.  The 
wavelengths are marked with color coded arrows. 38 wave rays are tracked. Every 
arrow in the track means one FFT box, the distance between two boxes means 
wavelength. The observed wavelength at track start points is between 100 and 180m, 
mean value is about 130m. The changing of the wavelength due to bottom influence is 
clearly visible,e.g. wave shoaling effects near to the beach (blue arrows give shorter 
wavelength of about 100m). Also wave refraction is clearly imaged by SAR. In the 
lower left part of the image, incoming ocean swell is refracted by bottom topography 
until the rays are perpendicular to the shoreline. In the lower right part, wave 
convergence due to an underwater shoal occurs clearly as the wave rays converge to 
one point.  
 



 

 
Figure 4. TerraSAR-X Spotlight acquired over Duck Research Pier, NC, USA on 
Mar. 20th, 2008 at 22:50 UTC. Three subscenes marked as A, B and C are used for 
spectral analysis.  
 
 

 
Figure 5. DWD forecast of swell (a) and of windsea (b) for March 20th, 2008 at 21:00 
UTC. The Location of Duck Research Pier is shown by red point. 
 

As seen in figure 11 SAR retrieved bottom topography fits well to depth 
information from an official nautical chart. The scatter plot is given on the sub-image 
on figure 11. This comparison is presented to shown the general agreement of SAR 
obtained depths dSAR against the map dMAP (entries=1880, deviation (dSAR-
dMAP)<5m for 72,2% of entries, and <7m  for 89,2% of entries). The SAR 
information is more detailed spatially and includes more local depth variability then 
the nautical map from 1994, therefore the statistical analysis cannot be directly used 
to compare these different information sets. The bathymetry behavior close to the 
shore is well captured. 

 



 

 
Figure 6. TerraSAR-X spotlight acquired on March 20th, 2008 at 22:50 UTC. 
Tracked wave rays represented by color-coded arrows. 

 

 
Figure 7. SAR retrieved bathymetry compared against 3" US Coastal Relief Model. 

 



 

 
Figure 8. TerraSAR-X Spotlight acquired over the entrance of Port Phillip in 
Australia on Mar. 17th, 2008 at 19:45 UTC. Three subscenes marked as A, B and C 
are used for spectral analysis. 

 

 
Figure 9. DWD forecast of swell  (a) and of windsea (b) for March 17th, 2008 at 
18:00 UTC. The Location of  Port Phillip is shown by red point. 
 

 
The area of shallow water on the east side of the entrance is reproduced well. 

Position and behavior of the water zone of more than 30m depth are also derived from 
SAR data, as well as a shoal of 20m and lower between these two 30m isolines. Even 
the position of a zone of 50m and more water depth in the center of the port entrance 
is reproduced by the retrieval method described in section 5. Bathymetry as retrieved 
from the TerraSAR-X Spotlight image shows in this case study a more detailed 
structure than the official nautical chart from the British Admiralty, which is maybe 
due to a high smoothing of contours in the nautical chart.  

 



 

 
Figure 10. TerraSAR-X Spotlight image acquired over entrance of Port Phillip on 
Mar. 17th, 2008 at 19:45 UTC. Tracked waves rays are represent by color coded 
arrows. 

 

 
Figure 11. SAR retrieved underwater bottom topography compared against depth 
isolines from nautical chart. 

 



 

7. Analysis of image patterns produced by breaking waves 
 

As a wave is shoaling, wave height increases, which leads to an increasing of the 
orbital velocity of water particles within the wave. If the velocities of water particles 
become too high, they cannot be tracked by SAR any longer and smearing in the SAR 
images occurs. The smearing is caused by scatterers with different velocities. Each 
scatterer is displaced by a certain distance in azimuth direction which can be 
estimated by the following formula: 
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In this formula U is the speed of object towards the sensor, VSAR=7km/s is the 
platform velocity, R0=514km is the slant range and D is the displacement visible on 
the image. The highest displacement is thus produced by the fastest scatterer. As wave 
height has its maximum at the breaking point, smearing is visible around the breaking 
point of a wave in the SAR image. A water particle within a wave reaches its 
maximum speed at a wave crest. At time of wave breaking, the horizontal orbital 
speed at wave crest becomes larger than the phase speed of the wave. The wave is 
overtaken by its own wave crest and the wave breaks. The maximal horizontal orbital 
velocity ux

orb based on the linear theory is (e.g., Svendsen and Jonsson 1982): 
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π
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where z means the vertical coordinate (z=0 at the surface, positive direction is 
upwards), T is the wave period. At wave crest the vertical coordinate z=z0=0.5H. By 
measuring the length of smearing D the maximum velocity of scatterers U can be 
derived. Assuming latter is produced by water particles breaking away from the wave 
crest and their speed is the maximal orbital wave velocity ux

orb=U, the corresponding 
height of breaking waves Hbr can be estimated using eq.12.  
 

 
Figure 12. Output of breaking streaks detection algorithm for TerraSAR-X Spotlight 
image acquired on March 17th, 2008 over entrance of Port Phillip. 



 

 
In figure 12 detected breaking patterns in TerraSAR-X Spotlight image acquired 

on March 17th, 2008 over the entrance of Port Phillip are shown. In subimage A an 
area westwards and in subimage B, an area eastwards of the Port-Phillip entrance are 
shown. The mean length of smearing is 60m in A and 180m in B. From the measured 
length of breaking patterns in subimage A and B of figure 12 the height of breaking 
waves is calculated to be 2.19m and 2.72m, respectively.  

Figure 13 presents the position and measurements from the buoy, located near 
the entrance of the bight (38°21.6’S and 144°41.6’E) which is controlled by the Port 
of Melbourne Corporation.  The time series shows the maximal wave height on March 
17. 2008 and the TSX acquisition time (17.03.2008 17:45 UTC) is presented by the 
red vertical bar. The measured maximum wave height is 2.5m at the time of SAR 
image acquisition. The comparison of Hbr derived from SAR Hbr

SAR= 2.72m against 
buoy measurements shows good agreement with a difference about 20cm.  

Wave height and wave frequency from buoy data and wavelength from SAR 
data are used to simulate wave shoaling behavior and breaking point for both cases. 
From this simulation we get for the height of breaking waves 3.01m and 3.07m for 
case A and B respectively (the results are presented in the Table 3). In cases A and B 
we get a difference of 0.82 and 0.35m between simulated breaking wave height and 
height derived from breaking pattern respectively, which is a good agreement for this 
comparison.  

 

 
Figure 13. Maximum wave height measured by wave buoy on March 17th, 2008. 

 
Table 3. Derivation of height of the breaking wave. 

sub-
image 

mean length 
of smearing 

D, m 

derived 
velocity 
U, m/s 

mean 
wavelength, 

m 

mean 
water 

depth d, m

breaking wave height 
Hbr SAR/simulated 

(difference), m 
A 80 1,09 60 8 2.19 / 3.01  (0.82) 
B 190 2,59 180 10 2.72 / 3.07  (0.35) 

 
 



 

8. Conclusions 
 
In this paper calibrated SAR Spotlight images from the German TerraSAR-X Satellite 
are investigated. First it is presented that TerraSAR-X is capable to detect wave 
refraction and wave shoaling due to its high spatial resolution. A method to track 
shoaling waves on their way from the open ocean to the beach is demonstrated. By 
tracking the wave, the changing of their wavelength can be measured. The linear 
dispersion relation for ocean surface gravity waves is used to derive water depth from 
the measured wavelength.  

Two calibrated SAR Spotlight images, acquired over two different test sites with 
different sea states are chosen for investigations. One was acquired on March 17th, 
2008 over the entrance of Port Phillip in Australia and the other one on March 20th, 
2008 over the Duck Research Pier in North Carolina in the United States.  

In the case of Port Phillip, waves traveling in azimuth direction were 
investigated. In the other scene of Duck Research Pier, waves traveling in range 
direction were investigated. It has been found, that azimuth traveling waves down to 
70m and around 2m sea state can still be captured by the TerraSAR-X satellite. 

A new theory was presented to derive the height of breaking waves from image 
patterns, produced by breaking waves. The retrieved wave height is compared to wave 
height calculated with wave shoaling theories and shows a good agreement.  
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Abstract—Ship detection is an important application of global
monitoring of environment and security. In order to overcome
the limitations by other systems, surveillance with satellite syn-
thetic aperture radar (SAR) is used because of its possibility
to provide ship detection at high resolution over wide swaths
and in all weather conditions. A new X-band radar onboard the
TerraSAR-X (TS-X) satellite gives access to spatial resolution as
fine as 1 m. In this paper, first results on the combined use of
TS-X ship detection, automatic identification system (AIS), and
satellite AIS (SatAIS) is presented. The AIS system is an effective
terrestrial method for tracking vessels in real time typically up
to 40 km off the coast. SatAIS, as a space-based system, allows
almost global coverage for monitoring of ships since not all ships
operate their AIS and smaller ships are not equipped with AIS.
The system is considered to be of cooperative nature. In this
paper, the quality of TS-X images with respect to ship detection
is evaluated, and a first assessment of its performance for ship
detection is given. The velocity of a moving ship is estimated using
complex TS-X data. As test cases, images were acquired over
the North Sea, Baltic Sea, Atlantic Ocean, and Pacific Ocean in
Stripmap mode with a resolution of 3 m at a coverage of 30 km ×
100 km. Simultaneous information on ship positions was available
from TS-X and terrestrial as well as SatAIS. First results on the
simultaneous superposition of SatAIS and high-resolution radar
images are presented.

Index Terms—Radar detection, sea state, ship detection,
synthetic aperture radar, wind.

I. INTRODUCTION

DURING the past years, request for maritime surveillance
with new high-resolution sensors has increased, partic-

ularly in the field of maritime security and maritime safety.
Coastal-based surveillance systems are widely used but are
limited in their coverage, e.g., coastal automatic identification
system (AIS) only covers up to 40 km off the coast and requires
ships that have AIS onboard and that operate it correctly. Satel-
lite imagery gives the possibility to overcome these limits. The
possibility to provide ship surveillance over wide regions and
all weather conditions makes synthetic aperture radar (SAR) a
very well suited instrument for this purpose. Different satellite
images at a variety of modes are available and can be selected
depending on the extent of the area in order to monitor the size
of targets of interest. This has been highlighted by campaigns to
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detect vessels using satellite SAR imagery from RADARSAT-1
and ENVISAT-ASAR [1], [2]. Distances from the coast modes
with a coverage of 300–400 km (50+ m resolution) are often
used. In coastal and shelf areas, where smaller vessels are of
interest, ENVISAT and ERS image modes with 100-km swath
width and 25-m resolution are frequently used. This paper aims
to assess their performances for ship detection using images
from the new TerraSAR-X (TS-X) satellite in comparison with
other data.

Several TS-X Stripmap images over an area where ship
traffic is (partly) known by AIS are collected. Areas of interest
were the North Sea, Baltic Sea, and Cape Town. Terrestrial AIS
[3] is available for the North Sea, Baltic Sea, and the coast near
Cape Town. Due to technical problems, SatAIS is currently not
available for the North and Baltic Seas. A case study of a TS-X
image from Cape Town with synergistic use of TS-X and
SatAIS is presented.

This paper is organized as follows. Section II gives an
overview about Earth observation (EO) and vessel tracking
data. Sections III and IV address the strategy of ship de-
tection and some limitations. Advanced processing for false-
alarm discrimination is discussed. This specific processing
takes advantage of the large amount of information that can be
retrieved from SAR data. Some false alarms may be discarded
by detecting SAR azimuth or range ambiguities. We present
some results of our near-real-time (NRT) ship-detection pro-
cessing. In Section V, examples are presented. In Section VI,
the velocity estimation of moving ships is explained.

II. SatAIS AND TERRESTRIAL AIS USED

TOGETHER WITH TS-X

AIS systems were designed primarily for maritime safety and
particularly for collision avoidance. Satellite AIS (SatAIS) is
considered as an add-on to the coastal stations, thus extending
the vessel-monitoring capability for safety and security aspects
to a global scale [4], [5].

In this chapter, TS-X, Live-AIS, and SatAIS data are in-
troduced. An example of ship surveillance using TS-X is
presented.

A. TS-X

TS-X is an X-band polarimetric SAR capable of imaging
up to 1-m resolution in Spotlight mode. TS-X can be used for
a wide variety of applications including visual interpretation,
mapping, digital-elevation-model creation, disaster monitoring,
and oceanography. Table I gives an overview of the TS-X sys-
tem parameters. TS-X Stripmap mode is used for this study as

0196-2892/$26.00 © 2010 IEEE
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TABLE I
OVERVIEW OF TS-X MODES (PINK: EXPERIMENTAL MODES)

Fig. 1. AIS Fairplay web screenshot and superimposed TS-X Stripmap image acquired on January 19, 2009 at 17:26 UTC. [(Green arrows) Vessel sailing at
0.5 knots or faster. (Yellow arrows) Vessel stopped or sailing at less than 0.5 knots. (http://www.ais-live.com)].

it shows reasonable coverage of 30 km at a still high resolution
of 3 m.

B. Terrestrial AIS

AIS is a shipborne broadcast system by which ships in-
form each other about their position, course, speed, name, and
many other parameters of the specific ship. This is used in
navigation primarily for maritime safety and particularly for
collision avoidance. AIS messages from ships are collected by
coastal receivers. The range of coastal AIS receivers is typically
40 km offshore, but can be considerably longer if the receiver
is installed on an elevated position and also during particular
atmospheric conditions, which are favorable to very high fre-
quency propagation [5]. For this study, we used a terrestrial

AIS Live IHS Fairplay account to acquire AIS reports of ships
in real time. Fig. 1 shows an example of the AIS web page
with superimposed TS-X images of the Dutch coast acquired
on January 19, 2009 at 17:26 UTC.

C. SatAIS

Several institutions and companies have demonstrated that
AIS signals can be effectively received using spaceborne sys-
tems. This fact makes SatAIS a powerful data source to provide
global situational awareness of ship positions, vessel and fleet
movements, and maritime traffic density mapping. The ship
AIS signal detection is possible in the entire radio visibility
range of a satellite equipped with an AIS payload. For a payload
in low Earth orbit at an altitude of 650 km, the distance from
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Fig. 2. (Green) SatAIS reports of the German research vessel Polarstern superimposed on the (red) vessel track as reported by the German Research Center
Alfred Wegner Institute at its journey (2008/2009) ANT-XXV-3-4.

message source to receiver varies between 2800 km (very
low elevation angle) and 650 km (the space-based receiver is
directly over the ship in zenith). This means that the average
field of view of the payload is well above 20 million square
kilometers.

The advantages of SatAIS are clearly the following:

1) the possibility of complete global coverage;
2) vessel tracking from berth to berth;
3) availability in areas without land-based means of vessel

detection.

Global coverage and the ability to track vessels from berth
to berth are the main advantages that distinguish SatAIS from
other maritime intelligence data sources. Moreover, SatAIS
features the availability of all information contained in the
actual AIS messages as transmitted by ships, providing a com-
plete and extensive information source on all the parameters
with respect to individual ships. This enables a convenient and
effective way of analyzing maritime traffic around the globe and
in certain areas of interest.

The data received by SatAIS have demonstrated the ap-
plicability of AIS data in maritime surveillance scenarios,
underlining the advantages as previously listed. Fig. 2 shows
SatAIS reports for the research vessel “Polarstern” on its jour-
ney ANT-XXV-3-4 [6].

In the next couple of years, it is planned to launch a number
of SatAIS payloads using this experience as a basis in order to
enhance the reception of AIS messages with respect to payloads
currently in orbit and to increase the AIS message quality. The
launch of future payloads will also dramatically enhance the

refresh rate of available AIS data from a certain region and
will improve the guaranteed percentage of detected vessels. An
increase in the number of detected vessels per area will lead
to an increase in the number of scenarios in which SatAIS is
applicable, such as harbour traffic planning, search and rescue,
global vessel tracking, antipiracy operations, and detection of
illegal transports, combined with other sources such as SAR
imagery.

In 2010, a SatAIS system will be launched by the German
Aerospace Center (DLR) using a directional antenna and im-
proved filtering system for coincident ship messages [7]. This
will overcome problems of receiving messages over traffic
crowded areas like the North Sea and Baltic Sea.

D. Ship Monitoring With TS-X

The hijacking of the supertanker MV Sirius Star by Somali
pirates initiated a case study to test the response time of the
TS-X data acquisition as well as the rapid tasking performance
of the ground segment DLR-BN (Ground Station Neustrelitz,
Germany) for monitoring the situation. The supertanker was
hijacked close to Somalia (Africa) on November 18, 2008 and
was released on January 9, 2009. With the detected ship posi-
tions derived from large-area ScanSAR and Stripmap search ac-
quisitions, follow-up data takes in high resolution but at smaller
coverage, modes Spotlight and High-Resolution Spotlight were
planned. The standard TS-X EOWEB (http://eoweb.dlr.de:
8080/servlets/template/welcome/entryPage.vm) order interface
and the nominal product processing and delivery chain (two
days) were used for this purpose. The order rights, however,
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TABLE II
DATA TAKES ACQUIRED TO MONITOR THE SIRIUS STAR. A OR D INDICATES ASCENDING AND DESCENDING ORBITS, RESPECTIVELY,

R OR L GIVES THE RIGHT- OR LEFT-LOOKING ATTITUDE MODE, RESPECTIVELY,
AND I STANDS FOR THE CENTER INCIDENCE ANGLE

Fig. 3. Optical image and color composite of three TS-X ScanSAR acquisitions [(red) 2008-11-27T15:04, (green) 2008-11-22T03:02, and (blue) 2008-11-
22T14:56] showing the position of the Sirius Star off Somali coast and its displacement. During the two acquisitions of November 22, the ship was anchoring at
the exact same position (yielding a cyan color). The blowups are from three of the 16 single acquisitions, with the footprints indicated on the map plot. The AIS
coordinates retrieved later on are indicated by white crosses (source: LuxSpace).

were extended to access the out-of-full-performance-range
beams and left-looking data.

The first two ScanSAR products from November 22, 2008
did not only yield a clear detection at 4◦35′35′′ N, 48◦06′14′′ E
but provided already enough details for an identification. The
subsequent High Resolution Spotlight (HS) data take on the
24th were placed at this location but showed no sign of the ship
since it had moved in the meantime. This initiated a new search
acquisition, revealing on November 27 the new anchoring site at

4◦48′59′′ N, 48◦15′52′′ E approximately 30 km northeast of the
old position. Several high-resolution data takes were acquired
from this area in the following weeks, and the ship was found
to remain within 1000 m of this position until it was released
on January 9, 2009. The test case proved that the TS-X system
is suited to task and execute acquisitions based on the analysis
of preceding products within two to three days even close to the
equator using the nominal ordering, processing, and delivery
chains.
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TABLE III
PARAMETERS OF ALL ACQUISITIONS

Due to applicable German laws, the highest resolution data
including the 1.1-m HS 300-MHz products are not approved
for publication and, hence, are available only in radiometrically
enhanced product variants with a resolution coarser than 2.5 m.
Table II lists the acquisitions, and Fig. 3 shows an overview
and examples of the data quality (with reduced resolution).
Well visible are the bridge, the pipelines in the middle, and
the two helicopter decks near the bow. On the image, SatAIS
reports are superimposed by red crosses. The positions agree
perfectly in the spatial domain with the TS-X positions. Tempo-
ral agreement of the information depends on the satellite orbits.
Terrestrial AIS is not available in this region. A synergetic use
of SatAIS and SAR data allows one to assess the maritime
situation around hijacked ships.

III. OVERVIEW OF SHIP-DETECTION

STRATEGY ON SAR IMAGES

Ship-detection systems generally consist of five stages for
standard NRT ship detection in the ground segment Neustrelitz
(Germany, DLR):

1) preprocessing;
2) land masking;
3) prescreening;
4) discrimination;
5) feature extraction.

A. Preprocessing

TS-X Level 1b (L1b) products are calibrated by using the
annotated files inside the TS-X product. Geolocation is done by
an interpolation using the annotated coordinates, the geoloca-
tion grid, and the mapping grid of the product. The expected
pixel location accuracy is around 2 m [8]. In Table III, the
details of TS-X acquisitions are reported.

B. Land Masking

Land masking uses a shoreline database [9] with an eligible
buffer zone included to limit the processing of ship detection
to sea area. It is important because ship detectors can produce
high numbers of false alarms when applied to land areas. Ac-
curate land masking is generally difficult due to inaccuracy of
recorded coastline, tidal variations, and coastal constructions.
Fig. 4 shows an example of a land-masked image (land color:

Fig. 4. Land-masked TS-X image (land color is cyan) acquired over the Baltic
Sea–Gdansk on August 5, 2008 at 16:26 UTC.

cyan) acquired over the Baltic Sea–Gdansk on August 5, 2008
at 16:26 UTC.

C. Prescreening

Preprocessing applies a simple moving-window adaptive
threshold algorithm to detect bright points. A classical constant-
false-alarm-rate (CFAR) algorithm is chosen due to its robust-
ness. Further details are given in Section IV.

D. Discrimination

Discrimination is the rejection of some false alarms using
target measurements or characterization of specific oceano-
graphic or meteorological phenomena. The variability of the sea
surface depends on the wind field. To investigate the wind-field
influence, we calculated the wind field by using a geophysical
model function X-MOD [10].

Bright-point detection is sometimes not sufficient and, when
used by itself, is not able to avoid detections related to oceano-
graphic events, e.g., breaking waves or meteorological events
like rain cells. Further errors can arise from SAR image ar-
tifacts, such as sidelobes, azimuth ambiguities from land, or
strong point targets over the open sea. In this paper, we describe
the avoidance of azimuth ambiguities as detected ships. The
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Fig. 5. (Left) Example of azimuth ambiguity at around 5.2 km above the
real vessel. This kind of ambiguity can easily lead to a false detection. (Right)
Strong azimuth ambiguity at around 5 km above the real target over land. Most
of the bright spots inside the ambiguity could be detected and confused as
vessels.

TS-X system is designed to avoid range ambiguities [11].
The distance of azimuth ambiguities Δx to point targets is
calculated by

Δx = Δtambi ∗ f0 (1)

where f0 is the zero Doppler velocity and

Δtambi =
PRF

FM
(2)

where PRF is the pulse repetition frequency and FM is the
derivative time of the Doppler frequency derived from the prod-
uct annotation given in the Extensible Markup Language anno-
tation file for the L1b product. Azimuth ambiguities in TS-X
Stripmap mode images of strong point targets are visible at
around 5.2-km offset.

The detection algorithm is designed to exclude azimuth
ambiguities of ship targets. For strong scatterers over land,
a couple of SAR images are used to create lookup tables of
scatterers and ambiguities. These tables are used to avoid false
alarms. Azimuth ambiguities from strong point targets like
ships and point targets over land are shown in Fig. 5.

E. Feature Extraction

Based on standard L1b TS-X intensity images, ship length,
width, and heading are automatically extracted. If the displace-

ment between the ship wake and the ship is detectable, this
feature can be used as a direct measurement for ship-speed
retrieval (see Section VI).

IV. DETECTION ALGORITHM FOR

TS-X STRIPMAP IMAGES

The test area (target box) is surrounded by a guard area
and then, further, by a background area. The purpose of the
guard area is to ensure that no part of an extended target is
included in the background area, and hence, the background
area is representative of the background statistics. Thus, the
dimensions of the target, guard, and background areas in pixel
domain have to be adapted to image resolution in both range
and azimuth directions and to minimal and maximal dimensions
of the ship under consideration.

A natural aim in designing adaptive threshold detectors is
to ensure that the probability of a false alarm is constant. In
this case, the threshold is chosen such that the percentage
of background pixel values which lie above the threshold is
constant. If this is done, then the false-alarm rate (number of
false alarms per unit area of imagery) is likewise constant.
One method for CFAR detection is to work directly with the
histogram of the background windows and set the threshold at
the appropriate point in the tail of the distribution. Choosing
a parametric distribution model for the background is equiva-
lent to specifying the associated parametric probability density
function f(x), where x gives possible pixel values. Once f(x)
has been chosen and its parameters are estimated from the
background samples, the probability of false alarm (PFA) for
the threshold T is given by

PFA = 1−
T∫

−∞

f(x)dx =

∞∫

T

f(x)dx. (3)

Designing a CFAR detector involves solving (3) for the
threshold T in terms of the specified PFA and the estimated
parameters of the pdf f(x). An analytic solution to this problem
is not always possible, and numerical methods may be needed.
One approach is to search for the correct value of T by trial and
error.

The statistical model used in this work is the Gaussian distri-
bution. In this paper, ship detection is done on TS-X multilook
ground-range-detected (MGD) Stripmap products. Gaussian
distribution is the best approximation due to an increase of
the signal-to-noise ratio by resizing the image. In this case, the
detector is

xt > μb + σbt ⇔ TARGET (4)

where xt is the pixel value under test, μb is the background
mean, σb is the background standard deviation, and t is a
detector design parameter which controls the PFA (or, equiva-
lently, the false alarm rate). According to [12], the best tradeoff
between probability of detection and false-alarm rate occurred
when t = 5.5 for low-resolution images. Note that t = 5.5−6.0
is recommended for high-resolution imagery, as described in
[12]. For TS-X images, the best tradeoff has been found for
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Fig. 6. (Left) TS-X Stripmap mode image (30 km × 65 km, HH polarization, 3-m resolution) over the English Channel acquired on March 22, 2009 at
06:17 UTC. [(Left) Detected ships marked with red rectangles. (Right) (b) (Red) Ships without AIS messages. (Green) Ships with AIS messages, marked with a
triangle. (H) Heading. (L) Length.]

TABLE IV
OVERVIEW OF TS-X SHIP DETECTION CORRELATION TO AIS MESSAGES (BASED ON 2234 AIS LIVE MESSAGES AND 144 TS-X IMAGES)

t = 6.3−6.5. The number of true detections (hits) has been
estimated by subtracting the predicted number of false alarms
from the total number of detections.

V. TS-X SHIP SURVEILLANCE AND COMPARISON

TO AIS AND SatAIS DATA

The TS-X detection product has been compared with AIS
and/or SatAIS data. During first tests of TS-X images, some dif-
ferences between AIS reports and SAR data could be detected.
The AIS Live (Fairplay) account enables the user to only copy
and paste the ship reports from the AIS Live Web page. Thus,
time gaps between the acquisition and AIS data may appear.
Other discrepancies occur also due to incorrect reporting from
AIS and SAR geolocation inaccuracies. Fig. 6 shows an exam-
ple of ships detected by the DLR detection algorithm SAR AIS
Integrated Toolbox (SAINT) and superimposed terrestrial AIS
(Fairplay) data over the English Channel.

The TS-X image was taken over the channel on March 22,
2009 at 06:17 UTC. Terrestrial AIS data have been provided
by Lloyds Register Fairplay. The left image in Fig. 6 shows
the channel area with superimposed detected ships. Fig. 6(a)

shows a zoom over two detected targets with imaged Kelvin
and turbulent wake signatures. Fig. 6(b) shows an example of
detected ships and superimposed terrestrial AIS (time window
of 15 min) over the English Channel region. For this study,
we defined a circle with a radius of around 1 km (white
circles) to search for negative false alarms (detected targets).
Arrows are showing the estimated position of ships based on
heading, speed, and time reports by AIS (triangles). Rectangles
are SAR-detected targets. Ship reports from AIS connected
to SAR positions are plotted in green. Overall, a consistency
(matches between SAR and AIS) of more than 80% is reached.
The two red rectangles (zoom) are SAR-detected ships without
matching AIS reports. These small vessels [with length between
28 and 40 m (estimated on SAR data)] do not have to report to
the AIS system.

Validation studies based on 2234 AIS reports for 134 TS-X
images show that the estimation of length has an averaged
accuracy of around 20%. The correlation rate between TS-X
detections and AIS messages is shown in Table IV.

To define a confidence level for small vessels (ship size
< 25 m), ground-truth data are needed as these vessels are not
required to send AIS reports. Ship detection on TS-X Spotlight



BRUSCH et al.: SHIP SURVEILLANCE WITH TERRASAR-X 1099

Fig. 7. Ship length measured automatically in SAR images against length
reported by terrestrial AIS (49 data pairs).

mode allows the detection of even smaller targets down to the
image resolution of less than 1 m. Fig. 7 shows a comparison of
SAR-retrieved ship length against AIS reports for ships longer
than 100 m. SAR-estimated dimensions of ships are in good
agreement with AIS reports with a correlation of 0.96, a bias of
−6.98 m, and an rmse of 21.52 m.

Due to high resolution (down to 1.1 in azimuth) and narrow
swaths (< 10 km), the TS-X Spotlight mode is a useful tool
to monitor ship traffic inside ports. Fig. 8 shows an example
of a TS-X Spotlight image acquired over the port of Rostock
(Germany) on July 20, 2009. The cyan rectangle shows a zoom
inside the port. Vessels anchored at the pier are visible. Single
ships are distinguishable. Also detectable is the Search and
Rescue Vessel Arkona with a length of 27 m marked with “1.”
Further detectable is the offshore wind turbine marked by “2.”

In the next example, for the first time, the synergetic use
of high-resolution EO data and satellite-based AIS data is
demonstrated. Fig. 9 shows a TS-X Stripmap mode image in
the southern Atlantic Ocean near Cape Town. Vessels detected
by SAR are superimposed and marked by red rectangles. Collo-
cated ships with terrestrial AIS messages are marked by green
rectangles. SatAIS is superimposed with yellow rectangles.
SAR, as well as terrestrial AIS and SatAIS, reports the same
position of targets, as can be observed in Fig. 9(a). Fig. 9(b)
shows the general limitation of terrestrial AIS, covering only
an area up to 40 km of the Cape Town area. Three small vessels
are detected by SAR. One of them is reporting an AIS signal
via SatAIS. Furthermore, a moving target is visible. The SAR-
detected ship reported by SatAIS is moving south.

In the following chapter, the focus is on ship-speed retrieval
using complex TS-X images.

VI. VELOCITY OF MOVING OBJECTS USING

SINGLE-LOOK COMPLEX DATA

In order to determine ship speed, the object velocity is
regarded as a vector with two components, one in azimuth
and one in range direction. The algorithm consists of three
main steps. The first step is the generation of a sequence of

single-look SAR images followed by the detection of moving
objects. This consists of the detection of ship candidates and
the respective velocity estimation. The third step is the com-
pensation of the object motion and the imaging of the moving
objects. Two kinds of detection and estimation of speed of the
moving objects are possible, either in a multilook image or in a
sequence of single-look images.

The latter possibility allows visualization of the object mo-
tion. In this manner, we get a sequence of consecutive images,
whereas the positions of the moving objects change from image
to image. Fig. 10(b) and (c) shows zooms of a sequence of two
single-look images based on a TS-X complex image acquired
on June 9, 2008 over the east coast of Florida acquired during
a measurement campaign [13]. The nonzero target velocity
causes a mismatching of the processing filter, which is sensible
to the Doppler variation. Thus, the target appears in the image
blurred and in a different position, depending on its velocity
vector components. In each look, the moving target has differ-
ent characteristics, because each look corresponds to a different
integration time.

For the estimation of ship velocity, we follow the pro-
cedure described in [14]–[18]. The velocity of the target is
estimated with a single-channel complex-valued SAR image by
azimuth-split decomposition, i.e., spectrum bandpass filtering.
From the original image, two images, at a reduced resolution,
are obtained, and the velocity vector components are estimated
through change detection analysis of the target in the two
images. The azimuth or cross-range velocity component is
calculated by

vTa ≈ −Δx · dx · v2S
Δf · λ ·RT

(5)

where Δx is the displacement vector, dx is the pixel resolution,
vS is the spaceborne velocity, Δf is the distance between the
center frequency of the two sublooks, λ is the radar wavelength,
and RT is the distance between the SAR sensor and the
target. The target azimuth velocity component vTa depends on
the estimation accuracy of the displacement vector Δx. The
displacement has been calculated through estimation of the
distance between the centers of mass of the azimuth amplitude
distributions of the target in the two sublooks, respectively. In
order to obtain a more reliable profile, the pixels of the ship
have been selected by thresholding and by visual inspection.
Then, the azimuth profile has been obtained by range averaging.
The use of the visual inspection is justified by the fact that
the pixels belonging to the wake are included when only an
automatic thresholding method is used. This happens because
the processing is performed on a Complex SAR (COSAR)
image, which has a low signal-to-noise ratio, i.e., ENL = 1,
with respect to MGD products.

In the beginning, the displacement vector has been estimated
visually; then, more accurate methods have been used by esti-
mating the distance between the two centers of mass and the
coherence. We encountered a problem due to the strong signal
of the ship wake with the latter method; thus, the alternative
method of the centers of mass has been chosen although it is
less precise.
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Fig. 8. TS-X high-resolution Spotlight (5 km × 10 km, HH polarization) acquired on July 20, 2008 over the port of Rostock (Germany). (Cyan rectangle)
Subscene with the SAR (Search and Rescue) vessel Arkona and a wind turbine.

Fig. 9. TS-X Stripmap subimage (HH polarization, 3-m resolution) acquired on December 16, 2008 over the southern Atlantic Ocean with (red rectangles) ships
detected by the DLR ship-detection algorithm, (green rectangles) superimposed AIS (Fairplay) data, and (yellow rectangles) SatAIS reports.

The displacement vector is calculated according to Δx =
|c1 − c2|, where c1 and c2 are the centers of mass for sublooks
1 and 2, respectively. The center of mass is computed by
weighting the time position with the amplitude value in the
following way:

ci =

∑
j mijxij∑
j mij

(6)

where the sum is over the number of pixels belonging to the
target of the ith look, mij represents the amplitude value, and

xij is the position of the ith look at time position j. The range
component is calculated by inverting the following:

Δt ≈ −fDT · λ ·RT

2 · v2S
=

vTr · sin(θ) ·RT

v2S
(7)

where Δt is the temporal shift, fDT is the Doppler frequency,
and θ is the local incident angle. The last equation in (7) is
obtained by remembering that

fDT = −2 · vTr · sin(θ)
λ

. (8)
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Fig. 10. Sequence of two single-look images based on a TS-X complex image.

Fig. 11. Flowchart of speed estimation.

The local incident angle θ counts for the projection of the
range velocity component in the look direction of the sensor.

The target-range velocity component vTr depends on the
estimation accuracy of the temporal shift Δt. With reference
to the block diagram in Fig. 11, the input data are a tail of the
original image containing the target to analyze. The data are
Fourier transformed in azimuth direction, and thus, the azimuth
split is done in the following way:

1) Fourier transform (FT) in azimuth;
2) whitening;
3) splitting;
4) centering the subspectra;
5) weighting;
6) inverse discrete FT in azimuth.

A Hamming window weights the spectrum of the analyzed
data. The target is selected by an amplitude threshold and
visual inspection, and thus, the undesired pixels are masked.
The azimuth profiles of the target after masking and averaging
in range are shown in Fig. 12, where the displacement vector
is visible. However, for a more accurate estimation of the
displacement vector, the distance between the centers of mass
of the target in the two sublooks is estimated. Thus, the azimuth
velocity is calculated according to (6). The estimation of the
temporal shift Δt is done by weighting the signal amplitude in
each image with the time ti of this image.

The estimated velocity of the ship is 12.2 knots with a
dispersion of 1.6 knots as compared with the 11.3 knots
available from the AIS information. However, the time lag
between the SAR acquisition and the AIS may allow for the
difference.

Fig. 12. Profiles of the target in (black) sublook 1 and (blue) sublook 2. The
profile is obtained by range averaging, and the pixels not belonging to the target
are masked.

VII. CONCLUSION

In this paper, TS-X acquisitions have been analyzed in order
to assess the potential of this new sensor to be used for ship
monitoring. A synergetic use of high-resolution TS-X images
and SatAIS was presented. An adapted ship-detection algorithm
for TS-X Stripmap mode images based on the classical CFAR
method was introduced. This TS-X mode has a typical coverage
of 30 km × 100 km and a resolution of about 3 m in azimuth.
Thus, this mode is a good choice for monitoring ship traffic in
coastal areas and also over the open ocean. The ship detection
still shows limitations in coastal areas due to insufficient land
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masking or geophysical phenomena such as tidal change or
strong meteorological conditions, e.g., severe weather. The
algorithm has been integrated to the DLR Toolbox (SAINT)
for automatic detection of both large and small vessels. Results
show that AIS-carrying larger vessels (length above 60 m) were
detected in around more than 93% of cases. For smaller vessels
(length < 30 m), the assessment of quality is more difficult
due to increasing false alarms for small vessels in high-sea-
state situations with breaking waves. Additional experiments
will give a quality assessment of detecting small vessels. For
moving and nonmoving ships, terrestrial AIS or SatAIS show
good agreement with detected ships by SAR. The limitation
of terrestrial AIS with coverage of about 40 km off the coast
makes SatAIS and SAR a perfect candidate to fill this gap of
ship traffic information over open oceans.

Ship-detection case studies of the hijacked tanker Sirius Star
and the research vessel Polarstern in areas where no terrestrial
AIS is available were given. Velocity estimation based on
COSAR data has been demonstrated. The algorithm has been
implemented for NRT use of the antenna station in Neustrelitz
(Germany).
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