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Abstract 

 

The direct observation of tropical cyclones plays an important role in studying 

climate changes, but the direct observation of oceanic response to tropical cyclones 

is limited under various extreme conditions. Space-borne Synthetic Aperture Radar 

(SAR) has been one of the most effective tools for physical oceanographic and air-

sea interface research. SAR data records the Doppler shift caused by the relative 

motion between a sensor and targets; this Doppler shift is particularly important for 

estimating Doppler velocity to extract ocean surface currents. The Doppler velocity 

can be extracted by comparing the anomaly between predicted and estimated 

Doppler centroids. Predicted Doppler centroid, defined as the centroid assuming 

that the target is not moving, is calculated based on the geometric parameters of a 

satellite, such as the satellite’s orbit, beam pointing direction, and satellite attitude 

with regard to the rotating Earth. The actual Doppler shift from raw signal data is 

defined as the estimated Doppler centroid and is calculated by applying the 

Correlation Doppler Estimator (CDE) to SAR raw data, also known as the Average 

Cross Correlation Coefficient (ACCC). Moreover, the phase velocity of Bragg-

resonant capillary waves is subtracted from the Doppler velocity from the anomaly 

of the Doppler centroids so that the actual ocean surface current velocity is achieved. 

This algorithm is applied to Envisat ASAR raw data in East Sea to extract the sea 

surface current and the current direction is validated by HF-radar data in this region. 
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Also, we present the first attempt to derive the ocean surface current velocity during 

Tropical Storm Edouard in the Atlantic Ocean using Radarsat-1 ScanSAR raw data. 

Although the inaccurate attitude information of Radarsat-1 may have caused some 

limitation from obtaining an accurate Doppler centroid, this method can serve as a 

potential approach for estimating the ocean surface current. We believe that the 

investigation of oceanic responses to tropical cyclones, which is generally difficult 

to observe, can be achieved using SAR raw data. 

 

Keywords – Ocean surface current, Doppler shift, Doppler centroid, Synthetic 

Aperture Radar (SAR), Tropical cyclones 

Student Number : 2010-20339 

 

 



iii 

 

List of Contents 

 

Abstract  ................................................................................................................   i  

List of Contents  ...................................................................................................  iii 

List of Figures  .......................................................................................................  v 

List of Tables  ......................................................................................................  vii 

 

1. Introduction  ........................................................................................................  1 

2. Study area and data acquisition  ..........................................................................  5 

2.1 Study area and weather conditions ...............................................................  5 

2.2 SAR and ground tool data acquisition  .........................................................  7 

3. Methodology  ....................................................................................................  13 

3.1 Predicted Doppler centroid  ........................................................................  13 

3.2 Estimated Doppler centroid  .......................................................................  21 

3.3 Determination of the ocean surface current  ...............................................  24 

4. Results  ..............................................................................................................  27 

4.1 Envisat ASAR processing result  ................................................................  27 

4.2 Radarsat-1 ScanSAR processing result  ......................................................  30 



iv 

 

 

4.3 Validations  .................................................................................................  39 

5. Conclusion  .......................................................................................................  40 

Appendix  ..............................................................................................................  42 

References  ............................................................................................................  51 

국문요약  .............................................................................................................  55 



v 

 

List of figures 

 

Figure 1. Wind vectors generated from Automatic Weather Stations (AWSs) around 

the study area (http://www.kma.go.kr). The locations of AWS were 

plotted in red circles. The local time of Envisat ASAR in image mode 

(IS6) was at 10:25(local time) on May 27, 2011.  ...................................  6 

Figure 2. Envisat ASAR in image mode (IS6) at East Sea on May 27, 2011  ........  8 

Figure 3. RADARSAT-1 ScanSAR image which captured the tropical storm 

Edouard on September 2, 2002 ...............................................................  9 

Figure 4. Flowchart of calculating anomaly Doppler centroids and ocean surface 

velocity  .................................................................................................  14 

Figure 5. Yaw, pitch, roll of Envisat ASAR, adjusted by Yaw Steering Mode  ...  17 

Figure 6. Simulation of predicted Doppler centroids of Envisat ASAR over one 

orbit cycle for one look angle  ...............................................................  19 

Figure 7. Simulation of predicted Doppler centroids of Radarsat-1 ScanSAR over 

one orbit cycle for three look angles  ....................................................  20 

Figure 8. (Left) Predicted Doppler centroid including both YSM and improved 

parameters and (Right) estimated Doppler centroid obtained from ACCC 

method in (a) 3D perspective view and (b) 2D plain view  ...................  28 

 



vi 

 

Figure 9. The ocean surface current velocity in East Sea on May 27, 2011 after 

compensating the effects of Bragg-resonant capillary waves. Red indicates 

that the ocean surface is moving toward the direction of LOS and blue 

away from the satellite. The corresponding HF-radar data is also plotted in 

the LOS direction.  ................................................................................  29 

Figure 10. Wrapped ACCC angles for (a) beam 0, (b) beam 1, (c) beam 2, and (d) 

beam 3  ..................................................................................................  32 

Figure 11. Unwrapped ACCC angles for (a) beam 0, (b) beam 1, (c) beam 2, and (d) 

beam 3  ..................................................................................................  33 

Figure 12. Predicted Doppler centroid using improved parameters after adjustment 

of attitude and estimated Doppler centroid obtained using ACCC method, 

phase unwrapping and mosaicking  .......................................................  34 

Figure 13. The Doppler velocity of Radarsat-1 ScanSAR raw data of the tropical 

storm Edouard on September 2, 2002. Red indicates that the ocean surface 

is moving toward the direction of LOS and blue away from the satellite.   

 ................................................................................................................  35 

Figure 14. The net Bragg-wave phase velocity captured the Tropical Storm Edouard 

on September 2, 2002  ...........................................................................  37 

Figure 15. Figure 15. The ocean surface current velocity of the Tropical Storm 

Edouard on September 2, 2002 after compensating the effects of Bragg-

resonant capillary waves  .......................................................................  38 



vii 

 

List of Tables 

 

Table 1. The characteristics of SAR data  .............................................................  10 

Table 2. The characteristics of ground tool data  ..................................................  11



- 1 - 

 

1. Introduction 

 

Tropical cyclones such as typhoons and hurricanes are one of the most adverse 

aspects of the ocean environment which may give rise to threatening natural disaster 

in the ocean. When tropical cyclones advance toward the near-shore, it causes great 

destruction on habitation and natural environment in the vicinity of the landing site 

(Ochi et al., 2003). Owing to abnormal climate changes, furthermore, the intensity 

of tropical cyclones is getting stronger and their occurrence has been increasing 

every year. Tropical cyclones accompanied by strong winds and heavy rains can 

inflict astronomical damages and lead to natural hazards. As tropical cyclones are 

becoming more massive and powerful, it is necessary to observe oceanic responses 

to these cyclones in order to understand and predict their moving speed, 

developmental status, and structure and, thus, to minimize the extent of damage 

caused by natural disasters (Katsaros et al., 2002). However, it is usually difficult to 

make direct observations under the conditions of cloudiness, strong winds, and 

heavy rains. Due to a lack of in-situ data available for the open oceans, remote 

sensing using satellite takes an important role in the retrieval of geophysical 

information, particularly during extreme circumstances (Reppucci et al., 2010). Also, 

one of the most important things in oceanography is current velocity of mesoscale 

fields (Alpers et al., 1984, Lyzenga et al., 1988). Synthetic Aperture Radar (SAR) 

has an advantage over many sensors of satellite because it can pass through clouds 

and take images at any time of day and thus, space-borne SAR has been one of the 
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most effective tools for physical oceanographic and air-sea interface research. 

In recent years, a few studies for determining ocean current velocity have been 

conducted using various approaches, such as a High-Frequency (HF) radar, a 

drifting buoy, and an Along-Track Interferometric SAR (ATI-SAR). However, each 

method has its own limitations. For example, a HF-radar based on a land antenna 

provides only the near-surface ocean currents in the coastal region. Also, the field 

measurements using a drifting buoy is necessarily limited in its application because 

of the difficulties in approaching the study site (Graber et al., 1996, Shay et al., 

1998). Current velocity measurement using ATI-SAR has still disadvantages 

because it requires two SAR sensors (multi-channel SAR). (Graber et al., 1996; 

Romeiser et al., 2005). And ATI technique of TerraSAR-X and TanDEM-X is only 

available in the Polar regions because of the HELIX formation of their flexible 

baseline selection (Krieger et al., 2007). 

In order to overcome the mentioned drawbacks, a few studies have been conducted 

using sing-channel SAR. The study using single-channel SAR conducted by Van der 

Kooij et al. (1999) first demonstrated that Doppler current velocity can be extracted 

from Radarsat-1 Standard beam raw data with an accuracy of 0.2~0.3m/s in the 

Gulf Stream. Later on, the current velocities determined from the relationship 

between the surface winds and the Doppler velocities using Envisat ASAR have 

been interpreted and validated by Chapron et al. (2005). The afore-mentioned 

studies using single-channel SAR were focused only on current velocity observed in 

the normal ocean and did not perform the extraction for high-wind conditions such 
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as tropical cyclones. In fact, SAR Single Look Complex (SLC) data had been used 

in the studies about wind speed of mesoscale circulation on oceanic response to 

typhoons (Nam et al., 2007) and the algorithm to extract intensity of the eye of the 

cyclone (Reppucci et al., 2010). However, the ocean surface current extraction 

under very high wind speed by tropical storms and hurricanes has been 

unprecedented. Thus, the objective of this study is to extract sea surface current 

velocity under these extreme weather conditions solely using single SAR raw data.  

Basically, the physical algorithm of the sea surface current velocity extraction 

utilizes the Doppler shift information from SAR raw data. Because the relative 

motion between a sensor and the Earth’s target causes a Doppler shift of radar signal, 

this is recorded in the SAR raw data. The Doppler shift is generated not only by fast 

moving targets such as ships at sea, but also by regions in motion themselves, such 

as the ocean current. The average of these Doppler frequencies is called Doppler 

centroid and they are used to find the Doppler velocity which will be the source of 

the ocean current velocity. There are two types of Doppler centroids, the predicted 

(Cumming et al., 2004, 2005) and estimated (Madsen, 1989) Doppler centroid, and 

the difference between them represents the Doppler response to tropical cyclones. 

Besides, the Doppler shift caused by the ocean current also contains the information 

of the phase velocity of Bragg-resonant capillary waves. This phase velocity is a 

significant source of error for extracting the ocean surface current velocity and, thus, 

must be eliminated (Romeiser et al., 2000, Kim et al., 2003). 

We proposed several new approaches to get more accurate results than from the 
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established models. In the following section, the processes to extract the ocean 

surface current velocity with the new approaches will be explained in detail. The 

result using Envisat ASAR raw data was validated with HF-radar data and provided 

the possibility of the application in high wind conditions where faster current 

velocity is expected. Thus, the same algorithm was applied to Radarsat-1 ScanSAR 

raw data for very high wind conditions by the tropical storm. Then, the Doppler 

velocity will be derived as well as the phase velocity of Bragg-resonant capillary 

waves and the ocean surface current will be discussed in the data processing and 

conclusion section.  

 



- 5 - 

 

2.  Study area and data acquisition 

 

2.1  Study area and weather conditions 

 

East Sea is a geographically important region where North Korea Cold Current 

and East Korea Warm Current converge. Envisat ASAR data in image mode (IS6) 

was acquired at this study site at 01:25(UTC) on May 27. The simultaneous 

metrological condition at the same site is as the following. Figure 1 is showed that 

wind vectors generated from Automatic Weather Stations (AWSs) around the study 

area (http://www.kma.go.kr). The locations of AWS are plotted in red circles. The 

local time of Envisat ASAR in image mode (IS6) was at 10:25 on May 27, 2011. 

The wind in East sea flows southeastward at a velocity of about 5-7cm/s. 

Unfortunately, Sea Surface Temperature (SST) data is difficult to obtain at this site. 

Tropical Storm Edouard was the strongest tropical storm during the 2002 Atlantic 

hurricane season. The western part of the Atlantic Ocean, near Florida, is one of the 

most tropical cyclone-prone regions in the world. And moving erratically off the 

east coast of Florida, Tropical Storm Edouard produced rough surf conditions, high-

wind conditions, and rip currents along the shore. Unfortunately, the corresponding 

meteorological data such as wind vector, current, and etc. are difficult to obtain.  
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Figure 1. Wind vectors generated from Automatic Weather Stations (AWSs) around 

the study area (http://www.kma.go.kr). The locations of AWS were plotted 

in red circles. The local time of Envisat ASAR in image mode (IS6) was at 

10:25(local time) on May 27, 2011. 
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2.2  SAR and ground tool data acquisition 

 

Envisat ASAR data in image mode (IS6) was acquired in this region on May 27, 

2011 where HF-radar is installed (Figure 2). The spatial resolution of ASAR is 30m 

and covers the region over the incidence angle ranges of 39.1° - 42.8° where the 

HF-radar is included. The swath of the HF-radar is about 70 km wide and it is 

suitable to observe the surface current in the coast of East Sea (Table 1, 2). The 

Envisat ASAR using microwave radar (C-band) sees the ocean surface through the 

atmospheric layers at any time of the day and year. Thus, HF-radar data installed 

East sea can verify the general direction of drift on the east coast. The temporal 

difference of the HF-radar from Envisat ASAR is minimized for validation purpose.  

A Radarsat-1 ScanSAR image of Tropical Storm Edouard in the Atlantic Ocean 

was collected on September 2, 2002 (Figure 3). It is a reasonable tool for extensive 

research on the oceanic response to tropical cyclones using ScanSAR data. The 

Radarsat-1 SAR used the same microwave radar frequency (C-band) as Envisat 

ASAR. Figure 3 clearly shows that the entire region under the influence of the 

storm is covered. Also, it can be easily shown that distinguish the eyewall as well as 

the rainband and blow counterclockwise around a center of extremely low 

atmospheric pressure. 
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Figure 2. Envisat ASAR in image mode (IS6) at East Sea on May 27, 2011 
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Figure 3. RADARSAT-1 ScanSAR image which captured the tropical storm Edouard on 

September 2, 2002 
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Satellite Envisat ASAR Radarsat-1 

Geographical area East Sea 
Tropical Storm Edouard 

in the Atlantic Ocean 

Processing levels Raw signal data (level 0) Raw signal data (level 0) 

Acquisition time (UTC) 2011. 05. 27 01:25:35 2002. 09. 02 11:20:29 

Orbit type Descending Descending 

Frequency [GHz] 5.331 (C-band) 5.331 (C-band) 

Beam mode Image mode (IS6) ScanSAR Wide B mode 

Spatial resolution [m] 30 100 

Incidence angle [°] 39.1 - 42.8 19 - 46 

 

 

Table 1. The characteristics of SAR data 
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Acquisition time (UTC) 2011. 05. 27 01:00:00 

Longitude E 129° 24′ 25″ 

Latitude N 37° 04′ 26″ 

Frequency [MHz] 13.462 

Range [km] 50 - 70 

Radial resolution [km] 3 

Angle resolution [°] 5 

Interval Hourly 

 

 

Table 2. The characteristics of ground tool data 
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Both Stripmap and spotlight mode limit the range extension of the illuminated 

swath. But, the ScanSAR Wide B (SWB) mode is nearly 450 km when wide beams 

1 and 2 as well as standard beams 5 and 6 are combined. Each beam is selected 

sequentially so that data is collected from a wider swath than a single beam. Thus, it 

has ample coverage for extensive observation for either land or ocean surfaces. In 

addition, the mosaic image from the Radarsat-1 ScanSAR mode has a 100 m spatial 

resolution and covers the response of the entire regions to tropical cyclones over the 

incidence angle ranges of 20° - 46° (Table 1). Therefore, ScanSAR Wide B mode is 

a reasonable data for this study on the oceanic response to tropical cyclones.  

In this study, both Envisat ASAR raw data and Radarsat-1 ScanSAR raw data are 

used in below method. 
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3.  Methodology 

 

Figure 4 shows a flowchart for calculating the anomaly between predicted Doppler 

centroid and estimated Doppler centroid. Predicted Doppler centroid is calculated 

using a geometry model (left part of Figure 4), and estimated Doppler centroid is 

calculated by applying the Correlation Doppler Estimator (CDE) to the SAR raw 

data (right part of Figure 4). 

 

3.1  Predicted Doppler centroid 

 

Predicted Doppler centroid corresponds to a stationary area or a fixed target and is 

calculated by considering various of SAR imaging conditions and geometric 

parameters of the satellite with regard to rotating Earth, such as the satellite’s orbit, 

altitude, attitude (pitch, roll, and yaw), and beam pointing direction. In the flowchart 

given in Figure 4, the left side shows the processing steps used to calculate 

predicted Doppler centroid from SAR raw data. All of the considerations and 

calculations, except a few, are carried out as proposed by Cumming et al. (2004, 

2005). The exceptions are hour angle and look angle when applying the geometric 

model. The detailed processes are described in Appendix. 
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Figure 4. . Flowchart of calculating anomaly Doppler centroids and ocean surface velocity 
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In this study, the hour angle at each position of the satellite is precisely calculated 

in Earth Centered Inertial (ECI) coordinates. Thus, combining with the temporal 

information extracted from the line header of raw data, the more accurate positions 

and velocities of satellite are derived. At the same time, the look angle is precisely 

recovered from the slant range distances for each beam using the parameters from 

the raw data and the Digital Elevation Map (DEM) from Shuttle Radar Topography 

Mission (SRTM). From the auxiliary file in case of Radarsat-1, sampling rate is 

calculated by dividing duration time by the number of pixels in the range direction 

for each beam. Because it takes time for the transmitted signal to return to the 

antenna, it is necessary to compute the actual time that the sensor starts to receive 

the signal. The actual pulse start time can be calculated from duration time and 

pulse repetition interval of each beam by comparing the given nominal incidence 

angles of each beam mode with the arbitrary slant ranges estimated using the Pulse 

Repetition Frequency (PRF) ambiguity numbers. Finally, by subtracting the pulse 

delay of start time of each burst, 4.2 ㎲ in case of Radarsat-1, more precise time 

and slant range is obtained. 

In case of Envisat ASAR, it utilizes Envisat DORIS data to amend the satellite’s 

orbit information and AUX_FRA file to provide accurate attitude information 

including AOCS. Furthermore, Yaw Steering Mode (YSM) is applied to the satellite 

so that Doppler shift stays within the baseband PRF. This minimizes Doppler 

centroid over the orbit caused by yaw steering, also known as attitude steering. Yaw 

steering means that the satellite or its antenna is mechanically or electronically 
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rotated around the satellite’s z-axis toward the zero Doppler line (Raney, 1986, Just 

et al., 1992, and Fiedler et al., 2005). The formula of yaw, pitch and roll from YSM 

that this paper applies are as follows:  

 

( ) ( )[ ]
÷
÷
ø

ö
ç
ç
è

æ
-=

3
 γcosC 1γcosCYaw

2
hz

hZ
           (1) 

 

( )hY 2γsinCPitch =                    (2) 

 

( )hY γsinCRoll =       (3) 

 

where XC , YC , and ZC  are called the AOCS rotation amplitudes and can be 

extracted from AUX_FRA. hγ  is satellite hour angle. YSM can be applied through 

the transformation of the attitude information of the rotation angles and it will 

maintain the zero Doppler steering effect. The relatively accurate orbital and 

attitude information of Envisat is expected to reduce the errors in unwrapping of 

ACCC angle and determination of Doppler ambiguity number. This will provide 

more precise predicted Doppler centroid. Figure 5 shows the the simulation result of 

attitude using Envisat ASAR applied to YSM. 
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Figure 5. Yaw, pitch, and roll of Envisat ASAR, adjusted by Yaw Steering Mode  
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On the other hand, it is believed that the attitude information of Radarsat-1, used 

for the calculation of predicted Doppler centroid, is inaccurate and YSM is not 

applied. Thus, the complementary geometric parameters, such as satellite ephemeris 

(orbit) and attitude, are utilized from the Auxillary data. Then, the extracted orbit 

elements (6 elements) were used to derive the accurate position and velocity of the 

satellite using the Kepler’s laws. Every azimuth line of satellite’s position and 

velocity was calculated using the acquisition time of the recorded signal data of the 

azimuth line.  

Figure 6 and 7 show the simulation results of predicted Doppler centroids for fixed 

targets in ECI coordinate system throughout the whole satellite’s orbit of Envisat 

ASAR and Radarsat-1 ScanSAR, respectively. The results are expected to be better 

than the established models because of the newly improved parameters. Look angle 

was set to 20˚ for Envisat data, and to 20˚, 35˚, and 49˚ for Radarsat-1. The attitude 

of Radarsat-1 was assumed to be zero. Generally, 0 - 180˚ of satellite hour angle 

represents Northern Hemisphere and 180 - 360˚ Southern Hemisphere. From these 

parameters, the predicted Doppler centroid at any satellite position and velocity at 

any satellite’s acquisition time and look angle can be calculated.  

Unfortunately, due to the inaccurate attitude of Radarsat-1, it was concluded that 

this attitude information must not be reflected in the actual processing, i.e. the 

attitude information causes an error of 500Hz in Doppler centroid frequency in 

azimuth direction. Therefore, the correction to the attitude control algorithm is 

developed for a computation of the estimated Doppler shift in the returned SAR  
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Figure 6. Simulation of predicted Doppler centroids of Envisat ASAR over one 

orbit cycle for one look angle 
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Figure 7. Simulation of predicted Doppler centroids of Radarsat-1 ScanSAR over 

one orbit cycle for three look angles 
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signal (Marandi, 1998, Eldhuset, 1996).  

 Lastly, it was noted that the coordinate transformation between ECI and Earth-

Centered Earth-Fixed (ECEF) needs to be done precisely. Envisat ASAR and 

Radarsat-1 use ECEF and ECI coordinate system, respectively, and the 

transformation was performed using calculated Greenwich hour angle and time 

information from a line header of SAR data.  

 

3.2  Estimated Doppler centroid 

 

In the flowchart given in Figure 4, the right side shows the processing steps used 

to calculate estimated Doppler centroid using SAR raw data. Estimated Doppler 

centroid, caused by the movement of the upper ocean water body, can be derived by 

applying the Correlation Doppler Estimator (CDE) to SAR raw data, also known as 

the Averaged Cross Correlation Coefficient (ACCC). The ACCC algorithm was 

proposed by Madsen(1989) and is based on the phase increment from one azimuth 

sample of the signal to the next. In order to apply this algorithm to SAR raw data, 

signal data must be extracted from SAR raw data. But because the data structure of 

each satellite is different, the detailed processes to calculate estimated Doppler 

centroid need to be done. They are as follows: 
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Step 1. Envisat ASAR in image mode uses one beam to record the data during 

acquisition, and the raw data consists of one data. It can be used as it is. However, 

the structure of the Radarsat-1 ScanSAR raw data is different from other 

conventional SAR data and it must be separated appropriately in order to apply the 

algorithm. The ScanSAR raw data is separated into four different beams - W1, W2, 

S5, and S6 - because each beam contains different parameters such as PRF, pulse 

start time, pulse duration, incidence angle, and slant range. Furthermore, even each 

beam does not provide the continuous coverage, which leads to another separation 

into a set of bursts.  

 

Step 2. Correct extraction of these parameters from both Envisat ASAR raw data 

and Radarsat-1 ScanSAR raw data is important because the ACCC algorithm can 

only be applied to the continuous data. The ACCC algorithm is applied to each burst 

using the equations given by  

 

[ ] )Δs(  (s argΦ *
ACCC å += hhh)                    (4) 

 

ACCCDc Φ
2π

PRFF =                             (5) 
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where ACCCΦ  is ACCC angle, )(hs  is azimuth signal, )(* hs  is complex 

conjugate , and Δη  is 1/PRF. ACCCΦ  for each burst is combined to define the 

ACCC angle of each beam in case of Radarsat-1 ScanSAR. When the ACCC angles 

are calculated by this method, it is important to compute a proper buffer size of 

azimuth lines because, in general, the buffer size defines the interval of a burst of 

each beam. 

 

Step 3. The calculated ACCC angle is modulo 2p in the range direction and needs to 

be unwrapped, especially in case of Radarsat-1 ScanSAR raw data. A process called 

unwrapping is carried out by adding or subtracting 2p to the angle in accordance 

with its sign of slope and variance. The unwrapping process removes the modulo-2p 

ambiguity and makes the discontinuous data of the wrapped angles to the 

continuous Doppler angles along the range direction.  

 

Step 4. After calculating the continuous Doppler angles for each beam, it is 

necessary to combine the beams to cover the whole range distance, and then convert 

the combined data into the Doppler centroid by multiplying PRF (n´PRF). The 

Doppler ambiguity number, N, is derived by comparison with predicted Doppler 

centroid.  
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3.3  Determination of the ocean surface current 

 

Doppler velocity can be extracted from the anomaly between estimated and 

predicted Doppler centroid. Estimated Doppler centroid is matched with predicted 

Doppler centroid based on the acquisition time found in every azimuth line. Then, 

the anomaly of the Doppler centroids is calculated and is converted to the Line-Of-

Sight (LOS) ocean surface velocity using the equation below:  
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Where SV  is the sea surface current velocity, DU  is the Doppler velocity, 

DcFD  is the anomaly of the Doppler centroids, ek  is the electromagnetic 

wavenumber ( l / 2π ), wq  is the wind direction relative to the radar look-direction, 

n is a spreading factor, and Iq  is the angle of incidence. The anomaly of the 
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Doppler centroids is in slant range projection and needs to be translated into the 

ground projection using incidence angles.  

Besides, the sea surface current is composed of the Doppler velocity and the phase 

velocity of Bragg-resonant capillary waves. (Romeiser and Thomson, 2000, Kim et 

al., 2003) The phase velocity of the Bragg-resonant gravity waves must be 

eliminated and its equation is given by 

 

I

i
p 2sinθ

λ
2π
gc ×=                           (8) 

 

where g  is the gravitational acceleration, iλ  is the incident radar wavelength, 

and Iq  is the radar beam angle of incidence. pc  is the maximum phase velocity 

when looking directly upwind, and thus, the directional spreading of the waves on 

the ocean surface must be accounted for because DU  is in the LOS direction. The 

directional spreading is typically modeled by 
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where wq  is the wind direction relative to the radar look-direction and n is a 

spreading factor. Both Envisat ASAR and Radarsat-1 use C-band frequency (5.3 

GHz) and the Bragg-resonant wavelength is about 5.7 cm, yielding n = 2 (Moller et 

al., 1998). With this directional information, the net phase velocity of Bragg-

resonant waves is given by 
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ê
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ww
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This phase velocity of Bragg-resonant capillary waves is subtracted from the 

Doppler velocity which is derived directly from the anomaly of the Doppler 

centroids in order to obtain the actual sea surface current velocity. 
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4. Results 

 

4.1  Envisat ASAR processing result 

 

The predicted and estimated Doppler centroids are calculated from the obtained 

Envisat ASAR raw data of East Sea (Figure 8). The estimated Doppler centroid is 

showing relatively higher values than the predicted Doppler centroid meaning the 

ocean surface is moving towards the direction of the satellite’s LOS. Also, it must 

be noted that the predicted Doppler centroid on land is showing the zero Doppler 

steering indicating the geometry model is accurate. Finally, the Doppler velocity in 

the direction of LOS is derived by comparing the anomaly between estimated 

Doppler centroid and predicted Doppler centroid as well as subtracting the phase 

velocity of Bragg-resonant waves (Figure 9). In order to find the phase velocity, the 

wind direction from the Automatic Weather System (AWS) data at the time was 

used. The derived phase velocity in this case was insignificant because the surface 

current velocity itself was small (less than 0.1m/s). The result also shows the high 

variations of the velocity at the land-water boundary. This variation is believed to be 

one of the biases from the Doppler centroid Estimator, such as ACCC method 

(Madsen, 1989), look-power-balancing algorithm (Jin, 1996), and etc. because the 

wide variations of Doppler shift is due to backscatter gradients along the azimuth  
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Figure 8. (Left) Predicted Doppler centroid including both YSM and improved 

parameters and (Right) estimated Doppler centroid obtained from ACCC 

method in (a) 3D perspective view and (b) 2D plain view.
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Figure 9. The ocean surface current velocity in East Sea on May 27, 2011 after 

compensating the effects of Bragg-resonant capillary waves. Red 

indicates that the ocean surface is moving toward the direction of LOS 

and blue away from the satellite. The corresponding HF-radar data is 

also plotted in the LOS direction.  
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direction within a patch pixel ( also known as a Doppler centroid pixel ) (Hansen et 

al., 2011). In Figure 9, the land is assumed to be stationary and is masked with the 

SAR image. Red indicates that the ocean surface is moving toward the direction of 

LOS and blue away from the satellite. Theoretically speaking, the Doppler shift on 

lands must be 0. However, the lands cause a considerable amount of backscatter 

variation and this leads to relative errors. For this reason, the actual Doppler shift 

is compensated by the amount of the offset from the lands. According to the results, 

the sea surface current in overall flows southeastward at a velocity of about 50cm/s 

and is in accordance with the current direction from HF-radar. The HF-radar is also 

aligned in the LOS direction for comparison. However, it doesn’t show the 

waterfront area along the shore where the current from HF-radar flows westwards. 

As mentioned earlier, the relatively wide Doppler shift variation generated from 

the land-water boundary seems to be the reason. Nevertheless, the sea surface 

current about 30km East from the coast moves along southeastward at a velocity of 

over 1m/s. This corresponds with the result from HF-radar and illustrates that this 

method can extract relatively faster sea surface current. The result from Envisat 

ASAR suggested that this algorithm can also be applied to SAR raw data of high 

wind conditions where faster surface current velocity is expected. 

 

4.2  Radarsat-1 ScanSAR processing result 
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The same algorithm is applied to Radarsat-1 ScanSAR raw data of Tropical Storm 

Edouard in the Atlantic Ocean, taken on September 2, 2002. After separation of the 

raw data into 4 different beams, and additionally into a set of bursts, the ACCC 

algorithm was applied to each burst. Next, the bursts were combined to form each 

beam and the derived ACCC angles are shown as wrapped around the baseband 

angle in Figure 10. After the unwrapping process, the angles of each beam are 

shown in Figure 11. The unwrapped results were combined to mosaic full swath of 

the ScanSAR data. The Doppler ambiguity numbers were determined to find the 

true Doppler centroid using a Least Square fit with each beam of predicted Doppler 

centroid. In addition, we employed the approximation of the attitude from estimated 

Doppler centroid (Eldhuset, 1996 and Marandi, 1998). The calculated mean 

difference between the recorded and approximated attitude value was about 200 Hz 

which represents about 3.6 m/s of the LOS velocity when the angle of incidence is 

30°. For the predicted Doppler centroid, the precise geometry model is constructed 

using the improved attitude information as well as look angle considering 

topography and hour angle with which the slant range and the acquisition time of 

the estimated Doppler centroid are considered. We derived Doppler velocity in the 

direction of LOS by comparing the anomaly between estimated and predicted 

Doppler centroid. The anomaly of 200Hz was equivalent to 3-5 m/s of the ocean 

surface current (Figure 12). 

The result image of the Doppler velocity using the anomaly of these Doppler 

centroids is shown in Figure 13 in color. The land is also assumed to be stationary 
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Figure 10. Wrapped ACCC angles for (a) beam 0 , (b) beam 1, (c) beam 2, and (d) 

beam 3 
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Figure 11. Unwrapped ACCC angles for (a) beam 0, (b) beam 1, (c) beam 2, and (d) 

beam 3 
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Figure 12. Predicted Doppler centroid frequency adjusted by approximation of 

attitude and Estimated Doppler centroid frequency 
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Figure 13. The Doppler velocity of Radarsat-1 ScanSAR raw data of the tropical 

storm Edouard on September 2, 2002. Red indicates that the ocean 

surface is moving toward the direction of LOS and blue away from the 

satellite. 
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and is masked with the SAR image. Red indicates that the ocean surface is moving 

toward the direction of LOS and blue away from the satellite. Figure 13 shows that 

the storm is rotating around its eye counter-clockwise where the extremely low 

atmosphere pressure dominates, typical pattern of the tropical storm in the Northern 

Hemisphere due to the Coriolis effect. In order to calculate the phase velocity of 

Bragg-resonant capillary waves, the wind direction was first roughly extracted from 

the rain band of the tropical storm on the SAR image, and then wq  for the whole 

scene was interpolated using 2D kriging method. With the wind direction, the 

directional spreading of the waves was derived with n = 2 (Kim et al., 2003). Finally, 

the phase velocity of Bragg-resonant capillary waves was also derived (Figure 14), 

and phase velocity had the values between -0.3 m/s and +0.3 m/s and was 

subtracted from Doppler velocity. The final result image of the derived ocean 

surface current velocities with the phase velocity of Bragg-resonant waves 

subtracted is presented in Figure 15. Although the validation of the derived current 

velocity is difficult because we do not have any in-situ data, the result still shows 

that pattern of ocean surface response to tropical storm. Once more accurate and 

reliable attitude information of the satellite is attained, the result is expected to be 

improved significantly. Nonetheless, we found that the pattern of the ocean surface 

current response to the tropical cyclones can be measured through this method and 

there is enough evidence to explain that the velocity of ocean surface increases in 

tropical storm-swept areas. 
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Figure 14. The net Bragg-wave phase velocity estimated form the wind field of the 

Tropical Storm Edouard on September 2, 2002 
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Figure 15. The ocean surface current velocity of the Tropical Storm Edouard on 

September 2, 2002 after compensating the effects of Bragg-resonant 

capillary waves 
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4.3  Validations 

 

As mentioned above, the theoretical value of the Doppler shift must be 0 on land. 

However, the ACCC algorithm is known to contain some variations of Doppler shift 

due to backscatter gradients along the azimuth (Hansen et al., 2011). Thus, the 

anomaly of Doppler centroid is extracted from land in order to offset the output of 

the Doppler shift from the ocean surface current. In the case of Envisat ASAR 

which provides accurate geometry parameters, the mean anomaly on land has 11.6 

Hz with the RMS error of 15.5Hz, which correspond to 16 cm/s in average and 20 

cm/s in RMS error at the incidence angle of 40 and 30 degrees, respectively. These 

values are close to 0 and relatively stable compared to the Doppler shifts observed 

in ocean area. The fact that the mean anomaly is close to 0 and its deviation is small 

and stable indicates that the extracted Doppler shifts are quite accurate and can be 

used to calculate ocean surface velocity. In order to minimize such small error in 

extracting ocean surface velocity, the mean anomaly (11.6 Hz) was compensated for 

the entire scene. 
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5.  Conclusion 

 

We have successfully retrieved the sea surface current velocities using Envisat 

ASAR and Radarsat-1 ScanSAR raw data. The result from Envisat ASAR was 

validated with HF-radar and provided the possibility of the application in high wind 

conditions where faster current velocity is expected. Thus, the same algorithm was 

applied to Radarsat-1 ScanSAR raw data which captures tropical cyclones. We 

introduced several new approaches for this process and the biggest difference from 

the previous studies was that we complemented the established model with the 

improved parameters, i.e. slant range distance, look angle, hour angle, YSM, 

optimization of attitude, ECI-ECEF coordinate transform, adjustment of ACCC 

method, and etc. 

We believe that these newly derived parameters provided more accurate result in 

obtaining both predicted and estimated Doppler centroid. The net phase velocity of 

Bragg-resonant capillary waves is extracted from the Doppler velocity in order to 

derive the actual sea surface current more precisely. However, we still believe that 

there are significant errors in the ocean surface current velocity and suspect that 

they came from inaccurate attitude information of the Radarsat-1 data. The results 

are expected to become more reliable once we minimize the effect of the inaccurate 

attitude information. 

This study was the first attempt to extract the sea surface current velocity influenced 
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by tropical cyclones, such as hurricane and typhoon, using Radarsat-1 ScanSAR 

raw data. The results were enough to show that this method can provide a potential 

approach for estimating sea surface current velocity, even in the extreme conditions. 

In the future, we will further investigate various SAR raw data to advance our 

results and validate with in-situ data. 
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Appendix 

 

The detailed processing procedures to calculate geometry model are described as 

the followings. 

 

Step 1. Rotated beam direction by the attitude information 

The coordination transformation for geometry model begins in the Satellite-

centered coordinates. This step depends on the satellite position vector, satellite 

velocity vector, and look vector in Satellite-centered coordinate system. These 

parameters must be rotated ECI coordinates to calculate target’s relative velocity 

before calculating predicted Doppler centroid. Each parameter is defined as the 

followings: 

 

[ ]' 0  0  0 S0 =                          (11) 

 

[ ]' V  0  0 V sat0 =                        (12) 
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( ) ( )[ ]0  αsin  αcosU0 -=                          (13) 

 

where S  is a satellite position vector, V  is a satellite velocity vector, satV  is 

a satellite velocity, U  is a look vector, and α  is a look angle between the local 

vertical and the beam direction. Particularly, the attitude information, such as yaw, 

pitch, and roll, must be considered in rotating the coordinate system of the look 

vector U. The transformation matrices for the look vector are defined as the 

followings: 
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01 V V =                            (18) 

 

0zγyφx1 UTTTU j=                      (19) 

 

where φ  is yaw angle, ψ  is pitch angle, γ  is roll angle, and satR  is the 

altitude of satellite. In case of Envisat ASAR, the Yaw Steering Mode (YSM) is 

applied additionally.  

 

Step 2. Rotate to ECOP coordinates 

The coordinate system from the previous step needs to be transformed into Earth-

Centered Orbit Plane (ECOP) using hour angles of a satellite. The transformation 
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matrix to the ECOP coordinates is defined as the following:  
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1122 S TS =                          (21) 

 

1122 V TV =                          (22) 

 

1122  UTU =                         (23) 

 

where hg  is satellite hour angle from ascending node crossing. For reference, 

the rotation is clockwise about y-axis for positive hour angle. 

 

Step 3. Rotate to ECI coordinates 

Finally, the transformation to ECI coordinates is performed using inclination of 
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the orbit and longitude information of satellites. Then, the difference between the 

geodetic and geocentric latitude information is used to compensate look vector in 

particular. The transformation matrices are defined as the followings: 
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where k is inclination of orbit and sat_longJ  is the longitude of satellite. Also, the 

compensation of look vector is described as following: 

 

   ocentricsat_lat_geodeticsat_lat_gegφ JJ -=                  (29) 

 

ú
ú
ú

û

ù

ê
ê
ê

ë

é -
=

)cos(φ0)sin(φ
010

)sin(φ0)cos(φ
T

gg

gg

y3                  (30) 

 

 UTT TU 3z3y3
1

z33g
-

=                     (31) 

 

where gφ  is compensation angle for geodetic latitude, odeticsat_lat_geJ  is the 

geodetic latitude of satellite, ocentricsat_lat_geJ  is the geocentric latitude of satellite, 

and 3gU  is the look vector considering compensation of between geodetic latitude 

and geocentric latitude. 

Now, the position, velocity, and look vector of satellites are in ECI coordinates. 
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Step 4. Solve for the target location and target velocity 

The next step is to locate a target on Earth’s surface and find the relative velocity 

of the satellite with respect to the target. The location of a target can be found by 

calculating both look vector and improved slant range of SAR raw data from Earth’s 

surface, defined by WGS-84 ellipsoid. The target position is  

 

          URSP 3g333 +=                   (32) 

Then, the relative velocity is defined as the difference between the target velocity 

and the satellite velocity using the target position. The target velocity includes the 

Coriolis effect in rotating Earth ( 3Q ) and can be calculated by rotating from Earth-

Centered, Earth-Fixed (ECEF) coordinates into ECI coordinates. The target velocity 

3Q  is defined as: 
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where 3D  is a radius of the rotation of the target around the polar axis, eω  is 

Earth rotation rate, and tar_long J  is target longitude in ECI coordinates. The 

calculated velocities are projected along the look vector and subtracted to find the 

relative velocity. The equation is  

 

3g33g3rel UQUVV ·-·=                       (35) 

 

where relV  is the relative velocity and 3V  is the satellite velocity in ECI 

coordinate system.  

 

Step 5. Calculate the predicted Doppler centroid  

Predicted Doppler centroid frequency is extracted from the relative velocity 

between the sensor and the target on Earth’s surface by: 

 

λ
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                       (36) 
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where DcF  is Doppler centroid frequency, relV  is the relative velocity in ECI 

coordinates, and l is radar wavelength.  
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국 문 요 약 

 

해양 환경 변화와 관련하여 태풍, 허리케인과 같은 열대성 저기압에 반응

하는 해양표면의 직접적인 관측 연구는 매우 중요하지만, 여러 가지 여건으

로 인하여 직접적인 관측은 많은 어려움이 따른다. 이를 위해 해양 및 대기

와 해양 표면 사이의 물리적 작용을 연구하는데 있어 Space-borne 

Synthetic Aperture Radar (SAR)는 매우 효율적이다. 도플러 쉬프트 

(Doppler shift)는 위성 센서와 목표물 간의 상대적인 움직임으로 인해 발

생하여 SAR 자료에 기록된다. 이 도플러 쉬프트는 해양 표면의 속도를 추

출하는데 있어 매우 중요한 요소 중 하나이다. 예측된 도플러 중심주파수

(Predicted Doppler centroid)와 측정된 도플러 중심주파수(Estimated 

Doppler centroid) 사이의 차이를 통해 도플러 속도를 구할 수 있다. 움직

임이 없는 목표물(지형)에 해당하는 예측된 도플러 중심주파수는 기하학적 

모델(Geometry model)을 이용하여 계산된다. 반면, 실제 해양 표면 상층부

의 움직임에 의해 측정된 도플러 중심주파수는 SAR raw 자료의 수신 신호 

정보를 이용하여 상관계수 도플러 중심주파수 측정방법(Correlation 

Doppler Estimator; CDE, 또는 Average Cross Correlation Coefficient; 

ACCC)을 적용하여 계산할 수 있다. 계산된 도플러 속도에서 Bragg-

resonant capillary waves에 해당하는 속도를 제거해 줌으로 인해 실제 해
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양 표면 속도를 추출할 수 있다. 이 방법은 동해에서 촬영된 Envisat 

ASAR raw자료를 이용하여 계산된 해양 표면 속도를 HF-radar자료와 방

향성을 검증하였다. 또한 대서양에서 발생한 열대성 폭풍 Edouard가 촬영

된 Radarsat-1 ScanSAR raw자료를 이용하여 해양 표면 속도를 처음 추출

하였다. 비록, Radarsat-1의 부정확한 비행자세로 인하여 정확한 도플러 

중심주파수를 계산하는데 어려움이 있지만, 본 연구에서 제안한 방법을 적

용하여 일반적인 해양 표면의 속도뿐 아니라, 열대성 저기압에 반응하는 해

양 표면의 속도까지 추출할 수 있는 새로운 가능성을 제시하였다.  

 

주요어 : 해양 표면 속도, 도플러 쉬프트, 도플러 중심주파수, 합성개구레

이더, 열대성 저기압 
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