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Abstract 

 

Doppler parameter from SAR (Synthetic Aperture Radar) is among the most 

effective tools for velocity measurements. The physical principle for estimating radial 

velocity utilizes the Doppler shift extracted from SAR data. The Doppler shift is 

caused by the relative motion between a sensor and target. The Doppler parameter 

can be used as an important source for velocity measurements in various applications 

including oceanography, geology, civilian, and military fields. Based on the type of 

SAR products and Doppler parameter estimation techniques, specific applications 

including distributed and artificial moving target velocities can be estimated with the 

velocity range. In this thesis, I examined a distributed target velocity, a sea surface 

current, using SAR raw data and an artificial target velocity, a ship, using SAR SLC 

data of a single channel SAR system.  

First, the Doppler parameter in the received radar signal from the SAR raw data was 

used to retrieve the sea surface velocity. Sea surface velocity is derived by calculating 

Doppler shift anomalies between predicted and estimated Doppler centroids. The 

predicted Doppler centroid is defined as the Doppler centroid, in which it is assumed 

that the target does not move, and it is calculated based on improved geometric 

parameters of a satellite including the satelliteôs orbit, beam pointing direction, and 

attitude with respect to the rotations of Earth. I used an established model with 

improved parameters (including slant range distance, look angle, and hour angle) and 
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an iterative fitting procedure. The fitting procedure included a global fitting method 

and an attitude control algorithm for correct biases. The estimated Doppler shift that 

represents the actual Doppler centroid in the situation of real SAR data acquisition 

can be directly extracted from ScanSAR raw signal data calculated by applying the 

adjusted Average Cross Correlation Coefficient (ACCC). The characteristics of sea 

surface velocities under hurricane conditions were investigated using RADARSAT-1 

ScanSAR Doppler centroid measurements. Five different hurricanes (i.e., Typhoon 

Xangsane, Hurricane Dean, Hurricane Ivan, Hurricane Lili, and Hurricane Kyle) and 

sequential acquisitions of two cases (Hurricane Lili and Hurricane Kyle) were 

selected to investigate the contribution of wind-induced waves to Doppler velocities 

and compared to in-situ measurements of drifting buoys. The results indicate that 

hurricane-generated seas and associated winds and waves appear to differ from those 

of the ordinary sea state. This leads to lower estimates of Doppler velocities than the 

expected estimates and that are significantly closer to the sea surface current 

velocities. In this respect, our study is the first attempt to characterize Doppler 

velocities influenced by tropical cyclones using different and sequential 

RADARSAT-1 ScanSAR data. 

Second, we investigated the potential for automatic calculation of ship velocity 

using the azimuth offset between ship and wake in SAR SLC imagery. The azimuth 

offset between ship and wake is proportional to the Doppler shift effect of the back-

scattered signal, and is thus related to the radial velocity of the moving target. Our 

methods automatically identified ships and wakes from TanDEM-X SLC images 
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using convolutional neural networks (CNN), a deep learning technique. An accurate 

reference point between the ships and wakes was identified using Radon transforms 

and edge filtering. Additionally, ship velocity was estimated using the along-track 

interferometry (ATI) phase due to the Doppler shift effect. Using the Korea Strait as 

a test site estimating moving ship velocity using TanDEM-X data, we compared the 

accuracy of the ship and wake detection rate with Automatic Identification System 

(AIS) data. We also compared the processing results from the azimuth offset to those 

from the ATI and in-situ measurements of AIS to determine the feasibility of 

estimating moving target velocity.  

Thus, the estimation of a Doppler parameter, such as Doppler centroid 

measurements, azimuth offset, and ATI, can lead to the effective extraction of velocity 

in various applications including sea surface current and ship velocity. 

 

Keywords ï Synthetic aperture radar (SAR), Doppler centroid measurements, 

azimuth offset, sea surface current, ship velocity, along-track interferometry (ATI) 

SAR 

Student Number: 2012-30890 
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1 Introduction 

 

1.1 Overview 

 

SAR (Synthetic Aperture Radar) is one of the most effective tools for velocity 

measurements. The physical principle to estimate radial velocity utilizes the Doppler 

shift extracted from SAR data. The Doppler shift is caused by the relative motion 

between sensor and target. Doppler parameters, such as Doppler centroid frequency 

and Doppler rate, are the most prominent parameters in SAR processing. The 

estimation of Doppler parameter can be used as an important source for velocity 

measurements in various fields including oceanography, geology, civilian, and 

military. The velocity ranges of the distributed and artificial targets included sea 

surface current and the moving target velocity was estimated based on the type of 

SAR products and Doppler parameter estimation techniques as shown in figure 1-1. 

In this thesis, I examined the distributed target using SAR raw data and the artificial 

target using SAR SLC data of a single channel SAR system, respectively (Figure 1-

2). 

First, the Doppler parameter in the received radar signal from SAR raw data is used 

to retrieve radial Doppler velocity. Doppler velocity is derived by calculating Doppler 

shift anomalies between the predicted and estimated Doppler centroids. The predicted 

Doppler centroid is calculated based on a geometric model of satellite by assuming 
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that the target does not move. The estimated Doppler centroid can be directly 

extracted from the SAR raw signal data by applying the average cross correlation 

coefficient method. The characteristics of sea surface velocities in high-wind 

conditions were investigated by using Doppler centroid measurements from 

RADARSAT-1 ScanSAR raw data. 

Second, the moving target velocity such as ship was investigated by using the 

azimuth offset between the ship and wake in SAR SLC image. When the SAR SLC 

data is processed from the raw data, the azimuth compression interprets the Doppler 

history on the assumption of stationary targets. The relationship between Doppler 

frequency and azimuth offset is linear, and thus the phase record is identical to that 

of a similar albeit stationary target located an azimuthal distance away. The azimuth 

offset between ship and wake is proportional to the Doppler shift effect of the 

backscattered signal. Thus, the velocity of the ship is estimated by using the azimuth 

offset between the ship and the wake. I extract the linear component of wake caused 

by a moving ship. The azimuth offset is precisely estimated by locating the 

intersection of the linear component to the subpixel position using the edge filter and 

radon transform. The velocity of the ship was investigated using azimuth offset from 

TanDEM-X SLC data. 

Additionally, we retrieved the ship velocity by using along-track interferometry 

(ATI) SAR data. The ATI SAR requires two SAR antennas or two SAR systems along 

the flight direction. The two SAR images were acquired from TanDEM-X 

(TerraSAR-X add-on for Digital Elevation Measurement) with a short time lag, which 
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causes the phase difference in the azimuth direction. The along-track interferometry 

(ATI) phase is proportional to the Doppler shift effect of the backscattered signal and 

thus related to the radial velocity of the moving target.  

Specific applications including distributed target and artificial target velocity can be 

estimated based on Doppler parameter estimation techniques according to the 

velocity range. In the next chapter, I describe the theory of a Doppler parameter in 

the cases of a stationary target and a moving target (Figure 1-2). 
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Figure 1-1 Overview of Doppler parameter estimation from SAR for velocity 

measurements 
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Figure 1-2 Doppler parameter estimator 
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1.2 Background of Doppler parameter from SAR 

 

An essential part of SAR processing involves the estimation of the Doppler 

parameters of the received signal. The received SAR signal experiences a Doppler 

shift due to the relative motion between sensor and target. The average of the Doppler 

shift is termed as the Doppler centroid frequency. The Doppler centroid frequency is 

a fundamental parameter for SAR processing. Specifically, the Doppler parameter 

from SAR is related to the radial velocity of the target on Earth. 

The factors that affect Doppler frequency can be described through SAR geometry 

including satellite orbit, the radar beam pointing direction, and the intersection of the 

beam with the rotation of the surface of the earth [Cumming and Wong, 2005]. The 

estimation of Doppler parameters begins with a SAR geometry (Figure 1-3).  
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Figure 1-3 SAR geometry 
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The Doppler effect within 1 pulse is significantly low and is negligible. However, 

over several subsequent pulses, the Doppler effect is the main factor that shapes the 

phase of the received signal in the azimuth direction [Li, 2005]. 

The slant range is a function of azimuth time and is expressed as follows: 
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where 0R  denotes the slant range, the distance between the Earthôs target and the 

antenna, and satV   denotes the nominal satellite velocity. The approximate 

expression is obtained by ignoring the high order components of the Taylor expansion. 

 By using the approximate slant range equation, the azimuth signal is expressed as 

follows: 
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The phase of the azimuth signal is expressed as follows: 
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Thus, the Doppler history is expressed as follows: 
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This indicates that the azimuth signal of SAR is also a chirp signal. The chirp signal 

has two important Doppler parameters. The first parameter corresponds to a Doppler 

rate and is expressed as follows:  

 

2

0

0

( ) 2a sat
a

df V f
K

d cR

h

h
= =-                    (1-5) 

 

Another important parameter is the Doppler centroid that is defined as the Doppler 

frequency received from a given target on Earth when the target is centered in the 
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azimuth antenna beam pattern. It represents the azimuth center frequency that is 

expressed as follows: 
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where ch  denotes the beam center crossing time relative to the time of closest 

approach, and l denotes the wavelength. 
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Figure 1-4 SAR geometry in observation of a moving target 
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However, if moving targets exist in observed SAR scene, then the moving targets 

are typically azimuthally displaced and defocused in SAR image if their echoes are 

processed in the same manner as that for stationary echoes [Jao, 2001; Yang and 

Zhang, 2015]. Thus, I analyze the Doppler parameters on the moving targetôs azimuth 

offset in the focused SAR image. With respect to processing SAR imaging, I use the 

stationary targetôs Doppler centroid and Doppler rate to process the moving target the 

azimuth position of moving target in SAR image as follows: 

 

00
0 0
Ĕ (1 )

2 c

yx

sat sat sat

y vR v
x f x

V V V
h

l
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At this moment, the azimuth offset of the moving targetôs imaging distance from its 

real position is expressed as follows: 
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Given that SAR processing is in the slant range plane, I use rv  (radial velocity) to 

denote the projection of yv  in the slant range plane. The relationship between rv  
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and yv  are expressed as follows 
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For the convenience of the analysis, I assume that 0 0x =   in the following 

description. Subsequently, the moving targetôs Doppler centroid is expressed as 

follows 
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Additionally, its azimuth offset in SAR single look complex (SLC) image is 

expressed as follows 

 

0r

sat

v R
x

V
D =                        (1-10) 

 



- 14 - 

 

0cos( )g in

sat

v R
x

V

q
D =                    (1-11) 

 

where xD  denotes the azimuth offset and inq  denotes the local incidence angle. 

The radial velocity of the moving target was obtained in the slant range projection 

and then converted to ground projection by using local incidence angles. 

 

  



- 15 - 

 

1.3 Objectives 

 

The thesis focuses on estimating Doppler parameter from SAR (Synthetic Aperture 

Radar) for velocity measurements. The physical principle for estimating radial 

velocity utilizes the Doppler shift effect extracted from SAR data. I describe the 

details of the technique for both Doppler centroid measurements by using SAR raw 

data and azimuth offset using SAR SLC data, respectively. 

 

The objectives of the thesis, new approaches, and its applications include the 

following; 

i. The characteristics of the Doppler velocity under high-wind conditions 

were examined using a considerable number of RADARSAT-1 ScanSAR 

raw data for a better understanding of the sea surface during hurricanes. 

Sea surface velocity during tropical cyclones is derived by calculating the 

Doppler centroid measurements. I used an established model with 

improved geometric parameters (including slant range distance, look angle, 

and hour angle), an adjusted ACCC method, and an iterative fitting 

procedure. The fitting procedure included a global fitting method and an 

attitude control algorithm for correct biases. I further analyzed the 

characteristics of the Doppler velocity for various and sequential 

hurricanes in different oceans and for a single hurricane acquired at 
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different times. 

ii. The azimuth offset of a moving target such as a ship is proportional to the 

Doppler shift effect of the back-scattered signal. The ship velocity was 

derived by calculating the azimuth offset from the TanDEM-X SLC data. 

To select for the subset data, I automatically detected ships and wakes from 

SAR images by using the deep-learning-based CNN technique. Under 

various maritime weather conditions, it is possible to detect the wake by 

using a manually trained data set with a SAR intensity value. The 

intersection of a detected wakeôs linear component is used to identify the 

accurate reference point of the actual shipôs position from Radon transform 

and edge filtering. Automatic estimation of ship velocity is retrieved by 

calculating the azimuthal distance with subpixel resolution between the 

ship and wake. The accuracy of the ship velocity was compared to the ship 

velocity of the ATI of the TanDEM-X and AIS data, respectively.  
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2 Retrieval of sea surface velocity during tropical cyclones using 

RADARSAT-1 ScanSAR Doppler centroid measurements 

ñDoppler Velocity Characteristics During Tropical Cyclones Observed 

Using ScanSAR Raw Data [Kang et al., 2016]ò 

 

2.1 Background 

 

Tropical cyclones such as typhoons and hurricanes have increased in terms of both 

strength and frequency over the past 30 years [Emanel, 2005], causing massive 

damage and leading to disasters. Such cyclones typically form over warm tropical 

waters near the equator, where the Coriolis Effect causes air to accelerate towards a 

central area of low pressure. Due to the increase in strength and extent of tropical 

cyclones, it is strongly required to observe oceanic responses to tropical cyclones for 

better understanding of propagation speed, development status, and structure of the 

cyclones and thus minimize the damages caused by those systems [Katsaros et al., 

2002; Reppucci et al., 2010]. The observation and characterization of sea surface 

currents, waves and winds under extreme conditions have been challenging tasks for 

many physical oceanographers. It is often difficult to make direct observations under 

extreme conditions, which also led to a lack of reliable measurements of the initial 

state of the oceanic response to tropical cyclones and makes poor understanding of 

the mechanisms of cyclone movement [Friedman and Li, 2000; Alpers and Hennings, 

1984; Lyzenga and Bennett, 1988]. 

Until recently, measurements of sea surface currents have been observed using 
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various approaches. High-frequency (HF) radar and drifting buoys are the most 

commonly used in situ tools to measure surface currents. However, HF radar uses a 

ground-based radar system, which limits the range of data acquisition to coastal areas. 

Similarly, drifting buoys can only provide point data from their installed locations 

[Shay et al., 1998; Graber et al., 1996], and there have been inherent difficulties 

accessing region of interest. Accordingly, it is necessary to develop a new method 

with capable of observing sea surface currents using suitable satellites even though 

these data are only available in near real-time or intermittently. Recently, active 

microwave remote sensing systems such as Quick Scatterometer (QuikSCAT) and 

Advanced Scatterometer (ASCAT) have been used. Even under extreme conditions, 

these sensors can penetrate most clouds and make operational measurements at the 

airïsea interface. However, their spatial resolutions are typically several tens of 

kilometers [Li et al., 2013]. Oceanic features responding to tropical cyclones can 

differ from place to place and may be variable even within a small area. In this aspect, 

space-borne synthetic aperture radar (SAR) can be the most suitable instrument to 

observe the sea state at high resolution. 

In recent times, SAR techniques have been employed to extract sea surface current 

data over large areas. SAR along-track interferometry (ATI) is one such technique, 

which uses the phase differences between dual antennas to extract sea surface current 

data [Kim et al., 2003; Romeiser et al., 2005]. In early 2012, ATI data from TanDEM-

X (TerraSAR-X add-on for digital elevation measurement) were obtained from near-

optimum baselines. However, such ATI data are currently limited, because the along-
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track baselines corresponding to the regions of interest, mostly located in mid- to low-

latitude regions, are usually longer than 100 m, resulting in a low temporal coherence 

[Krieger et al., 2007; Romeiser et al., 2014]. Thus, the applicability of ATI is currently 

impeded by data availability, despite its success in obtaining high-sensitivity current 

measurements. To address this, it is also important to use conventional SAR systems 

to extract present-day sea surface current data. 

A previous study using SAR data demonstrates that a Doppler anomaly could be 

extracted from RADARSAT-1 standard beam raw data and that the Doppler anomaly 

was directly related to the sea surface currents [Kooij et al., 2001]. In a subsequent 

study, quantitative sea surface current velocities were estimated from the relationship 

between surface currents (projected in line-of-sight) and Doppler anomaly using 

ENVISAT Advanced Synthetic Aperture Radar (ASAR) data [Chapron et al., 2005]. 

There was a modeling study of sea surface current from RADARSAT-1 standard 

mode using wavelength diversity ambiguity resolving (WDAR) and multi-look beat 

frequency (MLBF) algorithm [Marghany, 2009]. Volterra model was also used to 

simulate the sea surface current from RADARSAT-1 fine mode [Marghany, 2012]. 

Mostly, the Doppler velocity was dominated by contributions of wind and waves as 

well as sea surface currents. By subtracting the long wave orbital velocity and phase 

velocity of Bragg-resonant capillary waves (wind effect) from the total Doppler 

velocity, the quantitative anomaly should reveal the sea surface current velocity 

[Moller et al., 1998]. Previous studies focused only on sea surface velocity in low-

wind conditions, and an extension of these studies, SAR data have been experimented 
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to test oceanic responses to tropical cyclones, such as mesoscale circulation responses 

during the typhoon Man-Yi (2007) [Nam et al., 2012]. Furthermore, wind retrieval 

from the Doppler shift of wide-swath SAR data has been demonstrated under 

complex meteorological conditions, such as in atmospheric fronts and low-pressure 

systems [Mouche et al., 2012]. This study found that the Doppler shift was highly 

correlated with the wind pattern and hence the method was useful for retrieving more 

realistic wind directions in case of complex and rapidly changing meteorological 

situations. However, a quantitative validation of each contribution has not yet been 

possible for high-wind conditions. 

Sea surface current have always been in the center of interest of specialists in 

different domains of oceanography and marine meteorology. Despite the recent 

positive results observed based on the Doppler velocity, some issues still need to be 

addressed. In this study, the characteristics of Doppler velocity in high-wind 

conditions were examined using a considerable number of RADARSAT-1 ScanSAR 

raw data for better understanding of hurricanes. In section 2.2, data acquisitions and 

meteorological history of five different Typhoon and Hurricanes are presented. The 

methodology of estimating Doppler velocity and its physical interpretation are 

described in section 2.3. I further analyze the characteristics of Doppler velocity for 

various Hurricanes in different oceans and for a single Hurricane acquired in different 

times in section 2.4, and finally made our conclusions in section 4. 
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2.2 Data set and meteorology 

 

The Western Pacific and the Atlantic Ocean were selected as study area to 

investigate sea surface velocities under aforesaid extreme conditions associated with 

tropical cyclones, because these regions are known as the most cyclone-prone regions 

worldwide. In particular, the Pacific Typhoon Xangsane (2006), the Atlantic 

Hurricanes Dean (2007), Ivan (2004), Kyle (2002), and Lili (2002) were investigated; 

Typhoon Xangsane was one of the biggest storms to hit Vietnam in the past several 

decades, and Hurricane Dean was one of the strongest tropical cyclone of the 2007 

Atlantic hurricane season. Similarly, Hurricane Ivan was the 10th most intense 

Atlantic hurricane ever record, whereas Hurricane Lili was the second deadliest and 

costliest hurricane of the 2002 Atlantic hurricane season. Hurricane Kyle (2002) was 

category 1 hurricane that lasted for 22 days and became the 5th longest-lived Atlantic 

tropical cyclone on record. Thus, these regions were selected as suitable areas for the 

study of oceanic responses (induced sea surface currents) to extreme tropical cyclones. 

This study was initially conducted as a part of the RADARSAT Hurricane 

Applications Project (RHAP) led by the Canadian Space Agency (CSA). 

RADARSAT-1 ScanSAR data capturing Hurricane Dean, Hurricane Ivan, and 

Typhoon Xangsane were acquired on August 17, 2007, September 6, 2004, and 

September 30, 2006, respectively (Figure 2-1, 2-2, and 2-3). In addition, sequential 

observations of Hurricane Kyle were acquired on September 26 and 27, 2002 (Figure 

2-4), and in similar period, Hurricane Lili were also sequentially obtained on 

September 27, 28 and 30, 2002, respectively (Figure 2-5).  
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The swath width of RADARSAT-1 ScanSAR mode is approximately between 450-

500 km, which is achieved by combining four different beams; wide beams 1 and 2 

(W1 and W2) and standard beams 5 and 6 (S5 and S6). As a result, the spatial 

resolution of the ScanSAR mode is relatively low (about 100 m), but it is high enough 

to study mesoscale sea surface currents and oceanic responses to hurricanes (Table 2-

1). Hurricane-induced changes could be observed in SAR amplitude images. Sea 

surface imprints of hurricanes such as eye structures, ra in bands, and wave patterns 

around the eye wall were clearly represented in SAR images. For instance, I was able 

to extract the path of Hurricane Lili, forward speed, the size of its eye, and also its 

category change from tropical storm to hurricane from figure 2-5. In addition, fine-

scale features of the sea surface, which may be difficult to see with other sensors 

under thick storm clouds, were well observed by the SAR images. The cyclone 

symbols and corresponding time shown in these figures indicate the position of the 

hurricane along the moving track of the storm. Typhoon Xangsane was formed on 

September 25, 2006, in the Western Pacific near the coast of the Philippine Islands. 

After it grew from a tropical depression to a typhoon, it continued until September 

30, 2006, across the China Sea near the coast of the Vietnam. Xangsane maintained 

its intensity until it approached to Vietnam, where dry air and land interaction began 

to slowly weaken the typhoon on September 30. Just after 00:00 UTC on October 1, 

Xangsane was a low-end typhoon, with 10-minutes winds of 36 m/s according to the 

Japanese Meteorological Agency (JMA). On the other hand, Hurricane Dean entered 

the Caribbean Sea on August 17, and its northern eye wall, accompanied by sustained 

winds of about 43 m/s, passed directly over Martinique. Subsequently, Hurricane 
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Dean strengthened to form a Category 4 hurricane and continued to grow steadily in 

both size and intensity, according to the report of the National Oceanic and 

Atmospheric Administration (NOAA) National Hurricane Center (NHC) 

[http://www.nhc.noaa.gov/]. Ivan developed from a large tropical wave that moved 

off the west coast of Africa on 31 August, 2004. Ivan reached its first peak intensity 

of Category 3, with wind speed of 60m/s at 00:00 UTC on September 6. This made 

Ivan the southernmost major hurricane on record. Tropical storm Lili acquired a low-

level closed circulation on September 27, and its forward speed slowed to about 2.5 

m/s by September 28 as it slowly traversed the north coast of Jamaica, traveling 

northward (Figure 2-4). Then, the storm turned gradually toward the west-northwest 

while strengthening, eventually becoming a hurricane on September 30. Hurricane 

Lili reached its peak strength of Category 2 intensity, with wind speed of 34 m/s, on 

September 30. Kyle (2002) became a hurricane at 12:00 UTC 25 September. A peak 

intensity of 38m/s is estimated to have occurred at 12:00 UTC 26 September about 

683km east-southeast of Bermuda (Figure 2-5). Kyle maintained this intensity for the 

next 24 hours before gradually weakening under the influence of moderate 

northwesterly to northerly vertical shear. 
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Figure 2-1 RADARSAT-1 ScanSAR amplitude image capturing Hurricane Dean on 

August 17, 2007. 
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Figure 2-2 RADARSAT-1 ScanSAR amplitude images capturing Hurricane Ivan on 

September 6, 2004. 
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Figure 2-3 RADARSAT-1 ScanSAR amplitude image capturing Typhoon Xangsane on 

September 30, 2006. 
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Figure 2-4 RADARSAT-1 ScanSAR amplitude images capturing Hurricane Kyle 

sequentially on September 26 and 27, 2002. 

 

  




















































































































































































