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Abstract

The concept of radial velocity is proposed for high frequency (HF) radar for sea surface current measurement. However, in a

spaceborne synthetic aperture radar (SAR) system, the meaning of this concept has changed greatly. Through the evidence

and analysis presented in this paper, the radial velocity of the sea surface observed via spaceborne SAR is revealed from the

projection of the satellite’s velocity at different points along the range direction, and its distribution on the image presents a

strip-like texture, which is very different from the central radial distribution on the velocity image measured via HF radar. The

retrieved sea surface velocity field does not exhibit any radial characteristics, and its value is solely the magnitude of the sea

surface velocity.
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Key Points:

• The differences between the satellite’s velocity measured from the Doppler
centroid and the velocity measured by the Doppler centroid anomaly are
compared in detail, and the imaging mechanism is investigated.

• The concept of radial velocity is clearly revealed.

Abstract

The concept of radial velocity is proposed for high frequency (HF) radar for
sea surface current measurement. However, in a spaceborne synthetic aperture
radar (SAR) system, the meaning of this concept has changed greatly. Through
the evidence and analysis presented in this paper, the radial velocity of the sea
surface observed via spaceborne SAR is revealed from the projection of the
satellite’s velocity at different points along the range direction, and its distribu-
tion on the image presents a strip-like texture, which is very different from the
central radial distribution on the velocity image measured via HF radar. The
retrieved sea surface velocity field does not exhibit any radial characteristics,
and its value is solely the magnitude of the sea surface velocity.

Plain Language Summary

Spaceborne SAR and HF radar are two instruments for detecting the sea surface
current field. Research on HF radar began much earlier than research on space-
borne SAR, so it is generally believed that the velocity measured via spaceborne
SAR is also the radial component of the sea surface velocity, which is consistent
with the radial sea surface velocity measured via HF radar. Through sufficient
evidence, in this paper, it is shown that the sea surface velocity measured via
spaceborne SAR is not the radial velocity but rather the magnitude of the sea
surface velocity. Only the range satellite velocity measured via spaceborne SAR
presents a strip-like radial feature. Based on the explanation presented in this
paper, spaceborne SAR will become the most important technique for sea sur-
face current remote sensing since it can directly obtain the velocity field of the
sea surface current.

1 Introduction

In the previous article, we proposed an effective scheme for Ekman current
retrieval, but the problem regarding the radial velocity was not clearly explained
due to the limited focus of that article. Thus, in this paper, we discuss the
problem of the radial velocity, including the concept of the radial velocity, the
Doppler radial velocity measured via satellite, and the difference between the
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radial velocity measured via satellite and the sea surface velocity measured from
the Doppler centroid anomaly (DCA).

Regarding the history of the concept of the radial velocity, Crombie (1955) first
discovered the Doppler frequency shift caused by the Bragg wave and pointed
out that the Doppler velocity measured using ground-based radar is the radial
ocean wave velocity, i.e., the wave velocity along the direction of the radar
beam. Then, the Doppler spectrum theory began to be considered. Wait (1966)
showed that the peak of the Doppler-echo spectrum corresponds to the height
of the Bragg-resonant wave-train. Barrick (1972a, b) proposed first-order and
second-order models of the Doppler spectrum. Following this, the statistical
characteristics of the sea-echo Doppler spectrum were clearly revealed (Barrick
& Snider, 1977). Based on this deep understanding of the Doppler spectrum,
Barrick (1977) invented a technique for measuring the sea surface radial currents
using high frequency (HF) radar and established the concept that the sea surface
current measured via radar is only the radial velocity of the current. Then, Lipa
and Barrick (1983) composed the sea surface current vector using the radial
velocity in the Coastal Ocean Dynamics Applications Radar (CODAR) system
using the least squares method. After this, researchers began to believe that the
sea surface velocity measured via radar is the radial velocity of the sea surface
current.

In 1978, Barrick summarized the application of HF radar in oceanography, which
was the beginning of the application of radar in oceanography. In the same year,
the National Oceanic and Atmospheric Administration (NOAA) launched the
first spaceborne synthetic aperture radar (SAR) satellite, SeaSat, based upon
which the range Doppler algorithm was proposed for processing the SAR images.
In 1955, Carl Wiley discovered that the resolution of the imaging radar could
be increased through the Doppler shift, and therefore, the concept of synthetic
aperture radar was invented. In 2002, Chapron found that the Doppler centroid
anomaly (DCA) extracted from the Doppler centroid (DC) can be used for sea
surface current retrieval (Romeiser et al., 2010). Chapron et al. (2005) called
the velocity measured by the DCA the line-of-slight velocity in their paper, and
later Johannessen et al. (2006) called it the radial velocity in a conference paper.
Johannessen et al. (2008) formally used the term radial velocity in their paper
published in Geophysical Research Letters. Researchers have treated the velocity
measured using the DCA as the radial velocity, which is mostly due to Barrick’s
brilliant work. However, a basic difference is that the SAR satellite is located
in space, while HF radar is located on the ground (also called ground-state HF
radar). This difference makes the velocity measured by the spaceborne SAR
system very different from the velocity measured by the HF radar system. We
explain the reason for this in detail in this paper.

2 Radial Doppler satellite velocity

In the previous article (Yang & He, 2022) , we explained the composition of
the DC. Although the DC contains the error term introduced by the Doppler
centroid estimation algorithm, the error term can be ignored compared with
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the Doppler shift caused by the satellite’s motion and sea surface motion when
analyzing the radial characteristics of the DC. Thus, we can express the DC as
follows:

𝑓DC = 𝑓SAT + 𝑓DCA. (1)

The satellite motion component 𝑓SAT is much larger than the sea surface motion
component 𝑓DCA, so the DC frequency 𝑓DC mainly exhibits the characteristics
of the 𝑓SAT. Both theoretical analysis (Cumming & Wong, 2004) and real-data
analysis (Wang et al., 2022) have shown that the 𝑓SAT has significant radial
characteristics. Figure 1 shows the linear trends of the 𝑓DC in both the azimuth
and range directions. Based on this linear trend, we can identify and analyze
the radial features of the 𝑓SAT.

(a)

(b) (c)
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Figure 1. The linear trend of the Doppler centroid frequency 𝑓DC. (a) The 𝑓DC
image derived from the Environmental Satellite (ENVISAT) advance synthetic
aperture radar (ASAR) mapping on 07/14/2007 at Hangzhou Bay, with three
profiles A, B and C along the range direction and three profiles D, E and F along
the azimuth direction.. The linear trends of the profiles along the (b) range and
(c) azimuth directions.

2.1 Linear trend of Doppler shift

As shown in Figure 1, the linear trend of the DC in the range direction (Figure
1b) is quite different from that in the azimuth direction (Figure 1c). The slopes
of the linear trend profiles in the range direction are not equal to each other
but almost around 2.6, which means that the imaging patterns of the DC in
different places in range direction are not different, even though the satellite
velocities in these places are significantly different. Since the satellite’s speed is
much greater than the sea surface speed, 𝑓SAT ≫ 𝑓DCA, so 𝑓DC ≅ 𝑓SAT. Thus,
the profiles shown in Figure 1 illustrate that the 𝑓SAT changes linearly in both
the azimuth and range directions. Wang et al. (2022) developed two DC models
to describe the linear trends in the azimuth and range directions over the sea
surface. However, these two models were constructed from the geometry of the
satellite’s motion, so they essentially describe the 𝑓SAT, not the 𝑓DC. Even over
land, the 𝑓DC is still not completely equal to the 𝑓SAT because, as mentioned in
our previous article,

𝑓DC = 𝑓SAT + 𝑓topo, (2)

where 𝑓topo is the DC frequency induced by the terrain variations, and 𝑓SAT ≫
𝑓topo. Equations (1) and (2) both contain the Doppler shift components inde-
pendent of the satellite’s motion, and these components cannot be described by
the DC models provided by Wang et al. (2022). Thus, to be more precise, the
DC model in the range direction can be rewritten as follows:

𝑓Rg
DC = 𝑓Rg

SAT + 𝑓DCA,

𝑓Rg
SAT = 𝑓0 + 𝑓0

cos 𝜑0
(𝑠𝑖𝑛 𝜑0)2 ( cos 𝜑0

𝑅0
− 1

𝐻 )(𝑅 − 𝑅0), (3)

where f 0 is constant for an instantaneous scene, R is the slant distance, and
R0 is the slant distance corresponding to the same instantaneous scene. �0 and
H are also constant for the same scene. The theoretical range model 𝑓Rg

SAT
indicates that the linear trend in the range direction is correlated with the
range distance. Taking profile A as an example, when the satellite transmits
and receives electromagnetic signals above the sub-satellite point corresponding
to A, the time lag of this procedure is extremely short, so the satellite’s speed in
the instantaneous azimuth direction can be considered to be uniform. Therefore,
f 0 is a constant and 𝑓Rg

SAT is only related to the range distance. This is the reason
why the profiles of the DC in the range direction are linearly correlated with
the range distance.

For the azimuth direction, the slopes of the linear trend profiles are about 1.3,
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far different from that of the range direction, which indicates that the imaging
pattern of the 𝑓SAT in the azimuth direction is completely different from the
pattern in the range direction. The theoretical azimuth DC model can be express
as follows:

𝑓Az
DC = 𝑓Az

SAT + 𝑓DCA,

𝑓Az
SAT = − 2

𝜆|R| VR = − 2
𝜆|R| V2𝑡, (4)

where V is the satellite’s velocity, R is the vertical distance of the satellite from
the Earth’s surface, and t is time. Based on Equation (4), we know that 𝑓Az

SAT
is mainly affected by the changes in the satellite’s speed. The swath of a SAR
image is about 200 km, while the circumference of the Earth is about 40075
km, so the ratio of the imaging area to the circumference of the Earth is about
0.5%. Using this ratio, we can treat the change in the satellite’s speed along
the orbit as a linear process instead of a circular motion process because the
change in the curvature of the satellite’s orbit for this ratio can be neglected.
We conclude that the 𝑓SAT trend in the azimuth direction is mainly caused by
the linear change in the satellite’s speed.

To illustrate the 𝑓SAT differences in the different directions more intuitively, we
obtained the linear trends of the images of the 𝑓SAT in the azimuth and range
directions using the linear fitting method (Figure 2) (Wang et al., 2022).

(a) (b)

Figure 2. The linear trends of the images of the 𝑓SAT in different directions. (a)
The 𝑓Rg

SAT image, with clear vertical strips. (b) The 𝑓Az
SAT image with horizontal

stripes.

2.2 Radial features of the Doppler satellite velocity
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Because the Doppler shift is linearly correlated with the velocity, i.e., 𝑓 = 𝑘
2𝜋 𝑣,

where k is a constant representing the electromagnetic wave number. Thus, in
this section, the satellite-induced Doppler shift image will replace the satellite
velocity image to analyze the radial characteristics of the Doppler satellite veloc-
ity. As shown in Figure 2, the radial feature of the 𝑓SAT can be easily identified,
that is, the range image shown in Figure 2a exhibits significant linear charac-
teristics. These radial features are not revealed in Figure 2b. One reason for
this is that the linear trends in the azimuth direction are only related to the
satellite’s speed, not to the projection of the radar beam. The other reason is
that the beams of the radar are emitted only along the range direction. Radial
features can only be found along the range direction. The linear characteristics
are closely related to the range distance, which is simply the projection feature
of the electromagnetic wave signal in the range direction.

By comparing the radial features in Figure 2a with the case study of HF radar
presented by Mujiasih et al. (2021), it was found that the distribution of the
radial velocity measured via HF radar on the image (Figure 9 in Mujiasih et al.,
2021) is different from the distribution of the radial Doppler velocity measured
via satellite. For the radial velocity measured via HF radar, the distribution
texture is circumferential and radial. However, in Figure 2a, the SAR-measured
radial velocities exhibit a striped distribution. These distribution differences are
due to the synthetic aperture mechanism (Figure 3). Within a single synthetic
aperture length in the two-dimensional signal storage space, a stationary target
is observed in motion and is expressed as echo signals in the black box area. This
also leads to the range cell migration (RCM) disproportionately shown as the
black curve in the box (Cumming & Wong, 2004). The echo energy of a single
target usually covers hundreds of samples in the range and azimuth directions,
while the RCM may only span several range sampling units, so Figure 3 is
not drawn disproportionately. The echo signals are stored using the range and
azimuth directions as the coordinate axes, so the DC values are also estimated
and stored in two dimensions using the range and azimuth coordinates. This
causes the range and azimuth characteristics of the 𝑓SAT to be distributed in
strips.
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Figure 3. The synthetic aperture mechanism in the two-dimensional signal
storage space. The range and azimuth directions are taken as the coordinate
axes in this space.

More importantly, the SAR measured sea surface velocity is essentially different
from the radial sea surface velocity measured via HF radar. This is discussed
in the next section.

3 Sea surface Doppler velocity

For the retrieval of the sea surface velocity from the DC, Wang et al. (2022)
provided an effective algorithm with a reasonable validation. In this section, we
continue to use the Doppler shift image instead of the sea surface velocity image
to analyze the radial features of the distribution on the retrieved sea surface
velocity image. On the image of the 𝑓DCA, two profiles are also created along the
azimuth and range directions respectively (Figure 4). Regarding these profiles,
there are no clear linear trends similar to the satellite radial velocity in both
the range and azimuth directions. Moreover, the distribution of the values on
the 𝑓DCA image does not exhibit a striped texture, and the distribution is more
similar to the dynamic features of the sea surface. In the previous article, we
also proved that the sea surface velocities measured via SAR are approximately
equal to or even greater than the velocities simulated using a numerical model.
All of these lines of evidence obtained from real data prove that the sea surface
velocity retrieved from the DC is exactly equal to the magnitude of the sea
surface vector, not the magnitude of the radial component of the vector.

So, why is the sea surface velocity measured via SAR so different from that
measured via HF radar? In the previous article, we partially explained the rea-
son for this phenomenon and proposed a new imaging mechanism for the 𝑓DCA.
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One of the main conclusions is that the electromagnetic wave signals emitted
by the SAR system in space are dispersed in the long-distance propagation and
projected onto the sea surface to form concentric ellipses, so it can observe the
Doppler shift in any velocity direction. In contrast, the electromagnetic wave
emitted by an HF radar system on the ground has good radial propagation char-
acteristics, so the measured velocity is simply the radial speed of the sea surface
velocity. Here, we use an example to clearly illustrate that the electromagnetic
wave dispersion caused by the long-distance transmission greatly affects the
measurement of the sea surface velocity. This example was presented by Mar-
tin et al. (2022), and they compared the measured velocities of the Sentinel-1
RVL product with the radial velocity measured via HF radar in the near shore
region and far sea region. The scatter plot presented in Figure 4 of their article
shows that in the near shore area, the SAR measured velocities were generally
larger than the radial velocities from the HF radar; in the far sea area, the
velocities obtained via SAR were approximately equal to the radial velocities
measured via HF radar. Since it has been proven in the previous article that the
SAR measured velocity is only the magnitude of the sea surface vector, we can
infer that the electromagnetic wave emitted by the HF radar is also dispersed
in the far sea area, leading to its radial features no longer being significant. In
addition, the measured velocity gradually changes from the radial direction to
a non-radial direction. This example also demonstrates that the SAR measured
sea surface velocity is not the radial velocity due to the dispersion effect of the
electromagnetic waves after transmission over several hundred kilometers.

(a)
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(b) (c)

Figure 4. DCA image retrieved from the DC image and its profiles. (a) The
𝑓DCA image with two profiles A and B along the range direction and two profiles
C and D along the azimuth direction. The abnormal values shown in white
color are due to the great differences of electromagnetic wave scatter between
sea water and land. (b) The trends of the two profiles along the range direction.
(c) The trends of the two profiles along the azimuth direction.

A surprising fact is that both the sea surface velocity and the satellite’s velocity
are measured at the same time using the Doppler effect, but only the measured
satellite velocity is radial in the range direction, while the sea surface velocity
is not radial. To explain this, we can merely focus on the observation points
in range direction. First, We select two points (A and B) at certain distances
along the range direction and observe the values of the sea surface velocity and
the satellite’s speed at these two points. We assume that the satellite’s velocity
V remains constant in the very short time period of the sampling in range
direction. The measured velocity at point A contains the sea surface velocity
UA at point A and the component satellite velocity VA, while that at point
B contains the sea surface velocity UB at point B and the component satellite
velocity VB. Then we can find that only VA and VB are radially correlated
through Equation (3). UA is quantitively not related to UB, since SAR just
samples the sea surface velocity point-to-point and the sea surface velocity is
different at different points. This can explain why only the measured satellite
velocity is radial.

A related question is if the same sea surface point is observed at two different
points in the azimuth and range directions, is there a radial relationship between
the two observation velocities? To answer this, we checked the Doppler velocity
images of the extension region of the Gulf Stream and the Gulf Stream regime
(Figure 5). A uniform sea surface current field can be seen on the image, with a
flow direction that almost corresponds to the range direction of the SAR (Figure
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5a). From the profile along the black line in Figure 5c, we can see that no radial
feature is found at the different observation points along the range direction for
the same current area. The Doppler velocity image of the Gulf Stream regime
(Figure 5b) provides the same conclusion along the azimuth direction in Figure
5d. Thus, based on Figure 5, we know that the measured speeds at the same
sea surface field at different positions along the satellite’s orbit are the same.

(a) (b)

(c) (d)

Figure 5. Sea surface Doppler velocity observations. (a) Doppler velocity im-
age of the Gulf Stream extension region acquired at 22:01 on 07/20/2021 from
Sentinel-1 RVL product, with a uniform current in a nearly west-east direction.
(b) Doppler velocity image of the Gulf Stream regime off the coast of Florida
acquired at 23:20 on 11/07/2021 from Sentinel-1 RVL product, with a uniform
current in a nearly north-south direction. (c) The profile along the black line
shown in (a). (d) The profile along the red line shown in (b).
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4 Conclusions

Through analysis of several examples, we found that the Doppler shift received
by the SAR from the echo signal shows different imaging patterns regarding
the satellite velocity and sea surface velocity. The difference is determined by
the characteristics of the satellite’s velocity vector and the sea surface velocity
vector at different ground points. As the satellite moves along its orbit round
the Earth, the component of the velocity at the ground point is the projection
of the satellite’s velocity vector, so it exhibits radial characteristics at different
observation points. However, the sea surface velocities are different at different
sea surface points, which is mainly dominated by the distribution of the dynamic
sea surface field, so they do not exhibit any radial features.

The main conclusions of this paper are as follows. (1) The DC linear trends
in the azimuth and range directions are caused by the relative motion between
the satellite and the Earth. The linear trend in azimuth direction is caused by
the linear change of satellite speed in orbit, while the linear trend in the range
direction is caused by the projection of the satellite’s speed onto the ground, so
the radial characteristics can only been seen in the range direction on the 𝑓Rg

SAT
image. (2) The Doppler shift caused by the sea surface motion does not exhibit
radial features because the electromagnetic waves emitted by spaceborne SAR
do not propagate along the radial direction when they are projected onto the
sea surface. (3) The concept of the radial velocity established for HF radar is
not applicable to spaceborne SAR. The radial velocity measured via spaceborne
SAR is the component of the satellite’s velocity in the range direction, which is
different from the radial sea surface velocity component measured via HF radar.
The image of the radial velocity measured via HF radar exhibits a central radial
distribution, while the radial satellite velocity image measured via SAR exhibits
a strip-like distribution.
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