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Research on Sea Surface Elliptical Current Remote
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High-Frequency Sky–Surface Wave Radar
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Abstract—This article describes a new elliptical current
(
⇀
vE−ssw) retrieval scheme for single-station wide-beam high-

frequency sky–surface wave radar, which focuses on solving the
problem of locating scattering patches on the sea surface. To start
with, the measured data of the Digisonde portable sounder are
exploited to correct the international reference ionosphere (IRI)
model, which is capable of realizing the precise application of the
IRI model to a certain extent. Subsequently, the scattering patches
are located by combining the 3-D ray tracing and the corrected IRI
model, and the radio wave incidence angles are obtained to calculate
the theoretical Bragg frequency. Finally, the large-area elliptical
currents are retrieved on the basis of the correction of sea echoes
with ionosphere phase contamination extracted from direct waves.
The effectiveness of this scheme is verified by comparing

⇀
vE−ssw

with surface wave radar current products and by comparing with
a location algorithm under the plane ionosphere assumption. The
main achieved results are as follows. The predicted value of

⇀
vE−ssw

by the location algorithm proposed in this article is more accurate
than that obtained from the plane ionosphere location algorithm.
The directions of

⇀
vE−ssw are in good agreement with the surface

wave radar current product, and the root-mean-square error of
vE−ssw is about 11.70 cm/s. In the detection core area, such an error
is about 7.76 cm/s, and the scattering patches with smaller group
paths exhibit higher retrieval accuracy ofvE−ssw. The relative error
of vE−ssw in the core area demonstrates an ascending trend in the
local time interval of 9:32–10:29, revealing that the effectiveness of
this scheme could be affected by the ionosphere disturbance.

Index Terms—International reference ionosphere (IRI) model
correction, scattering patch location, sea surface current retrieval,
wide-beam high-frequency hybrid sky–surface wave radar.

I. INTRODUCTION

S EA surface current is a significant ocean dynamics param-
eter that plays a vital role in fishing, navigation, rescue,
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tsunami warning, and ocean environmental protection [1]. Since
satellites and buoys are not able to perform large-area and con-
tinuous observation of specific sea regions [2], high-frequency
radars have been widely used in coastal current monitoring [3].
Among the high-frequency radar systems, surface wave radar
[4], [5], [6] and sky wave radar [7], [8] have particular limitations
in remote sensing of large-area sea surface currents due to
their short detection distance [4], [5] and severe ionosphere
contamination [9].

Compared with surface wave radars and sky wave radars,
sky–surface wave radars (HFSSWRs), with an inland sky wave
transmitting station, are capable of continuously observing the
target area by receiving surface waves at one station on the coast-
line or island [10], [11], [12], [13]. In this mode of operation, the
corresponding ionosphere phase contamination is lower, and the
flexible arrangement of receiving stations enables them to detect
expansive ocean areas. Some scholars have conducted research
on remote sensing of ocean dynamics parameters of HFSSWRs
in recent decades, including theoretical modeling [14], [15],
[16], [17], [18] and retrieval algorithm development [19], [20],
[21]. Only sea surface current and wind direction have been
reported for the remote sensing of sea states by HFSSWRs since
the retrieval theory of these two parameters is more successful,
and only the first-order scattering echoes are required. In the
study of HFSSWR current retrieval, Ji et al. [19] retrieved
the elliptical velocity with single-station wide-beam HFSSWR
(SSWB-HFSSWR), and the root-mean-square error (RMSE) of
13.8 cm/s was derived by comparing the results with a current
meter. However, the method of locating the sea surface scattering
patches has not yet been introduced, so it was impossible to
judge whether the elliptical velocity was located in the sea area
where the current meter was located. Li et al. [21] established a
combination algorithm of two receiving stations to locate the sea
surface scattering patches and acquire the current vector. How-
ever, the proposed algorithm is implementable on the premise
that both receiving stations must simultaneously receive the sea
echoes, which is not always achievable, and the corresponding
labor costs and computational efforts of the algorithm are high.
Therefore, this article aims to use an SSWB-HFSSWR to carry
out large-area elliptical current

⇀

vE−ssw retrieval (the component
of the current vector, which is similar to the radial current of
monostatic radar).

The location of scattering patches has always been
an unresolved problem in sea state remote sensing with
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SSWB-HFSSWR. The main reason is that the instability of the
ionosphere causes some difficulties in determining the sky-wave
paths of radio waves (Skypath). Generally, there exist two ap-
proaches to deriving Skypath of radio waves [22]. The first is that
the ionosphere is assumed as a plane, and the propagation paths
of radio waves are modeled as straight lines [14], [16], [23],
[24], which will lead to a significant error [25]. The second is to
calculate Skypath using 3-D ray tracing according to the electron
density profile [26], [27]; however, the quality of the electron
density profile affects the effectiveness of this method [28].

Owing to the high ionosphere variability and sparse ar-
rangement of observation sites, the modeling of the real-time
ionosphere is seldom examined, so the quasi-parabolic model
is customarily employed in coordinate registration [29], [30].
This ionosphere model with a definite equation has few in-
put parameters but its accuracy is limited. Compared with the
quasi-parabolic model, the international reference ionosphere
(IRI) model [31] successfully used in the middle latitudes is
an empirical model based on a large amount of measured
data from the ground, satellites, and rockets [32]. The most
significant advantage of the IRI model is that it can provide
electron density profiles at any time, latitude, and longitude.
Many scholars utilize the measured data to evaluate the IRI
model, refer to [33], [34], [35], [36], [37], [38], [39], [40], [41],
[42], and [43]. The literature includes the comparison between
the IRI model and the site-measured data, in which the sites
are mainly located in the equatorial ionization anomaly edge
region, and also the comparison with the International GNSS
Service vertical total electron content maps. The data used to
evaluate the IRI model cover the low and high solar activities,
as well as quiet and turbulent geomagnetic conditions. The main
conclusion is that the predicted results by the IRI model agree
well with the measured data, particularly in the daytime with low
solar activity and geomagnetic quiet conditions (e.g., Kp < 3).
Although the IRI model performs well in describing the average
behavior of the ionosphere, it still has limitations in precise
application [42]. However, it is reported that the ionosphere has
similar variations in thousands of kilometers horizontally and
tens of kilometers vertically [44], [45], which supports us to use
ionosphere measured data to correct the IRI model for precise
application.

To realize the retrieval of large-area elliptical current
⇀

vE−ssw

with SSWB-HFSSWR, a new retrieval scheme is proposed in
this article. We first correct the IRI model with the measured
data of the ionosphere observation site, which is capable of
realizing the precise application of the IRI model to a certain
extent. Then, the sea surface scattering patches are located by
combining the multiple signal classification algorithm (MUSIC)
and 3-D ray tracing. Finally, combined with the retrieval theory
of

⇀

vE−ssw, a large-area of
⇀

vE−ssw is obtained. Compared with
the current products of surface wave radar, the effectiveness and
feasibility of this scheme are verified. In addition, compared with
the location algorithm under the plane ionosphere, this scheme
has higher retrieval precision.

This article is organized as follows. Section II presents the
dataset and the methodology utilized to conduct the research.

Section III presents the results. The discussion is provided in
Section IV. Finally, Section V concludes this article.

II. DATA AND METHODS

A. Data

On April 4, 2017, the Radio Ocean Laboratory of Wuhan Uni-
versity simultaneously carried out remote sensing experiments
of ocean dynamic parameters with two surface wave radars and
SSWB-HFSSWR. The transmitting station of SSWB-HFSSWR
is located at Wuhan University (30.54°N, 114.36°E), and the re-
ceiving station is located in Dongshan (23.65°N, 117.48°E), in-
cluding two log-periodic antennas and eight-element monopole
antennas. The sweep duration is 0.5 s, the coherent integration
time is 5 min, the operation frequency of SSWB-HFSSWR is
10.66 MHz, and the range resolution is 10 km. E-layer echoes
were received at 9:32, 9:44, 10:19, and 10:29 local times. The
two surface wave radar stations are located in Dongshan and
Chihu (24.0°N, 117.90°E), and the current vectors are retrieved
every 10 min. Since the existing products of the surface wave
radar have been demonstrated to be effective and accurate [21],
[46], [47], [48], [49], they can be effectively adapted to verify the
⇀

vE−ssw accuracy of the SSWB-HFSSWR. Li et al. [21] verified
the current retrieved by two WB-HFSSWRs with the current
products of surface wave radar. Further details regarding these
experiments and radars are available in [12].

During the experiment, the F10.7-index and Kp-index were
reported to be 93.8 sfu and 2.66, respectively, which indicates
low solar activity (F10.7<100 sfu) and geomagnetic quiet con-
ditions. According to the analysis given in Section I, it can be
inferred that the IRI model should be in reasonably good agree-
ment with the ionosphere measurement during the experiment.
The China Research Institute of Radio-wave Propagation con-
structed and operated a long-running ionospheric observation
network covering mainland China. By taking the central region
of the connection between the transmitting and the receiving
station of the SSWB-HFSSWR as the main ionosphere reflec-
tion region (about 26.70°N, 116.04°E), the only observation
site that could be exploited for the current investigation is the
Zuolingzhen site (30.53°N, 114.61°E) in Wuhan, where deploys
a Digisonde portable sounder (DPS) that measures the electron
density profile every 15 min. In this article, we analyze the elec-
tron density profiles based on the IRI and DPS with time from
8:00 to 10:30 local time on April 4, 2017. Due to the availability
of only one site, we could not analyze the spatial variability of the
ionosphere in the main ionosphere reflection region. Therefore,
the IRI electron density correction coefficients obtained from
the Zuolingzhen site will be applied in the main ionosphere
reflection region.

Fig. 1 shows the schematic diagram of remote sensing in the
ocean environment by SSWB-HFSSWR (left-hand side) and the
geographical distribution (right-hand side). On the left-hand side
of Fig. 1, the direct waves (green lines) with a certain elevation
angle are received by the receiving station after being reflected
by the ionosphere, and the blue lines indicate Skypath of the sea
echoes. On the right-hand side of Fig. 1, the yellow dotted line



FENG et al.: RESEARCH ON SEA SURFACE ELLIPTICAL CURRENT REMOTE SENSING 9439

Fig. 1. Schematic representation of the remote sensing in the ocean environ-
ment by SSWB-HFSSWR (left-hand side) and the geographical distribution
(right-hand side).

Fig. 2. Power density spectrum of range versus Doppler (RD spectrum).

TR connects the transmitting to the receiving station, where the
corresponding interstation distance is about 825 km. The orange
axis denotes the coordinate system with the receiving station as
the origin while the Y-axis signifies the normal direction of the
receiving antenna array, and the angle to the true north is 132°.

The power density spectrum of range versus Doppler (RD
spectrum) has been depicted in Fig. 2. Signals with strong power
near-zero Doppler represent direct waves, and it can be seen
that the group path distance of the direct waves GPDW is about
870 km. There are positive and negative Bragg peaks on both
sides of the direct wave. In the RD spectrum at 10:19 and 10:29,
F-layer echoes with strong energy appeared at large group paths
GP but F-layer echoes were not received at 9:32 and 9:44.

B. 3-D Ray Tracing Model

The 3-D ray tracing model, which mainly includes analytical
[29], [50], [51], [52] and numerical [53], [54] models, is an
effective technique to quantitatively calculate the propagation
path of high-frequency radio waves in the ionosphere. The 3-D
ray tracing model used in this article is shown in (1). The

Fig. 3. (a) Propagation paths of radio waves with elevation angles of 10°–15°
based on NeIRI(t, h). (b) NeDPS(t, h) and NeIRI(t, h) (dotted lines) at 8:30,
9:30, and 10:30 local time. (c) Curved surface of ΔNe(t, h) distributed with
local time and height.

Runge–Kutta methodology is implemented to solve the differ-
ential equations by combining them with the Appleton–Hartree
equation [52], [53], [55]
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dr
dP ′ =

c
ωkr

dθ
dP ′ =

c
ωrkθ

dϕ
dP ′ =

c
ωr sin θkϕ

dkr

dP ′ = − ω
2c

∂X
∂θ + k2θ

c
ωr + k2ϕ

c
ωr

dkθ

dP ′ =
1
r

(− ω
2c

∂X
∂θ − krkθ

c
ω + k2ϕ

c
ω cot θ

)
dkϕ

dP ′ =
1

r sin θ

(− ω
2c

∂X
∂θ − krkθ

c
ω sin θ + c

ωkθkϕ cos θ
)

(1)

where P ′ denotes the group path, and r, θ, and ϕ represent
the components of the location of the radio wave in spherical
coordinates. The parameterskr ,kθ, andkϕ are the magnitudes of
the components of the radio wave number vector in the spherical
coordinates. ω is the angular frequency, c is the speed of light,
X = f2

N/f2
0 , fN = 9.0

√
Ne is the plasma frequency, Ne is

electron density, and f0 is the radio wave frequency.

C. Correction of the IRI Model

Correcting the IRI model with measured data is a prerequisite
for precise application. Taking the electron density calculated by
the IRI model at 9:32 local time as an example, the propagation
path of radio waves is simulated by 3-D ray tracing without any
correction. We notice that no matter how the elevation angle
is set, the radio waves cannot reach the receiving station, and
the GP obtained by integrating propagation paths are also larger
thanGPDW (870 km), that is, the receiving station cannot receive
any direct waves. The corresponding results are demonstrated
in Fig. 3(a). In general, larger elevation angles have higher
reflection heights and smaller ground distances. This pattern is
met for the elevation angle of less than 13°, as shown in Fig. 3(a).
However, in the case of the elevation angle greater than 13°, the
radio wave is reflected more slowly and propagates a longer
distance between the altitudes of 100 and 110 km, reaching
a longer ground distance. As a result, we speculate that the
IRI model underestimates the electron density between 100 and
110 km during the experiment.

We calculated the difference ΔNe(t, h) between the mea-
sured data of the Zuolingzhen site and the electron density
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Fig. 4. Flowchart of the iterative process to determine η.

calculated by the IRI model in the range of 90–180 km

ΔNe(t, h) =
NeDPS(t, h)−NeIRI(t, h)

NeIRI(t, h)
(2)

where NeDPS(t, h) denotes the measured data and NeIRI(t, h)
represents the electron density calculated by the IRI model. t
and h are local time and height, respectively.

Fig. 3(b) illustratesNeDPS(t, h) andNeIRI(t, h) (dotted lines)
at 8:30, 9:30, and 10:30 local time. The depicted results indicate
that NeIRI(t, h) is smaller than NeDPS(t, h), which is consistent
with the speculation mentioned above. Fig. 3(c) shows the
curved surface constructed by ΔNe(t, h). It can be seen that
the IRI model extremely underestimates the electron density
within the range of 100–130 km, reaching the maximum more
than one time. In addition, there is a valley between 110 and
120 km, which indicates that the IRI model has shortcomings in
modeling the electron density in the valley layer compared with
other heights.

Since there exists only one available ionosphere observation
site for this experiment, it is fairly impossible to examine the
variation ofΔNe(t, h)with longitude and latitude. In this exper-
iment, it is reasonable to useΔNe(t, h) for the sake of correcting
the main reflection region, since the horizontal distance between
the Zuolingzhen site and the main reflection region is about
448 km (less than 1000 km). In addition, a correction factor η is
also added to fine-tune ΔNe(t, h), and the IRI electron density
in the main reflection region NeIRI,MR(t, h) is corrected to

NeIRI,MR,Correct(t, h) = η · (1 + ΔNe(t, h))

·NeIRI,MR(t, h). (3)

Prior information is also required to determine the value of η,
and the relatively reliable prior information isGPDW. Therefore,
we construct a cost function χ2 and determine η via the iterative
method. The iterative process is schematically presented in
Fig. 4.

Fig. 5. Schematic diagram of the geometric relationship of
⇀
vE−ssw observed

by the SSWB-HFSSWR.

The cost function χ2 is defined as follows:

χ2 =
[GPDW,meas −GPDW,mod]

2

σ2
GP

+
[η − η0]

2

σ2
η0

(4)

where GPDW,meas and GPDW,mod are measured and simulated
GPDW, respectively. σGP denotes the error of the measured
GPDW (since the range resolution of SSWB-HFSSWR is 10 km,
σGP is set equal to 10 km), and η0 is a priori estimate of η with
a priori variance σ2

η0
. The echoes of the E-layer are the most

stable, and the horizontal distance between the Zuolingzhen site
and the main reflection region is only a few hundred kilometers,
so η does not substantially alter. Here, the values η0 and ση0

are
set as 1 and 0.5, respectively. What needs to be noted here is that
different values of η0 will not affect the results.

D. Elliptical Current Retrieval Method

SSWB-HFSSWR can be regarded as a special bistatic system.
Fig. 5 presents a schematic diagram of the geometric relationship
of

⇀

vE−ssw observed by the SSWB-HFSSWR. In this figure, the
ionosphere is assumed to be a plane, and P and Q represent the
ionosphere reflection points. In the algorithm for determining
Skypath under this assumption, P and Q have the same height h
which can be calculated according toGPDW. T is the transmitting
station, T ′ is the symmetrical virtual image of T. R is the receiv-
ing station. S is the sea surface scattering patch. Furthermore, β
denotes the bistatic angle, γ is the grazing incidence angle. The
factors +v,−v are

⇀

vE−ssw with opposite directions.
Since the transmitting station and receiving station of the

SSWB-HFSSWR are not in a straight line, the direction of
⇀

vE−ssw is not on the line between the transmitting station and
the sea surface scattering patch but depends on β and γ. The
corresponding equation to this is as follows [21]:

cosϕ =
cosβ cos γ + 1√

1 + 2 cosβ cos γ + cos2γ
. (5)

The retrieval of vE−ssw requires a Doppler shift caused by
the current fc. After eliminating the Doppler shift caused by
the ionosphere fi (in this article, a generalized S-transform
algorithm is used to eliminate fi), fc can be determined by the
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deviation of positive and negative first-order Bragg peaks (fb+,
fb−) from their theoretical values ±fB as follows:

⎧⎪⎪⎨
⎪⎪⎩

fb+ = fB + fc + fi

fb− = −fB + fc + fi

fB =

√
(gf0/2πc)(1 + 2 cosβ cos γ + cos2γ)1/2

(6)

where fc and fi represent the Doppler shifts caused by the
current and ionosphere, respectively. The factor g denotes the
gravitational acceleration and c denotes the speed of light.
vE−ssw can be calculated by

vE−ssw =
fcλ√

1 + 2 cosβ cos γ + cos2γ
. (7)

E. SSWB-HFSSWR Echo Data Preprocessing

Based on the 3-D ray tracing and the corrected IRI model, the
illuminated sea area and Skypath can be readily computed. The
Skypath plus the surface-wave path Surpath between the receiving
station and sea surface scattering patch is the group path of
the sea echo GPsea, that is, GPsea= Skypath+Surpath. For the
purpose of locating the sea surface scattering patches pertinent
to the first-order scattering spectrum points, two basic steps
are mandatory: 1) Extracting the first-order scattering spectrum
points from the echo data. In order to make the extracted first-
order spectrum points more accurate, we set the signal-to-noise
ratio threshold to 10 dB and use the sliding window method to
extract the first-order scattering spectrum points, as explained in
[56]. The reason why we set the signal-to-noise ratio threshold
to 10 dB is to avoid dividing the second-order spectrum points
and noise into the first-order spectrum region. 2) Estimating the
arrival directions of the first-order scattering spectrum points
(DOA estimation). The MUSIC algorithm is employed for DOA
estimation, see [57].

Correcting the ionosphere phase contamination is necessary
before retrieving

⇀

vE−ssw. In this article, the sea echoes are
corrected by ionosphere phase contamination extracted from
direct waves with a generalized S-transform algorithm, see [56],
[58]. The overall flow is demonstrated in Fig. 6.

In this article, we also calculate Skypath under the assumption
of the plane ionosphere, and then, the sea surface scattering
patches can be located.

⇀

vE−ssw corresponding to the plane iono-
sphere is also calculated and compared with

⇀

vE−ssw calculated
by the retrieval scheme proposed in this article.

III. RESULTS

Based on the corrected IRI model, Skypath corresponding
to the sea surface scattering patches can be calculated using
a 3-D ray tracing, as demonstrated in Fig. 7(a). Only Skypath

corresponding to the 9:32 local time is shown here. It can be seen
from Fig. 7(a) that Skypath of the sea surface scattering patches
increase with the ground distance. Fig. 7(b) shows γ associated
with the sea surface scattering patches. The depicted results
reveal that the variation of γ with the ground distance is opposite
to that of Skypath. It should be noted here that γ corresponding
to the plane ionosphere is relatively large, about 17°–18°, which

Fig. 6. Process diagram for retrieving
⇀
vE−ssw via the SSWB-HFSSWR.

will cause ±fB corresponding to the two algorithms to be
different.

The azimuth of the corrected first-order scattering spectrum
points is determined by DOA estimation, and then, the cor-
responding value of Surpath of spectrum points is determined
by GPsea − Skypath; thereby, the locations of the sea surface
scattering patches are determined on the map. The results of the
locations are presented in Fig. 8. Different colored dots represent
different values ofGPsea. Except for the echoes at 10:29 (there is
a strong F-layer echo in the group distance larger than 1020 km),
we locate the first-order scattering spectrum points in the range
of 880–1070 km, since the signal-to-noise ratio in such an
interval is larger, and the division of the first-order scattering
spectrum region would be more precise. It can be seen that the
farther the ground distance, the greater GPsea. The sea surface
scattering patches are uniformly distributed with the azimuth,
basically showing a fan shape. These blue arrows represent the
current vectors retrieved by using the surface wave radar, and the
interpolation method is employed to complete the missing part. It
should be also noticed here that since the surface wave radar did
not work at 9:30, the current vectors presented in Fig. 8(a) were
retrieved at 9:40. Because the sea surface current is stable for
more than 10 min, it is reasonable to verify the

⇀

vE−ssw retrieved
at 9:32 with the surface wave radar current vectors at 9:40.

The difference between the location results of the two al-
gorithms is not easy to distinguish in the figure, and the sea
surface scattering patches associated with the plane ionosphere
are not shown in Fig. 8. We calculated that the average distance
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Fig. 7. Skypath and γ associated with the sea surface scattering patches at
09:32 local time. (a) Skypath. (b) γ.

between scattering patches corresponding to the two algorithms
is 0.48 km.

Each sea surface scattering patch corresponds to a radio wave
propagation path calculated by 3-D ray tracing. The theoretical
Bragg frequency ±fB is calculated based on the incidence
attitude of the radio wave, namely, the locations of the scat-
tering patch and receiving station. In this article, the generalized
S-transform is employed to correct the ionosphere phase contam-
ination before retrieving

⇀

vE−ssw; therefore, the discrepancies be-
tween the Doppler of first-order scattering spectrum points and
±fB are considered to be caused only by

⇀

vE−ssw. Based on the
calculation method explained in Section II-D, the value

⇀

vE−ssw

is retrieved at each scattering patch. The results are shown in
Fig. 9, and the red arrows indicate

⇀

vE−ssw. Simultaneously,
the projection

⇀

vE−sw of surface wave radar current vectors in
the directions of

⇀

vE−ssw is also displayed in Fig. 9, which are
represented by blue arrows. It can be seen that, except for a few
scattering patches adjacent to the edge region, the directions
of

⇀

vE−ssw and
⇀

vE−sw of other scattering patches are almost
identical, revealing that the directions of

⇀

vE−ssw are basically
correct.

To verify the accuracy of vE−ssw, the RMSE is calculated, and
the relevant statistical results are presented in Table I (the value
to the left of “/”). In addition, a core region (e.g., 117.5–118.2°E,
23–23.6°N) is defined, and the RMSE of vE−ssw is calculated
in this region. As seen from Table I, the RMSE of the core
region is smaller than that of the whole area, which could be
attributed to the following two reasons. 1) In the process of
current vector synthesis with the two surface wave radars, there
exists a large angle between the radial current in the middle

Fig. 8. Location of the sea surface scattering patches. (a) 09:32. (b) 09:44. (c)
10:19. (d) 10:29.

TABLE I
STATISTICAL ANALYSIS OF RETRIEVAL RESULTS OF vE−SSW
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Fig. 9. Retrieval results of
⇀
vE−ssw (the left-hand side is the whole area, and

the right-hand side is the core region). (a) 09:32. (b) 09:44. (c) 10:19. (d) 10:29.

sea area close to the two radar stations; hence, it often has
high synthesis accuracy in the core region. 2) The ionosphere
reflection region associated with the core region is closer to the
ionosphere reflection region of the direct wave; as a result, the
ionosphere phase contamination extracted from the direct wave
is more effective in the core region.

Table I also shows the relative error (RE) of vE−ssw within
the core area (the value to the left of “/”). It can be seen that
the REs at 9:32 and 9:44 are relatively small, with 17.0% and
27.7%, respectively. REs at 10:19 and 10:29 are larger, with
55.5% and 49.1%, respectively. We speculate that the reason for
this phenomenon is that the ionosphere becomes unstable as a
result of the impact of solar radiation as the time approaches
the local noon. The instability of the ionosphere will cause the
propagation paths of radio waves to considerably alter, resulting
in a long distance between the sea areas illuminated by the
radio wave with the same elevation and azimuth angles in a

TABLE II
vE−SSW RETRIEVAL ACCURACY OF DIFFERENT INTERVALS

IN THE CORE REGION

coherent integration time. Even the corrected IRI model is only
capable of representing a highly accurate average behavior of
the ionosphere within a coherent integration time and could not
properly respond to the rapid variation of electron density. It
can also be seen from Fig. 1 that there are no F-layer echoes
in the RD spectrum at 9:32 and 9:44, the direct wave reflected
by the F-layer initiates to appear at about 1070 km in the RD
spectrum at 10:19, and the direct wave reflected by the F-layer,
with GPDW reduced to about 1030 km, completely appears in
the RD spectrum at 10:29. These phenomena indicate that the
electron density in the F-layer progressively magnifies during
this time owing to the influence of the solar radiation, which
also affects the lower E-layer.

We also calculate the RMSE and RE of vE−ssw corresponding
to the plane ionosphere, and the results have been presented in
Table I (the value to the right of “/”). It can be seen that the RMSE
and RE corresponding to the plane ionosphere at 9:32 are lower
than the algorithm proposed in this article, and the performance
of the plane-ionosphere-based location algorithm is not as good
as the algorithm proposed in this article for the data at other
times. The reason for this is that the surface wave radar current
product employed to verify vE−ssw at 9:32 is at 9:40, which
will affect the comparison of the two location algorithms. In the
whole region, the vE−ssw retrieval accuracy corresponding to the
location algorithm proposed in this article is improved by 7.9%
compared with vE−ssw corresponding to the plane ionosphere
location algorithm, and its improvement in the core region is
5%.

The three intervals in the core region are suitably divided
according to GPsea, which are 880–930 km, 940–990 km, and
1000–1070 km, respectively, and subsequently, the RMSE is
calculated for each interval. The results are shown in Table II. It
can be seen that the larger GPsea of sea echo, the greater RMSE
of vE−ssw. What requires to be elucidated here is that since the
echoes of the F-layer occupy about five range bins in the 10:29
RD spectrum, the three intervals are 880–920 km, 930–970 km,
and 980–1020 km, respectively, the so-called interval 1, interval
2, and interval 3.

IV. DISCUSSION

The research of this article involves various aspects. The
algorithms involved in radar data preprocessing in Fig. 6, such as
the extraction of direct wave and first-order scattering spectrum
points, ionosphere phase contamination correction, and MUSIC,
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could be readily found in the literature; therefore, these signal
processing algorithms are not introduced again in detail.

In this experiment, the horizontal distance between the Zuol-
ingzhen site and the main reflection region of the ionosphere
is about 448 km; hence, it is considered that the ionosphere
in the two places has the same variation. In addition, the solar
activity is low and the geomagnetic field is quiet during the
experiment, indicating that the IRI model has a good influence
on the ionospheric prediction. As a result, it is possible to
utilize the DPS data of the Zuolingzhen site to correct the IRI
electron density in the main reflection region. For the purpose
of achieving the best correction effect, a correction factor η is
introduced and the optimal value of η could be appropriately
calculated by the iterative method, which gives more precise
electron density data for the 3-D ray tracing to locate sea surface
scattering patches. Based on the retrieval accuracy of vE−ssw at
9:32 and 9:44, the calculation results indicate that the sea surface
scattering patch location method based on the 3-D ray tracing
and the corrected IRI model performs better when the ionosphere
is stable. The decrease in the retrieval accuracy ofvE−ssw at 10:19
and 10:29 indicates that the ionospheric instability could affect
the accuracy of the location method. It is also worth mentioning
here that the statistical results given in Table I show that the
RMSE of vE−ssw at 10:29 is less than that of 9:44 and 10:19,
which is chiefly attributed to the sea echoes of the larger range
bins being missing at 10:29 due to the contamination of F-layer.
We believe that increasing the temporal resolution of electron
density data could enhance the location accuracy of scattering
patches in the presence of serious ionosphere disturbances, since
such a severe circumference allows the application of 3-D ray
tracing in finer temporal intervals. Therefore, it is very important
to construct ionosphere observation sites in the main ionosphere
reflection region. For the cases of high solar activity and tur-
bulent geomagnetic conditions, relevant experiments should be
performed to assess the effectiveness of this new

⇀

vE−ssw retrieval
scheme.

The location algorithm based on 3-D ray tracing could obtain
the value of vE−ssw with higher accuracy. There are two reasons
for the difference in the retrieval results of the two location
algorithms. 1) The location of sea surface scattering patches
is different, with an average difference of 0.48 km, which has
great influence when the spatial variability of current vectors is
large. 2) The incidence angles of radio waves on the sea surface
are different, with a difference of about 4°, which will lead to
differences in the calculation of theoretical Bragg frequency,
thus affecting the retrieval accuracy of vE−ssw.

In addition to the location accuracy of scattering patches,
ionosphere phase contamination also expresses an influential
factor that seriously influences the retrieval accuracy of vE−ssw.
It is reasonable to use the ionosphere phase contamination
extracted from direct waves to correct sea echoes, but it is
inevitable that sea echoes with reflection regions closer to those
of direct waves have a better correction effect. Such a fact is also
confirmed by the results provided in Table II, that is, sea echoes
with smaller GPsea exhibit higher retrieval accuracy. Therefore,
how to correct the ionosphere phase contamination accurately
for sea echoes with large GPsea is a problematic issue that

should be unlocked in the near future. In general, two solutions
could be followed. 1) A number of ionosphere observation sites
should be constructed in the main ionosphere reflection region to
obtain high temporal resolution electron density data at several
locations and to construct a real-time ionosphere model for this
region. 2) Reference sources, such as islands or transponders,
should be set up in distant sea areas, and the ionosphere phase
contamination is extracted from the signals reflected by the
islands and the signals received by the transponders to modify
the sea echoes. It is worth noting that the ionosphere phase
decontamination algorithm is not the only issue affecting the
results presented in Table II but also the spatial variability of
current vectors is another critical item. Because the sea area
illuminated by radio waves will change dynamically under the
ionosphere disturbance conditions, large spatial variability of
currents (such as eddy) could lead to a large difference of current
information carried in scattered signals, hence yielding retrieval
errors.

The innovation of this article is that we introduce the measured
ionosphere data so that the IRI model can be applied to the
location of sea surface scattering patches, which provides a more
effective method than the plane ionosphere. This article is also an
attempt at the IRI model in fine application, which expands the
application field of the IRI model to some extent. This work lays
a technical foundation for solving the current vector retrieval of
SSWB-HFSSWR in the future.

V. CONCLUSION

To retrieve the large-area
⇀

vE−ssw from sea echoes of an
SSWB-HFSSWR, we present an IRI model correction algorithm
based on the measured data of the ionosphere by realizing the
location of sea surface scattering patches by combining the 3-D
ray tracing. On the basis of correcting the ionosphere phase
contamination of sea echoes, the large-area

⇀

vE−ssw is retrieved.
The main conclusions are as follows.

1) In the experiment, the IRI model underestimates the elec-
tron density of the E-layer, and the modeling of the elec-
tron density in the valley layer is inconsistent.

2) Except for a few scattering patches close to the edge
region, the directions of

⇀

vE−ssw are basically correct.
3) The location algorithm based on 3-D ray tracing has

higher retrieval accuracy of vE−ssw, which shows that the
algorithm is more effective than the location algorithm
based on the plane ionosphere.

4) vE−ssw in the core area has higher retrieval accuracy than
that in the whole region, with RMSE values of 7.76 cm/s
and 11.70 cm/s, respectively. The key reasons are that the
quality of

⇀

vE−sw in the core area is high, and the iono-
sphere phase decontamination algorithm performs better
in the core area.

5) In the core area, vE−ssw with smaller GPsea has higher
retrieval accuracy, since the reflection region of the sea
echo with smallerGPsea is closer to that of the direct wave,
and ionosphere phase contamination extracted from the
direct wave exhibits a better correction effect for these sea
echoes.



FENG et al.: RESEARCH ON SEA SURFACE ELLIPTICAL CURRENT REMOTE SENSING 9445

6) During the time interval 9:32–10:29, the retrieval accuracy
of vE−ssw in the core area demonstrates a descending
trend. The main reason behind this fact is that by growing
the solar radiation (F-layer echo gradually appears in the
RD spectrum), the instability of the ionosphere would
influence the location accuracy of the scattering patches.

Since there is no ADCP current data in this sea area, we use the
current products of surface wave radar to verify the algorithm,
which is a defect of this article. In the future, we will use ADCP
current data to verify our proposed algorithm in other sea areas.
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