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Abstract: High-frequency (HF) ocean radars have become essential tools for monitoring
surface currents, offering real-time, wide-area coverage with cost-effectiveness. This study
compares the compact CODAR system (MABT, 13 MHz) and the square-array phased-array
radar (KNTN, 8 MHz) deployed at Cape Maobitou, Taiwan. Radial velocity measurements
were evaluated against data from the Global Drifter Program (GDP), and a quality control
(QC) mechanism was applied to improve the data’s reliability. The results indicated that
KNTN provides broader spatial coverage, whereas MABT demonstrates higher precision
in radial velocity measurements. Baseline velocity comparisons between MABT and KNTN
revealed a correlation coefficient of 0.77 and a root-mean-square deviation (RMSD) of
0.23 m/s, which are consistent with typical values reported in previous radar performance
evaluations. Drifter-based velocity comparisons showed an initial correlation of 0.49, with
an RMSD of 0.43 m/s. In more stable oceanic regions, the correlation improved to 0.81, with
the RMSD decreasing to 0.24 m/s. To clarify, this study does not include multiple environ-
mental scenarios but focuses on cases where both radar systems operated simultaneously
and where surface drifter data were available within the overlapping area. Comparisons
are thus limited by these spatiotemporal conditions. Radar data may still be affected by
environmental or human factors, such as ionospheric variations, interference from radio
frequency management issues, or inappropriate parameter settings, which could reduce
the accuracy and consistency of the observations. International ocean observing programs
have developed quality management procedures to enhance data reliability. In Taiwan,
the Taiwan Ocean Research Institute (TORI) has established a data quality management
mechanism based on international standards for data filtering, noise reduction, and outlier
detection, improving the accuracy and stability of radar-derived velocity measurements.To
eliminate the effects caused by different center frequencies between MABT and KNTN, this
study used the same algorithms and parameter settings as much as possible in all steps,
from Doppler spectra processing to radial velocity calculation, ensuring the comparability
of the data. This study highlights the strengths and limitations of compact and phased-array
HF radar systems based on co-observed cases under consistent operational conditions.
Future research should explore multi-frequency radar integration to enhance spatial cov-
erage and measurement precision, improving real-time coastal current monitoring and
operational forecasting.

Keywords: high-frequency radar; surface currents; phased-array radar; CODAR; surface
drifter validation; quality control
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1. Introduction
1.1. Background

Global warming has significantly impacted oceanic systems, which play a crucial role
in regulating long-term atmospheric variability. Oceans contribute water vapor and heat
to the atmosphere, while atmospheric circulation generates wind stress that drives ocean
surface currents, acting as a primary external force in ocean dynamics. Over the past few
decades, extensive ocean monitoring efforts have been undertaken by global scientific
institutions through programs such as RAPID-AMOC, TOPS, CLIVAR, GO-SHIP, and Argo.
These studies have consistently indicated anomalies in global circulation systems due to
climate change.

Long-term oceanic observational data are essential for statistical analysis and real-time
modeling, improving our ability to predict climate variability. Traditional ocean monitoring
techniques such as in situ ship-based observations, drifting and moored buoys, and remote
sensing via satellites have inherent limitations. Lagrangian methods are challenged by
time-dependent changes in observation points, while Eulerian methods, although capable
of fixed-point long-term monitoring, are limited in spatial coverage.

To address the need for wide-area and high-frequency ocean current observations,
high-frequency (HF) radar technology has emerged as a cost-effective and efficient solution.
It provides near-real-time, large-scale spatial coverage and is relatively inexpensive for
long-term monitoring.

Since its theoretical foundation was laid by Crombie (1955) [1], HF radar technology
has evolved into a robust tool for oceanographic research (Figure 1). His work on Doppler
shifts in first-order Bragg scattering peaks established the basis for surface current measure-
ments, which was later refined by researchers such as Barrick (1972) [2,3], leading to the
advancement of over-the-horizon radar technology (Figure 2). Today, HF radars operating
within the 3–30 MHz range are widely used for long-term ocean current observations.

Understanding the accuracy and coverage of high-frequency (HF) ocean radar sys-
tems is crucial for effective coastal current monitoring and operational forecasting. High-
frequency ground-wave radars are mainly classified into narrow-beam and wide-beam
systems. Narrow-beam radars, such as Germany’s WERA, the UK’s OSCR, and Canada’s
HF-GWR, employ phased-array designs, offering high spatial resolution and accuracy.
However, their large antenna arrays and high transmission power requirements pose
significant installation challenges. On the other hand, wide-beam radars, represented
by the SeaSonde system developed by CODAR in the United States, use whip antennas
that are compact, require less installation space, and are highly mobile. Although they
have lower azimuthal resolution compared to phased-array systems, their advantages in
cost-effectiveness and ease of deployment have driven the rapid development of ocean
radar technology worldwide (Figure 3).

Furthermore, many countries’ research institutions and observation networks have
deployed non-commercial high-frequency radar systems for studying tides, waves, and
ocean dynamics. According to Roarty et al. (2019) [4], global academic, governmental, and
private organizations have established regional or national high-frequency radar networks
to support coastal scientific and operational activities. As of 2019, approximately 400 radar
stations worldwide are operational, providing real-time surface current data. In the Asia–
Pacific region alone, there are about 140 active systems, with further growth anticipated
due to new installations in countries like the Philippines and Vietnam.
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Figure 1. Schematic representation of HF-band radio wave transmission and Bragg resonance effect 
(adapted from Barrick et al., 1977 [5]). 

 

Figure 2. The horizontal axis represents the relative frequency (i.e., the transmitted radar frequency 
is subtracted, so the central frequency is zero). (Top) In the absence of ocean currents, energy peaks 
in the radar echo frequency spectrum appear symmetrically on both sides of zero frequency, corre-
sponding to ocean waves with a wavelength of λ/2. (Bottom) When ocean currents are present, the 
Doppler effect induces a frequency shift in the wave spectrum. As a result, the energy peak positions 
are displaced. If the current flows toward the radar antenna with a velocity Vcr, the frequency shift 
is given by ∆f = (2V_cr)⁄λ (adapted from Barrick et al., 1977 [5]). 
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Figure 3. Development of high-frequency radar (HFR) networks from 2004 to 2022, based on Roarty 
et al. (2019) [4]: (A) Number of radar stations reported to the U.S. national network (2004–2018). (B) 
Evolution of HFR systems in Europe (2004–2022). Red indicates systems that are no longer opera-
tional, yellow represents future deployments, and green denotes systems currently in operation. 

Figure 1. Schematic representation of HF-band radio wave transmission and Bragg resonance effect
(adapted from Barrick et al., 1977 [5]).

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 3 of 26 
 

 

 

Figure 1. Schematic representation of HF-band radio wave transmission and Bragg resonance effect 
(adapted from Barrick et al., 1977 [5]). 

 

Figure 2. The horizontal axis represents the relative frequency (i.e., the transmitted radar frequency 
is subtracted, so the central frequency is zero). (Top) In the absence of ocean currents, energy peaks 
in the radar echo frequency spectrum appear symmetrically on both sides of zero frequency, corre-
sponding to ocean waves with a wavelength of λ/2. (Bottom) When ocean currents are present, the 
Doppler effect induces a frequency shift in the wave spectrum. As a result, the energy peak positions 
are displaced. If the current flows toward the radar antenna with a velocity Vcr, the frequency shift 
is given by ∆f = (2V_cr)⁄λ (adapted from Barrick et al., 1977 [5]). 

(A) (B) 

Figure 3. Development of high-frequency radar (HFR) networks from 2004 to 2022, based on Roarty 
et al. (2019) [4]: (A) Number of radar stations reported to the U.S. national network (2004–2018). (B) 
Evolution of HFR systems in Europe (2004–2022). Red indicates systems that are no longer opera-
tional, yellow represents future deployments, and green denotes systems currently in operation. 

Figure 2. The horizontal axis represents the relative frequency (i.e., the transmitted radar frequency is
subtracted, so the central frequency is zero). (Top) In the absence of ocean currents, energy peaks in the
radar echo frequency spectrum appear symmetrically on both sides of zero frequency, corresponding
to ocean waves with a wavelength of λ/2. (Bottom) When ocean currents are present, the Doppler
effect induces a frequency shift in the wave spectrum. As a result, the energy peak positions are
displaced. If the current flows toward the radar antenna with a velocity Vcr, the frequency shift is
given by ∆f = (2V_cr)/λ (adapted from Barrick et al., 1977 [5]).
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et al. (2019) [4]: (A) Number of radar stations reported to the U.S. national network (2004–2018).
(B) Evolution of HFR systems in Europe (2004–2022). Red indicates systems that are no longer
operational, yellow represents future deployments, and green denotes systems currently in operation.

In addition, the accuracy and stability of HF radar surface current observations can
be affected by environmental and technical factors, such as ionospheric disturbances,
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radio frequency interference, and inappropriate parameter settings, which may lead to
uncertainties in velocity retrieval (Wang et al., 2017) [6]. To ensure data quality, many inter-
national observation programs have developed real-time quality control (QC) frameworks
for HF radar networks (Roarty et al., 2014; Haines et al., 2017) [7,8]. In Taiwan, the Taiwan
Ocean Research Institute (TORI) has established a QC mechanism based on the U.S. IOOS-
QARTOD guidelines (U.S. IOOS, 2016) [9], incorporating domestic operational experience
(Lai et al., 2015) [10] and international research insights (Kirincich et al., 2012) [11]. This
QC framework involves standardized procedures for data filtering, noise reduction, and
outlier detection, effectively improving the reliability and consistency of HF radar-derived
velocity measurements.

1.2. Introduction of High-Frequency Ocean Radars in Taiwan

While HF radar networks have been extensively developed worldwide, Taiwan’s
unique geographic and oceanographic conditions necessitate localized performance assess-
ments of different radar configurations.

Although HF radar technology has been extensively developed worldwide, regional
variations in environmental conditions and radar configurations require localized perfor-
mance evaluations.

Taiwan’s deployment of HF ocean radars began in 2008 through collaboration between
Chinese-American scientists at the U.S. Office of Naval Research (ONR) and domestic
academic experts. The Ministry of Science and Technology launched the “Coastal Radar
Current Observation around Taiwan” project, which was assigned to the TORI. After
evaluation, the project adopted the SeaSonde system developed by CODAR, which features
an integrated antenna design and direction-finding (DF) technology.

By 2015, Taiwan had completed its nationwide coastal radar observation network,
consisting of 12 stations operating at 5 MHz and 5 stations at 13/24 MHz. To address
nearshore blind spots, an additional radar station was deployed in Fangliao in 2017,
enhancing current data coverage in the coastal waters near Xiaoliuqiu and Pingtung
(Figure 4).
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Additionally, in 2014, the Ministry of Transportation and Communications Research
Institute introduced two WERA radar systems. In 2019, the TORI and I.O.T. collaborated
with the University of Hawaii to advance the goal of establishing a high-frequency radar
observation network in the Luzon Strait. They introduced non-commercial 8 MHz and
27 MHz high-frequency phased-array ocean radars developed by the University of Hawaii’s
Radio Oceanography Laboratory. These systems provide general-purpose phased-array
high-frequency Doppler radar capabilities and offer greater flexibility for research and
development. The TORI’s 8-channel 3 × 3 phased-array radar system (referred to as KNTN)
in Kenting focuses on observing large-scale surface currents, while PHRI’s 16-channel
linear-array radar system in Taichung Harbor is designed for monitoring marine conditions,
including waves and currents, in port areas and adjacent waters.

To further enhance ocean observation capabilities, the National Academy of Marine
Research (NAMR) deployed 12 16-channel linear-array radar systems at key recreational
marine areas in Taiwan in 2022. These systems aim to provide data for assessing ocean
recreation risks, contributing to the safety of coastal activities.

1.3. Overview of the TORI’s Current System at Cape Maobitou

The TORI currently operates three standard CODAR systems and one phased-array
LERA system in southern Taiwan. The locations of these radar stations are illustrated in
Figure 5, and the key differences between the two systems primarily lie in their antenna
configurations. The relevant parameters for each system are listed in Table 1. Radar current
measurements determine the direction of arrival (DOA) of target signals through two
main methods: array antennas and co-located directional antennas. The former estimate
DOA using beamforming (BF), while the latter employ direction-finding (DF) techniques.
CODAR systems feature integrated antennas composed of three mutually perpendicular
elements. These antennas synchronize to receive signals, record echo energy in voltage
values, and use the MUltiple SIgnal Classification (MUSIC) algorithm for DF processing.
In contrast, the LERA system at KNTN (Cape Maobitou) utilizes a phased-array antenna
configuration to achieve DF.
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Table 1. High-frequency radar stations in Maobitou.

Parameter MABT KNTN

Signal modulation FMiCW FMCW linear sweep
Sweep rate 0.5 s ~0.455 s
Central frequency (MHz) 13.425 7.5125

Location 120◦44′6.54′′ E
21◦55′13.20′′ N

120◦44′6.54′′ E
21◦55′13.20′′ N

Signal modulation FMiCW FMCW linear sweep
Sweep rate 0.5 s ~0.455 s

DF offers a broader observational field of view, potentially up to 360◦, but at the
expense of angular resolution. BF, on the other hand, uses more complex transmit-and-
receive antenna arrays to enhance angular resolution, albeit at higher costs. The accuracy
of both systems depends on several factors, including signal-to-noise ratio, geometric
configuration, and pointing errors.

1.3.1. CODAR Systems

The land-based radar current observation stations at Cape Maobitou, Banana Bay, and
Nanwan, implemented by the TORI as part of the TOROS project, employ the CODAR
system. The 13 MHz and 24 MHz systems have maximum observation ranges extending
approximately 75 km and 40 km offshore, respectively.

The CODAR system transmits omnidirectional radio waves using a 360◦ transmitting
antenna and determines the direction of returned echoes with three mutually perpendicular
receiving antennas. Figure 6 depicts the transmitting and receiving antennas at Hengchun
station. Unlike conventional shipborne radar, which calculates the distance to an object
based on the time difference between transmitted pulses and received echoes, CODAR em-
ploys a frequency-modulated interrupted continuous-wave (FMiCW) technique. CODAR’s
transmitted radar signals use a chirp pattern (Barrick, 1973 [12]), where the frequency
increases or decreases linearly over time. As a result, echoes from different distances corre-
spond to different frequencies, enabling the precise determination of scatterer distances
from the radar.
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CODAR systems are notable for their high temporal resolution, offering outputs as
frequent as every 10 min or as averaged data over one hour or more. However, they exhibit
blind spots near the coast (approximately 2 km from shore) due to receiver shutdowns
during pulse transmission

1.3.2. LERA (KNTN)

The LERA (Least-Expensive Radar) system, developed by the University of Hawaii,
has been deployed in various regions, including the Adriatic Sea, Hawaii, Mexico, and
the Philippines. Current operational systems are located in California, the Gulf of Mexico,
Hawaii, Quebec, New England, Taiwan, and the Philippines.

The system installed at Cape Maobitou, Hengchun Township, Pingtung County, is an
8 MHz, eight-channel, 3 × 3 phased-array radar system (referred to as KNTN). It includes
four transmitting antennas and eight receiving antennas. Unlike CODAR, LERA employs a
frequency-modulated continuous-wave (FMCW) approach with a linear chirp transmission
period set at 0.455 s and a minimum sampling count of 7600 per chirp. Observations are
recorded every 59 min, providing hourly data outputs.

The system is capable of monitoring surface currents within a radius of approximately
250 km and wave characteristics within a range of 100 km. Field tests in Kenting revealed
that only 50 kHz of the available frequency range is currently modulated, due to local
radiofrequency conditions, resulting in a distance resolution of 3 km per unit.

2. Comparison of Compact (MABT) and Square-Array (KNTN)
Ocean Radars
2.1. Hardware Differences

By understanding the key differences in hardware design and algorithm implementa-
tion, we can better interpret variations in radar-derived current measurements and their
implications for real-time ocean monitoring.

The 13 MHz CODAR system (MABT) at Cape Maobitou was deployed in 2012 by
the National Applied Research Laboratories Ocean Center. It employs a combined trans-
mit/receive (TX/RX) antenna and a direction-finding algorithm based on received radar
echo intensity (as shown in Figure 6). The system achieves a spatial resolution of 1 km and
can measure surface currents within a 70 km radius under optimal conditions. The overall
system architecture is shown in Figure 7.
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The 8 MHz phased-array radar system (KNTN) at Cape Maobitou, developed by the
University of Hawaii, consists of a 3 × 3 antenna array with four transmitting and eight
receiving antennas. Unlike CODAR, KNTN employs BF and DF techniques to achieve
an angular resolution of less than 2 degrees. The system’s transmission power ranges
from 3 to 50 watts, allowing for a monitoring radius of approximately 250 km (as shown in
Figure 8).
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Figure 8. Layout diagram of the KNTN phased-array radar system. The system includes eight
functional receiving antennas. The antenna position marked with an asterisk (*) denotes a spare unit
that remained inactive throughout the experimental period.

The hardware components of the KNTN system include a GLONASS satellite timing
antenna unit, Direct Digital Synthesis (DDS) function generator, power amplifier (PA),
transmitting antenna system (TX), receiving antenna system (RX), sigma-delta analog-to-
digital converter (∆Σ ADC), double-balanced mixer, and Linux-based computer control
and analysis unit. The overall system architecture is shown in Figure 9.
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The radar waves transmitted by the system are frequency-modulated continuous
waves (FMCWs) with linear chirp frequency modulation signals. The operating frequency
range is between 3 and 30 MHz, and the transmitted RF power can typically be set between
3 and 5 watts, with a maximum of 50 watts. Signal directional resolution is achieved not
only through phase-array BF but also by applying DF techniques, allowing for an azimuthal
resolution of less than 2 degrees.

2.2. Algorithm Differences

Although the physical mechanisms of Bragg scattering waves and Doppler frequency
shift effects have been clearly defined, real-world ocean observation applications still
involve complex signal processing and analysis steps, along with system adjustments
based on station environments to improve the accuracy of current observations and the
quality of the data.

Ideally, the sea-echo spectra used to analyze surface current speeds should exhibit
significant Bragg scattering energy from electromagnetic waves and specific-frequency
ocean gravity waves, resulting in first-order peak energy, with second-order peaks sur-
rounding the first due to long-wave energy. However, in real-world ocean environments,
electromagnetic backscatter may result in complex, diverse spectra due to varying sea
conditions. Therefore, from the perspective of signal processing, the primary task in calcu-
lating flow fields from surface feature echoes is to define the range of first-order Bragg echo
energy within the spectrum. The SeaSonde high-frequency radar flow measurement system
developed by CODAR (CODAR Ocean Sensors, 2002 [13]) provides a signal processing
method for setting the first-order peak range, which includes (a) noise threshold setting,
(b) smoothing of the spectrum, (c) detection of the boundary between first- and second-
order peaks (null point), (d) setting the first-order peak range based on the identified
boundary, and (e) using frequency windows to limit the maximum flow speed, among
other steps. This process involves five key parameters—noise range, smoothing window
size, Doppler spectrum energy range, first-order energy frequency range, and maximum
current speed—that must be manually adjusted according to the local station environments
and sea conditions (as shown in Figure 10).

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 11 of 26 
 

 

 

Figure 10. CODAR system R7 first-order peak delineation parameters. The diagram illustrates the 
parameters used in the first-order peak delineation process for the CODAR R7 system. The data and 
schematic are sourced from the SeaSonde technical manual. 

 

Figure 11. ImageFOLs method for peak delineation process. 

Figure 10. CODAR system R7 first-order peak delineation parameters. The diagram illustrates the
parameters used in the first-order peak delineation process for the CODAR R7 system. The data and
schematic are sourced from the SeaSonde technical manual.

The LERA system’s echo information processing allows for flexibility, as it can develop
processing procedures based on specific needs. In the KNTN system, the echo direction
identification of sea surface signals can utilize beamforming (BF) algorithms that are
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traditionally used in phased-array systems, but it can also introduce the MUSIC algorithm
developed by the Woods Hole Oceanographic Institution (WHOI). This algorithm, proposed
by A. Kirincich in 2017 [14], uses radar echo partitioning based on image recognition (as
shown in Figures 11 and 12) for first-order peak delineation. The concept is primarily based
on watershed partitioning methods in digital image processing, which serve as a tool for
partitioning the wave system in the direction spectrum. Using this mechanism can reduce
the complexity and subjectivity of traditional first-order peak delineation processes.
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To minimize the differences between the two high-frequency radar systems (MABT
and KNTN), this study primarily focuses on radial velocity analysis of the adjacent MABT
(CODAR) and KNTN (LERA) systems. In terms of sea surface signal echo direction
identification, all radial velocity calculations adopt the MUSIC-based algorithm and radar
echo segmentation technique using image recognition, aiming to reduce discrepancies
between the two systems as much as possible. However, when extracting ocean current
information using the MUSIC algorithm, the data preprocessing process involves Doppler
analysis of range-resolved time series and Bragg region identification. Laws et al. (2000) [15]
pointed out that one of the main sources of error in this technique is the processing of
frequency bins outside the Bragg region, meaning that the algorithm incorrectly includes
signals that do not belong to the Bragg region in the calculation, leading to erroneous results.

Since low-frequency HF radars have lower velocity resolution, this type of error is
particularly significant under low-frequency operational conditions. Therefore, when
applying the MUSIC algorithm, careful Bragg region identification is essential to minimize
calculation errors and improve the accuracy of ocean current measurements.

In addition to differences in radar configurations and signal processing approaches,
existing research has provided comparative assessments between different types of
HF radar systems and their correspondence with in situ measurements. For instance,
Liu et al. (2018) [16] conducted a side-by-side comparison of long-range CODAR SeaSonde
and medium-range WERA radar systems deployed at the same site on the West Florida
Shelf. Their study demonstrated significant spatial and temporal variability in data return
performance between the two systems, as well as systematic differences in velocity accuracy
when compared against moored ADCP data. CODAR tended to perform better under
high-sea-state conditions during daytime, whereas WERA showed relatively consistent
performance with some advantages at night, highlighting the importance of frequency
selection and the local environment in radar deployment.

Additionally, Rayner (2010) [17] emphasized the operational importance of integrated
ocean observation systems such as the U.S. IOOS, as well as how data collected from
multiple HF radar networks must be properly standardized and harmonized to ensure
interoperability. These studies form a critical foundation for evaluating system-specific
performance, integration feasibility, and radar data consistency. Building on this prior
work, the present study focuses on the comparative evaluation of two technically distinct
HF radar systems located in adjacent areas in southern Taiwan, processed through a unified
quality control framework and validated against surface drifter observations.

3. Methodology
Accurate radial velocity is crucial for improving the precision and resolution of

the synthesized flow field. However, when combining radial data from multiple radar
systems, inconsistencies in data quality and system characteristics can reduce the re-
liability of the merged vector field. As highlighted in Section 2.2, previous studies
(e.g., Liu et al., 2018 [16]; Rayner, 2010 [17]) have shown that different HF radar systems
may perform differently under varying conditions, due to differences in antenna design,
frequency, and signal processing parameters. To support future multi-system integration
and ensure comparability, it is essential to evaluate the performance of individual radar
systems through cross-validation with in situ observations. Therefore, this study focuses on
the radial velocity derived from two HF radar systems of different configurations deployed
in adjacent areas, processed using a unified methodology. The goal is to assess the accuracy,
consistency, and potential for integration, especially in overlapping observational domains.

High-frequency ocean radar utilizes the Bragg resonance effect between electromag-
netic waves and ocean surface gravity waves, which generates backscatter. As described
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in Section 1.1, this Bragg scattering mechanism results in a strong reflected radar signal.
A typical reflected spectrum is shown in Figure 13, which is primarily provided by the
moving waves on the ocean surface and contains a wealth of oceanic information (such as
currents, winds, wave fields, etc.), as well as other environmental data.
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This study focuses on the first-order Bragg peaks in the backscattered spectrum,
as these signals are generated through resonance with surface gravity waves, and their
Doppler shift is directly related to the radial component of surface current velocity. Based
on the theoretical framework proposed by Barrick (1972) [9,10], the use of first-order peaks
has become a standard practice in operational HF radar systems worldwide for current
retrieval. Accordingly, this study follows this established methodological framework. By
analyzing the received echo signal and the Doppler shift caused by the surface current
relative to the emitted frequency, we can estimate the radial ocean current velocity (the
flow velocity component in the direction of the radar antenna). By defining the first-order
Bragg peak range and employing the Doppler frequency shift principle, the radial velocity
associated with surface gravity waves can be quantitatively estimated. After compiling
the results from all of the measurement points, we can obtain the radial ocean current data
(radial velocity file, RUV file) for each point in the circular annulus surrounding the radar
station, with a fixed distance separation.

A single high-frequency radar can only measure ocean current information along the
radial direction of the antenna, providing data about the flow moving away from or toward
the radar. However, since flow velocity is a vector, it must be represented by two orthogonal
components. Therefore, it is necessary to combine data from dual or multiple high-frequency
radar systems to express the two-dimensional flow field within the overlapping region covered
by the radars. If there are inconsistencies or unreasonable differences in the quality of the
radial velocity, it may reduce the accuracy of the synthesized results.

Moreover, high-quality radial velocity helps preserve the features of the observed flow
field, significantly impacting whether the synthesized flow field can effectively capture
local variations in the flow. In simple terms, high-quality radial velocity is a key factor
in ensuring the accuracy and reliability of the subsequent synthesized flow field. The
following analysis will focus on the discussion of the physical quantities of radial velocity.
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3.1. Methods for Reducing the Impact of Analytical Differences

The radar wave echo signal is received by the system and recorded as complex I
(in-phase) and Q (quadrature-phase) data. The I/Q function is used to obtain information
such as echo strength and phase. By integrating the real part (I-voltage) and imaginary
part (Q-voltage) into a complex echo time series, the first Fast Fourier Transform (FFT) is
performed to analyze the echo time series, obtaining the distance sequence. A second FFT
is then applied to derive the Doppler distance spectrum (as shown in Figure 13). In the
Doppler distance spectrum, positive and negative frequency values represent the direction
of movement of the observed Bragg waves, with positive indicating toward the radar and
negative indicating away from the radar. The calculation process for radial velocity in the
Doppler distance spectrum for the MABT (CODAR) and KNTN (LERA) systems is shown
in Figure 14.
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Figure 14. Flow diagram.

In terms of spatial resolution, the distance between the two sites is only 0.9 km, and the
radial grid points for both stations show minimal differences in bearing (approximately a
few degrees). The distance resolution is influenced by the bandwidth, with KNTN having a
bandwidth of 50 KHz and MABT 100 KHz, corresponding to distance resolutions of 3 km and
1.5 km, respectively (Figures 15 and 16). Therefore, a 5-degree averaging result is applied for
angle resolution, and for distance resolution, KNTN uses a range of ±1 radar cell (RC) and
MABT uses ±2 RC to minimize the spatial differences between the two systems.

In terms of temporal resolution, both systems use hourly data. KNTN primarily
observes the data from the 59 min preceding each hour, representing data for the full hour.
MABT, based on the original settings, splits the data around the hour into two halves,
before and after the hour. For example, at 06:00, KNTN represents data from 05:00 to 05:59,
while MABT represents data from 05:30 to 06:30. To standardize the temporal resolution
between the two systems, this study adjusted the MABT file names to 05:30 to represent
06:00, addressing the time resolution differences between the two systems (Figure 17).
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3.2. Using Drifting Buoys and Data Buoys for Current Measurement to Validate Two Radar-Based
Current Measurement Systems

HF radar determines ocean surface currents by extracting the first-order Bragg peak
frequency shift from the Doppler spectrum and applying beamforming and MUSIC DF
methods to infer radial velocity. The radial velocity for each range cell is sequentially solved
to construct the overall ocean surface current field. However, even under optimal operating
conditions, the coverage area of HF radar is influenced by factors such as the height of
Bragg resonant waves, sea surface propagation loss, background noise levels, and the
intensity of interfering signals. In the case of MUSIC processing, a limited signal-to-noise
ratio (SNR), antenna pattern effects, or the intrinsic characteristics of ocean currents may
result in sparse or incomplete coverage. In other words, HF radar current measurement is
not a system that can consistently provide stable observations across all ranges and angular
domains. For instance, if the radial component of the current remains nearly uniform over
a wide angular sector within a given range cell, the MUSIC algorithm may yield only a few
angle solutions, leading to apparent gaps in coverage.

To verify the reliability of HF radar-derived current measurements, this study com-
pares the radial velocities derived from KNTN and MABT with trajectory data from the
GDP. This comparison aims to assess the accuracy and consistency of the two radar systems
when applied to the same oceanic region.

Before data comparison, data matching is a critical prerequisite and one of the most
challenging aspects of quantitative validation. Since HF radar and drifter measurements are
based on the Eulerian and Lagrangian coordinate systems, respectively, appropriate data
analysis techniques are required for meaningful comparison. In this study, the coefficient
of correlation and RMSD are adopted as quantitative metrics to evaluate the consistency
and discrepancies between HF radar-derived currents and drifter observations.

4. Results and Discussion
4.1. Differences in Radial Velocity (Baseline Velocity Comparisons)

HF ocean radars offer advantages such as long-range coverage, wide spatial extent,
and cost-effectiveness, making them widely used for ocean current observations in recent
years. However, the validation of radar-derived current measurements has traditionally
relied on single-point Acoustic Doppler Current Profiler (ADCP) observations or a limited
number of drifting buoys, both of which require significant time and financial investment.
Furthermore, discrepancies between moored buoys and radar-derived currents arise from
several factors. In addition to the inherent differences in measurement methods—moored
buoys provide single-point intrusive measurements, while radar systems operate via
remote sensing—nearshore deployments are particularly affected by complex coastal to-
pography, which can reduce the spatial homogeneity of ocean currents, thereby impacting
the correlation between the two measurement systems.

To assess the uncertainty of velocity measurements in HF radar systems,
Paduan et al. (2006) [18] proposed the baseline velocity comparisons method, which
provides a rapid and continuous means of evaluating radar-derived current velocities by
ensuring that the spatial and temporal scales of the measurements are properly matched.
Ideally, baseline velocity comparisons involve two independent radar stations, with their
velocity measurements compared at the midpoint along the baseline connecting them.

In the southern waters of Taiwan, three integrated HF radar stations operate in addition
to the phased-array radar station KNTN. This study employs baseline velocity comparisons
to evaluate the performance of these three operational radar systems (Table 2). Among
them, the MABT can be directly compared with KNTN along a shared baseline. However,
the ideal baseline between KNTN and the Banana Bay (BABY) station falls within a blind
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zone of KNTN. Therefore, we adopted the baseline comparison approach proposed by
Atwater and Heron (2010) [19], selecting measurement points along the perpendicular
bisector of the baseline at intervals of 10 km between 20 km and 60 km to compare the
radial velocities.

Table 2. High-frequency radar stations in southwestern Taiwan.

MABT NAWN BABY KNTN

Central frequency
(MHz) 13.425 24.3 13.40 7.8125

Location 120◦44′6.54′′ E
21◦55′13.20′′ N

120◦45′41.46′′ E
21◦57′34.32′′ N

120◦49′50.46′′ E
21◦55′34.02′′ N

120◦44′6.54′′ E
21◦55′13.20′′ N

Bandwidth
(KHz) 100 100 100 50

Range resolution
(km) 1.5 0.7 1.5 3

RXx antenna type
λ/8-length active

non-resonant
monopoles

Compact type Compact type Compact type

The comparison between KNTN and MABT from June to December 2022 revealed
a correlation coefficient of approximately 0.77 (Figure 18), with an RMSD of 0.23 m/s.
The observed differences in radial velocity accuracy between KNTN and MABT could
be attributed to their respective antenna configurations and signal processing techniques.
While KNTN’s broader coverage enhances spatial observations, potential edge effects may
introduce additional measurement uncertainties. Conversely, MABT’s lower frequency
band improves nearshore precision but may have reduced long-range detection capabil-
ities. According to Jeffrey D. et al. (2006) [18], baseline velocity comparisons typically
yield correlation coefficients between 0.60 and 0.81, with the RMSD values ranging from
0.12 to 0.13 m/s. Similarly, Dao et al. (2019) [20] reported that the comparison between the
phased-array radar system HTCN in Taichung Harbor and the nearby CODAR system
TUTL produced correlation coefficients between 0.76 and 0.82, with RMSD values between
0.06 and 0.12 m/s, consistent with our findings.

Regarding the comparison between KNTN and BABY along the perpendicular bisector
of their baseline, the results are shown in Figure 18c,d. The data indicate that as the
observation points move farther from the baseline’s midpoint, the RMSD of the radial
velocity measurements gradually decreases. At approximately 40 km from the baseline’s
midpoint, the RMSD stabilizes around 20 cm/s, while the correlation coefficient of radial
velocities between the two radar stations remains above 0.7. In the nearshore region
(15–30 km), the RMSD ranges from 29.5 to 36.5 cm/s, with correlation coefficients between
0.57 and 0.71.
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Figure 18. Baseline velocity comparison results for radar stations near KNTN: (a) Schematic diagram
showing the locations of BABY, KNTN, and observation points. (b) Radial velocity comparison
along the perpendicular bisector of the baseline. (c) Schematic diagram showing the locations of
MABT, KNTN, and observation points. (d) Comparison between MABT and KNTN along the
perpendicular bisector.

4.2. Drifter-Based Velocity Comparisons

From April 2019 to December 2021, the trajectories of GDP surface drifters were
analyzed to evaluate the reliability of radar-derived radial velocity measurements.

During the operation of KNTN, a total of seven GDP drifters passed through its
observation area, with their trajectories shown in Figure 19. Overall, the comparison
between KNTN-measured radial velocity and GDP drifter observations yielded an average
correlation coefficient of 0.49 and an RMSD of 0.43 m/s. When focusing solely on regions
with stable data availability, defined as areas where the radar radial velocity output rate
exceeded 70%, the average correlation increased to 0.81, while the RMSD decreased to
0.24 m/s, indicating a higher consistency between radar-derived and drifter-observed
velocity data in stable environments.

Furthermore, only two GDP drifters (GDP-20201130 and GDP-20201220) simultane-
ously passed through the MABT and KNTN observation areas while both radar systems
were operating normally. The comparison results show that, for KNTN, the correlation
coefficients were 0.48 and 0.51, with RMSD values of 0.32 m/s and 0.23 m/s, respectively
(Figure 20). For MABT, the correlation coefficients were 0.64 and 0.64, with RMSD values
of 0.32 m/s and 0.22 m/s, respectively (Figure 21). In Figures 20 and 21, the red and yellow
sectors represent the observation ranges of the MABT and KNTN stations, respectively.
The blue lines with circles indicate the drifter trajectories, while the magenta circles mark
locations where the velocity difference exceeds 0.3 m/s.
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Figure 21. Time series of radial velocity for GDP-20201220 and radar in southern Taiwan waters.

By applying the QC process developed by the TORI, the correlation of KNTN improved
to 0.58 and 0.65, while the RMSD decreased to 0.24 m/s and 0.17 m/s (Figure 22). This QC
mechanism was developed based on the QARTOD manual (U.S. IOOS—Integrated Ocean
Observing System, 2016) [4], integrating team expertise to establish a quality control procedure
tailored for HF radar-derived current measurements, enhancing the data’s reliability and
consistency. The newly developed QC mechanism consists of three major procedures (Figure 23):

1. Data Integrity Verification: This step examines the file headers, footers, and over-
all data format and content to eliminate errors caused by radar system hardware
malfunctions or analytical software anomalies. Additionally, spectral analysis and
harmonic analysis are used to assess whether the radar-measured currents conform to
the historical tidal characteristics of the observation area and whether the obtained
current data follow a normal distribution.

2. Data Validity Assessment: Based on the sampling theorem, the effective data produc-
tion rate for each grid point is calculated to ensure that the produced data accurately
reflect tidal variations.

3. Anomalous Data Filtering: The mean and standard deviation of the measured current
data are analyzed to detect excessively high or low values, ensuring temporal and
spatial continuity and reasonability of the dataset.
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Figure 23. Three-stage quality control (QC) process for high-frequency radar radial current data
along the coast of Taiwan.

Figure 24 presents the radar-derived radial current data processed through three
quality control (QC) stages and their comparisons with in situ measurements from surface
drifters. The results indicate a progressive improvement in data quality across the stages.
In Stage 1 (real-time QC), the correlation coefficient was 0.68, with a root-mean-square de-
viation (RMSD) of 38.36 cm/s. After applying the automated QC in Stage 2, the correlation
increased to 0.78 and the RMSD decreased to 30.69 cm/s. Finally, with the implementation
of advanced QC procedures in Stage 3, the correlation reached 0.96 and the RMSD was
further reduced to 15.24 cm/s. These findings confirm that the multi-stage QC framework
developed in this study significantly improves the stability, reliability, and consistency of
HF radar surface current observations.
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Figure 24. Validation results of 13 MHz CODAR radial current measurements at different QC stages
using surface drifter data.

Since the trajectory of GDP-20201130 was near the boundary of MABT’s observation
range, there were insufficient data points for comparison after quality control. Meanwhile,
the correlation between GDP-20201220 and MABT improved to 0.78, with the RMSE
reduced to 0.16 m/s (Figure 25). These results demonstrate that a systematic QC mechanism
effectively eliminates anomalous data, enhancing the accuracy and reliability of HF radar-
derived current measurements.
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GDP-20201220.

According to Kirincich et al. (2019) [21], a study from the Woods Hole Oceanographic
Institution (WHOI) on the comparison between phased-array radar-derived currents and
drifter observations indicated that, with the Peak Thresh setting, the overall correlation was
approximately 0.59, with an RMSD of 0.18 m/s. In stable regions, the correlation increased
to 0.74, with an RMSD of 0.14 m/s. Based on this comparison, this study concludes
that the KNTN radar-derived velocity measurements are of moderate quality relative to
drifter observations.

4.3. Differences and Influencing Factors in Surface Current Measurements Between Compact and
Phased-Array HF Radars and Drifters

HF radars estimate sea surface radial velocity based on Doppler frequency shifts,
which inherently involve spatial and temporal averaging effects. However, the results
from the GDP surface drifter trajectories indicate that the flow structure in the southern
waters of Taiwan is highly complex. If the spatial and temporal averaging scale is too large,
small-scale current variations may be lost; conversely, if the scale is too small, increased
data fluctuations may affect computational accuracy, thereby reducing the reliability of the
current measurements.

In terms of hardware configuration, the MABT system adopts an integrated radar
architecture with only three receiving antennas, whereas the KNTN system is a phased-
array radar with eight receiving antennas. The differences in the number and arrangement
of the antennas may impact the direction-finding accuracy and data completeness.

Additionally, system parameter settings also influence radar-derived current measure-
ments. MABT and KNTN differ not only in their receiving antenna configurations but also
in their central frequency and bandwidth settings. These technical differences affect the
observational range and resolution of the estimated radial velocity, thereby influencing
the measurement accuracy and consistency. Since MABT and KNTN operate at different
frequency bands, inherent differences exist in their velocity resolution, observation range,
and applicable water depths. Furthermore, different frequency bands exhibit varying
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sensitivities to environmental interference, which may further impact the stability and
accuracy of the radar current measurements.

Therefore, when comparing results from different radar systems, it is essential to com-
prehensively consider the effects of the observation environment, hardware architecture,
and system parameter settings to ensure the accuracy and reliability of the analysis.

5. Conclusions
This study presents a site-specific comparative analysis of two coastal HF radar sys-

tems deployed in Taiwan: the 13 MHz CODAR system, and the 8 MHz phased-array radar
system. Using data from the GDP as a reference, we evaluated the measurement accuracy,
spatial coverage, and radar applicability under comparable environmental conditions.
The results show that the phased-array system offers broader spatial coverage, while the
CODAR system exhibits superior nearshore accuracy. Both systems demonstrate robust
performance within their respective operational domains.

A three-stage QC mechanism was developed and implemented to improve the con-
sistency and reliability of radar-derived current measurements. Validation against drifter
data showed that the QC process significantly enhances correlation and reduces the RMSD
by filtering out temporal and spatial anomalies.

To support long-term multi-system integration in Taiwan’s coastal HF radar network,
this study contributes in four major ways:

1. It introduces a locally adapted QC framework designed from empirical operational
experience to improve the consistency of radial velocity observations.

2. It constructs a rare synchronous dataset from two different HF radar systems operating
over the same time and space, with independent validation from drifter observations.

3. It examines the effects of operating frequency differences (8 MHz vs. 13 MHz) on data
quality and spatial resolution, providing practical insights for multi-frequency data
fusion and model assimilation.

4. It applies a unified Bragg peak identification algorithm (MUSIC) across both systems,
thereby evaluating its performance and consistency across heterogeneous radar platforms.

Rather than emphasizing performance superiority between systems, this study focused
on minimizing system-based discrepancies under real-world observational constraints,
offering practical methods for cross-validation, and outlining pathways for integration. The
findings are intended to inform the future development of error harmonization protocols,
multi-system calibration, and coupled ocean–atmosphere model assimilation strategies.

While this study did not explicitly focus on atmospheric influences, we acknowledge
that ionospheric disturbances, especially during nighttime or periods of strong solar activity,
can affect HF radar signal quality. Future research will investigate such impacts using
spectral separation methods, such as cross-spectral analysis, to enhance data stability
under varying environmental conditions. These efforts will further support the long-term
development of multi-frequency integrated radar networks and real-time coastal current
monitoring in dynamically complex regions like Taiwan.
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Abbreviations
ADCP Acoustic Doppler Current Profiler
BABY The compact CODAR system in Banana Bay
BF Beamforming
DF Direction-finding
DOA Direction of arrival
DDS Direct Digital Synthesis
FMiCW Frequency-modulated interrupted continuous wave
FMCW Frequency-modulated continuous wave
FFT Fast Fourier Transform
GDP Global Drifter Program
HF High-frequency
HFR High-frequency radar
IOOS Integrated Ocean Observing System
I.O.T. Transportation Technology Research Center
KNTN The square-array phased-array radar system in Maobitou
MABT The compact CODAR system in Maobitou
MUSIC MUltiple SIgnal Classification
NAMR National Academy of Marine Research
ONR Office of Naval Research
PA Power amplifier
QARTOD Quality Assurance/Quality Control of Real-Time Oceanographic Data manual
QC Quality control
RC Radar cell
RMSD Root-mean-square deviation
RX Receiving antenna system
RUV Radial velocity
SNR Signal-to-noise ratio
TX Transmitting antenna system
WHOI The Woods Hole Oceanographic Institution
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