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ABSTRACT

Two Ocean State Monitoring and Analyzing Radar (OSMAR071) (7.8 MHz) high-frequency (HF) radars

and four moored ADCPs were operated concurrently in the southwestern Taiwan Strait during January–

March 2013. Qualitative and quantitative comparisons of surface currents were conducted between the

HF radars and the ADCPs. Except for a location probably affected by shallow water and sand waves on

the Taiwan Banks, the HF-radar-derived radial currents (radials) showed good agreement with the

ADCP measured results (correlation coefficient: 0.89–0.98; rms difference: 0.07–0.13m s21). To provide

further insight into the geophysical processes involved, the performance of the HF-radar-derived radials

was further evaluated under different sea states (sea states: 2–6). It was found that both the data returns of

the radar-derived radials and the differences between the radar-derived radials and the ADCP-derived ra-

dials varied with sea state. The HF radar performed best at sea state 4 in terms of data returns. The spatial

coverage increased rapidly as the waves increased from sea state 2 to 4. However, it decreased slowly from

sea state 4 to 6. Second, the radial differences were relatively high under lower sea states (2 and 3) at the

location where the best agreement was obtained between the radar and ADCP radials, whereas the dif-

ferences increased as the sea states increased at the other three locations. The differences between the

radials measured by the HF radars and the ADCPs could be attributed to wave-induced Stokes drift and

spatial sampling differences.

1. Introduction

High-frequency (HF) radio waves (3–30MHz) are

radiated by a vertically polarized antenna. The loss of

energy of such electromagnetic waves is small when the

waves propagate along the conductive sea surface. The

Bragg resonant backscattering of electromagnetic waves

reflected from the sea surface was first explained by

Crombie (1955). By exploiting the phenomenon of Bragg

resonant backscattering and the Doppler shift effect, HF

radar is capable of remote measurement of ocean surface

currents (Stewart and Joy 1974; Barrick et al. 1977) and

sea states (Hasselmann 1971; Barrick 1977).

Many studies have been conducted to evaluate the

performance of HF radar in mapping surface currents

through comparison with in situ observations (e.g.,

Emery et al. 2004; Essen and Gurgel 2000; Hammond

et al. 1987; Liu et al. 2010, 2014; Ohlmann et al. 2007;

Paduan and Rosenfeld 1996; Paduan et al. 2006; Shay

et al. 2002). Reasonable agreement was found between

currents derived by HF radar and currents measured by

other approaches, such as current meters and drifters.

Shore-based HF radar is considered satisfactory for rou-

tine observation of coastal surface currents (Paduan and

Washburn 2013, and references therein). The sourcesCorresponding author: Shaoping Shang, spshang@xmu.edu.cn
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responsible for the observed differences and errors in

HF radar current measurements was reviewed, as well

as the limitations introduced by validation methods

(e.g., Graber et al. 1997; Emery et al. 2004).

Despite the great efforts that have been made, the

source of differences and errors between ocean current

measured by HF radar and near-surface current meters

remains a crucial issue. The comparison of currents

measured with HF radar and near-surface current me-

ters is subject to numerous sources of differences and

errors beyond those of the instruments (Emery et al.

2004; Graber et al. 1997; Kohut et al. 2006, 2012; Liu

et al. 2014). Results reported by Graber et al. (1997)

suggest that 32%–50% of the rms difference between

current derived by HF radar and near-surface current

meters can be explained in terms of the contributions

from collocation and concurrence differences and three

geophysical processes. Kohut et al. (2006) studied the

effects of environmental variability based on ADCP-

recorded currents in the Mid-Atlantic Bight and found

that the flow environment variability dominated the rms

difference between the HF radar and ADCP radials.

Also, the contribution of vertical and horizontal vari-

ability to the rms difference could vary with different

wind condition. Liu et al. (2014) examined the hori-

zontal and vertical variability of the near-surface current

velocity on the West Florida shelf, and found a sub-

stantial proportion (80%–100%) of the observed differ-

ences betweenHFradar andADCPvelocitymeasurements

could be explained by the horizontal and vertical sampling

differences between sensors.

In addition to the differences induced by environ-

mental variability, the contribution of wave-induced

Stokes drift should also be considered. However, cer-

tain controversy exists regarding the ability of HF radar

to measure Stokes drift. Typically, HF radar current

measurements employ the dispersion relation of linear

waves (Barrick 1972; Stewart and Joy 1974); that is, the

phase velocity of Bragg waves in deep water can be es-

timated as follows:
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where g is the acceleration of gravity and kB is the Bragg

wavenumber. However, some studies argued that non-

linear effects also play an important role in HF radar

current measurements (Barrick andWeber 1977; Ardhuin

et al. 2009). In other words, radar-derived currents include

the wave-induced Stokes drift. However, previous studies

are inconsistent regarding the existence and extent of the

contribution of Stokes drift to HF radar current mea-

surements, both theoretically and experimentally. It has

been suggested that radar-derived currents include all

(Graber et al. 1997; Laws 2001), some (Ardhuin et al.

2009), or none of the wave-induced Stokes drift (Röhrs

et al. 2015). Recently, Chavanne (2018) reviewed the

theoretical and experimental results that had been re-

ported in the literature and confirmed that HF radars

measure the surface Stokes drift or the weighted depth-

averaged Stokes drift.

The importance of waves is related to the way in which

HF radar senses ocean surface currents. However, spe-

cific explanation of how various sources of errors and

differences under different sea conditions influence the

accuracy of radar-derived currents is absent. Hence, the

emphasis of this study is to evaluate the performances of

HF radar under different sea states. The main influ-

encing factors—for example, vertical variability of cur-

rent, Stokes drift, and sea bottom topography—were

analyzed to provide insight into the physical processes

involved in HF radar current measurements. This is

useful for improving accuracy of numerical modeling

(Breivik and Sætra 2001; Zhang et al. 2010) and will be

of benefit in practical applications, for example, search-

and-rescue operations and oil spill mitigation (Abascal

et al. 2009; Breivik et al. 2013).

2. Materials and methods

a. HF-radar-derived current

In China, the study of HF radar in ocean surface

currents and sea state monitoring was conducted from

the late 1980s, and the first HF radar system was devel-

oped for ocean surface state surveillance by researchers of

Wuhan University in 1993. Many subsequent validation

studies have contributed to the growing acceptance and

wide use of the series of Ocean State Monitoring and

Analyzing Radar (OSMAR) systems in China (Hou et al.

1997; Lai et al. 2017, 2018; Liu et al. 2007; Wu et al. 2001;

Wu et al. 2009; Yang et al. 2005). The OSMAR071 HF

radar is the product developed by Wuhan University and

the China Precise Ocean Detection Technology Co., Ltd.

During January–March 2013, twoOSMAR071HF radars

were deployed on the coast ofDongshanCounty (DOSA)

and Longhai County (LOHI) of Fujian Province (Fig. 1)

to observe ocean surface currents in the southwestern

Taiwan Strait. The OSMAR071 employs a frequency-

modulated interrupted continuous waveform operating

at 7.8MHz with a 30-kHz bandwidth. An OSMAR071

system is composed of two separate antenna arrays: an

eight-element nonlinear receiving array and a three-

element Yagi–Uda antenna for transmitting the contin-

uous waveform pulses. Based on the multiple signal

classification (MUSIC) spatial superresolution algorithm
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(Schmidt 1986; Barrick and Lipa 1999; Yang et al. 2005),

an OSMAR071 system can measure radials with range

and bearing resolutions of 5 km and 1.58, respectively. A

vector current map of the overlapping region is derived

by combining two or more radial maps measured by

concurrently operating HF radars (Graber et al. 1997).

Here, the DOSA and LOHI radials were used to map

vector currents with spatial resolution of 0.0258N 3

0.0258E. These two radars sampled the signal in a sweep

period of 0.6528 s. Every 1024 sweep periods were co-

herently integrated to map radial velocity, so the time

required for a radial current map was 11-min. Last, the

temporal resolution of the radar-derived radials and

vector currents was set as 10min.

An OSMAR071 is capable of measuring surface cur-

rents within a 200-km range. The two radars deployed at

DOSA and LOHI overlooked the southwestern Taiwan

Strait. The Taiwan Banks (TB) is an area with relatively

shallow water depth (mostly 10–35m) that is located in

the south of the detection region of the two radars and

extends from the west nearDongshanCounty to the east

of the Penghu Islands (Fig. 1). Zhang et al. (2014)

claimed that 43% of the area within the TB has water

depth of 20–30m, and that approximately 38% of the

area, located mainly in the western TB, has water depth

of 10–20m. Particularly, about 2% of the area has water

depth of 0–10m, which is near or below the deep water

criteria of the 19-m Bragg wave. The seabed of the TB

is covered extensively by sand waves with maximum

height of .20m (Shao et al. 2011; Zhang et al. 2014).

b. ADCP-recorded current

Four 3-m discus buoys were deployed within the HF

radar radial coverage (i.e., within the range of 100km)

FIG. 1. Spatial coverage of radial currents (radials) derived by OSMAR071 HF radar during January–March

2013: (a) DOSA and (b) LOHI. Stars indicate radar sites, and triangles indicate locations of the buoys. Water

depths (grid resolution: 0.8min) were downloaded from General Bathymetric Chart of the Oceans (GEBCO;

http://www.gebco.net). (c) Mean coverage of sample cells at the same range vs range over the sample duration.
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during January–March 2013 (see Fig. 1 and Table 1).

Two buoys were deployed at locations (station A and C)

almost equidistant from DOSA and LOHI. With greater

distance from both radar sites, station Cwas located at the

center of the detection area of the two radars. station B

was close to LOHI but far fromDOSA. Located in the TB

area, station D was close to DOSA but far from LOHI.

With 1-MHz transmitting frequency, a downward-

looking Nortek ADCP (Aquadopp) was integrated in

each discus buoy. The data collected by the ADCPs

were transmitted in real time. The ADCP current ve-

locities, which were measured at depths of 1.5–11.5m in

0.5-mbins, were recorded every 5min (datawere collected

over 1-min periods). The shell of the buoy at station Cwas

made of polymer material, whereas that at stations A, B,

and D was made of ferrous material. Because ferrous

materialmay have an effect on the accuracy of theADCP-

recorded current directions through magnetic deviation,

the current direction at stationsA, B andD, was corrected

effectively based on an error model (Dai et al. 2016).

c. Other data

Significant wave height (Hs) and wind vector were in-

volved in this study. The wave sensor is a product of the

Institute of Oceanographic Instrumentation, Shandong

Academy of Sciences, China, which uses a variety of

combinations of accelerometers, tilt and rotation sensors,

and compasses to compute wave characteristics. The

wind sensor (YOUNG 05103) is a product of the R. M.

Young Company. Both wave and wind sensors were in-

tegrated in the discus buoys. The observedwave andwind

data were recorded every 30min with 17- and 10-min

observation periods, respectively.

All wind and wave data collected by the four buoys

underwent quality control (QC). First,QCwas conducted

for wind data collected concurrently at stations A–D.

Channel effect modification means the wind direction in

the Taiwan Strait is reasonably stable and generally

alignedwith the Taiwan Strait during thewintermonsoon

(Guo et al. 2010). Hence, QC was conducted based on

correlation analysis of the wind vectors at different lo-

cations. It was found that the wind direction data at sta-

tion B were not in acceptable quality during 2–7 March

2013. After the removal of those bad data, the time series

of wind vectors at the four buoys exhibited reasonable

consistency; that is, the complex correlation coefficients

between any two different stations were all .0.96 [see

Kundu (1976) for further details regarding the complex

correlation coefficient]. Second, QC for in situ Hs was

performed based on approved wind speed data from the

same buoy. Other than the period of blank values at sta-

tionBduring 17February–8March, strong correlationwas

found between Hs and wind speed, as expected [correla-

tion coefficient (CC):.0.89], indicating that theHs data at

the four locations were adequate for further use.

d. Statistical metrics

As a widely used statistical method, the CC provides

quantitative measurement of the level of agreement

between two scalar time series. The mean bias (MB),

mean absolute difference (MAD), and rms difference

(RMSD) are also used commonly to represent the

magnitude of the differences between two different

datasets:

MB5
1

N
�
N

i51

(y
i
2 x

i
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1
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TABLE 1. Information on in situ observations. Information about the bearing and the boresight beam of the receiving array for the two

radars is presented in section 3a.

DOSA LOHI

Stations Lon (8E) Lat (8N)

Water

depth (m)

Range

(km)

Bearing

(8)

Range

(km)

Bearing

(8) Obs time Parameter

Valid data after

QC (%)

A 118.0317 23.7840 38 57.5 237.1 54 42.2 29 Jan–15Mar 2013 Current 100

Hs 100

Wind 100

B 118.3803 23.9502 46 97 242.2 43 27.9 29 Jan–8 Mar 2013 Current 100

Hs 48.2

Wind 83.2

C 118. 3327 23. 4633 38 90 211.1 91 16.2 29 Jan–15Mar 2013 Current 100

Hs 100

Wind 100

D 117.9153 23.4157 29 51 5.4 97 44.5 29 Jan–7 Mar 2013 Current 100

Hs 99.8

Wind 99.8
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Here, yi and xi represent the radar-derived current

(radials) and the ADCP-recorded current (radials), re-

spectively, and parameterN represents the total number

of matched observations.

3. Performance evaluation of OSMAR071

a. Radial current data returns

Data return is an important performance metric of an

HF radar used for mapping surface currents. One com-

monly used indicator of data return is the spatial cov-

erage of radials achieved over the sample duration

(Fig. 1). The spatial coverage (percent coverage) was

defined as the number of valid data divided by the total

number of theoretical measurements. When the signal-

to-noise ratio of the first-order sea echo satisfied a pre-

defined threshold (5 dB for the OSMAR071), it was

considered that the acquired data point was valid. It was

noted that the LOHI radar did not report valid data on

either 8 February or 15 March 2013 because of short-

term power interruption. Therefore, these two days

were excluded from the computation of the spatial

coverage of LOHI shown in Fig. 1.

The boresight beam of the receiving array for DOSA

and LOHIwas centered at the azimuth angle of 1148 and

1508, respectively. For convenience of discussion, bear-

ings to the left and right of the boresight beam are de-

fined as negative and positive angles, respectively. The

bearing of the sample cells ranged from 2608 to 1608.

For sample cells at the same range, the coverage of cells

with relatively small bearings was higher than cells

with larger bearings; that is, coverage decreased as the

bearing increased. The spatial coverage of the LOHI

radials (Fig. 1b) was found to have uneven distribution

across the bearing angles. For sample cells at the same

range, the LOHI radar tended to have lower spatial

coverage in the southwest of the sector than in other

areas, probably because of the effect of a nearby hill to

the right of the radar.

The spatial coverage decreased as the range (i.e., the

distance between a sample cell and the radar site) in-

creased. Both radars had higher spatial coverage near

the radar site than in the outer band of the radar foot-

print, as expected. To obtain the mean coverage at a

certain range, the percent coverage of sample cells over

all bearings from2608 to1608was averaged.Within the

range of 120km, the mean coverage exceeded 90%. In

particular, the mean coverage exceeded 95% within the

range of 100km. However, the mean coverage decreased

markedly as the range increased beyond 100km, with the

rate of decrease being greater for the DOSA radar. The

mean coverage declined from 96% at 100-km range to

16% at 200-km range for the DOSA radar and from 95%

to 34% for the LOHI radar.

b. Comparison of HF radar and ADCP radial

currents

The performance of radar-derived radials was evalu-

ated by comparison with ADCP-derived radials. The

ADCP-recorded current vectors were projected into the

direction of the mooring’s bearing angle to the HF radar

site origin to obtain the ADCP-derived radials [see

Fig. 2 in Graber et al. (1997) for further details about the

relationship between a vector current and two inter-

secting radials]. The ADCP-derived radials were then

compared directly with those observed by the radars.

The depths of the ADCP bins ranged from 1.5 to 11.5m

at the four buoy locations. Comparison of the radar-

derived radials with the vertical ADCP-derived radials is

shown in Fig. 2 for sampled durations when both radar and

in situ data were available and deemed valid. The com-

parison results of the vertical profiles exhibit reasonable

consistency between the HF radar and ADCP radials at

stations A–C (CC . 0.87). The similar results of CC and

RMSD obtained for different ADCP bins indicate ho-

mogeneous velocity profiles at stationsA andC.However,

inhomogeneous velocity profiles were found at stations B

andD, especially for the depths ofADCPbins in the range

1.5–3.5m, with comparatively bigger differences in rela-

tion to the other ADCP bins. Moreover, the comparison

results of the vertical profiles at station D indicate lower

correlation between the DOSA radar-derived radials and

ADCP-derived radials (CC: 0.42–0.59).

According to Stewart and Joy (1974), the effective

depth of radar measurements can be defined as l/(8p)

(where l is the radio wavelength). Thus, 7.8-MHz radars

estimate radials at an effective depth of 1.5m. Hence,

the ADCP-derived radials of the topmost bin (1.5m)

were used to evaluate the radials observed by the radars

at stations A–C. However, the currents at station D

were probably influenced by the shallow waters and

submarine sand waves on the TB, especially the near-

surface currents (Shao et al. 2011; Zhang et al. 2012).

Consequently, the ADCP bin of 3.5m, that is, the upper-

most bin of the relatively homogeneous velocity profile

with relatively higher CC and lower RMSD (Fig. 2), was

used to evaluate the radar-derived radials at station D.

All 10-min time series of radar and ADCP radials at

these locations are shown in Fig. 3. The discontinuous

time series of LOHI radials was due to short-term power

interruption. Except for the comparison of DOSA radials

at station D, the time series data of radials observed by
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the radar exhibit reasonable consistency with theADCPs

(CC: 0.89–0.99). However, the absolute values of radar-

derived radials of LOHI were generally underestimated

at station B when the radial velocities were ,0m s21,

whereas they were obviously overestimated at station

D. The amplitude of radar-derived radial velocities of

DOSA was apparently smaller than that of the ADCP-

derived radial velocities at station D, and a relatively

small CC value (0.53) was found for the results of the

radar–ADCP comparisons.

Statistics of the comparison between radar andADCP

radials (Table 2) show the MB was from 20.01 to

0.07m s21, MAD was 0.05–0.10m s21, and RMSD was

0.07–0.13ms21 (except for station D). Despite the greater

distances between station C and the two radars (Fig. 1

and Table 1), the differences in the radar–ADCP com-

parison at station C are smaller than at the other buoy lo-

cations. Moreover, the differences at station A are smaller

than at station B. It is inferred that these results might be

partially influenced by the real current profile. The rela-

tively larger errors were found at stationD (RMSD of 0.15

and 0.24ms21 for DOSA and LOHI radials, respectively)

located in the sand waves dominated TB area.

In view of the inherent differences between the HF

radars and ADCPs (e.g., different measuring mecha-

nisms; collocation and concurrence differences), the

comparison results indicated that the reliability of the

radar-derived radials was satisfactory.

c. Expected differences betweenHF radar and ADCP

radial currents

Owing to the significant differences between the

sampling of the HF radars and ADCPs in the horizontal

and vertical, the expected differences caused by envi-

ronmental variability must be quantified before any

evaluation of the quality of the HF radar surface current

estimates (Kohut et al. 2006, 2012; Liu et al. 2014).

According to Stewart and Joy (1974), 7.8-MHz radar

measures radials within the upper 1.5m of the water

column. To determine the magnitude of the expected

vertical differences in our study area, we calculated the

RMSDof radials in theADCP topmost bin with bins 1m

deeper for stations A–C and 2m deeper for station

D (Table 3). The RMSD values were found to be

within 0.056–0.071, 0.069–0.096, 0.045–0.055, and 0.080–

0.217ms21, respectively, for stations A–D. In compari-

son with the RMSD of the eight radar–ADCP station

pairs shown in Table 2, we found the vertical shear

significantly influenced the differences between the

radar and ADCP radials; that is, the differences in-

creased with increasing vertical shear. A rough esti-

mate indicated that 48%–77% of the observed differences

between the HF radar and ADCP radials might be

explained in terms of the vertical variability at stations

A–C, while a larger proportion (75%–91%) was found

for the LOHI radials at station D. We note that these

RMSD values are larger than found in previous study

(Kohut et al. 2012; Liu et al. 2014). The larger vertical

shear might be attributable to the shallower ADCP

bins used in our study, which could introduce higher

wind-driven shear.

4. Dependence of OSMAR071 performance on

sea state

To enrich the understanding of the geophysical processes

involved, the performance of the radar-derived radials was

evaluated further based on theADCP-derived radials under

different sea state conditions. Since there were limited data

recordwhenHswas high ($4m), we chose to convert Hs to

sea state using Douglas sea scale (Schule 1966), so we may

getmorematch-ups of the radar-derived radials andADCP-

derived radials to ensure statistical significance.

a. Wave energy and sea states

First the relationship between wave energy and sea

state was examined, to make sure sea state could be a

reasonable alternative proxy.

FIG. 2. (a) Correlation coefficient and (b) RMSD between HF radar and ADCP radial currents as a function of

depth of ADCP bin.
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The signal recorded by HF radar is dominated by

Bragg waves with half the electromagnetic wavelength.

To investigate how waves at the frequency of 19-m

Braggwaves (f5 0.2865Hz) varied in response to changing

sea state conditions, wave spectra were analyzed at the

four locations. However, without in situ wave spectra

within the HF radar domain, model-simulated spectra

were analyzed.

Previous research has proven that the Simulating

Wave Nearshore (SWAN) model (Booij et al. 1999)

has acceptable performance in wave simulation in the

Taiwan Strait (Cai et al. 2019). Therefore, we used sim-

ulation results of the SWAN model (version 40.85) to

investigate how waves at 0.2865Hz might react to dif-

ferent wind speeds. The model was implemented in the

same way as in a previous experiment (Cai et al. 2019).

FIG. 3. Comparison of radial currents between HF radars and ADCPs. Statistics (CC and

RMSD) are shown in the top-right corner of each panel.
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We assessed the accuracy of the model-predicted Hs

based on in situ Hs observed simultaneously by the four

buoys located at stations A–D (Fig. 4). Albeit with slight

underestimation (MB520.38m; RMSD5 0.54m), the

Hs predicted by model exhibited reasonable consistency

with that of the buoys with CC . 0.95. The basic equa-

tion of the SWAN model is the spectral action balance

equation (Booij et al. 1999). Following the theory of error

propagation, the simulated wave spectra could be con-

sidered acceptable for use within the HF radar domain.

Wave spectral data at the Bragg wavelength were

generated using the SWAN model for the period

January–March 2013. Comparison of the wave energy

density and the corresponding wind speed conditions is

shown in Fig. 5. It can be seen that the features of the

data trends are similar at all four locations; that is, the

wave energy increases nonlinearly with wind speed. At

lower and higher wind speeds, the wave energy increases

slowly. When wind speed is approximately 6–11ms21,

the wave energy increases more rapidly. These results

are similar to the findings of Shen et al. (2012), who

found that wave energy increased nearly linearly with

wind speed until saturated at approximately 15m s21 for

the frequency of 19.8-m Bragg waves in the North Sea.

The relationship between in situ Hs and wind speed

shows that Hs increases with wind speed in an approxi-

mately parabolic fashion (Fig. 6). To quantify the impact

of sea state, wave energy at the Bragg wavelength was

compared with coincident in situ Hs at each location

(Fig. 5). For sea state 4 (1.25#Hs, 2.5m), wave energy

increased rapidly as Hs increased. For sea states 5 and 6

(Hs$ 2.5m), the wave energy increased slowly with Hs;

at lower sea state conditions (i.e., Hs , 1.25m), wave

energy increased even more slowly. Therefore, we were

confident that sea state (i.e., sea state scale) could be

used in the assessment below.

b. Variation of data returns under different sea states

To examine the relationship between the data returns

of radar-derived radials and sea state, the conditional

spatial coverage was computed as binned by the in situ

Hs. In other words, if a certain sea state persisted for

longer than 1h, the radar-derived radials during this

period were considered in the calculation of spatial cov-

erage. The best agreement between the radar-derived

and ADCP-derived radials was obtained at station C

located in the center of the detection area (Fig. 1).

Therefore, in situ Hs measured at station C were used to

analyze the variation of data returns under different sea

states. The in situ Hs was in the range 0.28–5.25m over

the sample duration. The frequency of occurrence of sea

states 2–6 at station C is shown in Fig. 7. Sea state 3 was

found to have the highest frequency of occurrence

(31%), followed by sea states 4 and 5 (each 28%). Sea

states 2 and 6were found to have the lowest frequency of

occurrence (each 6%).

TABLE 2. Comparison statistics of radial currents between HF

radars and ADCPs.

Station

MB

(m s21)

MAD

(m s21)

RMSD

(m s21) CC N

A DOSA 0.054 0.091 0.117 0.963 6238

LOHI 0.016 0.085 0.112 0.970 5922

B DOSA 0.063 0.100 0.125 0.944 5209

LOHI 0.067 0.104 0.130 0.889 5054

C DOSA 20.011 0.052 0.071 0.942 6190

LOHI 20.009 0.071 0.094 0.982 5984

D DOSA 0.036 0.110 0.149 0.527 5087

LOHI 20.100 0.197 0.238 0.946 4737

TABLE 3. Vertical shear of the near-surface currents as shown by

the RMSDs of the radial currents between the topmost bin of the

ADCPs and bins 1–2m deeper.

Station ADCP bins (m) RMSD (m s21)

A DOSA 1.5 vs 2.5 0.056

LOHI 1.5 vs 2.5 0.071

B DOSA 1.5 vs 2.5 0.096

LOHI 1.5 vs 2.5 0.069

C DOSA 1.5 vs 2.5 0.045

LOHI 1.5 vs 2.5 0.055

D DOSA 1.5 vs 2.5 0.080

1.5 vs 3.5 0.096

LOHI 1.5 vs 2.5 0.179

1.5 vs 3.5 0.217

FIG. 4. Comparisons of Hs between model and buoys.
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The spatial coverage of radar-derived radials at sea

states 2–6 is presented in Fig. 8 (DOSA) and Fig. 9

(LOHI). The spatial coverage of radar-derived radials

was found influenced by wave conditions. The distribu-

tion of spatial coverage (as shown in panels (a)–(e) of

Figs. 8 and 9) showed that the highest spatial coverage

was found at sea state 4, while the lowest spatial cover-

age was found at sea state 2. To simplify the comparison

among the different sea states, panel (f) in both Figs. 8

and 9 displays the mean coverage as a function of range

for measurements under different sea states. The value

of the mean coverage at different sea states could be

abbreviated as COVs, where subscript s represents the

sea state. At lower sea states, the mean coverage in-

creased rapidly as the waves increased from sea state 2

to 4, especially for sample cells within the range 70–

200km. For sample cells within the range from 70 to

;150km, as the range increased, the difference of mean

coverage (at a certain range) between sea states 2 and 3

(i.e., COV3–COV2) increased rapidly. A similar result

was found between sea states 3 and 4. For sample cells

within the range of ;150–200 km, as the range in-

creased, the difference of mean coverage between two

sea states (i.e., COV3–COV2 and COV4–COV3) de-

creased rapidly. At higher sea states, the mean coverage

declined slowly as the waves increased from sea state

4 to 6. However, as the range increased, the differ-

ence of mean coverage between two sea states (i.e.,

COV5–COV4 and COV6–COV5) increased, and this

characteristic was more obvious for DOSA radials

than for LOHI radials.

In summary, the results preliminarily demonstrated

that the OSMAR071 (7.8-MHz) HF radar has best

performance in terms of data returns at sea state 4. For

sea states 2–4, the spatial coverage increased rapidly as

FIG. 5. Regression of local wind speed with wave energy density at f5 0.2865Hz corresponding to Bragg waves for

HF radar operated at 7.8MHz.

FIG. 6. Regression of in situ wind speed with Hs.
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the waves increased. For sea states 4–6, as the waves

increased, the spatial coverage decreased slightly.

c. Comparison results of radials under different sea

states

To further examine the capability of an OSMAR071

radar in observing radials under different sea states, the

conditional averages of the differences at sea states 2–6

were calculated based on in situ Hs measured at the

same buoy as used for the ADCPs. The distribution of

Hs for stations A, B, and D was found similar to that of

station C (Fig. 7); that is, a lower frequency of occur-

rence was found at sea states 2 and 6, while a higher

frequency of occurrence was found at sea states 3–5.

However, the highest frequency of occurrence was

found at sea state 4 (.35%) at stations A, B, and D.

Differences between radar-derived and ADCP-derived

radials under different sea states are shown in Fig. 10 with

comparison statistics (i.e., absolute values ofMB,MAD,

and RMSD) provided. As mentioned above, owing to

short-term power interruption, no data were available at

sea state 6 for LOHI radials at stations A and B. In

consideration of the fewer data points at sea state 6 at

station A (frequency of occurrence: 0.4%; Fig. 7), the

differences at that sea condition for the DOSA radials

were removed.

With the best agreement between the radar-derived

and ADCP-derived radials, the variation of the differ-

ences for sea states 2–6 at station C were different from

the other three locations.With slight underestimation or

overestimation (MB from 20.05 to 0.03m s21), the dif-

ferences (i.e., MAD and RMSD) tended to be relatively

high when the sea surface was smooth and slight. At

lower sea states (sea states 2–3), the MAD was 0.07–

0.08ms21 and the RMSD was 0.09–0.11m s21 for the

DOSA radials and the MAD was 0.09ms21 and the

RMSD was 0.11m s21 for the LOHI radials. When

compared with lower sea states, the MAD and RMSD

were reduced by 0.03–0.04m s21 at higher sea states (sea

states 4–6); specifically, the differences were lowest at

sea state 4.

Except for the differences at station C, the differences

between the HF radar and ADCP radials increased as

the waves increased. It was clear that the lowest MAD

and RMSD were achieved at sea states 2 or 3 and that

highest MAD and RMSD were achieved at sea states

5 or 6. With bigger differences and obvious underesti-

mation of radar-derived radials (MB was from 20.03

to 20.31ms21 for sea states 2–6), the differences at

stationD increasedmore rapidly than at other locations.

In addition, an assessment based on limited Hs was

also carried out and compared with the above results,

indicating pretty good consistency while Hs is available

(mostly ,4m; results are shown in Fig. A1 in the

appendix). However, the feature of the data trend could

be better reflected by using sea state as a proxy.

The differences in the radar–ADCP comparisons

tended to be relatively higher when the sea state was 2

and 3 at station C, which exhibited the best agreement

between the radar and ADCP radials. Conversely, the

differences between the HF radar and ADCP radials

increased as the waves increased at the other three lo-

cations. The results preliminarily demonstrated that as

waves increased, radar-derived radials had different

performance in different regions. In the following, sev-

eral factors are considered to determine how the perfor-

mance of radar-derived radials might vary in response to

changing sea state conditions.

5. Sources of measurement differences under

different sea states

a. Energy loss and backscattering strength

Some studies have evaluated the impact of sea state

on data returns (or working range) based on different

HF radar systems. Based on field experiments using a

27.65-MHzWellenRadar (WERA) located in theNorth

Sea, Gurgel et al. (1999) established that the working

range decreases with increasing sea state. Similar ex-

perimental results were obtained by Cosoli et al. (2010),

who observed a decrease in working range with in-

creasing wind speed for three Coastal Ocean Dynamics

Applications Radar (CODAR) systems (operating fre-

quency: 24.5–35.9MHz) located in the Adriatic Sea.

Conversely, using a 5-MHz CODAR on the West

Florida shelf, Liu et al. (2010) found that radial coverage

decreases as waves decrease (Hs, 2m). Halverson et al.

(2017) found the working range increases linearly with

FIG. 7. Frequency of occurrence for sea states 2–6 at the four

locations.
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wind speed at lowwind speeds for a 25-MHzCODAR in

the southern Strait of Georgia. However, it was found to

peak at a wind speed of 7.5m s21 (Hs ’ 0.5m) and

subsequently decrease at the highest speeds. The ex-

perimental results of the variation of data returns under

different sea states in this study agreed qualitatively with

the findings of both Liu et al. (2010) and Halverson et al.

(2017). Also, they did not necessarily contradict the

findings of both Gurgel et al. (1999) and Cosoli et al.

(2010) because the particular critical wave height where

FIG. 8. Conditional spatial coverage of DOSA radar-derived radials at (a)–(e) sea states 2–6, respectively, as

binned by in situ Hs at station D. (f) Mean coverage of sample cells at the same range vs range under different sea

states.

AUGUST 2020 WE I ET AL . 1413

Unauthenticated | Downloaded 08/04/22 05:58 PM UTC



returned signal begins to decrease depends on the work

frequency of radar. With higher work frequency, much

lower critical wave height would be found in both

Gurgel et al. (1999) and Cosoli et al. (2010).

The response of HF radar performance to sea state

likely reflects the interplay of two factors, that is, energy

loss and backscattering strength. Recently, Halverson

et al. (2017) considered the interplay of these two factors

based on a 25-MHz CODAR in the southern Strait of

Georgia, and suggested 16% of the variation of working

range for radials is attributable to sea state. To deter-

mine the importance of these two competing factors on

FIG. 9. As in Fig. 8, but for LOHI.
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the performance of radar-derived radials, we similarly

examine how both the energy loss and the backscatter-

ing strength vary in the Taiwan Strait.

The first consideration is related to electromagnetic

energy loss. The theoretical results of Barrick (1971)

indicated that propagation loss generally increases with

increasing sea state for HF ground waves. However, an

increase in signal is observed at lower sea states at lower

frequencies (e.g., for sea states 1–3 at 5MHz; Fig. 6 in

Barrick 1971). According to the theoretical results of

Barrick (1971), energy loss is probably not pronounced

at sea states 1–3 for radar operating at 7.8MHz but in-

creases rapidly at sea states 4–6. The second consideration

is related to backscattering strength. Waves influence the

energy received by changing the scattering cross section

(Barrick 1972, 1977). First-order scattering theory pre-

dicts that the scattering cross section is proportional to the

wave energy of the Bragg wave. Hence, the backscatter-

ing strength increases as the wave energy at the Bragg

wavelength increases. Based on analysis of the results

presented in section 4a and Fig. 5, the backscattering

strength should increase rapidly at sea state 4, while it

increases more slowly with Hs under lower (sea states 1–

3) and higher (sea states 5–6) sea states.

Variations in the relative importance of backscatter-

ing strength and energy loss were evident in the data

returns of radar-derived radials under different sea

states. For sea states 2–3, analysis of both the energy loss

and the backscattering strength indicated an increase in

signal, which means the performance of the HF radars

increased with sea state. The best performance of the

HF radars at sea state 4 implies that the increase in

backscattering strength must dominate over the in-

creased energy loss. The relationship between in situ Hs

and wind speed indicates that Hs, which is a reasonable

proxy for energy loss, increases with wind speed in an

approximately parabolic fashion (Fig. 6). As the back-

scattering strength increased more slowly at sea states

5–6, energy loss is increasingly important in comparison

with backscattering strength. Hence, the spatial cover-

age decreased slowly at sea states 5–6.

b. Vertical variability

To further examine the contribution of vertical vari-

ability under different sea states, the conditional aver-

ages of the differences at sea states 2–6 were calculated

based on in situ Hs measured at the same buoy locations

as used for the ADCPs. We calculated the RMSDs of

the radials at the ADCP topmost bin (1.5m) with bins

1m deeper at each of the four locations.

The vertical shear under different sea states is shown in

Fig. 11, together with the RMSDs. As Eulerian velocity

FIG. 10. Differences of radial currents between HF radars and ADCPs for sea states 2–6. Comparison statistics

(i.e., absolute values of MB, MAD, and RMSD) are presented in each panel. Error bars represent standard de-

viation of the MAD at sea states 2–6.
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profiles become more uniform under higher sea states

(Rascle et al. 2006), lower vertical shear is achieved at

higher sea states (sea states 4–6), except for the vertical

shear for the LOHI radials at station D. The features of

the trend of vertical shear and the differences of radar–

ADCP comparisons under different sea states are sim-

ilar at station C and are significantly different at stations

A, B, and D.

We note that these values of vertical shear might not

represent the difference between the HF radar and

ADCP radials, but could reflect the relative contribution

of vertical shear. A rough estimation indicated that the

contribution of vertical variability is nearly important

under different sea states at station C; that is, the ratio of

the vertical shear to the RMSD of the radar–ADCP

comparisons is within the range of 55%–65%. However,

for stations A and B, the contribution of vertical vari-

ability is more significant under lower sea states (sea

states 2–3), whichmight explain a substantial proportion

(70%–100%) of the RMSD between the HF radar and

ADCP radials. The magnitude of the contribution of

vertical shear at sea states 2–3 is almost double that at

sea states 4–6. These findings indicate that other factors

are dominant in influencing the differences of radar–

ADCP comparisons under higher sea states.

c. Stokes drift

1) RELATIONSHIP BETWEENRESIDUAL CURRENTS

AND WINDS

Sea surface currents are generated by tides, winds, and

other factors—for example, geostrophic pressure gra-

dients and density gradients. To assess the importance of

wind in generating surface currents in the study area,

analysis of the correlation between the wind and surface

residual currents over the entire time series was con-

ducted. Both the HF radar and ADCP current vectors

were converted to hourly data. Based on harmonic tidal

analysis performed using the MATLAB toolbox named

T_Tide (Pawlowicz et al. 2002), residual currents were

obtained from the vector currents of both the HF radars

and ADCPs over the sample duration (38–45 days).

Hourly averages of the wind vectors measured at the

same locations as the currents were also derived for the

same time steps as the current data.

Wind roses for the four locations over the sample

duration (Fig. 12) showed that the wind blew predomi-

nantly from the northeast (348–428). The wind direction

was almost aligned with the Taiwan Strait (Fig. 1). Both

the winds and the residual currents were projected in

directions parallel (U: 458 and 2258 north) and perpen-

dicular (V: 1358 and 3158 north) to the Taiwan Strait,

with the direction of positive values of U to the south-

west and of V to the southeast.

The U and V components of both the residual current

velocity and the wind speed were inspected. As shown in

panels a and b of Figs. 13–16, the time series of the U

components of the residual current velocity exhibit

reasonable consistency with wind speed at the four lo-

cations with reasonably strong correlation (CC: 0.8–0.9).

However, with 92% of the wind speeds in the range

from 24 to 4m s21, the V components showed weaker

correlation (CC: 0.06–0.45). The results indicated that

wind has an important role in the surface current dy-

namics in the direction parallel to the Taiwan Strait. The

results were consistent with previous findings of Lai

et al. (2017), who projected the residual current of HF

radar into the dominant wind direction (around 378N)

and found the projected components in this direction

showed a reasonably high CC of 0.827.

2) COMPARISON OF RESIDUAL CURRENT

DIFFERENCES AND WINDS

Comparisons of residual current differences

(OSMAR071 2 ADCP) and winds are shown in panel

c of Figs. 13–16. Winds were weak in the direction

FIG. 11. Vertical shear of near-surface currents as shown by

RMSD of the radial currents between the 1.5- and 2.5-m bins of

ADCPs for sea states 2–6.
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perpendicular to the Taiwan Strait and therefore their

effect was probably negligible relative to the uncer-

tainty in the radar measurements; hence, only U

components are analyzed here. Although the scatter

of differences is relatively large, the difference ap-

peared to explain the general trend. The larger scatter

was probably introduced by instrument noise, colloca-

tion and concurrence differences, and by geophysical

processes such as theEkman drift current and the Stokes

drift current (Graber et al. 1997; Liu et al. 2010). Larger

scatter was also found in previous comparisons of sur-

face current differences and wind (Laws 2001; Ullman

et al. 2006).

Except for station C, the differences of Uosmar (U

component of OSMAR071) minus UADCP (U compo-

nent of ADCP) were correlated (CC: 0.42–0.69) with

Uwind (U component of wind), indicating a tendency for

larger differences to be associated with higher wind

speeds. When compared with stations A, B, and D, the

relationship between Uosmar 2 UADCP and Uwind at

station C was significantly different, that is, weakly

correlated (CC: 0.25), which showed that differences

decreased slightly as wind speed increased.

3) CONTRIBUTION OF STOKES DRIFT TO

RADAR-DERIVED CURRENTS

Assuming that the phases of the wave components are

uncorrelated, Stokes drift is usually estimated from

the wave spectrum (Kenyon 1969; Rascle et al. 2006;

Chavanne 2018, and references therein). Some earlier

studies used the relationship between Stokes drift and

wind speed to estimate the magnitude of Stokes drift

(Rascle et al. 2006, 2008; Mao and Heron 2008; Ardhuin

et al. 2009).

To determine the existence and extent of the contri-

bution of Stokes drift to the HF radar current mea-

surements, we examine the relationship between wind

speed and the residual current differences of the HF

radar and ADCPs. The slopes of the linear fit to the

residual current differences plotted as a function of wind

speed are shown in panel c of Figs. 13–16, fromwhich the

following can be ascertained: (i) when compared with

FIG. 12. Rose plots of wind direction at the four buoy locations. The color scale indicates corresponding wind speed.

Radius axis designates the frequency of occurrence of the winds.
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the topmost bin of the ADCPs (1.5m, same as the ef-

fective depth of the radar measurements), the slope was

0.01006 0.0006 and 0.00776 0.0006 at stations A and B,

respectively; (ii) when compared with the 3.5-m bin of

the ADCPs, the slope at station D was obvious larger

(0.01826 0.0007) than at stations A and B; and (iii) with

slope of 20.0037 6 0.0004, the differences decreased

slightly as the wind speed increased at station C.

The response of the surface current to wind comprises

both the Stokes drift and the Ekman drift currents. As

suggested by previous findings, an ADCP measures the

Eulerian current (Röhrs et al. 2015). Currents derived

by HF radar and ADCPs differ by the extent to which

Stokes drift might be included and by the Ekman drift,

which depends on the sampling depth. With almost

equivalent effective depths for the radar and ADCP

measurements, the slope values of stations A and B re-

flect the relative contribution of Stokes drift to the

radar-derived current. The slope values were found

comparable with the results summarized in Fig. 2 of

Chavanne (2018), which confirmed that Stokes drift was

included in the HF radar current measurements.

In general, HF radars should measure a quantity re-

lated to Stokes drift in addition to the mean Eulerian

currents. However, the slope value of stationC indicated

that the influence of Stokes drift was insignificant. This

was probably because of the large angles (angles of ap-

proximately 608–668) between the direction of the HF

radar radials and the predominant wind direction, which

meant that the influence of Stokes drift was probably

less significant than the contribution of vertical shear in

the radar measurements.

d. Sand waves on the Taiwan Banks

Based on the above comparisons, it was found that

(i) the comparatively lower correlation and bigger

FIG. 14. As in Fig. 13, but for station B.

FIG. 13. The U and V components of residual current and wind speed at station A: (a) U component (parallel to

the Taiwan Strait) of the residual current vs that of the wind, (b)V component (perpendicular to the Taiwan Strait)

of the residual current vs that of the wind, and (c) differences forU components of the residual current (i.e.,Uosmar

2 UADCP) vs the wind (Uwind). Correlation coefficients are shown in the top-right and bottom-right corners of

(a) and (b), respectively. A linear best fit to the data (solid line) along with the regression equation and correlation

coefficient of the linear fit to the data is included in (c). TheUosmar andVosmar represent theU andV components for

the residual current of the OSMAR071 HF radar,UADCP and VADCP represent those of the ADCP, andUwind and

Vwind represent those of the wind.
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difference (Fig. 2) and (ii) the larger slope of the linear

fit to Uosmar 2 UADCP and Uwind at station D (Fig. 16c)

were probably influenced by the shallow waters and

submarine sand waves of the TB. The first consideration

is related to the greater wave steepness. This could be

explained by two different mechanisms. The first,

based on the weak hydrodynamic interaction theory

of surface short waves with currents, suggests sea

surface short waves are gradually modulated by the

corrugated submarine topography (Shao et al. 2011).

The second, based on theoretical and experimental

results for the TB, Zhang et al. (2012) suggested that

band gap and wave localization become important

physical mechanisms when sea surface waves propa-

gate through natural large-scale sand waves. In this

study, radar sea echoes and nonlinear effects were

enhanced by the greater wave steepness in the TB.

Other experimental results using HF radar to map

wave height generally confirm this argument (Cai

et al. 2019). The second consideration is related to

the spatial inhomogeneity of currents (Figs. 2, 3).

First, the sampling domain of the HF radar was dif-

ferent from that of the ADCP. The spatial inho-

mogeneity will further accentuate these differences

between sensors. Second, the differences between

the HF radar and the ADCP will differ because of

differences in the geophysical processes resulting

from horizontal inhomogeneity and vertical shear

(Graber et al. 1997).

6. Summary

To observe surface currents in the southwestern

Taiwan Strait, two OSMAR071 (7.8-MHz) HF radars

and four moored ADCPs were operated concurrently

during January–March 2013. Based on ADCP-recorded

currents, an evaluation of performance was conducted

to assess the utility of HF radar in mapping surface

currents under different sea states.

Comparison of radar and ADCP radials showed the

MB was20.01 to 0.07m s21, MAD was 0.05–0.10m s21,

and RMSD was 0.07–0.13ms21 (except for station D).

These differences are comparable to the findings of

previous studies. However, bigger differences were found

at station D (RMSD for DOSA and LOHI radials was

0.15 and 0.24ms21, respectively) located in a sand waves

dominated shallow area.

To provide greater insight into the geophysical pro-

cesses involved, the performance of the HF radar was

further evaluated under different sea states. Both the

data returns for radar-derived radials and the differ-

ences between the radar and ADCP radials were found

FIG. 15. As in Fig. 13, but for station C.

FIG. 16. As in Fig. 13, but for station D.
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to vary with sea state. First, the HF radar had best per-

formance in terms of data returns at sea state 4. For sea

states 2–4, the spatial coverage increased rapidly as the

waves increased. For sea states 4–6, as the waves in-

creased, the spatial coverage decreased slowly. Second,

the differences of radar–ADCP comparisons tended to

be relatively high when the sea state was smooth and

slight at station C, which had the best agreement be-

tween the radar and ADCP radials. However, the dif-

ferences between the radar and ADCP radials increased

as the waves increased at the other three locations.

Based on the evaluation results of the HF radar under

different sea states, it was supposed that the inhomogeneity

velocity profile has significant influence on the differ-

ences between the HF radar and ADCP current mea-

surements, especially under lower sea states (sea states

2–3). Comparison results also confirmed that Stokes

drift was included in the HF radar current measure-

ments. However, a definitive answer to the question

whether the influence of Stokes drift is significant rel-

ative to the uncertainty in radar measurements would

probably depend on wind speed and direction.
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APPENDIX

Differences of Radial Currents

Figure A1 shows the results of an examination of

differences of radial currents between HF radars and

ADCPs between HF radars and ADCPs with reference

to sea state and Hs in 0.5-m bins.
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