
 
1 INTRODUCTION  

Coastal areas around the world are highly populated and intensively used. Their proper management is of 
vital importance and there is an increasing need to monitor such environments. Regarding marine meas-
urements a distinction can be made between in-situ and remote sensing techniques. Conventional in-situ 
instruments such as tide gauges, wave buoys or stationary ADCPs present reliable accuracies but are usu-
ally limited in spatial coverage due to high costs and time-consuming deployments. Remote sensing ob-
servations can cover larger areas and land based systems such as high frequency (HF) radars are installed 
and maintained at comparatively low cost. In this respect HF radar systems have considerable advantages 
over in-situ measurements. The accuracy of remote observations does however still not match the quality 
of in- situ measurements. HF radar transmits electromagnetic (EM) waves in the frequency band between 
3-30MHz. The EM wave is reflected by the roughness of the sea surface. The backscattered signal con-
tains information of ocean surface currents and wave heights. In Gurgel et al. (1999), details of the prin-
ciple of HF radar are given. 

Nowadays, HF radars are gaining popularity. They have been deployed in a wide range of coastal envi-
ronments and provide real time current and wave data over large areas. The data has been used among 
others to calibrate and validate models (Mau et al. 2007), analyze the spatial and temporal characteristics 
of surface currents (Cosoli et al., 2012), study the error of radar measured surface currents (Hubbard et al. 
2013), or to assimilate real time data into models for marine forecasts (Yu et al., 2012). The application of 
such systems for early warning of tsunamis is also gaining ground (Lipa et al., 2006). 

In the framework of the SPLASH project, a cooperation between the Research and Technology Centre 
Westcoast and the Yantai Institute of Coastal Zone Research, a WERA system manufactured by Helzel 
Messtechnik was deployed (Helzel et al., 2006). The system comprises of antenna arrays installed at two 
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ABSTRACT: A land based high frequency (HF) radar system was installed at the coast of the Yellow 
Sea, about 35 km east of the city of Yantai in China. The system measures surface currents and waves op-
erationally since July 2013. The HF radar is part of a nowcasting modeling system currently under devel-
opment for the north coast of the Shandong Peninsula. The data has been used to improve the understand-
ing of the hydrodynamic processes and for calibration and validation of a coupled flow and wave model. 
From July 23 to September 10, 2013, a bottom-mounted ADCP was deployed within the coverage area 
for assessing the accuracy of the radar. Comparisons between the current velocities measured by the two 
instruments showed good agreement. The analysis of the radar data helped to identify the relevant pro-
cesses responsible for the characteristic current patterns within the area of interest. Spectral analysis of 
the surface current velocities and local wind data showed that tides and large scale circulations within the 
Bohai Sea and Yellow Sea are the dominating driving forces of the local surface currents in the area. 
Harmonic analysis was performed to characterize the tidal currents in the region. Low pass filtering re-
vealed the presence of a longshore current of low frequency. A detail description of the applied methods 
and filtering techniques is presented. 
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locations on the coast of the Yellow Sea near Yantai, China. The HF radar forms part of a marine now-
casting system currently under development for the north coast of the Shandong Peninsula. To assess the 
effectiveness of the HF radar for measuring current velocities a bottom-mounted ADCP was deployed 
within the radar coverage area. Results of the assessment are presented in the paper. The radar measure-
ments were also used to identify the main driving mechanisms of the currents off the coast of Yantai. 
Spectral and harmonic analysis as well as low pass filters were applied to the data. The characteristics of 
surface current in different frequency domains are discussed with respect to tidal and long period currents 
as well as the correlation between surface current and wind. 

2 DATA 

The HF radar system installed near Yantai consists of two stations located at CAU1 and CAU2 as shown 
in Figure 1. The distance between the two stations is about 9 km. The frequency of the transmitted EM 
wave is 26.27 MHz, which means that the range of the radar can be up to about 40 km. The bandwidth is 
100 KHz. Each station measures radial currents which are combined to obtain the currents in east-west 
and north-south direction. The velocity vectors are interpolated onto a regular grid of 500m×500m resolu-
tion (Figure 1). From July 22 to August 22, 2013 the HF radar recorded surface currents at an integration 
time of about 16 min and output interval of 20 min. Current records with geometric dilution of precision 
(GDOP) of more than 5 and a signal to noise ratio below 1.5 were excluded. Due to the ongoing construc-
tions near CAU2 the echo reception from northwest was disturbed resulting in a reduction of the valid 
coverage area. The coverage of valid data is shown as black patch in Figure 1.  

To assess the accuracy of the radar for measuring current velocities a 600 KHz acoustic Doppler cur-
rent profiler (ADCP) from RD Instruments was deployed bottom mounted in the south of the radar cover-
age area (Figure 1). The water depth at the deployment site is about 17 m. The vertical resolution (bin 
size) of the ADCP is 0.5 m. Records are stored every 30 minutes representing the average of 30 meas-
urements within the recording interval. Wind data was also considered in the analysis. The data was ex-
tracted from the global model GME of the German Weather Service (DWD) which has a spatial resolu-
tion of 30 km and stores the output every three hours (Majewski et al., 2002). Wind of 12 grid points of 
the GME near the radar domain was averaged to one time series to represent the local wind. 

 

 
Figure 1. Left: study area near the city of Yantai, in the north coast of Shandong Peninsula, China; location of the two HF ra-

dar stations CAU1 and CAU2 denoted by black squares; location of the ADCP denoted by black diamond, position 
of four points within the radar domain taken in the analysis denoted by black x (P38, P48, P58 and P68 from north 
to south). Right: 500m×500m grid of the HF radar and coverage of valid measured current data. 
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3 ASSESSMENT OF THE ACCURACY OF THE HF RADAR 

The surface currents observed by the HF radar were compared to the measurements from the bottom 
mounted upwards looking ADCP. Both devices measure current velocities however in different spatial 
and temporal domains. The radar data at one grid point represents an average over the horizontal grid cell, 
while the ADCP measures currents at a point location averaged over several vertical layers. Due to side 
lobe effects there is considerable noise in the ADCP data close to the free surface. Therefore in this study 
values at a layer located 1.5 m below the sea surface were used. 

Figure 2 shows time series of the comparisons of the east and north components measured by the two 
instruments. Generally both components of the radar follow the trend of the ADCP measurements, while 
in the second half of the measuring period the east component shows a better agreement. The agreement 
was quantified by means of root mean square deviation (RMSD) and correlation coefficients between the 
time series measured by the instruments. The results are summarized in Table 1. To eliminate the influ-
ence of local variability, low pass filters were used to remove higher frequency currents before repeating 
the assessments. Cutoff frequencies of 3, 25 and 48 hours were chosen. The main tidal frequencies in the 
area are semidiurnal and diurnal. Removing frequencies below 25 hours therefore means filtering out ma-
jor tidal currents. 

In general, there is better agreement in terms of the east component (U) than for the north component 
(V). Only for the cut-off of 48h the correlation is lower for the east component (U). RMSD values de-
crease with increasing cut-off frequency values. That means that for short variations of the surface cur-
rents the discrepancies between the two devices are higher while for longer term trends there is good 
agreement. The RMSD values resulted always below 10 cm/s. The correlation of north component of 
long-period current is up to 0.84 if the locally dynamic current is removed. 

The discrepancies between the measured values might be related to the generally low magnitude of the 
currents (below 0.3 m/s) and the different spatial and temporal averaging schemes. Other sources of un-
certainty are surface waves and athmospheric effects. Figure 2 shows that the differences change in time 
which is an indication of the influence of variable wave conditions and air characteristics. The sampling 
frequency of the ADCP is 0.05 Hz and orbital velocities of higher frequency wind waves can induce noise 
to the currents measured close to the sea surface. On the side of the radar the accuracy is affected by re-
flections at the ionosphere which increases the background noise and by increased air humidity which dis-
turbs the transmitted and echoed signal (Helzel et al., 2010). Still there is good agreement between the 
measurements in certain bands of frequency. Therefore we think that the HF radar can provide reasonable 
free surface currents and it is useful to investigate the main features of the currents over large areas. 
 
Table 1. Overview of the discrepancies between free surface currents measured by the two instruments 

Scheme U (east) V (north) 
Correlation RMSD [m/s] Correlation RMSD [m/s] 

Raw data 0.69 0.08 0.45 0.09 
Cut-off 3h 0.76 0.06 0.49 0.09 
Cut-off 25h 
Cut-off 48 h 

0.80 
0.65  

0.04 
0.029 

0.55 
0.84 

0.06 
0.04 

4 METHODS OF ANALYSIS 

The currents in the area are induced primarily by tides, earth rotation, winds and sea water density distri-
bution. Currents are also driven by large scale currents outside the observed area. To distinguish the dif-
ferent influences of these forces spectrum analysis was performed. As ocean circulations move within the 
rotating earth system, instead of component spectrum analysis, rotary spectrum analysis was used (Gonel-
la, 1972). In rotary spectrum analysis the power density is resolved with respect to the angular velocity of 
the current vectors. By definition counterclockwise rotation is positive while clockwise rotation is denot-
ed by negative values. Harmonic analysis of tidal currents was also carried out. As a result of harmonic 
analysis tidal ellipses, consisting of major axis, minor axis and orientation, were determined for the main 
tidal constituents. The analysis was only performed for data with a signal to noise ratio above one. The 
frequency of inertial currents in the area (37.8°N) results equal to 1.26 cpd (circle per day). 
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Figure 2. Comparison of time series of free currents (low pass filtered, cut-off time is 3 hours) from ADCP (solid lines) and 

HF radar (dotted lines) for the east component (upper plot) and north component (lower plot). For clarity, the results 
are shown only for the period August 10 to 20, 2013.  

5 RESULTS AND DISCUSSIONS 

5.1 Rotary spectrum analysis 
To obtain the representation of the variability of surface currents from offshore towards the coast, rotary 
spectrum analysis was performed for the radar data at four grid points (p38, p48, p58 and p68) as shown 
in Figure 1. Figure 3 shows the rotary spectrum of the surface current at the four locations. Clockwise ro-
tation is plotted in dotted line and counterclockwise rotation in solid line. The energy of surface currents 
focuses in the frequency lower than 2 cpd. The strong tidal influence within the area becomes obvious. 
Diurnal and semidiurnal components (K1, M2 and O1) dominate the local tidal surface currents.  

Considering the four grid points, current energy decreases from offshore towards the coast. The off-
shore most location P38 has the strongest values and the onshore location P68 the lowest ones. At P38 the 
highest energy peak appears close to zero rotational frequency which means that there is a comparatively 
strong current of constant direction. This effect decreases towards the coast. The next distinct energy 
peaks appear around the tidal frequencies K1 (~1 cpd) and O1 (0.93 cpd). At the local inertial frequency 
1.26 cpd there is another concentration of energy in clockwise rotation. The influence of the M2 (1.93 
cpd) tidal frequency is also visible with about half of the energy of the diurnal components. For frequen-
cies below 0.5 cpd, there are some smaller energy peaks which may be related to wind influence. 

A general understanding of the surface current patterns in the area can be obtained on the basis of the 
results. Tides with predominant diurnal components seem to be the major driving forces. Since the local 
inertial frequency is not close to any tidal frequency, the presence of considerable inertial currents could 
also be distinguished. The source of the observed inertial movements could not be clearly identified as the 
inertial oscillations appear after the decay of the driving force. There are also currents of longer period 
which are possibly related to wind effects. Apart from the oscillatory movements a distinct constant cur-
rent (of frequency 0) is also present in locations further offshore. Results of a more detailed analysis for 
the principal components of the currents are presented below. 
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Figure 3. Rotary spectrum analysis at four points (P38, P48, P58 and P68 as shown in Figure 1). Clockwise spectrum and 

counterclockwise spectruma are indicated respectively by dotted and solid lines. 

5.2 Harmonic analysis of surface currents 
Harmonic analysis of tidal currents was performed using the Matlab toolbox T_Tide by Pawlowicz et al. 
(2002). The analysis was done for every grid point of the radar grid containing valid data. The spatial dis-
tribution of the tidal ellipse of the main diurnal component K1 and main semi- diurnal M2 is shown in 
Figure 4. 

K1 has the largest energy among the relevant tidal components (cf. Figure 3); the amplitude of K1 can 
be up to 0.15 m/s in the upper part of the radar domain, and it decreases to about 0.07 m/s closer to the 
coast. The tidal K1 currents rotate in clockwise direction at all grid points. The K1 ellipses in the western 
part are rather flat indicating that the currents normal to the coastline are small compared to the along-
shore currents. In the eastern part the K1 ellipses are more round and the major axes are orientated in 
south west - north east direction. 

M2 is the second dominating tidal component. The amplitudes of M2 range from 0.12 m/s in the upper 
part of the radar domain to 0.05 m/s at the southern most point. The currents rotate counterclockwise in 
the southern and central part and clockwise in the north and east of the radar domain. The M2 current is 
influenced by two tidal amphidromic systems (Sun, 1994) resulting in a divergence in the middle of the 
radar domain. 

5.3 Long period currents 
Figure 5 shows contours of the two current vectors (U and V) after low pass filtering with a 15 day cut 
off. It was found that these currents are roughly similar to the average currents of the whole recorded pe-
riod. The quasi-constant currents flow approximately along the coastline. The highest value is about 0.22 
m/s at the location of 121°45.0´E, 37°38.4´N; the current velocity decreases from this point towards off 
shore and towards the coast. The north component of the current is smaller and increases from 0 to 0.07 
m/s from west to the east part of the radar domain.  
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Figure 4. The tidal ellipses of two main tidal constituents, K1 (left) and M2 (right). The ellipses drawn in lines indicate 

clockwise rotation, the patched ellipses indicate counterclockwise rotation. 

 

 
Figure 5. The low pass filtered current (cut-off period is 15 days) along the east (left) and north (right) directions. 

Su (2005) also pointed out the existence of a longshore current in the north coast of Shandong Peninsula, 
as part of the coastal current system in the East China Sea. The dominating wind direction in summer in 
this region is southerly. Thus it is unlikely for local winds alone to induce such long period eastward cur-
rents. Another driving mechanism for the longshore current might be density differences between the Bo-
hai Sea and Yellow Sea. With water depths usually less than 20 m the western part of the Bohai Sea is 
shallower than the northern Yellow Sea. This together with water temperature differences between the 
two seas (Chen et al., 1992), results in water level gradients and longshore currents from the Bohai Sea 
towards the Yellow Sea. The mechanism of the longshore current will be studied by more current obser-
vation and model simulations in following studies. 
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5.4 Correlation between local wind and free surface currents  
From the spectral analysis of the surface currents, peaks between 0 and 0.5 cpd can be identified. The ro-
tary spectrum of local wind (Figure 6) shows there are several peaks in the band between 0 and 0.5 cpd, 
and that the energy is especially high over the frequencies lower than 0.1 cpd; there is a minor peak exact-
ly at the frequency of 1 cpd which most probably is caused by land-sea breeze. A low pass filter with cut-
off period of 50 hours was used to remove the frequencies higher than 0.5 cpd of surface current along 
both east and north direction on each grid points.  

 

 
Figure 6. Rotary spectrum of wind in the period of July, August and September, 2013. Solid and dotted lines denote respec-

tively counterclockwise and clockwise rotations. 

To determine the relation between the surface currents and local wind, correlation coefficients were com-
puted. The resulting values over the radar domain are shown in Figure 7. It can be seen that correlation 
coefficients in east direction range mainly from 0.2 to 0.6; there is an area of low correlation coefficients, 
with values below 0.2, in the centre of the radar domain; correlation coefficients increase to 0.6 in the 
northern and southern parts; the correlation can be up to 0.7 at a small area closer to the coast. The corre-
lation between wind and current in north direction range from 0.1 to 0.8; the area in the southern part of 
the domain has the largest correlation up to about 0.8; the correlation decrease in a very regular way from 
west to east with values varying from 0.7 to 0.1. Comparisons between Figures 5 and 7 show that in plac-
es where the long period currents are stronger the correlation between wind and current is weaker. This 
demonstrates that the density difference is an important factor for summer currents. 

 

 
Figure 7. Correlation between low pass filtered wind and surface currents (cut-off time is 50 hour). 
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6 CONCLUSIONS 

Results of the investigation of the effectiveness of the land based HF radar for measurement of free sur-
face current velocities near Yantai in China are presented. The discrepancies in terms of RMSD values 
between the HF radar and ADCP resulted below 0.1m/s. The general variation of tidal currents and longer 
term trends, as recorded by the ADCP, were also detected by the radar even though there are periods of 
considerable deviation. The discrepancies between the current records from the two instruments might be 
related to the different spatial and temporal integration. Other sources might be related to the difficulty in 
removing the influence of electronic noise from the HF radar data and wave orbital velocities from the 
ADCP data. The radar data was used to obtain the main patterns of current velocity in the area. Different 
techniques were adopted to improve the understanding about the characteristic patterns of surface cur-
rents. Spectrum, harmonic and correlation analysis lead to the identification of the main features. Within 
the period of analysis from July to August, 2013, a low frequency (quasi constant) current with magni-
tudes of up to about 0.2 m/s flowing alongshore was identified. The currents are considered to be a part of 
a large-scale density induced circulation between the Bohai Sea and Yellow Sea. It was found that tidal 
and longshore currents are of similar magnitude and the energy from diurnal components is approximate-
ly twice the one from semi-diurnal currents. The local wind can bring noticeable effect on the currents, 
especially in places where the low frequency current is weak. The findings are in good agreement with 
previous studies and the applicability of the HF radar was confirmed. Additional analyses of the local cur-
rent patterns are currently underway. The data, in quasi-real time, is being used for the development of 
flow and wave models and being integrated within a nowcasting modeling system covering parts of the 
Shandong Peninsula.   
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