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Abstract
The wave and rip current observation system using the X-band navigation radar developed by this research team was installed at Haeundae Beach to observe the rip current. The shape,
size, and flow velocity of the rip current, which are difficult to measure with the existing rip current field observation method, were observed through X-band radar image analysis. In this
study, an algorithm was developed to automatically detect the location, size, and shape of bleed flow from time-averaged X-band radar images. The X-band radar image was subjected to a
three-dimensional Fourier transform, and the bleed flow velocity was calculated under the condition of the dispersion equation including the Doppler flow velocity. The method of
calculating the location of the rip current and the flow velocity through X-band radar image analysis was verified by the drift buoy experiment. As a result of the investigation of the rip
current at Haeundae Beach, it was observed that the rip current that occurred once lasted for 1 to 2 days, and the location of occurrence did not change significantly.

Trans Abstract
The observation system has been developed to investigate the rip currents at Haeundae beach using X-band marine radar. X-band radar system can observe shape, size, and velocity of rip
currents, which is difficult to obtain through field observation by conventional device. Algorithms which automatically detect locations, shapes, and magnitudes of rip currents were
developed using time averaged X-band radar sea clutter images. X-band sea clutter images are transformed through 3D FFT into 2D wave number spectrum and frequency spectrum. Rip
current velocities were estimated using differences in wave-number spectra and wave frequency spectra due to Doppler shift. The algorithm was verified by drift experiments. At Haeundae
beach, the radar system exactly located the rip currents and found to be sustained for 1-2 days at fixed locations.
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1. Introduction
Haeundae Beach is one of the most visited beaches in Korea, and has a very large economic and social ripple effect on the local community. However, the rip current that occurs at
Haeundae Beach every summer seriously threatens the tourist function of the beach. Studies have been carried out ( kim et al., 2011 ; Yoon et al., 2012 ; Choi, 2014 ). Yoon et al. (2012) have
revealed that the wave of the honeycomb structure is the main cause of the rip current at Haeundae Beach through CCTV image analysis and numerical simulation. However, for more
accurate prediction of rip current occurrence and quantitative numerical simulation, more detailed and extensive rip current field observation data are needed.
In general, the location and time of occurrence of ripples are not uniform, and the spatial distribution of rip currents is very narrow, so it is very difficult to observe with the existing onepoint observation device. In the case of the previously performed rip current observation, not only the observation success rate was low, but also there were many limitations in studying the
characteristics of the rip current occurring in the region, such as the size and shape of the rip current, the location and the flow velocity. In order to overcome the limitations of this onepoint observation technique, video equipment such as CCTV has been utilized. However, video equipment such as CCTV is difficult to observe at night, and when the wave height is high or
the width of the breaking zone is wide, it is difficult to observe the rip current. Accordingly, various attempts have been made to observe wave heights and rip currents using X-band radar,
which is easy to observe even at night and can observe high wave heights and wide breaking bands ( Dankert and Rosenthal, 2004 ; Haller et al. , 2013 ; Hessner et al., 2014 ).
This research team collected radar images of the sea area around Haeundae Beach from November 2017 to December 2018 to investigate the characteristics of the rip current at Haeundae
Beach. In order to efficiently analyze the collected radar images, an image processing technique that automatically finds the location of the bleed flow is presented. In addition, in order to
quantitatively measure the flow velocity of the rip current, the flow velocity was estimated from the X-band radar image by the method of Young et al. (1985) . Among the Haeundae radar
image data, the rip current detection algorithm was applied to the March 2018 data to analyze the rip current generation characteristics and the accuracy of the algorithm.

2. Research Methods
2.1 X-band radar
X-band radar is a radar commonly used for navigation on ships and detects objects using X-band radio waves of 9.5 GHz. The X-band radar image shows the radar signal reflected from the
sea level in the range of 1 km to 2 km, and various information such as significant wave height, peak period, and flow velocity can be obtained by analyzing the sea level radar image ( Alpers
and Hasselmann, 1982 ; Nieto ) et al., 2004 ). On the other hand, if the X-band radar image is averaged with respect to time, the blue component in the radar image is canceled and a polar
flow appears. In the sea affected by the ripple current, the sea level is unstable, such as ripples, so it is a condition for continuous Bragg resonance to occur more easily than in the
periphery. Using this, it is possible to determine the location and shape of the bleed flow in the X-band radar time-averaged image ( Takewaka and Yamakawa, 2011 ; Haller et al., 2013 ).
An X-band radar system for rip current observation was installed on the roof of the Haeundae Summer Police Station located in the center of Haeundae Beach, and a total of 32,690 X-band
radar images were collected from November 2017 to December 2018 (Fig. 1). The X-band radar image collection interval was every 10 minutes, and one observation image was collected
with a length of about 3 minutes. After August 14, 2018, the number of images saved during one observation was doubled, and radar images were collected to a length of about 6 minutes.
The temporal and spatial resolutions of the rip current observation X-band radar system installed at Haeundae Beach were <Table 1> is shown.

Fig. 1.
X-band radar system (Haeundae beach).
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Table 1.
Specification of X-band radar system

2.2 Blue Spectrum
The X-band radar image scans a space within a radius of 968 m per rotation to obtain one image. An X-band radar image consists of several radar images. The rotation speed of the X-band
radar used in this study was 42 rpm, and the time interval between the radar images was 1.43 seconds.Fig. 2As shown in Fig., a three-dimensional spectrum is obtained through a threedimensional Fourier transform of a three-dimensional radar image scanned at the sea level. A wavenumber spectrum, a frequency spectrum, etc. can be obtained by integrating the threedimensional spectrum.Fig. 2Looking at the figure on the right, a three-dimensional Fourier transform is performed on space (x-axis, y-axis) and time (t-axis) to obtain a power spectrum
corresponding to the x-direction wavenumber k x , the y -direction wavenumber k y , and the angular frequency ω . . The energy corresponding to each frequency component ( k xj , k yj , ω j
) can be known through the three-dimensional power spectrum, and the flow velocity and depth are calculated using this as an input to the flow velocity/depth estimation equation
presented in the next section.

Fig. 2.
X-band radar image (left); Procedure of wave spectrum calculation (right).

2.3 Estimation of flow rate/depth
The X-band radar image is subjected to a three-dimensional Fourier transform to obtain a three-dimensional spectrum for sea level, and the flow velocity and depth are estimated for each
frequency and wave number corresponding to the wave spectrum.
The dispersion equation in the flow field is as Equation (1) .
(1)
w

= k · U + ✓gktanh(kh)

Here, k is the wave number, ω is the angular frequency, h is the water depth, g is the gravitational acceleration, and U is the velocity vector.
From Equation (1) , the flow velocity is obtained by finding a value that satisfies the following equation for the j-th wave component frequency pair ( k xj , k yj , ω j ) among the total N
frequency pairs in the three-dimensional spectrum of the X-band radar image. can
(2)

where σ j is

, and K j is

am. S j is a spectral energy intensity corresponding to a frequency pair ( k x j , k yj , ω j ) and acts as a weight to indicate the main

component of the radar image.
Partially differentiate Equation (2) with respect to the x-direction flow velocity u x and the y -direction flow velocity u y , and combine the results to derive the flow velocity calculation
formula as follows.
(3)
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Uy

Drift currents occur at shallow water depths, and Equation (3) responds sensitively to water depth in shallow waters. However, it is not easy to survey a large area at short intervals using
the existing water depth surveying method despite the frequent changes in water depth. In Equation (2) , the following equation can be obtained by partial differentiation with water depth
as a variable ( Ahn et al., 2015 ).
(4)
Qh(ux,Uy,h)

=

(wj -uxkxj

k

-Uy yj - Uj

) gKJ(l -

tanh 2 (K;h) 2 )
qi

=0

The water depth can be calculated by solving Equation (4) together with the flow rate.
On the other hand, the flow velocity measurement error occurs depending on the size of the radar image data. This is because the spectral frequency resolution of the radar image is
determined by the size of the radar image data. Frequency resolution (∆ k x , ∆ k y , ∆ ω ) is calculated as Equation (5) for the x-direction length L x , y -direction length L y , and observation
time length T of the radar image .
(5)

Frequency resolution is inversely proportional to radar image size. Therefore, the smaller the size of the rip current and the shorter the duration, the larger the error of the flow velocity
measurement using the radar. This error according to the size of the radar image data is difficult to quantitatively grasp from the equation due to the nonlinearity of the radar flow velocity
measurement process. Accordingly, the measurement error was confirmed by numerical simulation. The sea level was synthesized with the JONSWAP spectrum and the Mitsuyasu
direction spectrum, and the radar image was synthesized by applying shadow modulation and tilt modulation (Fig. 3). Shadow modulation and tilt modulation are the image modulation
mechanisms that have the greatest effect on the sea level image scanned by the radar. Shadow modulation occurs by blocking the rear wave by the front wave, and the tilt modulation is
determined according to the radar wave incident direction and sea level direction conditions. ( Nieto et al., 2004 ). Numerical simulations were performed with a significant wave height of
4 m and a peak period of 8.53 seconds to confirm that it is effective to analyze a small area such as a rip current size even in wave conditions with a long wavelength such as a swell. As a
result of numerical simulation of a flow velocity of up to 3 m/s at intervals of 0.2 m/s from 0 m/s, when the length is 120 m, the width is 60 m, and the duration is 3 minutes, the maximum
error is 0.22 m/s, and the root mean square error is 0.095 m/ We got the result of s (Fig. 4).

Fig. 3.
Synthesized rip radar image.
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Fig. 4.
Results of current estimation from synthesized rip radar image.

2.3 Blind flow detection in X-band radar time-averaged images
In the time-averaged X-band radar image, a stronger signal than the surrounding area is observed where the bleed current occurs.Fig. 5ais the time average of the X-band radar images
observed at Haeundae Beach.

Fig. 5.
Image processing for rip current detection.

The process of extracting binocular flow from the X-band radar time average image is as follows (Fig. 5). First, the X-band radar time average image is divided into sizes that are easy to
analyze and the boundaries of each image are extracted ( Canny, 1986 ;Fig. 5cReference). The rip current analysis baseline is calculated by averaging the coastal boundary images at the
point in time when rip current does not occur among the extracted boundary line images (Fig. 5b).
The calculated rip current analysis baseline and the boundary extracted analysis target image are compared to find out whether a rip current occurs and where it occurs. Here, the average
value of the distance between each image boundary from the ripple analysis baseline and the difference value of this average value were calculated and used as a variable that serves as a
criterion for the occurrence of bleed flow.

3. Haeundae rip current observation result
3.1 Verification of rip current observation technique through drift buoy
In order to confirm the accuracy of the rip current flow rate and the location of occurrence through X-band radar image analysis, verification using a drift buoy was performed. In the event
of a drift current, a drift buoy was thrown into the sea, and the trajectory of the drift buoy displayed on the rooftop CCTV of Haeundae Paradise Hotel was traced and the observation results
were compared.
Fig. 6is the observation location of Haeundae Beach at 9:45 a.m. on July 13, 2018 when a rip current occurs (a), an orthogonal corrected CCTV image (b), an image taken from the coast (c),
and an X-band radar time average image ( d) is shown. The rip current occurred between watchtowers 7 and 8 at Haeundae Beach, and the location of the rip current was observed in the
CCTV image and the X-band radar time average image. The drift buoy, which moved the furthest among the drift buoys, moved about 60 m to the first safety line installed in the sea in front
of Haeundae Beach for the safety of swimmers. In the CCTV image and the time-averaged X-band radar image, a rip current developed at a length of about 60 m from the coast is
confirmed. At this time, the significant wave height observed from the National Oceanic and Atmospheric Administration's ocean observation buoy located in the sea in front of Haeundae
Beach is 0.73 m, and the significant wave period is 8.59 seconds.
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Fig. 6.
Haeundae beach rip current observation (a); Rectified CCTV image of rip current (b); Drifters were caught in rip current (c); Time-averaged X-band radar image (d).

The flow velocity and depth were calculated by dividing the radar image into 60 m in width and 120 m in length to include rip current in the X-band radar image. The calculated flow
velocity through radar image analysis was found to be 0.53 m/s. The flow velocity observed with the drift buoy showed an average flow velocity of at least 0.54 m/s and a maximum of 0.77
m/s at the four tracking points. At this time, the water depth calculated from the radar image was 3.04 m, and the wavelength was 39.9 m. h/L is 0.076, which is greater than 0.05, so it
corresponds to a transition wave. Since the flow velocity estimation formula is derived from the micro-amplitude wave condition, the error is large when applied to the polar sea wave. In
this observation result, the wavelength was shorter than the water depth, so the flow velocity and water depth were measured quite accurately.
On the other hand, Kim et al. (2011) did not determine the exact location of the rip current with an observation device, but according to the location information of the rip current by the
Coast Guard observation, the rip current in the ocean in front of Paradise Hotel, where the rip current was measured in this study, frequently occurs. is the area Also , Park (2013) observed
a rip current between 60 m and 70 m in size at 15:31 on August 10, 2012 at the same location as in this study. In addition, the average rip current flow rate of 0.7 m/s was reported, and the
location and size of the rip current observation were similar.

3.2 Haeundae rip current characteristics analysis result
In March 2018, the results of rip current observed with X-band radar at Haeundae Beach were analyzed.Fig. 7shown inFig. 7The graph on the left is a graph showing the average of the
distances from the analysis baseline to the rip current boundary, and the graph on the right is the difference value of the graph on the left. Here, the horizontal axis of the graph is the
distance in the direction of the shoreline.Fig. 5aIt coincides with the horizontal axis of the coastal image shown in Fig. The vertical axis of the graph represents time. The red dotted square
box indicates the time and location of the bleed flow.

Fig. 7.
Mean distance between analysis baseline and rip current edge (left); Difference of mean distance between analysis baseline and rip current edge (right).

lfli 1■!

Looking at the results of observations of the rip current at Haeundae Beach in March 2018, it can be confirmed that the location of the rip current does not change significantly. It is also
confirmed that the bleed flow continuously occurs for several days.Fig. 8is an X-band radar time average image observed at 10-minute intervals from 18:50 to 19:40 on March 25, 2018. The
red square box is 60 m by 120 m in size, and the result of calculating the flow rate by analyzing the area is displayed in the yellow square box. Drift currents directed in the same direction at
the same location for 50 minutes appeared, and the flow rates were observed to be 0.27 m/s to 0.65 m/s. On the other hand, according to the observation results of the National Oceanic
and Atmospheric Administration's ocean observation buoy located in the sea in front of Haeundae Beach, the significant wave height at 19:00 on March 25, 2018 was 0.57 m, and the
significant wave period was 3.94 seconds.
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Fig. 8.
Time-averaged X-band radar image and current velocity 2018/03/25 18:50∼19:40.
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Unlike general rip currents that abruptly generate and disappear within a few minutes, the reason why they persist for a long time in a similar location seems to be due to topographical
factors. Although it was not possible to obtain water depth data at the time, it is likely that a rip channel exists at the location. Also, although wave direction observation data is not provided
to the National Oceanic and Atmospheric Administration's ocean observation buoy, it is impossible to confirm it.

4. Conclusion
Through X-band radar image analysis, the characteristics of rip currents occurring at Haeundae Beach were investigated. In the X-band radar time-averaged image, binocular flow was
detected using image processing, and the flow velocity was measured by Fourier transforming the X-band radar image. As a result of verifying the X-band radar image analysis, it was
confirmed that the location and shape of the bleed flow were identical to those of CCTV. As a result of comparing the X-band radar flow velocity observation result with the velocity
observation result obtained by tracking the movement of the drift buoy, the maximum error was 0.24 m/s. As a result of investigating the occurrence of rip current at Haeundae Beach by
analyzing X-band radar images in March 2018, it was confirmed that the rip current lasted for 1 to 2 days, and the location of the occurrence was generally consistent. The continuous
occurrence of a ripple in a similar direction at the same location is different from the typical icy flow, which is known to generate and disappear within a few minutes. This is presumed to be
a phenomenon caused by the combination of the geographical factors of the location and the meteorological factors lasting for several days.
However, the limitation of not being able to effectively track rip current in the structure installation area is a point that must be overcome through continuous algorithm improvement in
the future. On the other hand, the flow velocity/depth estimation equation is based on micro-amplitude wave conditions, and there is a possibility that the error may increase in shallow
waters where rip currents occur. Even a small difference in the size and location of the analysis area changes the value significantly and the depth calculation diverges, so it is necessary to
develop an improved flow velocity/depth estimation method.
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