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Characteristics of the high storm waves observed at the east coast of Korea were investigated by analyzing the observed wind and wave data. During 23th to 24th October in 2006, abnormally high storm waves approached to the east coast of Korea. At Sokcho city, the most northern site among the measurement stations, the significant wave height reached at its maximum of 9.69 m with the corresponding peak wave period of 12.8 s. The reason for appearance of the abnormally high waves is that the amplification of wave height of the storm-generated waves by the strong local wind blows at the time of their arrival on the coastline. Moreover, the agreement of direction of wind blows and swell propagation maximized the increase of wave height due to superposition of swell and windgenerated waves. On the east coast of Korea, outbreak of this type of storm waves is very probable in winter season so that it is requested to be prepared to the occurrence of future storm waves generated under similar wind and wave climates.
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INTRODUCTION



During 23th to 24th October in 2006, abnormally high storm waves attacked the east coast of Korean peninsula and caused severe damage or destruction of breakwaters, ships, and infrastructures near the coastline. On the east coast of Korea, these kind of storm waves are occurred several times in winter season when northeasters blow continuously over the east sea of Korea. However, the wave height of the storm occurred in October last year was abnormally high when compared to the observation record so far. Korea Ocean Research and Development Institute (KORDI) had continuously monitored the wave climate on the Korean east coast by deploying pressure-type wave gauges at some locations along the coastline. In the present study, by analyzing the collected wave data and the meteorological data provided by Korean Meteorological Agency, the characteristics of the abnormally high storm waves observed in last year were investigated. WAVE AND METEOROLOGICAL DATA



The waves were measured at the five locations shown in Figure 1. The waves were measured by the pressure-type wave gauges (WTG-128M). The water depth of the deployed wave gauges are shown in Table 1. The sampling rate of the wave gauges was 0.5 s. The wave spectrum was obtained at every 30 minutes based on the 2048 data points during the time interval. The wave spectrum was calculated from the spectrum of water pressure by using the transfer function between the wave pressure and the water surface elevation. The wave spectrum was calculated by using the Cooley-Tukey FFT (Fast Fourier Transform) algorithm (Bloomfield, 1976).
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FIGURE 1 – LOCATION MAP OF THE FIVE MEASUREMENT STATIONS



The significant wave height was calculated from the zeroth moment of the wave spectrum( m0 ) H m 0 = 4 m0 = 4



∫



f2



f1



S ( f )df



(1)



where f is the wave frequency, S ( f ) is the wave spectral density. In the present study, the low cutoff frequency was determined as f1 = 0.04 Hz. Meanwhile the high cutoff frequency was determined as f 2 = 3 ~ 4 f p , where f p is the peak frequency of the wave



spectrum. On the other hand, the wind data at the nearest weather station to the five wave measurement locations were used. The wind data were provided by the Korean Meteorlogical Agency. Although there are little spatial distances between each of the wave and wind measurement stations, the wind data were considered as the value at the wave measurement stations. Mean wind speed and direction at every one hour was used in the analysis. Since the elevation from the mean sea level is different among the five weather stations, the wind speed ( U ) was converted to the corresponding value at 10 m above the sea level ( U 10 ) by assuming the logarithmic profile of wind speed as follows.



Uz =



U*   z   z  ln  − Ψ   k   z0   L 



(2)



where U z is the wind speed at z m above the sea level, U z is the friction speed, k is von Karman constant (≅0.4), z 0 is the surface roughness, and Ψ is the function representing unstability of the atmosphere that is also a function of the Obukov stability length L . If there is no temperature gap ( ∆T ) between the air and sea, Ψ becomes zero. In the present study, the following empirical formula was used for the correction of the wind speed (Coastal Engineering Research Center, 1984). U = RT U 10



(3)



where RT is the constant suggested by Resio and Vincent (1977). According to the meteorological record in October 2006, the temperature of air was lower than that of seawater by 2~3 degree of Celsius, which corresponds to the value of RT = 1.1 . Meanwhile, the correction to the duration of wind blowing was not considered since the waves are expected to be fully developed when they reached to the coastline.



Meanwhile, the time histories of instantaneous maximum wind speed and direction were also collected from the meteorological database. The wind data were sampled at every 0.25 s and the maximum wind speed was calculated by averaging the largest three values among the 12 consecutive data points of instantaneous wind speed within three seconds. The maximum wind speed was not corrected according to the equation (3). RESULT AND ANALYSIS



The time history of wind speed and wave height during 22 to 26 October is shown in Figure 2. The increase of wave height started at approximately 17:00 o’clock on 22 October at Sokcho. At Gangneung, a slightly southern location from the Sokcho, the increase of wave height started about five hours later than Gangneung. In this manner, the initiation time of increase of wave height was slower as the latitude of the measurement station decreased. In contrast, the initiation time of increase of wind speed was not much different among the five measurement stations. Hence, the increase of wave height is ahead of the increase of wind speed at the northernmost three stations, almost the same at Hupo, and is behind at the southernmost station of Jinha. This means that the initiation of increase of wave height is not directly related to the local wind blows around the measurement stations. One another relationship between the wave height and wind speed found in Figure 2 is that the continual increase of the wave height was contributed by the increase of wind speed. Except at Jinha station, where the wind speed was relatively weak, the magnitude of wave height was further augmented after the wind speed rapidly increased, and became its maximum value when the wind speed was also at its maximum. After reaching its peak value, the wave height gradually decreased with the decrease of the wind speed. In Table 1, the maximum wave height and the corresponding observation time is summarized. TABLE 1 – THE HIGHEST WAVES OBSERVED AT THE MEASUREMENT STATIONS



Station



Water depth Wave height Wave period



Observation time



Sokcho



18.5 m



9.69 m



12.8 s



10:30, 23 Oct



Gangneung



15.0 m



7.94 m



12.8 s



10:30, 23 Oct



Mugho



15.2 m



9.07 m



12.8 s



15:30, 23 Oct



Hupo



18.5 m



5.74 m



14.2 s



21:30, 23 Oct



Jinha



18.9 m



6.42 m



14.2 s



01:30, 24 Oct
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FIGURE 2 – TIME SERIES OF SIGNIFICANT WAVE HEIGHT AND MEAN WIND SPEED



FIGURE 3 – SPATIAL DISTRIBUTION OF ATMOSPHERIC PRESSURE AT THE EARTH SURFACE (12:00, 23 OCT)



The strong wind was generated owing to the steep gradient of atmosphric pressure at the East Sea (also called as Sea of Japan) of Korean peninsula. Figure 3 shows the instantaneous spatial distribution of the atmosheric pressure at 12:00, 23 October. As shown in the figure, there existed very steep pressure gradient in the southern-northern direction. At this time instant, the spatial distance between the isobaric line was the most narrow around the Sokcho station, where the one-hour mean wind speed exceeded 15 m/s (see Table 2). The instantaneous wind speed around that time was greater than 60 m/s as shown in Table 3. The pressure distribution similar to that shown in Figure 3 first appeared in the evening of 21 October and lasted until morning of 24 October. Before and during the occurrence of high storm waves, the spatial distribution of atmospheric pressure in the East Sea was very stabilized such as shown in Figure 3. At this time period, the pressure gradient was almost exactly crosswise to the long fetch of the East sea. Hence, strong wind might continuously blow over the sea surface and generate well developed waves. It is known that this kind of atmoshperic pressure distribution is formed several times in winter season when an extratropical cyclone is developed on the East sea. Then, strong northeasters blow along the sea surrounded by the continent and Japan mainland, which are commonly designated as Donghae twisters. According to Kim (1972), the Donghae twisters appear about four times annually on average.



TABLE 2 – THE MAXIMUM VALUE OF MEAN WIND SPEED WITH ITS DIRECTION AND OBSERVATION TIME



Station



Wind speed



Wind direction



Observation time



Sokcho



16.1 m/s



NNW



11:00, 23 Oct



Gangneung



12.5 m/s



NNW



12:00, 23 Oct



Mugho



10.3 m/s



N



16:00, 23 Oct



Hupo



10.2 m/s



NNW



18:00, 23 Oct



Jinha



5.6 m/s



N



22:00, 23 Oct



TABLE 3 – THE MAXIMUM VALUE OF WIND GUST WITH ITS DIRECTION AND OBSERVATION TIME



Station



Wind gust



Wind direction



Observation time



Sokcho



63.7 m/s



NNW



14:21, 23 Oct



Gangneung



28.7 m/s



NNW



11:08, 23 Oct



Mugho



25.8 m/s



NNE



13:30, 23 Oct



Hupo



30.9 m/s



NNW



16:38, 23 Oct



Jinha



17.6 m/s



NNW



21:50, 23 Oct



The increase of the wave height shown in Figure 2 is chiefly resulted from the increase of spectral energy at low frequency wave components. As shown in Figure 3, the peak of spectral energy density appeared at f=0.07~0.10 Hz, and its magnitude rapidly increased during the observation time. The peak frequency slightly decreased as the spectral peak energy increased, and then increased as the spectral peak energy decreased. Around the frequency range of f=0.15~0.2 Hz, secondary spectral peak appeared. The spectral energy of the secondary peak also increased while strong wind blows and graudally decreased with the weakening of the wind. However, The magnitude of the secondary peak energy is much smaller than that of the primary peak energy. This kind of temporal evolution of wave spectrum was observed in all the measurement stations. However, at the station of higher latitude, the magnitude of the spectral peak was greater and the duration of the high spectral energy was longer.



FIGURE 3 – TEMPORAL EVOLUTION OF WAVE SPECTRA



Appearance of the two peaks in the wave spectra is related to swell and local wind wave component, respectively. It is clearly seen that the high storm waves are mostly due to low frequency component of swell whose peak frequency appears at f=0.07~0.10 Hz. In order to quantitatively compare the spectral energy attributed to each component, the significant wave height corresponding to the low and high frequency ranges are calculated separately for the spectra at the time when the wave height is at its maxmim (see Table 1). Each wave spectrum was separated into two parts with the borderline at the frequency where spectral energy is the lowest between the primary and secondary peaks. The calculation result is summarized in Table 4. The magnitude of swell was about 1.2 ~ 2.1 times greater than that of wind-generated wave depending on the measurement stations.



TABLE 4 – COMPARISON OF SIGNIFICANT WAVE HEIGHTS OF THE HIGHEST WAVES CONTRIBUTED BY SWELL AND WIND-GENERATED WAVES



Station



Separation frequency



Sokcho



Significant wave heights Swell



Wind waves



0.133 Hz



8.26 m



5.08 m



Gangneung



0.133 Hz



6.28 m



3.71 m



Mugho



0.117 Hz



7.03 m



5.74 m



Hupo



0.133 Hz



4.39 m



3.09 m



Jinha



0.125 Hz



5.81 m



2.73 m



In Figure 4, the change of wave peak period during the storm sea states is shown with that of significant wave height. The wave period abruptly increased with the increase of the wave height. When compared with Figure 2, it is clear that the change of wave period is not closely associated with the local wind blows. This implies that the wave period is primarily dependent on the swell component. CONCLUSIONS



The abnormally high storm waves approached to the east coast of Korean peninsula during 23th to 24th October in 2006 were caused by the combined effects of high swell and strong local wind blows. Since the strong wind started to blow at the time when stormgenerated waves arrived at the coastline, the waves were further amplified greatly within a very short time interval. In particular, at Sokcho station, the northernmost location among the five measurement stations, the significant wave height reached to 9.69 m at 10:30, 23 October. This is the highest value ever observed at the east coast of Korean peninsula so far. The occurrence of this sort of high storm waves is very probable when the pressure distribution on the East Sea in winter season is similar to the one shown in Figure 3. Hence, it is necessary to be prepared to possible attack of high waves on the coastline when such a distribution of atmospheric pressure appears and continues for several days.
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FIGURE 4 – TIME SERIES OF SIGNIFICANT WAVE HEIGHT AND PEAK PERIOD
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