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Abstract

:

The oceanic Kármán vortex street is an important hydrokinetic phenomenon caused by the unsteady separation of sea currents in the wake of an obstacle. This study quantitatively analyzed the characteristics of the small-scale vortex street of Didicas Island in the Luzon Strait based on multimission satellite data. Five groups of vortex streets were captured, and each group was observed by two satellite images within one hour. Based on the displacement and change in the vortex street within one hour, we found that the formation time of a single vortex is longer than 40 min. The vortex propagation speed behind the island is approximately 0.98 m s−1 (ranging from 0.66–1.22 m s−1). The incoming velocity was calculated using the vortex propagation speed and the aspect ratio based on a vortex propagation model, which ranges from 0.72 to 1.47 m s−1 The incoming speed is 1.6–2.3 times the geostrophic speed extracted from AVISO data, implying that the contribution of non-geostrophic flow to the total flow field is comparable to that of geostrophic flow in this region.
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1. Introduction


Laboratory-scale periodic vortex shedding has been studied for more than 100 years in the field of fluid dynamics [1,2,3,4]. The initial studies on vortex streets were mainly in the field of atmospheric research, including aerospace research and the safety of bridges and high-rise buildings [5,6,7]. Since the mid-20th century, scientists have found that atmospheric vortex streets can occur on the leeward side of islands or mountains with the development of remote sensing technology [8,9,10,11]. Satellites can help to clearly observe the shape of the air vortex street pattern.



When oceanic currents flow around an obstacle, such as an island, the wake on the leeward side of the obstacle will become an ocean vortex street under certain conditions [12,13]. Ocean vortex streets are important for turbulent transport and energy dissipation. The vortex streets downstream of the islands are characterized by a double row of counterrotating vortices arranged in a staggered configuration. The approximate scale ranges for vortex streets are 0.1–10 km horizontally, 0.01–1 km vertically, and hours to days temporally [14]. The vortex size and shedding frequency induced by islands vary in different regions. The maximum rotation radius of the vortex street on the leeward side of Babuyan Island is 4.7 km, with a shedding period of 10.8 h [15]. The vortex size on the leeward side of Green Island is approximately 5 km and the shedding period is 14.8 h [16]. The vortex train induced by Phú Quý Island in the South China Sea has an average diameter of 28.1 ± 13.8 km and a shedding period of 1.02 days [17]. The incoming current velocity increases when vortex trains are formed [18].



The mechanism that favors the formation of the vortex street is still under discussion. The formation of the vortex street depends on the hydrodynamic conditions and the size of the obstacle. Wind is reported as the key factor in the formation of vortex streets on the scale of tens of kilometers in some studies [19]. In some regions, small-scale eddies are reported to be generated by the relative movement speed between rotating mesoscale eddies and the western boundary current [20]. On some islands, the interaction between the oceanic flow and the islands is regarded as the main reason for the formation of vortex streets [18]. Some regions show very weak vortex streets in the wake water, and most of the vortex streets are cyclonic, probably because of the high ratio of the Rossby number to the Burger number (   B u   ) [21,22].



Vortex streets in the ocean can transport nutrients vertically from the middle and deep layers to the euphotic layer, leading to phytoplankton blooms. Enhanced phytoplankton biomass has often been reported to occur around oceanic islands. Horizontal and vertical transport through vortices near an island result in the redistribution of nutrients and phytoplankton. Previous literature has shown that when the Kuroshio passes small islands, such as Green Island, submesoscale eddies are formed and are associated with colder, saltier, and higher phytoplankton water (both in the vertical and horizontal direction) [16,23].



Ocean dynamic satellites are able to observe mesoscale processes, such as the current products from AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic) and OSCAR (Ocean Surface Current Analysis Real-time); however, their spatial resolution (tens of kilometers) is not sufficient to observe vortices on the order of several kilometers or tens of kilometers. Optical and SAR (Synthetic Aperture Radar) satellite data can compensate for this deficiency to a certain extent [15,17,18,19,20]. These studies mainly focus on vortex streets in the order of tens of kilometers, whereas few studies have involved observations of vortices in the order of tens of meters to one kilometer as in the present study. Vortices on the order of less than one kilometer cannot be captured by optical satellites with spatial resolutions ranging from several hundred meters to several kilometers, such as GOCI (Geostationary Ocean Color Imager), SeaWiFS (Sea-viewing Wide Field-of-view Sensor), MODIS (Moderate Resolution Imaging Spectroradiometer), MERIS (Medium Resolution Imaging Spectrometer), and Sentinel-3 [20] but can be observed by satellites with spatial resolutions in the order of ten meters, such as Landsat, Sentinel-2, Haiyang-1C CZI (Coastal Zone Image), and Gaofen-1 (GF-1). However, a satellite with a higher spatial resolution usually has a longer revisit period (the time interval between two observations of the same area, e.g., 16 days in the case of Landsat). This prevents us from observing the variability of the dynamic processes of the vortex street. To overcome the above shortcomings, we applied multisatellite data to identify smaller-scale vortices and their dynamic variations within one hour. Multisatellite products with a high spatial resolution also provide a way to obtain the incoming current of vortex streets. The calculation of the incoming current of vortex streets is a challenging problem. Hsu et al. [16] used the maximum cross-correlation (MCC) method to calculate the incoming velocity based on the Himawari-8 SST images, which have a temporal resolution of 10 min and a spatial resolution of 2 km. Using in situ data and satellite data to observe vortex streets, they found an average incoming surface current speed of 1.15 m/s for Green Island. In the present study, we used multimission satellite remote sensing data with a spatial resolution of tens of meters to analyze the small-scale Kármán vortex streets on Didicas Island in the Luzon Strait. The aspect ratio and propagation velocity of vortex streets were estimated based on the multimission satellite data with an observation time interval of one hour. The incoming current velocity in front of the island was then calculated based on a vortex propagation model and the above parameters from the satellite data.




2. Materials and Methods


2.1. Study Area


The study area is located in the Luzon Strait (Figure 1). The Luzon Strait is the key channel for water exchange between the South China Sea and Northwest Pacific. The Kuroshio is a strong surface oceanic current of the western Pacific Ocean, and the northward flowing continuation of the Pacific North Equatorial Current between Luzon of the Philippines and the east coast of Japan. When passing by the Luzon Strait, a branch of the Kuroshio flows northwestward into the South China Sea (SCS). The Kuroshio transports tremendous amounts of heat, salt, and nutrients poleward and to the SCS from the Luzon Strait [24,25,26]. The Kuroshio intrusion to the SCS has a seasonal pattern and is stronger in winter than in summer [27]. The surface Kuroshio water can intrude deep into the SCS, especially in winter [28]. There are many islands in the Luzon Strait. The strong current, and the complex topography of the strait combine to create complicated ocean dynamic processes in the strait, and the small-scale processes are active.



Didicas Island, a member of the Babuyan Islands group, is located in the Luzon Strait (north of Luzon and south of the Batanes Islands, Figure 1). The midpoint longitude and latitude coordinates are 122.20°E and 19.07°N, respectively. The Kuroshio current is the strong northwestern component of the inflows near Didicas Island. The mean diameter of Didicas Island is approximately 1 km. The bathymetry map (Figure 2) shows that the underwater terrain around the island is steep, quickly descending to 1000 m. The complex underwater topography leads to the complex and changeable current in this area [16].




2.2. Satellite Data


In this study, multisatellite data were used to identify vortices. According to the scale of the vortex street in the area, we selected the following five satellite sensors: Landsat-8, Sentinel-2, GaoFen-6 (GF-6), GaoFen-1 (GF-1), and HY-1C CZI. Information on the spectral and spatial resolutions is shown in Table 1.



Landsat-8 Operational Land Imager (OLI) level-1 data were obtained from the U.S. Geological Survey. The Sentinel-2 Multispectral Imager (MSI) level-1 data used in this study were obtained from the European Space Agency. The GF-1 and GF-6 satellite data were obtained from the China Centre for Resources Satellite Data and Application. Both GF-1 and GF-6 are equipped with two multispectral scanners: one scanner has a 2-m resolution in the panchromatic band and an 8-m resolution in the multispectral bands, and the other scanner has a 16-m resolution in the multispectral bands. We used the data from the multispectral scanners with a 16-m resolution in this research. The 16-m multispectral scanner was designed at an observation field width of 800 km, with 4 bands in GF-1 and 8 bands in GF-6. HY-1C CZI data, with a spatial resolution of 50 m, were also used in this study. HY-1C data were distributed by the National Satellite Ocean Application Service, China.



Landsat-8, Sentinel-2, and HY-1C data were used to find the days with Kármán vortex streets as our main data. The blue band data were used as grayscale figures to determine whether a vortex street existed in the study region. Then, we focused on these days and tried to find images from other satellites such as GF-1 and GF-6. Satellite data from January 2018 to August 2020 were used.



All the calculations were based on geo-corrected satellite data. Landsat-8, Sentinel-2, and HY-1C products were geometrically corrected by the distributor. GF-1/6 data were geometrically corrected with the Environment for Visualizing Images (ENVI). With its geometric correction tool, GF-1/6 data were corrected with their own Rational Polynomial Coefficient (RPC) information. In this study, vortex streets on the same day from two different satellites were compared for analysis. Therefore, satellite data were resampled to the lower spatial resolution of the two images. For instance, when comparing the GF-6 image with the HY-1C image, the GF-6 data were resampled to 50 m × 50 m.



Surface current velocity data were obtained from AVISO with a spatial resolution of 0.25° × 0.25° (product ID: SEALEVEL_GLO_PHY_L4_MY_008_047, DOI: https://doi.org/10.48670/moi-00148). The product is generated by the processing system, including data from all altimeter Copernicus missions (Sentinel-6A, Sentinel-3A/B) and other collaborative or opportunity missions (e.g., Jason-3, Saral/AltiKa, Cryosat-2, OSTM/Jason2(Ocean Surface Topography Mission/Jason-2), Jason-1, Topex/Poseidon, Envisat (Environmental Satellite), GFO (GEOSAT Follow-On), ERS-1/2 (European Space Agency-1/2), HY-2A/B).




2.3. Property Parameters of Vortex Streets


Figure 3 shows the diagram of the vortex street, and    U 0    is the incoming flow speed. A vortex street consists of two rows of vortices, which have opposite rotating directions. The vortices are staggered such that a vortex in one row lies opposite the center of the downstream spacing a between adjacent vortices in the other row [29,30]. In this research, the aspect ratio Ar was calculated as a/b, where a and b represent the longitudinal spacing in one row and transverse spacing between two rows, respectively, as shown in Figure 3.



The ratio b/a = 0.281 (also 1/Ar) was used for neutrally stable dimensions, which means that Kármán vortex streets will always exist stably. This ratio is dependent on the shape of the obstacle, the characteristics of the flow, and the distance along the wake and was observed in laboratory investigations to lie within the range of 0.28 < b/a < 0.52 [8,9].



In our study area, the scale of the Kármán vortex street is quite small (approximately 1 km); thus, the incoming current velocity    U 0    cannot be calculated with the method used by Hsu et al. [16] due to the low resolution. Another method to calculate    U 0    is introduced.



Vortex propagation was represented as the model given by Tsuchiya in earlier research [31] as Equation (1):


    2 B − A    X 2  +   2 A − 3 B   X + B − A + B /   4 A   = 0  



(1)




where   X =  U e  /  U 0   ,   A = c o t h   π × b / a    ,   B = π × b / a  , and    U e    is the vortex propagation velocity.



b/a can be substituted into Equation (1) to obtain    U e  /  U 0   , in which,    U e    can be measured from consecutive remote sensing images. The same Kármán vortex street is observed with different satellite images and the displacement of the vortices is measured. Based on the displacement and the time interval of two satellite images, the propagation velocity of vortices    U e    is calculated. Then,    U 0    can be estimated based on the obtained    U e    and    U e  /  U 0   .



In a nonrotating unstratified fluid, the vortex feature is determined by the Reynolds number, Re. The Reynolds number is the dimensionless ratio of inertial force to viscous force (Equation (2)) and is calculated as follows:


  R e =    U 0  D  ν   



(2)




where     D   is the crosscurrent island diameter (1.1 km in this study), and ν is the horizontal eddy diffusivity, which was set as 10      m 2     s  − 1       [15].



In the study of rotating fluids, one more dimensionless dynamical parameter should be introduced, which is usually the Rossby number. The Rossby number is the ratio of inertial force to Coriolis force, defined as follows:


  R o =    U 0    f D   =    U 0    2 D Ω s i n φ    



(3)




where   f = 2 Ω s i n φ   is the Coriolis parameter, with   Ω = 7.29 ×   10   − 5    s  − 1       being the rate of the Earth’s rotation and  φ  = 19.075° being the latitude of our target.



To consider ocean stratification, the dimensionless Burger number is often used. It is defined as the ratio between the density stratification in the vertical direction and the Earth’s rotation in the horizontal direction:


  B u =    R D   R   



(4)




where  R  is the radius of the island       2 R = D    ;    R D  = N h / f   is the Rossby deformation radius, in which  h  is the typical depth of the upstream current; and   N =    g   ρ 0      ∂ ρ   ∂ z       is the Brunt–Väisälä parameter, where g is the acceleration due to gravity and    ρ 0      is the reference density of the ocean.



Although it is not a control parameter, the Strouhal number is an essential dimensionless quantity in the description of oscillating flows. At high Strouhal numbers, oscillations dominate the flow while at low Strouhal numbers, the oscillations are swept by the fast-moving fluid. It can be considered a normalized shedding frequency, defined as follows:


  S t =  D  T U      



(5)




where  T  is the shedding period between two consecutive vortices in the same row. Here,   T = a /  U e   , where a is the longitudinal spacing in one row and    U e    is the vortex propagation velocity.




2.4. Chlorophyll-a Retrieval


The Landsat-8 OLI chlorophyll-a concentration was derived using the SeaDAS processor (version 7.5, provided by NASA in Washington, MA, USA). The aerosol removal of Landsat-8 uses band ratios of the combination of OLI bands 5 and 7. The chlorophyll-a retrieval algorithm uses the 443, 561, and 655 nm bands for the band difference and the 443, 482, and 561 nm bands for the band ratio. In low-chlorophyll water, in which chlorophyll-a ≤ 0.25 mg m−3, the chlorophyll-a concentration is retrieved with the three-band difference color index (CI) [32] method, as shown in Equations (6) and (7). In high-chlorophyll water, in which chlorophyll-a ≥ 0.30 mg m−3, the chlorophyll-a concentration is retrieved with the method of the traditional band ratio algorithm (OC3), as shown in Equations (8) and (9). Intermediate-chlorophyll waters in the transition zone of 0.25–0.3 mg m−3 were retrieved with a weighted mixture of the two algorithms, as shown in Equation (10). Collectively, the algorithm is termed the Ocean Color Index (OCI) algorithm. The empirical coefficients were adjusted for OLI using the NASA Bio-Optical Marine Algorithm Dataset [33]:


  C I =  R  r s 561   −    R  r s 443   +   561 − 443       655 − 443   ×    R  r s 655   −  R  r s 443          



(6)






  l o  g  10     C H  L  C I     = a × C I + b  



(7)




where    R  r s     is     the remote sensing reflectance, the number subscript is the central wavelength from the satellite, and   C H  L  C I     is the chlorophyll-a concentration retrieved with the CI method. a and b are the CI algorithm coefficients from the NASA Bio-Optical Marine Algorithm Dataset:


  X = l o  g  10       max    R  r s 443       ,  R  r s 482        R  r s 561          



(8)






  l o  g  10     C H  L  O C 3     =  a 0  +  a 1  × X +  a 2  ×  X 2  +  a 3  ×  X 3  +  a 4  ×  X 4   



(9)




where    a 0  ,  a 1  ,  a 2  ,  a 3  ,  a 4    are the algorithm coefficients, and   max    R  r s 443     ,  R  r s 482       is the maximum    R  r s       of two:


  C H L = α × C H  L  C I   + β × C H  L  O C 3      



(10)




where the weighting factors are   α =   C H  L  C I   − 0.25   0.3 − 0.25    ,    and    β =   0.3 − C H  L  C I     0.3 − 0.25    .





3. Results


3.1. Probability of Occurrence of the Kármán Vortex Street


To investigate the pattern and evolution of the vortex street, daily satellite images from January 2018 to August 2020 were used to identify the vortex streets. Excluding satellite imagery with cloud coverage, 55 days of cloudless images were acquired, mainly in summer and autumn. Among the 55 days, the Kármán vortex street was observed on 11 days, indicating an empirical probability of 1/5. The Kármán vortex street mainly occurs from April to July, with more frequent occurrences in April and May (Table 2). Among these vortex streets, five groups of vortex streets were captured by two satellite images with a time interval of approximately 30–40 min.




3.2. Distribution Pattern of the Kármán Vortex Street


The northwestward flow of the Kuroshio passes Didicas Island and tends to generate a repeating pattern of counterrotating vortex pairs. Figure 4 shows two groups of vortex streets, which are observed by two satellites. The first group, as shown in Figure 4b,c, was acquired on UTC 02:21:48 and UTC 03:02:27 of 10 April 2019, from the HY-1C CZI and GF-6 satellites, respectively, with an observation time interval of 41 min. The wake on the leeward side of the island occurred at UTC 2:21:48, at which no obvious rotating vortices were observed (Figure 4b). In 41 min, the vortices formed and strengthened (Figure 4c), and an anticyclonic and a cyclonic vortex can be clearly observed. The vortex presents a pattern of light and dark in the satellite image, and the center of the darkest area in the vortex is defined as the vortex center in this study, which is used as a reference point to track the moving distance of the vortex. Compared with the island wake in Figure 4b, there is an increase in both the distance between the two rows of vortices b and the distance between two consecutive vortices a in Figure 4c. It is estimated that a = 6.918 km, b = 2.687 km, and the aspect ratio Ar is 2.575. Furthermore, the diameter of the vortices increases.



A vortex street composed of multiple vortices is shown in Figure 4d,e (the second group of vortex streets), which were obtained on UTC 02:15:37 and UTC 02:53:34 of 26 April 2019, from the Landsat-8 and GF-6 images, respectively (with a time interval of approximately 38 min). In Figure 4d, a recirculation flow develops behind the island followed by a wave-like tail. The entire wave resembles a weak vortex street. Seven vortices and one unformed vortex are presented first. After 38 min, the unformed vortex takes form, and eight vortices in total were observed, as shown in Figure 4e, indicating that the vortex formation period is longer than 38 min. The mean distance between two rows of vortices b and the mean distance between two consecutive vortices a are 1.653 and 8.646 km, respectively. The aspect ratio   A r   is 5.23.



Figure 4 shows that almost all vortex streets are northwest trending. Horizontal length scales are similar to the island diameter. The number of vortices in a group of vortex streets can reach eight. The vortex streets are uniformly symmetrical or diffusely symmetrical. The signals of cyclonic and anticyclonic vortices are equally obvious, which is different from the eastward transported vortex street (obvious asymmetry in cyclone and anticyclone signals).



As mentioned in Section 3.1, five vortex streets were captured by two satellite images. Table 3 gives the statistical results of the distribution characteristics for all five groups of vortex streets. The average a and b are approximately 8.5 and 1.8 km, respectively. The calculated mean aspect ratio Ar is 4.17. The theoretical value of the ratio 1/Ar in an inviscid fluid was 0.281 in earlier studies, which was thought to be neutrally stable [34,35]. However, the actual ratio varies from a value smaller than 0.2 and a value greater than 0.4 due to turbulent diffusion, and it was found to have a slight dependence on Re [36]. Our results do not show significant dependences of the aspect ratio on Re.




3.3. Propagation Characteristics


Based on the observations of the multimission satellite on the same set of vortex streets, the vortex propagation velocity    U e      can be estimated based on the movement distance and interval time by comparing two consecutive satellite observations. Due to the short time interval, it is easy to identify the same vortices between two satellite images. Figure 5 shows a case for the calculation of    U e   . The same Kármán vortex street was observed by HY-1C CZI and GF-6 with a time interval of 34 min, as shown in Figure 5. All the centers of vorticities, from V1 to V5, show a displacement in the northwest direction within 34 min. Measuring the distance of each vortex reveals that the average propagation distance is 2.49 km, and thus, the propagation velocity    U e    is 1.22 m s−1 (dividing the distance by the time interval). Then, by substituting each ratio 1/Ar (also b/a) into Equation (1),    U e  /  U 0    is obtained, ranging from 0.78 to 0.92. Based on the obtained    U e  /  U 0    and the propagation velocity    U e   , the incoming flow speeds    U 0    are calculated.



Table 4 shows the fluid speed of the Kármán vortex street and the related parameters for the five observed vortex streets. The incoming flow speed ranges from 0.72 to 1.47 m s−1. The vortex propagation speed downcurrent of the island is slower than the incoming flow speed, ranging from 0.66 to 1.22 m s−1. It increases as the inflow velocity increases. The   R e   and Ro values range from 79 to 162 and from 13.78 to 28.10, respectively. These values increase with the incoming flow speed according to their definition.



The shedding period is approximately 2–3 h. It should be noted that the shedding period of the vortex here is different from the minimum time required to form a vortex obtained by satellite observations, as described above. The vortex shedding period can be understood as the time interval between the beginning of the formation of two adjacent vortices in the same row, which includes the formation, shedding, and propagation of the vortex, until the next vortex in the same row begins to form. Its calculation formula   T = a /  U e    in the description of Equation (5) helps to understand this concept.



Compared with the geostrophic velocity observed by the altimeter (Table 5, see the columns    U 0   /   U 0   _aviso), our estimated incoming flow speed is 1.6–2.3 times the current speed of the nearest AVISO data in the direction of the incoming flow. The contribution of non-geostrophic flow to the total flow field is comparable to that of geostrophic flow in this region. The direction deviation between our estimated vortex propagation direction and the AVISO data is from 3° to 13°. Comparing Re, Ro, and    U 0   /   U 0   _aviso,    U e   /   U e   _aviso and the angle bias reveals that the larger the Ro and Re numbers are, the greater the contribution of the non-geostrophic flow speed to the total flow speed; meanwhile, due to the impact of the non-geostrophic flow, the angle bias also increases. This also verifies the accuracy of our estimation of flow velocity using multimission satellite data.





4. Discussion


Quasi-symmetry of the cyclonic and anticyclonic vortices in our study area was observed. However, the asymmetry was less obvious than that in previous studies in other areas. This asymmetry is thought to be associated with the Earth’s rotation and the nonaxisymmetric shape of the island [37]. Centrifugal instability preferentially destroys cyclonic vortices, leaving a streak of anticyclones further downstream. A previous study revealed that in the small   R o / B u   regime, cyclonic and anticyclonic eddies behaved symmetrically. In the large   R o / B u   regime, the asymmetry depends on   R e   when   R e   is moderate or small, the anticyclonic vortex is dominant over the cyclone; when   R e   is larger, a cyclonic vortex is dominant [21]. The phytoplankton footprint associated with the vortex street more clearly shows this quasi-symmetric characteristic of cyclonic and anticyclonic vortices. An increase in the chlorophyll concentration of the water leeward of the island is observed by Landsat-8 OLI with a 30 m spatial resolution, implying enhanced phytoplankton productivity caused by flow disturbance for both cyclonic and anticyclonic vortices (Figure 6). The maximum chlorophyll concentration in the vortex center is approximately twice that of the surrounding chlorophyll. Phytoplankton blooms associated with vortices can be observed at a large distance of approximately 37 km downstream from the island. The source water forming the vortices leeward of the island is characterized by a high level of chlorophyll. It seemed that the chlorophyll level inside the first vortex may be influenced by the chlorophyll of the source water forming the vortices (on the leeward side of the island). Then, the chlorophyll level increases at the second and third vortices, implying that there is nutrient supply and that it stimulates phytoplankton growth. Moreover, the bloom size also increases at the second and third vortices. Then, both the chlorophyll level and bloom size decrease from the fourth vortex.



The phytoplankton response to island-generated vortices depends on many factors, such as the phytoplankton level of the source water forming the vortices, the characteristics of the vortices (scale and lifespan, etc.), the response time of phytoplankton, and the interaction between cyclonic and anticyclonic vortices and the surrounding waters. The water around the study island is characterized as eutrophic. If the initial chlorophyll concentration is assumed to be approximately 0.05 mg m−3 at the first vortex location and chlorophyll growth is only affected by the nutrient supply, for phytoplankton growth rates of ~0.2 day−1 [38] and a shedding period of ~3 h, the chlorophyll level at the first vortex should be approximately 0.0251 mg m−3 (0.05 + 0.05 × 0.2 × 3/24). However, Figure 6 shows that the chlorophyll level reached 0.08 mg m−3. Obviously, horizontal transport of eutrophic source water leeward of the island or vertical transport of high-phytoplankton water at the subsurface water layer (if there is subsurface maximum chlorophyll) could contribute to the high chlorophyll level at the first vortex. At the second and third vortices, the increases in both the eddy scale and chlorophyll level result in the increase in total chlorophyll inside the vortex, indicating that there is phytoplankton growth due to the nutrient supply.



Lien et al. [39] found that the measured current speed is approximately 1.6–2.0 times the current speed from AVISO by comparing the sea surface current speed from AVISO and mooring, underwater glider, and drifter data. This finding is consistent with our result, in which our calculated incoming velocity is 1.6–2.3 times the current speed of the AVISO data. The current speed from AVISO is geostrophic flow, and this difference from our calculated incoming velocity implies that the non-geostrophic component contributes approximately half of the current speed. The shedding period of the Kármán vortex streets in this study area is 2–3.5 h (Table 4). Compared with other study areas, the shedding period on Babuyan Island in the Luzon Strait is approximately 10.8 h, whereas it is approximately 1.02 days on PhúQuý Island in the western South China Sea [15,17]. The shedding period is related to the Strouhal number (  S t )  . According to   S t = D / T U  , the shedding period can be expressed as   T = D /   U   S t    . Assuming  D  = 1.1 km,   U = 1   m s−1, and St = 0.13, the calculated shedding period is approximately 2.3 h. Given that the incoming flow is constant, the small diameter of the island leads to a shorter shedding period. The scale of vortices is approximately 1 km in our study area and 4.7 and 30–60 km on the leeward side of Babuyan Island and PhúQuý Island, respectively. When the island size is much smaller than the Rossby deformation radius, the Burger number becomes large, and the scale of vortices is controlled by the island radius. The   R e   value ranges from 79 to 162, which agrees with the results of Horváth et al. [10] and Williamson et al. [40]. They found that vortices with alternate senses of rotation are shed from alternate sides of islands for   R e   > 49 and are strictly periodic when   R e   < 194. By comparing two images from different sensors on the same day with time intervals of 38–41 min, we find that the formation of a vortex takes at least approximately 40 min. Although polar-orbiting satellites more easily produce high-spatial-resolution images due to their low orbital altitude, a higher spatial resolution is often at the expense of longer revisit cycles (observation time interval). Therefore, it is difficult to obtain both small-scale observations and rapid time-varying features of vortex streets. In this study, we used high-spatial-resolution multimission satellite data to compensate for the above defects. Multisatellite remote sensing is proven to provide a feasible way to detect the formation, shedding, and movement of small-scale vortex streets.




5. Conclusions


This paper analyzed the vortex streets of Didicas Island in the Luzon Strait using multimission satellite data. We quantitatively investigated the propagation features of vortex streets. Vortex streets mostly occurred during April and May, with a vortex scale of approximately 1 km and a mean aspect ratio of 4.17. Both the scale and shedding period of the vortex street in this study are smaller than those found in adjacent areas (Babuyan Island, PhúQuý Island, etc.). The formation of a vortex takes at least approximately 40 min. The vortex propagation speed and average incoming flow speed were calculated based on the multimission satellite observation and the model by Tsuchiya. Our estimated velocity is 1–2 times the geostrophic velocity extracted from AVISO data, implying that the non-geostrophic flow in this region cannot be neglected.
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Figure 1. Location of Didicas Island. In Figure (a), the solid black lines are the main streams of the Kuroshio, the dotted black lines are the Kuroshio tributaries, and a stronger water exchange process occurs in the South China Sea. The red box in (b) displays the location of Didicas Island. The color in both figures represents the water depth. The depth data are from GEBCO_2020 Grid Data with a spatial resolution of 15 arc-second. 
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Figure 2. The bathymetric map (contour) and the annual ocean current (narrow) of 2020 around the study area from satellite altimetry data. The red box shows the island we studied. The depth data are from GEBCO_2020 Grid Data with a spatial resolution of 15 arc-second. 
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Figure 3. Schematic diagram of the vortex train. 
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Figure 4. (a) An overall diagram of the range of (b,d), in which the black box is the range of (b,c) and the red box is the range of (d,e). Satellite data acquired by HY-1C CZI (b) and GF-6 (c) on 10 April 2019, and by Landsat-8 OLI (d) and GF-6 (e) on 26 April 2019. Didicas Island is outlined with an amaranth closed line. The centers of the vortices are marked with blue dots. The images are in grayscale with the stretching method of equalization. 
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Figure 5. Satellite data acquired by HY-1C CZI (a) and GF-6 (b) on 22 April 2019. The red dots are the centers of the vortices. Didicas Island is outlined with an amaranth line. The images are in grayscale with the stretching method of equalization. 
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Figure 6. Chlorophyll-a retrieved using Landsat-8 acquired on 26 April 2019 in the study (unit: mg m−3). “v1–v7” represents the first to seventh vortex, respectively. 
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Table 1. The parameters of the satellite data used in this research.
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	Satellite Sensors
	Original Spatial Resolution(m)
	Product Level
	Bands in Visible Spectrum
	Swath Width (km)
	Scenes Without Clouds
	Scenes with Kármán Vortex Street





	Landsat-8
	30
	L1TP
	9
	185
	12
	5



	Sentinel-2
	10/20/60
	L1C
	13
	290
	38
	4



	GF-1/6 MSS
	16
	WFV
	4/8
	800
	3
	3



	HY-1C CZI
	50
	L1C
	4
	950
	4
	4







Note: MSS (Multispectral Scanner System); CZI (Coastal Zone Image); L1TP (Level 1 Precision Terrain (Corrected)); L1C (Level-1C); WFV (wide field of view).
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Table 2. The cloud-free days in the study area in different months and the visible Kármán vortex street days.
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	Month
	Jan.
	Feb.
	Mar.
	Apr.
	May.
	Jun.
	Jul.
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.





	Days of Data without Clouds
	2
	4
	6
	8
	9
	9
	5
	2
	3
	4
	1
	2



	Days of Data with Kármán Vortex Street
	0
	0
	0
	3
	5
	1
	2
	0
	0
	0
	0
	0
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Table 3. Vortex street patterns identified by different satellites. Br = mb/D.
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Date

	
Satellite

	
Vortices

	
  a   (km)

	
  b   (km)

	
    A r    

	
    B r    






	
10 April 2019

	
HY-1C

	
2

	
/

	
1.059

	
/

	
0.963




	
GF-6

	
3

	
6.918

	
2.687

	
2.577

	
2.442




	
22 April 2019

	
HY-1C

	
5

	
9.197

	
2.113

	
4.348

	
1.921




	
GF-6

	
5

	
9.568

	
2.641

	
3.623

	
2.401




	
26 April 2019

	
Landsat-8

	
7

	
8.497

	
1.876

	
4.525

	
1.705




	
GF-6

	
8

	
8.646

	
1.653

	
5.236

	
1.502




	
27 May 2020

	
Sentinel-2

	
5

	
8.407

	
1.206

	
6.993

	
1.096




	
HY-1C

	
5

	
8.449

	
1.240

	
6.803

	
1.127




	
30 May 2020

	
Landsat-8

	
4

	
9.164

	
2.055

	
4.464

	
1.868




	
HY-1C

	
5

	
8.061

	
2.254

	
3.571

	
2.049
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Table 4. The fluid speed of the Kármán vortex street and fluid parameters.
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	Date
	Distance (km)
	    U e     (m s−1)
	    U 0     (m s−1)
	     U e  /  U 0     
	   T   
	    R e    
	    S t    
	    R o    





	10 April 2019
	2.23
	0.91
	1.17
	0.78
	2.12
	129
	0.123
	22.30



	22 April 2019
	2.49
	1.22
	1.47
	0.83
	2.13
	162
	0.098
	28.10



	26 April 2019
	2.52
	1.11
	1.28
	0.87
	2.15
	140
	0.111
	24.37



	27 May 2020
	1.55
	0.66
	0.72
	0.92
	3.54
	79
	0.120
	13.78



	30 May 2020
	2.36
	0.99
	1.19
	0.83
	2.41
	131
	0.106
	22.79
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Table 5. Comparison of our estimated flow velocity with AVISO observations.    U 0   _aviso and    U e   _aviso are the flow velocities in front and on the leeward side of the island, respectively, which were obtained from AVISO. Angle indicates the flow direction, and the geographical east was defined as 0°. The biases of    U e      and    U e   _aviso were calculated.






Table 5. Comparison of our estimated flow velocity with AVISO observations.    U 0   _aviso and    U e   _aviso are the flow velocities in front and on the leeward side of the island, respectively, which were obtained from AVISO. Angle indicates the flow direction, and the geographical east was defined as 0°. The biases of    U e      and    U e   _aviso were calculated.





	Date
	    U  e _ aviso     

(m s−1)
	     U e  /  U  e _ aviso      
	    U  e _ aviso     

(m s−1)
	     U 0  /  U  e _ aviso      
	Angle     U e    

(°)
	Angle     U  e _ aviso     

(°)
	Angle Bias

(°)





	10 April 2019
	0.73
	1.3
	0.66
	1.8
	131.3
	119.7
	11.6



	22 April 2019
	0.77
	1.6
	0.71
	2.1
	135.8
	123.0
	12.7



	26 April 2019
	0.82
	1.4
	0.71
	1.8
	139.7
	132.3
	7.5



	27 May 2020
	0.60
	1.1
	0.45
	1.6
	136.4
	139.5
	−3.2



	30 May 2020
	0.68
	1.5
	0.51
	2.3
	139.5
	146.0
	−6.6
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