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Swordtip squid (Uroteuthis edulis) is a primary target species of the commercial fishery in the southern East China Sea (ECS), and they normally migrate to a quasi-permanent upwelling zone (called a cold dome) off northeastern Taiwan for spawning and growth during spring (March–May) and fall (October–December) in a year. We examined the connection of the variability in its standardized annual catch per unit effort (CPUE) during 2009–2017 in regard to the physical processes on the southern shelf of the ECS using temperature and wind observations from an isle north of Taiwan (Peng-jia-yu) as well as satellite sea surface temperature and absolute geostrophic velocity. The annual CPUE is positively correlated with the daily temperature anomaly at Peng-jia-yu in the cold dome in October of the previous year and April of the year. A warmer environment favors the recruitment and consequently the catch of the swordtip squid. During the spawning periods of the 9 years, the warm water carried by the Kuroshio frequently intruded atop the cold dome, which benefited the growth of the larvae and consequently helped maintain a certain value of the standardized annual CPUE. The anomalously low CPUE in 2012 and 2016 is attributed to the blocking of the Kuroshio intrusion due to cold and less salty China Coastal Water atop the cold dome in the spring spawning of 2012 and 2016. Based on the velocity strength in the cold dome and in a specified shelf region together with the daily temperature anomaly at Peng-jia-yu, an occupation intensity factor is used to evaluate the dominance of warm Kuroshio water and cold shelf water in the cold dome, which could help predict annual catches.
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Introduction

The swordtip squid (Uroteuthis edulis) has been a primary target species for commercial fisheries over the southern continental shelf of the East China Sea (ECS) since the 1950s (Chyn et al., 1998; Song et al., 2008; Wang et al., 2008; Wang et al., 2010; Liao et al., 2018). The swordtip squid supplies ~65% of the total cephalopod production in Taiwan (Liao et al., 2018), and the economic value of an annual catch can reach tens of millions of US dollars (Wang et al., 2008; Fisheries Agency, 2016). Doubtlessly, a better understanding of the swordtip squid’s spawning, maturation, and population, which have been investigated by Liao et al. (2006); Liao et al. (2018) and Wang et al. (2008); Wang et al. (2010); Wang et al. (2013), and their dependence on the environmental variables in the southern East China Sea is crucial to better managing swordtip squid resources regarding their commercial value.

The swordtip squid is a migratory species with a lifespan of approximately 9 months (Wang et al., 2008; Yamaguchi et al., 2015). This species primarily spawns and hatches in spring from March to May and also in fall from October to December each year and then migrates to the southern East China Sea shelf for feeding and growing (Wang et al., 2008; Wang et al., 2010; Wang et al., 2013). The fishing activity of swordtip squid occurs between the 100- and 200-m isobaths in the southern East China Sea (Liao et al., 2018). Wang et al. (2008) suggested that the swordtip squid spawning ground is in and around the coastal water off the northern coast of Taiwan. Liao et al. (2018) concluded that higher catch rates occurred in the front region and vicinity in areas with a sea surface temperature (SST) of ~20°C–26°C, chlorophyll-a of ~0.05–2.0 mg m−3, and sea-level anomaly (SLA) of 0–2.0 m for an eddy-like sea-level feature. Chang K.-Y. et al. (2018) further found that a higher SST increases the growth rate of swordtip squid during the larval stage and hence helps shorten the prey period. The spawning, nursery, feeding, and fishing grounds of swordtip squid are shown in the inset in Figure 1 (transparent purple shading area), which are from the northern coast of Taiwan, extending northeastward along 100–200-m isobaths to ~29°N in the central-eastern shelf of the ECS. The positive correlation between the swordtip squid abundance and catch and the oceanic variability was also addressed in the aforementioned papers. However, the underlying physical dynamics of swordtip squid catch-related, event-driven environmental variations have been less discussed in the open literature.




Figure 1 | Topography and schematic routes of major currents around northern Taiwan. “X” indicates the mean center position of relatively low-temperature surface water in the cold dome (Jan et al., 2011). The transparent purple shading region in the inset bounds the majority of vessel locations with swordtip squid catches. Red and blue rectangles are used to evaluate the velocity dominance of the Kuroshio intrusion and China Coastal Current, respectively, in the cold dome region. Points A and B are used to calculate the satellite SST difference between the Kuroshio’s mean maximum velocity axis and the cold dome. The E1–E2 section (dotted yellow line) is used in the calculation of cross-shelf Ekman transport.



The hydrography on the shelf and shelf break of the southern ECS are subject to the intrusion of the Kuroshio (e.g., Chao, 1991; Hsueh et al., 1992; Chern and Wang, 1994; Chuang and Liang, 1994), the Taiwan Strait current coming from the southwest (e.g., Chern and Wang, 1992; Jan et al., 2002), the China coastal current in winter (e.g., Jan et al., 2002; Jan et al., 2006), the impingement of mesoscale eddies from the Philippine Sea (e.g., Yang et al., 1999; Johns et al., 2001; Zhang et al., 2001; Vélez-Belchí et al., 2013; Wu et al., 2014), barotropic and baroclinic tides (Hu et al., 2010; Lien et al., 2013), and quasi-permanent upwelling (named the “cold dome” after Chern and Wang, 1990). Atmospheric forcing, particularly the northeasterly monsoon in winter and typhoons in summer, also modifies the hydrography there (Chuang and Liang, 1994; Tsai et al., 2008; Morimoto et al., 2009). Importantly, in association with high biological production (Liu et al., 1992; Chen et al., 2021), the cold dome area and vicinity have been recognized as a primary swordtip squid spawning ground (Wang et al., 2010), and according to Chang K.-Y. et al. (2018), the surface temperature in and around the cold dome is a primary variable influencing species spawning and associated catches. We therefore focus on physical processes causing surface temperature variability on the southern shelf of the ECS, particularly in the cold dome region.

The formation of the cold dome has been attributed to quasi-permanent upwelling from upcanyon flows consisting of cold (<21°C) and saltier (>34.5) subsurface water of the Kuroshio (Chern and Wang, 1990; Tang et al., 2000; Wu et al., 2008; Shen et al., 2011; Jan et al., 2011). It presents a cold patch with a cyclonic flow pattern in satellite SST and geostrophic velocity or is overlaid by warmer water from the Kuroshio intrusion (Tang et al., 2000; Jan et al., 2011; Chen et al., 2015). According to the summary in Jan et al. (2011), the mean center position of the cold surface water in the cold dome is 122.125°E, 25.625°N, with a length scale of ~100 km and a cyclonic flow pattern, particularly in summer. The Kuroshio intrusion could spread over the cold dome and thus reduce the surface appearance of the cold dome. A higher chlorophyll-a concentration sourced from the upwelled nutrient-rich subsurface water (e.g., Chen et al., 2017; Chen et al., 2021; Chen et al., 2022), and therefore higher primary productivity has been observed year-round in the cold dome region (Liu et al., 1992).

The Kuroshio intrusion is an important physical process affecting the hydrographic variability of the cold dome. Over the past three decades, the dynamics underlying the Kuroshio intrusion have been widely studied and attributed to winter monsoon-induced shoreward Ekman transport (Chao, 1991), surface water compensation-induced vortex stretching due to the subsidence of cold dense shelf water in winter (Chuang and Liang, 1994), the joint effect of baroclinicity and bottom relief (JEBAR) (Oey et al., 2010), the topographic beta (β, the planetary vorticity gradient) spiral induced by the upwelling created as the Kuroshio impinges onto the shelf break (Yang et al., 2018a; Yang et al., 2018b), and typhoons across northern Taiwan (Chern et al., 1990; Tang et al., 1999). In addition to these physical processes, an increasing amount of comprehensive in situ and satellite remote sensing data show that the impingement of westward-propagating eddies on the Kuroshio east of Taiwan and the associated dynamic adjustment contribute to the Kuroshio intrusion (Jan et al., 2015; Tsai et al., 2015; Yang et al., 2015; Andres et al., 2017; Jan et al., 2017; Chang, M.-H. et al., 2018; Mensah et al., 2020). On the other hand, the China Coastal Current could bring cold and brackish water to fill the cold dome in winter, and the warm but less saline Taiwan Strait current could occupy the cold dome in summer (Jan et al., 2011).

The primary objective of this study is thus to examine the dynamic processes causing the upper layer temperature anomaly and, in turn, the spawning and associated catch of swordtip squid in and around the cold dome. The standardized annual catch per unit effort (CPUE in kg day−1 per vessel) of swordtip squid over 2009–2017 obtained from Chang K.-Y. et al. (2018) is used to explore its relationship with the environmental variables. The dynamics related to the variability in these parameters are subsequently examined using field and satellite observations.



Data and Methods

The CPUE is often positively related to the availability of fisheries and regarded as an indicator of fish abundance (Yu et al., 2018; Liu et al., 2019). Therefore, the catch and CPUE data were used to represent the abundance of swordtip squid in the southern ECS in study. The region covering most vessel locations of the catch is depicted in the inset in Figure 1 (transparent purple shading area). The annual CPUE was calculated from the annual total catches and the total fishing days of the total fishing boats documented in the logbooks for the years from 2009 to 2017 (Wang et al., 2008; Chang K.-Y. et al., 2018) as

	

The CPUE was further standardized by excluding the bonito fishing effort (Chang et al., 2015a), and hereafter, the standardized CPUE time series was used to find the correlation with the environmental parameters.

To understand the (temporal) serial correlation of swordtip squid resources, autocorrelation analysis was applied using the 9 years’ standardized CPUE. Furthermore, to evaluate how the squid abundance (using the standardized annual CPUE as index) associates with the environmental variables, the Pearson correlation coefficient ρ(X, Y)  was used to quantify the correlations of the standardized annual CPUE and the monthly mean satellite chlorophyll-a concentrations in the cold dome or temperature at Peng-jia-yu, similar to that in Waluda et al. (1999) and Chang et al. (2015b). ρ(X, Y)  is calculated by

	

where cov(X, Y) is the covariance between variables X and Y; E is the expected value; μ is the mean value; and σX and σY are the standard deviation of X and Y, respectively. The monthly mean chlorophyll-a concentration and temperature of July through December in the previous year (i.e., from 2008 to 2016) and of January through June in the year (i.e., from 2009 to 2017) was used to calculate the correlation coefficient with the standardized annual CPUE over the 9 years.

Sea level and seawater temperature observed at the Peng-jia-yu isle in the southern ECS (122.0792°E, 23.6283°N; Figure 1) since April 2008 were used to supplement the analysis of the relationship between the standardized annual CPUE and the physical processes over the southern shelf of the ECS. The sea level and temperature were measured every 10 min by a Sea-Bird SBE-39. The wind speed and direction were measured by the Central Weather Bureau of Taiwan at the Peng-jia-yu weather station and were obtained from https://e-service.cwb.gov.tw/HistoryDataQuery/index.jsp. The 10-min sea level and temperature data were time averaged every 60 min and resampled to hourly data. A low-pass filter with a cutoff frequency of 0.05 cycles per day (equivalent to a period of 20 days) was applied to the hourly resampled data to exclude tidally induced variability. The daily mean temperature at the Peng-jia-yu isle was also obtained by averaging the raw temperature data over 2008–2021 and was also 20-day low-pass filtered for the estimate of daily temperature anomaly.

The corresponding daily satellite remote-sensing products, including SST, sea surface height (SSH), sea-level anomaly (SLA), and chlorophyll-a concentrations, were collected from the Copernicus Marine Environment Monitoring Service (CMEMS, available at https://marine.copernicus.eu/) in the range of 118°E–128°E and 18°N–28°N. The horizontal resolution is 0.05° (~6 km) in longitude and latitude for SST, 0.25° (~27.5 km) for SLA, and ~4 km for SSC. The daily SST anomaly (SSTa) is relative to the mean daily temperature calculated from SST during 2008–2018. The SLA was compared to the mean sea level calculated from SSH during 1993–2012. The absolute geostrophic velocity was further calculated from the satellite SSH and associated mean dynamic topography.

The Kuroshio intrusion in the southern ECS is identified by considering satellite SST, absolute geostrophic velocity, and the daily mean temperature anomaly at the Peng-jia-yu isle. Vélez-Belchí et al. (2013) defined an index using the difference in SST in the mean position of the non-intruding Kuroshio northeast of Taiwan and a point at 122.5°E and 26.75°N to evaluate the Kuroshio intrusion. The smaller the value is, the more likely the Kuroshio intrusion occurs because the intruding warm water on the ECS shelf decreases the temperature contrast between these two locations. A similar SST difference index was adopted, but the locations for the calculation of SST difference were shifted to points A (122.077°E, 25.629°N) in the cold dome and B (123.525°E, 25.525°N) in the mean maximum velocity axis of the Kuroshio (points A and B in Figure 1). The change in the shelf point directly evaluates whether the Kuroshio intrudes into the cold dome region. Wu et al. (2014) set a criterion to evaluate the Kuroshio intrusion by checking if the 0.2 m s−1 isotach of the satellite geostrophic velocity crosses the 200-m isobath on the southern shelf of the ECS. We adopt this idea but modify the criterion to indicate that the area average velocity, calculated by as v > 0 in the red box in Figure 1, is larger than 0.2 m s−1 to indicate the Kuroshio intrusion. The two criteria are further supplemented with the maximum increase in the low-pass-filtered daily temperature anomaly at the Peng-jia-yu isle during the intrusion period (i.e., ΔTmax > 0.5°C as the Kuroshio intrusion) to reduce the uncertainty in evaluating the Kuroshio intrusion.

To further analyze the potential dynamics for the Kuroshio intrusion, we integrated associated weather conditions from the Central Weather Bureau of Taiwan, satellite SSH, and geostrophic current and calculated wind-induced Ekman transport. The Ekman transport (QEk) across the shelf break (yellow dotted line E1–E2 in Figure 1) is calculated by



where ρo (1025 kg m−3) is a reference density, f is the Coriolis parameter at 25.5°N (6.26 × 10−5 s−1), and τ is the wind stress in the northeast and southwest directions. The wind data collected at the Peng-jia-yu weather station are used to calculate and represent τ along the E1–E2 line (Figure 1).



Results


Variability of Temperature and Sea Level at Peng-jia-yu Over 2008–2021

Figure 2 shows the hourly temperature and sea level observed at the Peng-jia-yu isle from April 2008 to October 2021. The 20-day low-pass-filtered and linear regression of the temperature and sea-level observations are also shown in Figure 2. Note that the linear regressions of temperature and sea level suggest that the temperature increased by 0.71°C and sea level increased by 2 cm during the observation period. For a comparison between this temperature increasing rate and that of global temperature, the annual global mean SST anomalies during 2008 and 2018 were obtained from the National Centers for Environmental Information (https://www.ncdc.noaa.gov/cag/global/time-series). A similar linear regression was applied to the annual SST anomalies, and we obtained a 0.32°C increase over the 10-year dataset. A further discussion on the long-term changes in temperature and sea level at the Peng-jia-yu isle is not given here because this is not the central focus of this study. Additionally, the CPUE data used in this study are too short (9 years) to correlate with climate timescale temperature variability. Notably, there are intermittently missing data in the observations but the total time is less than 5% of the approximately 14 years of temperature and sea-level time series. These gaps in the time series have no significant influence on the results of low-pass filter and linear regression analyses.




Figure 2 | (A) Temperature and (B) sea level measured at the Peng-jia-yu isle during 2008–2021. Gray, blue, and red lines represent hourly average and resampled data, 20-day low-pass-filtered data, and the linear regression of the data, respectively.



The 20-day low-pass-filtered daily mean temperature illustrated in Figure 3 is a base for calculating the daily mean temperature anomaly. The spawning periods of the swordtip squid in a year are marked in Figure 3 for reference. The two periods correspond to the two low-temperature periods in the year.




Figure 3 | The 20-day low-pass-filtered daily mean temperature (black line) calculated from the temperature observed at the Peng-jia-yu isle from 2008 to 2021. The ± one standard deviation from the mean value is bounded by the two blue lines. The gray lines are the raw temperature records of each year. Transparent pink shading indicates the spawning periods of the swordtip squid in the year.





Correlations of Standardized Annual CPUE and Environmental Variables

The standardized annual CPUE in Figure 4 shows interannual variation with one peak in 2013 and two relative lows in 2012 and 2016. The highest CPUE (2013; ca. 260 kg day−1 per vessel) reached ~2 times the lowest CPUE (2016; ca. 125 kg day−1 per vessel) over the 9 years. The autocorrelation analysis of the standardized annual CPUE (Supplementary Figure 1), however, suggests that there was no significant correlation between the resources in the previous year and its coming years, which is consistent with that concluded by Chang K.-Y. et al. (2018). An insignificant correlation between the standardized annual CPUE is plausible because the swordtip squid is an annual species (Wang et al., 2008; Yamaguchi et al., 2015); therefore, it is known that its population abundance is primarily influenced by the variability of environmental variables on an approximately seasonal timescale. Physical processes possibly leading to this interannual variation are examined with available data collected at fixed stations and from satellite remote sensing later.




Figure 4 | Annual CPUE of swordtip squid (Uroteuthis edulis) from 2009 to 2017.



Results from further correlation analysis show that the variation in the standardized annual CPUE is positively correlated with the monthly mean temperature at Peng-jia-yu isle in the two main spawning seasons, i.e., October in the previous year (Figure 5A) and April in the year (Figure 5B). Generally, a higher temperature favors an increase in the growth rate of swordtip squid larvae during the spawning and incubation periods but could decrease their size and life during the adult stage. For the correlation between satellite chlorophyll-a concentrations in the cold dome and the standardized annual CPUE, the correlation coefficients were, however, mostly negative and not significant (data not shown), as discussed and concluded in Chang K.-Y. et al. (2018). Even so, notably, a satellite chlorophyll-a concentration peak was appeared in April in the cold dome with its value reaching over 0.55 mg Chl-a m−3 using mean daily values over 2008–2018 (Supplementary Figure 2).




Figure 5 | Correlation coefficients of the standardized annual CPUE of swordtip squid over 2009–2017 and monthly mean seawater temperature at Peng-jia-yu isle for (A) July–December in the previous year over 2008–2016 and (B) January–June in the year over 2009–2017. The dashed lines mark the 95% confidence level.





Kuroshio Intrusions During Spawning Periods

Using the temperature and velocity criteria described in Data and Methods and considering only the 20 spawning periods from 2008 to 2017, 10 Kuroshio intrusion events were identified. The duration and ΔTmax of each intrusion event are summarized in Table 1. The intrusion of the upper-layer Kuroshio frequently occurs off the northeastern coast of Taiwan, which is indeed a normal flow pattern that occurs when a stratified geostrophic current encounters a topographic rise. Considering the temporal evolution of impinging eddies east of Taiwan, satellite geostrophic currents in and around the cold dome, shoreward Ekman transport calculated by Eq. (1), and sea surface cooling due to winter atmospheric cold surges in association with spawning periods, the potential dynamics of the intrusions are attributed to three categories: 1) the joint influence of impinging eddies and shoreward Ekman transport for events 1, 4, and 8; 2) shoreward Ekman transport for events 2, 5, 6, 9, and 10; and 3) strong cold surge-induced shelf water cooling for events 3 and 7 (Table 1). The shortest period of intrusion was 42 days, and the longest was 84 days over 2008–2017. The typical flow field and temperature anomaly in the cold dome of the three dynamic regimes are discussed later.


Table 1 | Duration, period in days, maximum increase of low-pass-filtered temperature anomaly at the Peng-jia-yu isle (ΔTmax), and possible dynamics of Kuroshio intrusions during swordtip squid spawning periods over 2009–2017.






Discussion


Kuroshio Intrusion as a Normal Flow Pattern off Northeastern Taiwan

The warm surface water carried by the Kuroshio intrusion to the southern ECS benefits the spawning and incubation of the swordtip squid. The surface flow of the Kuroshio should intrude onto the southern shelf of the ECS if there is no blocking of excess flows from the ECS in winter or from the Taiwan Strait to the cold dome. The intrusion could be enhanced by onshore Ekman transport induced by northeasterly winds during the winter monsoon season (Chao, 1991), subsidence of surface water due to the atmospheric cooling of the winter cold surge (Chuang and Liang, 1994), winter cooling-caused JEBAR on the shelf break northeast of Taiwan (Oey et al., 2010), the topographic β spiral (Yang et al., 2018a), and the impingement of cyclonic eddies on the Kuroshio (Vélez-Belchí et al., 2013). Indeed, the Kuroshio intrusion should be a normal situation as this ~800-m-thick baroclinic geostrophic flow encounters the topographic rise northeast of Taiwan (Figure 1).

To verify this concept, the non-dimensional Burger number (Bu) is used to analyze the response when the Kuroshio encounters abrupt topography. Bu is defined as (Cushman-Roisin, 1994)

	

where   is the buoyancy frequency in the stratified current (g = 9.8 m s−2 is the gravitational acceleration, ρ is density, and ρ0 = 1025 kg m−3 is a reference density), H is the vertical scale of the topographic rise, f is the Coriolis parameter, and L is a geometrical horizontal length scale of the topography. As Bu ~1, the density stratification is as important as the Earth’s rotation on the momentum balance of a stratified current (Cushman-Roisin, 1994), influencing the velocity field in the vertical direction. The vertical rigidity resulted from the rotating effect as the Rossby number Ro << 1 is weakened, and the flow directions of a stratified current tend to be decoupled in the vertical direction (Cushman-Roisin, 1994). The lighter surface current can flow directly over the topography, whereas the heavier current in the lower layer would be blocked by the topography and diverted following the isobath of the topography (Merkine, 1975; Merkine and Eugenia, 1976), similar to the situation in which a northward current encounters a zonal topographic rise in the central eastern Taiwan Strait (Jan et al., 1994). To estimate Bu in front of the steep shelf break off northeastern Taiwan, we set H ~200 m and f = 6.03 × 10-5 s−1 at 24.5°N. The baroclinic radius of deformation, calculated by (g' H)1/2/f (g' is reduced gravity calculated by gΔρ/ρo), is adopted as the horizontal length scale L. The historical CTD data obtained from the Ocean Data Bank of Taiwan are used to calculate the mean density (σt) profiles across the Kuroshio at 24.5°N during the two spawning periods. According to the mean density profile at the section before the Kuroshio encounters the southern part of the ECS shelf (Figure 6), the density difference is ~2 kg m−3 over the upper 200 m in March–May (Figure 6A) and is even larger than this value in October–December (Figure 6B). The Rossby radius and buoyancy frequency N are ~36 km and ~0.98 × 10−2 s−1, respectively. Bu is therefore ~1.16, suggesting that the surface intrusion of the Kuroshio is a normal situation off northeastern Taiwan. The strengthening of the northeastward outflow from the Taiwan Strait in summer and the southward-flowing China Coastal Water in winter and spring could impede the surface intrusion of the Kuroshio.




Figure 6 | Seasonal mean density (σt in kg m−3) at a zonal section across the Kuroshio (24.5°N), which is immediately south of the ECS shelf. (A) March–May and (B) October–December.





Kuroshio Intrusion Patterns

The three categories of dynamics underlying the Kuroshio intrusion (Table 1) are examined using satellite SSTa data, geostrophic currents, wind-induced Ekman transport, and daily mean temperature anomalies at the Peng-jia-yu isle. Taking event 4 in Table 1 as an example, Figure 7 illustrates typical flow patterns before and during the Kuroshio intrusion enhanced by both an impinging cyclonic eddy and winter northeasterly monsoon-induced shoreward Ekman transport across the E1–E2 section in Figure 1. Prior to this intrusion, the shoreward Ekman transport increased to ~2.5 ×106 m3 s−1 from early October 2010 (blue line in Figure 7C), and the daily mean temperature anomaly increased from mid-October 2010 (red line in Figure 7C). Meanwhile, a cyclonic eddy centered at ~124.5°E and 22.75°N was impinging on the offshore flank of the Kuroshio east of Taiwan (Figure 7A). The water mass carried by the westward-propagating cyclonic eddy gradually merged into the Kuroshio, and the satellite SSTa increased as time proceeded (Figure 7B). The intrusion flow, as indicated by current speeds larger than 0.2 m s−1, reached 121.5°E to the west and 27°N to the north (black arrows in Figure 7B) and formed an anticyclonic loop over the southern shelf of the ECS. The daily mean temperature anomaly reached 2°C during the intrusion (red line in Figure 7C). The geostrophic velocity field in the southern ECS returned to the original pattern (not shown), and the temperature anomaly decreased (Figure 7C) after the intrusion event.




Figure 7 | The intrusion event dynamically contributed from the impinging eddy east of Taiwan and the northeasterly monsoon-induced northwestward (shoreward) Ekman transport. Satellite SSTa and SSH-derived geostrophic current (A) prior to the intrusion and (B) during the intrusion. Black arrows represent current speed ≥0.2 m s−1, and gray arrows represent speed <0.2 m s−1. (C) Twenty-day low-pass-filtered daily temperature anomaly at the Peng-jia-yu isle (red line) and the shoreward Ekman transport (blue line) across the E1–E2 transect as shown in Figure 1. The black box indicates a representative location for the cold dome.



The typical geostrophic flow patterns, satellite SSTa, and daily mean temperature anomaly before and during the shoreward Ekman transport enhanced Kuroshio intrusion (event 2 in Table 1) are shown in Figure 8. The shoreward Ekman transport and associated daily mean temperature anomaly at the Peng-jia-yu isle increased from approximately early November 2009 (Figure 8C), and the satellite SSTa also increased during the intrusion (Figure 8B). The influence of an anticyclonic eddy centered at ~125°E and 23.25°N on the Kuroshio was likely inhibited by the Ryukyu Islands (Figure 1) during this event, and its influence on the flow pattern around the cold dome during the intrusion was not as clear as that in event 4 (Figures 8A, B).




Figure 8 | The intrusion event dynamically contributed from the shoreward Ekman transport. Satellite SSTa and SSH-derived geostrophic current (A) prior to the intrusion and (B) during the intrusion. Black arrows represent current speed =0.2 m s-1, and gray arrows represent speed.



The typical flow patterns and associated temperature anomaly shown in Figure 9 represent the Kuroshio intrusion enhanced by unusually strong atmospheric cold surge-induced shelf water cooling during March–April 2013 (Event 7 in Table 1). There was no clear mesoscale eddy feature east of Taiwan (Figures 9A, B), and the wind-induced Ekman transport was relatively small across the E1–E2 transect (Figure 9C). The most likely cause for this event was cold surge-induced sea surface cooling, which created a zonal sea surface temperature gradient in the southern ECS before the intrusion (Figure 9A). Conceivably, the sinking of the cold dense surface water on the shelf could cause the warm surface water on the offshore side to extend westward, as shown by the satellite SSTa in Figure 9B. The associated dynamics were discussed in, e.g., Chuang and Liang (1994). The Kuroshio intrusion of this event caused a 1.78°C increase (from 0.83°C to 2.60°C) in the daily mean temperature anomaly at the Peng-jia-yu isle (Table 1, Figure 9C).




Figure 9 | The intrusion event dynamically contributed from strong winter cold surge-induced shelf water cooling. Satellite SSTa and SSH-derived geostrophic current (A) prior to the intrusion and (B) during the intrusion. Black arrows represent current speed =0.2 m s-1, and gray arrows represent speed.



To summarize the aforementioned flow patterns of the Kuroshio northeast of Taiwan, the mean primary stream of the Kuroshio over 2008–2018, blocking (or cold shelf water intrusion), and intrusion into the cold dome (or warm intrusion) of the Kuroshio are as schematically shown in Figures 10A–C, respectively. The relative locations of the typical cold dome area, the maximum velocity axis, and the onshore flank of the Kuroshio are clearly seen from Figure 10. It should be noted that the topographic β spiral (Yang et al., 2018a; Yang et al., 2018b) plays a certain role in all of the Kuroshio intrusion. As the Kuroshio bumps onto the shelf break, the upslope flow creates upwelling and leads to the vortex compression over the continental shelf. This dynamic mechanism could drive the intruding Kuroshio to turn shoreward, making an anticyclonic loop on the southern shelf of the ECS.




Figure 10 | A schematic showing (A) the mean primary stream over 2008–2018, (B) an example of blocking path, and (C) an example of intrusion path of the Kuroshio off the northeast coast of Taiwan. The black box represents the mean location of the cold dome as that in Figure 7. The red curve indicates the mean maximum velocity position of the Kuroshio. The absolute geostrophic velocity in the transparent orange shading region is ≥0.2 m s−1.





Occupation Intensity Index for the Kuroshio and Shelf Water Intrusion

Considering the Kuroshio intrusion and with the primary purpose of this study in mind, we further find a dynamically related index rather than only velocity or temperature indicators for predicting the catch of swordtip squid around the shelf break of the southern ECS. The standardized annual CPUE was verified to be positively correlated with the SST anomaly in the cold dome during the spawning periods (Chang, K.-Y. et al., 2018; this study), and the SSTa in the cold dome is closely related to the vicinity shelf and shelf break processes. We therefore take the difference in area average velocity in the red and blue boxes in Figure 1 as an indicator of occupation intensity for Kuroshio or shelf water. The daily mean temperature anomaly at the Peng-jia-yu isle is taken as an indicator of the strength of the temperature variability. The spawning and subsequent catch, particularly for abnormally low catches, could be expected by the two indicators. The dominance of the Kuroshio intrusion in and around the cold dome is determined by the area average geostrophic velocity, calculated  (u2 + v2)1/2 as v > 0 in the red box (121.875–122.625°E and 25.375–26.125°N) in Figure 1. Similarly, the dominance of the China Coastal Current and associated cold coastal water is determined by the area average geostrophic velocity as u > 0 in the blue box (120.625–121.375°E and 25.375–26.625°N) in Figure 1. The two boxes were selected by considering the swordtip squid spawning area reported in Chang et al. (2018) and the hydrographic characteristic of the southern ECS described in Chern and Wang (1989). The area average velocity was subsequently 20-day low-pass-filtered. Figure 11A shows the tendency of the Kuroshio (red line) and shelf water (blue line) intrusions during 2008–2017. The intensity of the shelf water intrusion (blue line in Figure 11A) is normally stronger than that of the Kuroshio intrusion (red line in Figure 1) in summer, which is mostly attributed to the occupation of strengthened northeastward throughflow in the Taiwan Strait in the cold dome area. Except for this seasonality, the dominance of the two parameters is mixed during the spawning periods indicated by the transparent pink shading in Figure 11A, which could be one of the causes of interannual variability in the standardized annual CPUE of swordtip squid.




Figure 11 | (A) Twenty-day low-pass-filtered area average geostrophic velocity as v > 0 (red line) and u > 0 (blue line) in red and blue boxes, respectively, in Figure 1. Transparent pink shading represent spawning periods of the swordtip squid during 2008–2018. (B) Normalized occupation intensity of warm Kuroshio surface water (filled by red during spawning periods) and ECS shelf or Taiwan Strait water (filled by blue during spawning periods). The normalized occupation intensity is defined as the difference between the red and blue lines in (A) divided by the maximum absolute value of the difference. The difference during non-spawning periods is shown in gray.



We focus on the variability in the prevailing water mass in the cold dome during the spawning periods. The difference in the area average velocity in the red and blue boxes in Figure 10A normalized by the maximum absolute difference is defined as the occupation intensity of the Kuroshio and shelf water in the cold dome. The results are illustrated in Figure 11B. A positive normalized occupation intensity in Figure 11B indicates that the hydrography is dominated by warm Kuroshio surface water (red filled areas) rather than cold shelf water (blue filled areas) and vice versa for a negative value in and around the cold dome region. The highest standardized CPUE in 2013 seemingly corresponds to the dominance of the Kuroshio intrusion and a higher daily mean temperature anomaly during spring spawning in 2013. The two low standardized CPUEs in 2012 and 2016 correspond to unusual dominances of cold shelf water in the cold dome during the spring spawning of the 2 years (blue filled areas in Figure 11B).




Concluding Remarks

This study examined possible connections of the standardized annual CPUE of swordtip squid (Uroteuthis edulis) over 2009–2017 and the physical processes on the southern shelf of the ECS. Previous studies suggested that swordtip squid typically migrate to the cold dome off northern Taiwan for spawning during March–May and October–December each year, and higher seawater temperatures during the spawning and incubation periods are helpful for the growth rate and hence the recruitment and catch of swordtip squid. The standardized annual CPUE was positively correlated with the monthly mean temperature at the Peng-jia-yu isle in October in the previous year and April in the year over the 9 years. Through the analysis of satellite SSTa data, geostrophic velocity, and daily mean temperature anomalies at the Peng-jia-yu isle, we identified that the Kuroshio intrusion to the cold dome region caused 50% of the warm temperature anomaly during the spawning periods. Since the Kuroshio intrusion to the southern shelf of the ECS is a normal situation, as this stratified geostrophic current with Bu at O(1) encounters the steep shelf break northeast of Taiwan, the annual CPUE should also be maintained above a certain value. A higher daily mean temperature anomaly resulted in a higher standardized CPUE in 2013 over the 9 years. Conversely, the blocking of the Kuroshio intrusion due to the cold coastal water in winter is regarded as an abnormal situation in this study. The dominance of the cold and less salty China Coastal Water atop the cold dome in the spring spawning season impeded the warm Kuroshio surface water intrusion to the cold dome and conceivably caused the two anomalously low standardized CPUEs in 2012 and 2016.

Importantly, we introduced a normalized occupation intensity for evaluating the dominance of warm Kuroshio surface water and cold ECS shelf water as a proxy to predict standardized annual CPUE of the swordtip squid. The difference in area average geostrophic velocity in a representative area of the cold dome and a shelf region near the coast of China together with the daily mean temperature anomaly at Peng-jia-yu isle is used to indicate the dynamics dominating the temperature variability in the cold dome during the spawning periods. When the hydrography is dominated by the colder shelf water more than the Kuroshio water during the spawning period, we could expect a lower standardized annual CPUE for the year. The results of this study are hopefully useful for managing swordtip squid catches on the southern shelf of the ECS.
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