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Vertical Nitrate Flux Induced by Kelvin–Helmholtz Billows Over a Seamount in the Kuroshio
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Kelvin–Helmholtz (KH) billows can facilitate microscale turbulent mixing around seamounts in the Kuroshio. This study sought to describe the influence of billow intensity (i.e., “intermittent and small” and “steady and large” billows) on vertical nitrate fluxes. KH billows led to turbulent kinetic energy dissipation rates [ε = O (10–7 to 10–6) W kg–1] and eddy diffusivities [Kρ = O (10–4 to 10–3) m2 s–1] that were significantly stronger than those outside the billow depths. The mean nitrate flux estimated using Kρ in the billow depths had a maximal value of 10.0 mmol m–2 day–1, which was much higher than estimates for the open ocean. The nitrate flux associated with the shallow KH billows at two vertical levels contributed to enrich the subsurface phytoplankton maximum, while the deeper billows closer to the summit were found to induce a large amount of nitrate flux from the deeper to the subsurface water. This study showed that KH billows make important contributions to seamount ecosystems, particularly in the cycling and vertical mixing of nutrients to make them available for potential downstream transport.
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INTRODUCTION

The Kuroshio originates at the bifurcation of the North Equatorial Current, which carries oligotrophic waters low in nutrient concentrations and plankton biomass (Barkley, 1970; Kobari et al., 2020). However, several mechanisms that enhance nutrient supply and primary production in the Kuroshio have also been identified, such as its interaction with the West Philippine Sea, resulting in an evolution of Kuroshio’s chemical properties (Liang et al., 2008; Chen et al., 2017, 2021). Recently, submesoscale eddies generated from the interaction of the Kuroshio with the southern tip of Taiwan have been observed to entrain high concentrations of chlorophyll a (Chl a) (Cheng et al., 2020). The Kuroshio is also affected by small islands (e.g., Green Island), that produce island wakes and enhance chlorophyll concentration (Chang et al., 2013). These reports identified a general leeward advection of chlorophyll in the Kuroshio. However, because of the complexity of the various interacting mechanisms in the upstream Kuroshio, it is difficult to determine whether nutrient enrichment downstream, particularly over seamounts, is caused exclusively by horizontal advection.

Seamounts are commonly recognized as biological hotspots in oligotrophic oceans (Uchida et al., 1986; Boehlert and Genin, 1987; Mendonca et al., 2012); however, the mechanisms behind their productivity are still not fully understood. Ideas proposed to explain such productivity include aggregating mechanisms that concentrate Chl a on the seamount that were formed elsewhere, and local enhancement supported by upwelling and small-scale phenomenon that can inflate phytoplankton abundance (Genin and Boehlert, 1985; Boehlert and Genin, 1987). In the latter case, the rate of nutrient injection into the euphotic zone needs to be sufficient to impact primary productivity. Retention times depend on local hydrodynamics which are determined by seamount topography as well as the background flow conditions, so large variation among seamounts is expected (White et al., 2007). Thus, there is a need for well-founded hydrobiological information before any sound conclusion can be reached.

Since nutrient concentrations increase with depth, vertical mixing driven by small-scale physical disturbances due to flow-topography interactions over seamounts can transport dissolved inorganic nutrients into oligotrophic surface waters, creating high productivity hotspots (Biggs and Thomsen, 1995; Tsutsumi et al., 2017). To examine this phenomenon, the shallow seamounts that protrude into the core of the Kuroshio, where the flow speeds range between 1.0 and 1.5 m s–1, that create a complexity of small-scale hydrodynamic disturbances, were studied (Figure 1A). This effort builds on the observations by Chang et al. (2016), which observed strong turbulent mixing linked to Kelvin–Helmholtz (KH) instabilities at a seamount along the Kuroshio, southeast of Taiwan.
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FIGURE 1. The K seamount located north of Green Island off the southeastern coast of Taiwan (A). The bathymetry shows isobaths (black contour lines) at –250, –500, and –1000 m depths. The white circles indicate the locations of the sampling stations on and around the K seamount. The red, dashed line is an along-stream transect indicating the direction and estimated location of the Kuroshio core. Examples of echosounder images (1-h duration) on K2 station during (B) small billow case (SBC; 2016) and (C) large billow case (LBC; 2018) show trains of billows (red arrows). The averaged values of the buoyancy frequency (N2; red curves) were computed from the six CTD profiles measured on K2 station (black curves) during SBC (D) and LBC (G). The water column profile matching the echo sounder images (B,C) showed active vertical overturning (E,H) with variable turbulent kinetic energy (TKE) dissipation rates (ε). The expanded observed [ρ(z); black] and re-ordered [ρ(z); red] density profiles (F,I) coincided with identified “well-mixed” patches (E,H). Note the scale differences in x- and y-axes in (F,I).


Because KH instability explains much of the observed mixing in environmental fluids, it has been extensively studied and modeled in the atmospheric (Sckopke et al., 1981; Blumen et al., 2001) and oceanic fields (Hebert et al., 1992; Moum et al., 2003). KH instabilities are the best-known type of shear instabilities, which is a key mechanism by which the kinetic energy of the mean flow is extracted and redirected, eventually generating turbulence (Hebert et al., 1992; Smyth et al., 2001). As KH instabilities develop, they roll the denser water up from below and create a sequence of vertically circulating billows, and eventually degrade to turbulent masses as billows collapse. The collapse of the billows stimulates intensive mixing, particularly between the background fluid and that in the periphery of the billow cores (Patterson et al., 2006). As a result, the water properties such as the temperature, salinity, and chemical/biological parameters can be widely dispersed via the turbulent mixing. However, biochemical observations that can be directly associated with KH billow-induced turbulence are rare, primarily owing to their intermittent nature (De Silva et al., 1996).

This study aimed to explain how the fluxes of nutrients are affected by the Kuroshio-seamount interaction, specifically, the effects of variable KH billow-induced turbulence on vertical nitrate fluxes over a seamount. To help characterize the hydrodynamic conditions and identify possible KH instabilities, and determine how they affect nutrient distribution, conductivity-temperature-depth (CTD) profiling, water sampling (nitrate and Chl a), and echo sounder measurements were employed on the seamount that lies northeast of Green Island (henceforth referred to as the “K seamount”; Figure 1A). The results are not only helpful to better understand KH billow effect on pelagic ecosystems, but also useful for future biological investigations looking to understand and integrate seamount ecology.



MATERIALS AND METHODS


Sampling Stations and Physical Parameters

The target position, the summit of the K seamount, was located at 22.78°N, 121.44°E (Figure 1A). Two cruises to evaluate the physico-chemical and biological effects of billows were conducted around the K seamount, the first in May 2016 (small billow case, SBC) and the second in November 2018 (large billow case, LBC), on board the R/V Ocean Researcher III and R/V Ocean Researcher I, respectively. The definitions of SBC and LBC are further explained in the next section. Five sampling stations, namely K1–K5, were surveyed around the K seamount. The K2 station was located at the seamount summit, where strong KH billows had been previously observed (Figure 1A; Chang et al., 2016). The response of the pelagic ecosystem (i.e., nutrients and Chl a) to the variability of KH billows was addressed with a 24-h time series survey at K2 station over the seamount during both cruises. A total of six deployments were done on the K2 station, and each deployment was referred to as a cast, abbreviated as follows: SK2C1 to SK2C6 for SBC (i.e., May 2016) and LK2C1 to LK2C6 for LBC (i.e., November 2018). The other sampling stations (i.e., K1, K3, K4, and K5), which were placed 2–6 km from each side of K2 station to form the along-stream and cross-stream transects, were also surveyed to represent background conditions (station codes: SK1, SK3, SK4, and SK5 for the SBC, and LK1, LK3, LK4, and LK5 for the LBC) (Figure 1A).

Geostrophic current velocities derived from satellite altimeter data were retrieved from the Copernicus Marine Environment Monitoring Service1 to map the Kuroshio’s flow pattern. A shipboard, 120 kHz echo sounder (Simrad EK60) measured acoustic backscatter, capturing the microscale temperature variations generated by turbulence (Figures 1B,C). Temperature and density profiles were measured using an SBE 911 plus CTD (Seabird Electronics Inc., United States) down to 200 m. The mixed layer depth (MLD) was also estimated using the density threshold value of 0.03 kg m–3 (de Boyer Montégut et al., 2004). The euphotic zone depth (ZE) is the depth where photosynthetically available radiation (PAR) is 1% of the value at the surface (Lee et al., 2007). The PAR profiles were estimated at each sampling station using a PAR irradiance meter (Chelsea Instruments Ltd.) attached to the CTD. Unfortunately, PAR profiles were only available during the SBC, and were not measured during the LBC. The dataset used in this study can be accessed inhttp://dx.doi.org/10.17632/23jzxbnknf.1 (Acabado, 2020).



Nitrate and Chlorophyll a Analysis

Seawater for nitrate and Chl a analyses was sampled at six depths, 5, 30, 60, 90, 120, and 150 m, using Teflon-coated Go-Flo bottles (20 L, General Oceanics Inc., United States) mounted on a General Oceanics rosette assembly. Water samples for dissolved inorganic nutrient analysis were stored in 100 ml polyethylene bottles, immediately frozen in liquid nitrogen, and stored at −20°C until further analysis (Chen et al., 2017). Nitrate concentration (detection limit: 0.3 μM) was analyzed using the azo dye method, and measured spectrophotometrically (Metertech Inc., Taipei, Taiwan) using a custom-made flow injection analyzer (Knap et al., 1997; Gong et al., 2003). Nitrate profiles were generated from the empirical function between measured nitrate concentrations and temperature (2016: r2 = 0.89, p < 0.05, N = 99; 2018: r2 = 0.80, p < 0.05, N = 60).

For in situ Chl a, 2 L water samples were filtered through GF/F filter papers (Whatman, 47 mm) which were then frozen at −4°C until processing. The Chl a retained on the GF/F filters was extracted in 90% ethanol and measured using a fluorescence spectrophotometer (Turner Design 700, Turner Designs, United States). To generate a vertical profile, fluorescence was measured using a fluorescent probe (AQUATRACKA III, Chelsea Instruments Ltd., Untied Kingdom) attached to the CTD, which was calibrated using in situ Chl a (2016: r2 = 0.83, p < 0.001, N = 27; 2018: r2 = 0.84, p < 0.001, N = 30).



Estimation of Turbulent Kinetic Energy (ε), Eddy Diffusivity (Kρ), and Vertical Nitrate Flux (FNO3)

To calculate ε, the Thorpe scale (LT) was used to measure the vertical scale of the overturn, this scale is commonly used to quantify the magnitude of turbulence (Thorpe, 1977). Examples of estimations for the SBC and LBC are shown in Figures 1E,F and H,I, respectively. The Thorpe scale (LT) is defined as the root mean square of Thorpe displacement (d), and expressed as:
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where d is the required vertical displacement of each data point within an overturn region from a reordered (stable) density profile ρ(z) (red line) to an observed (unstable) density profile ρ(z) (black line) (Figures 1F,I; Thorpe, 1977; Galbraith and Kelley, 1996). Finally, the turbulent kinetic energy (TKE) dissipation rate is expressed as:
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where N is the buoyancy frequency and a is the ratio between the Ozmidov and Thorpe scales, set at a = 0.8 (Dillon, 1982; Finnigan et al., 2002; Chang et al., 2013). The resulting ε values are also shown in Figures 1E,H.

To calculate the nitrate flux within the water column, the eddy diffusivity (Kρ) profile at each cast was computed using the TKE dissipation rates (ε) and the square of the buoyancy frequencies (N2) as follows:
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where Γ = 0.2 is an estimate of the mixing efficiency (Osborn, 1980). To minimize CTD sensor noise effects, calibrated nitrate concentrations and eddy diffusivities were bin averaged over 10-m depth intervals, and were used to compute the upward nitrate flux as follows:
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where FNO3 is the nitrate vertical diffusive flux, and δNO3/δz is the rate of change of nitrate concentration over depth. The vertical difference of FNO3 was computed from the mean of the nitrate fluxes at every 10-m depth interval from all K2 casts as follows:
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where positive values of ΔFNO3 indicate convergence and effective vertical transport of nitrate (Tanaka et al., 2019). Overall, the estimation of ΔFNO3 provided direct indication of nitrate accumulation (positive value) and drain (negative value) associating KH billow-induced turbulence with vertical mixing over a seamount.



RESULTS


Oceanographic Context and the Relationship Between Turbulent Kinetic Energy Dissipation Rates and Kelvin–Helmholtz Instabilities

The upstream current velocity was 1.3 m s–1 near the surface (20 m) and gently decreased to 0.6 m s–1 at 180 m in 2018 cruise (LBC; Supplementary Figure 1). The upstream current velocity measured in 2016 (SBC) cruise is ∼0.3 m s–1 weaker than that in 2018 (Supplementary Figure 1). Furthermore, measurements were done during the neap and spring tides during the SBC and LBC, respectively, which may have an implication to the Kuroshio’s velocity. Another factor that influences the Kuroshio’s velocity is the presence of mesoscale eddies. For this, the spatial flow patterns of the Kuroshio characterized by the satellite-derived velocities were used (Figure 2). The different flow patterns of the surface currents east of Taiwan during the two cruises revealed a cyclonic eddy and an anticyclonic eddy along the eastern flank of the Kuroshio during the 2016 and 2018 cruises, respectively (Figure 2). Because of the association between eddy flow direction and current strength, the 2016 and 2018 cruises could be expected to have weak and strong Kuroshio flows, respectively, which was confirmed by the field observations of the KH billows (Figures 2A,B).
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FIGURE 2. Flow patterns of geostrophic currents (red arrows) during surveys in May 2016 (A) and November 2018 (B). The axis of Kuroshio was close to the coast of Taiwan in both surveys and was directly flowing along the K seamount (black box). In 2016, the Kuroshio intrusion into the South China Sea followed a looping path and a cyclonic eddy existed to the east of the Kuroshio. In 2018, an anti-cyclonic eddy existed to the east of the Kuroshio, which could be expected to add to the current velocity. These eddies are highlighted along the east of the Kuroshio by boxes with dashed lines.


The echo sounder backscattering reflects the physically driven density gradient and/or biological/sediment particles. KH billow intensities in this study, as revealed by echo sounder images, are discussed in reference to the billows’ temporal characteristics and behavior during the sampling cruises. In the 2016 cruise, the backscatter layers corresponded to the overturning events observed from the density profiles that are commonly induced by KH billows (Figure 1B and Supplementary Figure 2). The billows appeared small, relatively disorganized, and irregularly distributed, and were referred to as the SBC for the purposes of this study (Figure 1B). Two obvious billow-like signatures were detected, which propagated during SK2C3 and lasted through SK2C4, but had completely disappeared before SK2C5 (Figure 1B and Supplementary Figure 3). In contrast, during the 2018 cruise, a train of large KH billows approximately 50 m in amplitude was clearly distinguishable, and was thus referred to as the LBC (Figure 1C). The large billows were continuously observed from their near-summit onset on LK2C2 until LK2C6 (Supplementary Figure 4).

Vertical density overturns, identified by comparing the reordered and observed density profiles, were frequent in the sampling profiles (Figures 1F,I). During observations of the small and LBCs, the depth ranges with high TKE dissipation rates, ε, as inferred from the overturns, were generally consistent with the locations of the KH billows shown in the echo sounder images (Figures 1B,C,E,H). The value of ε ranged between O (10–7 to 10–6) W kg–1 in the 50–180 m depths of the SK2C4 profile, as well as in the mixed patch between 140 and 180 m water depth in LK2C4 (Figures 1B,C,E,H). Overall, these “well-mixed” patches encompassed the KH billow layers in both sampling periods (Figures 1F,I).



Vertical Profiles of Variables on the K Seamount

During the SBC, the surface water was relatively warm (29°C), in contrast to LBC which was substantially cooler, dipping as low as 27°C (Figures 3A,B). The isotherms in LBC were perturbed at depths which coincided with the upper periphery of the KH billows (∼120 m) from LK2C2 to LK2C5 (Figure 3B and Supplementary Figure 4). Similarly, perturbed isotherms were observed between the two KH billows in the SBC (100–130 m; Figure 3A and Supplementary Figure 3). Isothermal doming signals were not detected from the water column above 200 m in the surveyed transects (Figures 4A,B, 5A,B). An uplift of the 16.5°C isotherm was observed in the deepest sampling depth of LK5 (LBC) in the cross-stream transect, which seems to be a very weak upwelling signature (Figure 5B). Uplifting of isotherms was also evident in the leeward (toward SK3 and LK3) side of the seamount, which may be hydraulic jumps caused by the impeding seamount (Figures 4A,B). Generally, nitrate was measurable at shallower depths (40 m) with the 1.5 mmol m–3 isoline near the surface in the LBC, but undetected down to 65 m water depth in the SBC (Figures 3C,D, 4C,D, 5C,D). As for the ZE, it was approximately at 101.5 ± 11.1 m depth on the K seamount during the SBC, but no data for the LBC.
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FIGURE 3. Time-series depth contours of temperature (A,B), nitrate (C,D), and Chl a (E,F) during the SBC (2016; left panels) and the LBC (2018; right panels) at station K2. The cast and station numbers denoted above the top graph apply to all panels below. Asterisks on the temperature panels denote the mixed layer depths. The black vertical lines on (A–D) indicate KH billow depths in periods where they appeared. The black contour lines illustrating isotherms and nitrate isolines correspond to those discussed in the text (A–D). The black bars on the chlorophyll profiles represent the TKE dissipation rates [log10 ε (W kg–1)]. Hatched bars along the x-axis indicate nighttime collections.
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FIGURE 4. Vertical profiles of temperature (A,B), nitrate (C,D), and Chl a (E,F) in the along-stream transect during small (2016) and large (2018) billow cases. The cast and station numbers denoted above the top graph apply to all panels in the column. Asterisks on the temperature panels denote the mixed layer depths. Hatched bars along the x-axis indicate nighttime collections.
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FIGURE 5. Vertical profiles of temperature (A,B), nitrate (C,D), and Chl a (E,F) in the cross-stream transect during small (2016) and large (2018) billow conditions. The cast and station numbers denoted above the top graph apply to all panels in the column. Asterisks on the temperature panels denote the mixed layer depths. Hatched bars along the x-axis indicate nighttime collections.


Diel variation was not observed in the vertical distributions of Chl a (Figures 3E,F). The average concentration at the subsurface chlorophyll maximum (SCM) layer ranged between 0.33 and 0.35 μg L–1 at different layers in the water column between sampling periods. A moderately thick SCM layer was observed between 45 and 90 m water depth over K2 in the SBC, which overlapped with the shallower thin billow, and was maintained throughout the time-series survey (Figure 3E and Supplementary Figure 3). On the other hand, the SCM layer at K2 in the LBC was near the surface, between 10 and 45 m water depth, where turbulence was generally absent (Figure 3F and Supplementary Figure 4). However, the thick SCM layer in LK2C1 was not maintained, with a sudden drop in Chl a concentration at LK2C2 (Figures 3F, 4F, 5F and Supplementary Figures 5A,B). Both SCM layers were positioned just above the high nitrate concentration layer, following the 1.5 mmol m–3 isoline (Figures 3C–F, 4C–F, 5C–F).



Kelvin–Helmholtz Billow-Induced Turbulence and Vertical Nitrate Fluxes

The isopycnal range for Kuroshio in this region is from 21.5 to 25.7 σθ, and the temperature-salinity (T-S) curves were within the range for Kuroshio (Figure 6). Nitrate concentration in the water column ranged from 0.0 to 7.7 mmol m–3 and was undetectable above 65 m water depth in the SBC, which contrasted with the slightly higher concentrations during the LBC (1.1–7.6 mmol m–3; Figures 7D,I). In addition, nitrate concentrations were significantly related to σθ (both r2 = 0.9; p < 0.05), and the nitrate concentrations plotted against T-S plots revealed that the water column during the LBC featured higher concentrations of nitrates, especially in the shallower isopycnals than in the SBC (Figure 6 and Supplementary Figure 6). At the same time, the nitrate concentration and salinity varied greatly with time and along the isopycnal direction within the range σθ = 23.5–25.0 at the six K2 sampling stations measured during the LBC time-series survey (Figures 3D, 6B). The temporal change of nitrate concentrations along the isopycnals exhibited an increasing trend, suggesting that diapycnal upward nitrate injections occurred during the LBC time-series survey. For example, following the 3.5 mmol m–3 nitrate’s isoline, which coincides with the 22.5 isotherm (or σθ ≈ 23.5), an increasing trend in nitrate concentration was observed through time (Figures 3B,D, 6B). The strong turbulent mixing in the LBC occurred between 80 and 140 m water depth in all time-series sampling stations, which overlapped the upper braids of the KH billows coinciding with this density range, consistent with the above interpretation. In contrast, the T-S diagram for the SBC’s K2 sampling stations revealed relatively small temporal variabilities in nitrate concentrations and salinity with a range 34.9–35.0 within the 23.5–24.0 σθ (Figure 6A). The mixing process reached almost 50 m water depth in the LBC, but the mixing signal was weak in the SBC with undetected nitrate concentration near the surface (Figure 6).
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FIGURE 6. Color coded nitrate concentrations were plotted on a temperature-salinity diagram to show different relationships of nitrates with isopycnals, σθ (kg m–3) during (A) small billow case (SBC) and (B) large billow case (LBC). Dashed boxes highlight the nitrate profile in the approximate locations of KH billows. The profiles of the K2 sampling stations where billows occurred during the SBC were labeled in (A). Since KH billows were observed throughout the time-series survey during the LBC, the temporal order of the profiles was indicated by a few sampling station labels in (B). Isopycnal labels are on the left-hand side of each panel.
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FIGURE 7. The top (SBC) and bottom (LBC) rows include vertical profiles of environmental parameters on the K seamount. Profiles of eddy diffusivity, Kρ (A,F), nitrate gradient (B,G), and vertical nitrate flux, FNO3 (C,H) from all casts deployed on K2 station are shown. Gray solid lines are relative standard deviations. The vertical profiles of averaged Chl a (dashed line; upper top axis label) and nitrate (solid line; lower top axis label) concentrations are shown (D,I). Schematic of the approximate locations of nutrient uplift (the starting point of the orange arrows indicate the depth where abrupt changes in the nitrate isolines were observed based on Figures 3C,D; the arrowheads mark the 1.5 mmol m–3 nitrate isoline), KH billows (blue curved lines), and subsurface chlorophyll maximum (SCM; green hatched box) within the water column during the SBC (E; two billow layers) and LBC (J). Based on the time-series sampling at station K2 where KH billows were observed (Figure 3 and Supplementary Figures 3, 4).


As for the eddy diffusivity, it was in the range of Kρ = O (10–6 to 10–3) m2 s–1, and was generally stronger within the nitracline and billow depths. Furthermore, they also appeared to have a stronger nitrate gradient [(δNO3/δz) = O (10–2 to 10–1) mmol m–4] than the gradients outside of these depth ranges (Figures 7A,B,F,G). The billow layers (80–90 and 120–140 m) in the SBC had eddy diffusivities of O (10–4) and O (10–3) m2 s–1, with the larger diffusivity detected in the shallower billow layer (Figures 7A,E). At the billow depth of 120–160 m in the LBC, Kρ = O (10–3) m2 s–1 was comparable to that in the SBC’s shallow billow (Figures 7F,J).

The averaged FNO3 over the water column (0–200 m) at K2 station were 1.1 and 1.5 mmol m–2 day–1 in the SBC and LBC, respectively. The estimated nitrate flux in the water column during the SBC ranged from 0.0 to 4.7 mmol m–2 day–1, with higher values recorded in the shallow billow layer (Figures 7C,E). On the other hand, the LBC recorded an estimated nitrate flux ranging from 0.0 to 10.0 mmol m–2 day–1, which appeared to be larger within the billow depths. The calculated ΔFNO3, particularly in the billow regions, were 2.1 and 5.2 mmol m–2 day–1 in the SBC and LBC, respectively.



DISCUSSION


Hydrographic Conditions and Response to Variable Kelvin–Helmholtz Billow Intensities Over Time

This study presented two mechanisms, such as mesoscale eddies and tide to modulate the Kuroshio’s velocity and the intensity of the associated KH billows. The upstream current velocity of the Kuroshio was approximately 0.3 m s–1 weaker during the SBC than during the LBC (Supplementary Figure 1). The different upstream conditions were presumably related to the tides during the experiments. Strong tidal currents associated with the spring tide may have further enhanced the Kuroshio’s velocity during the LBC, eventually resulting in larger KH billows (Du et al., 2008). In describing the Kuroshio’s velocity, the satellite derived geostrophic flow patterns, observed as cyclonic and anticyclonic eddies, were also instrumental. This was because when cyclonic and anticyclonic eddies encounter the Kuroshio, they reduce and enhance poleward transport which characterized the SBC and LBC in this study, respectively (Jan et al., 2015; Tsai et al., 2015; Chang et al., 2018). On the other hand, the presence of the KH billows have been demonstrated to be an S-shaped echo band, similar to this study (Geyer et al., 2010; Chang et al., 2016; Hasegawa et al., 2021). In describing the KH billows, their transitory nature was observed during the time-series surveys. The overturning layers, which are commonly induced by KH billows, matched the backscatter features on the echo sounder images (Figures 1B,C,F,I and Supplementary Figure 2; Smyth and Moum, 2000). The billows during the SBC were small and intermittent while the large billows during the LBC were 50 m in height, clearly apparent, and persisted for more than 12 h (Figures 1B,C and Supplementary Figures 3, 4). Furthermore, in the LBC, the abrupt along-isopycnal shifts of the nitrate concentrations between profiles in the time-series survey within the density range, σθ = 23.0–25.0 were interpreted as strong diapycnal mixing signals, which were likely dominated by KH billow-induced turbulence (Figures 3D, 6B). In addition, the buoyancy frequency could also have an impact on the billow size (Figures 1D,G). This can be evaluated by computing the Ozmidov scale, [image: image], although, it needs a direct measurement of TKE dissipation rate, which is not available in the present study.

To examine KH instabilities in detail, the calculated Richardson number (Ri) was <0.25 within the billow layers, which is the critical value indicating the threshold for billow formation (Supplementary Figure 7; Howard, 1961; Miles, 1961; Chang, 2021). It must be noted that Chang et al. (2016) recorded TKE values of O (10–4 to 10–3) W kg–1 at the billow cores on the K seamount, which were sufficient to encourage mixing with adjacent water bodies. In this study, TKE dissipation rates were weaker, at O (10–7 to 10–6) W kg–1, but appeared to be stronger nearer the billows. Turbulence can be a vital contributor to ecosystem function, serving a variety of roles. One notable role is the resuspension and transport of nutrients from deeper into shallower water, as similarly observed by Shroyer (2012). Though turbulence created via KH instabilities is relatively small-scale, the resulting diffusive energy can be significant. This study measured eddy diffusivities on the seamount ranging from O (10–6 to 10–3) m2 s–1, weaker but still comparable to those reported in the downstream Kuroshio, which were sufficiently influential to enrich downstream nutrient levels (Nagai et al., 2019b; Tanaka et al., 2019; Kobari et al., 2020). Furthermore, Guo et al. (2013) reported that local changes in nitrate concentration in shallower depths (i.e., on seamounts) contribute significantly to the downstream increase in nitrate concentration along the Kuroshio. These measurements demonstrated the potential role of KH billows on seamounts in the biogeochemical enhancements from the upstream Kuroshio.



Importance of Kelvin–Helmholtz Billows as a Driver for Vertical Nitrate Flux in the Kuroshio

Turbulence-induced nitrate flux in both billow conditions were of the same magnitude, and were observed to mix large amounts of nutrients from the deep water to the ZE (≈ 101.5 ± 11.1 m) (Figures 7C,H). In the case of the SBC, the uplifted nutrient-rich water partially overlapped with the deep, thicker billow train and reached the shallower billow (Figure 7E). Billows have been observed to trap fluids from other water parcels, so it is likely that the nutrients transported from deeper water were entrained in the shallower billows, sustaining thin chlorophyll patches near the surface (Figures 3E, 7E; Woods and Wiley, 1972). The FNO3 in this billow layer suggested that shallow billows, regardless of vertical thickness, can entrain ambient dissolved inorganic nutrients in the euphotic zone (Figures 7B,C). In addition, greater irradiance in the shallow layer could reinforce elevated biological production. The enriched patch of Chl a above the seamount could attract predators such as zooplankton and ultimately become a hotspot for aggregations of nektonic stocks (Sibert et al., 2000; Morato et al., 2008).

The ΔFNO3 during the LBC (5.2 mmol m–2 day–1) revealed that the large amplitude and persistent KH billows were 40% more effective in vertically transporting nitrates than the thin and transitory billows of the SBC. This suggested that, when strong turbulence occurs near the summit, it may be more effective in stirring up nutrient-rich water from deeper to shallower water (Shroyer, 2012). Although the supply depth overlaps only the base of the euphotic zone, the substantially cooler water column during the LBC may have rendered the upward nitrate flux more effective in reaching the mixed layer (Zhang et al., 2016). In addition, the overall eddy diffusivity in the LBC was one order of magnitude weaker [O (10–4 m2 s–1)] than in the SBC (Figures 7A,F). However, it may be expected that large diffusivity, which coincides with cooler temperature and large nutrient vertical gradient may induce a more efficient vertical nitrate flux, stimulating an increase in phytoplankton biomass (using Chl a as a proxy). Furthermore, the high nutrient layers in both the SBC and LBC were located at the base of SCM layers (Figures 3C–F, 7E,J). Thus, an increase in phytoplankton biomass was likely related to the nitrate flux resulting from the turbulence produced by KH billows, though, shallower billows may have a more direct influence to the productivity near the surface. This evidence augments our understanding of seamount as “hotspots” of nutrient supply in an otherwise impoverished and nutrient-poor environment.



Impact of Kelvin–Helmholtz Billow-Induced Vertical Nitrate Flux to the Oligotrophic Kuroshio’s Enhanced Productivity

Flow-seamount interactions have received so much attention over the past several decades that most mesoscale physical features are already well studied and understood (Boehlert, 1988; Mohn and Beckmann, 2002; Chang et al., 2016). Taking advantage of this, data from past transects positioned laterally from the Taiwan coast toward the Pacific were analyzed to obtain a broader view of the upstream Kuroshio (Supplementary Figure 8). A continuous band of Chl a up to 0.4 μg L–1 between 40 and 70 m depth in KTV3 transect demonstrated the upstream Kuroshio’s productivity, which could be potentially advected downstream (Supplementary Figures 8A,B). In KTV2 transect, two well-defined productive systems were identified by strong SCM layers: the enriched coastal system and the seamount system, located immediately upstream of the K seamount (Supplementary Figures 8A,C). This lateral difference in Chl a concentration across KTV2 provided substantial evidence that special conditions related to nutrient cycling and production may exist on the K seamount.

In this study, the Chl a concentrations on the K seamount were varied throughout the surveys (Figures 3E,F). There was evidence of possible trapping of allochthonous Chl a on the seamount, especially during LBC (Figures 3F, 4F), similar to the observations by Genin and Boehlert (1985). Satellite images of surface Chl a did not show significant horizontal advection of Chl a toward the K seamount (Supplementary Figure 9). However, assuming that Kuroshio’s horizontal flow speed (U) ranges between 1.0 and 1.5 m s–1 and the K seamount’s horizontal length scale (L) is 5 km, the residency time (L/U) of Chl a on the summit would only be between 0.9 and 1.4 h (Chang et al., 2016). The Kuroshio’s flow speed may then play a significant role in the retention time, as well as the downstream transport, of the locally produced phytoplankton biomass on the seamount. For instance, the SCM layer was thick and consistent when the Kuroshio Current was weak, in contrast to the highly variable SCM layer when its current was stronger (Figures 3E,F).

Despite being oligotrophic, the Kuroshio has exhibited an evolution in its chemical characteristics going downstream (Table 1; Chen et al., 2017; Saito, 2019). This has been demonstrated in the earlier observations along the northeast Taiwan coast where lateral FNO3 was 5.0–9.0 mmol m–2 day–1 (Table 1; Chen et al., 2017). Furthermore, direct upward nitrate flux measurements along the Kuroshio have shown potential influence to the elevation of nitrate concentrations along the Kuroshio’s nutrient stream. A vertical nitrate flux of 4.7 mmol m–2 day–1 was recorded in the Luzon Strait along the Kuroshio path, and was expected to be transported downstream along the eastern coast of Taiwan (Tsutsumi et al., 2020). Furthermore, an upward nitrate flux of 1.0 mmol m–2 day–1 was estimated along the Tokara Strait in the Kuroshio (Kobari et al., 2020). This upward nutrient supply was suggested to be important in enhancing the biological production as the Kuroshio flows along the coastal margins of Japan (Nagai et al., 2019b; Kobari et al., 2020). The Kuroshio Extension front was previously found to exhibit a vertical nitrate flux of 0.1 mmol m–2 day–1 (Kaneko et al., 2013). Recent estimations revealed a one order of magnitude larger nitrate flux (1.0 mmol m–2 day–1) in the Kuroshio Extension (Nagai et al., 2019a). The Izu Ridge displayed the largest magnitude of vertical nitrate flux (1.0–10.0 mmol m–2 day–1) as the Kuroshio drew nitrates from the North Pacific Intermediate Water (Tanaka et al., 2019), which is similar to the results of this study. Furthermore, recent microstructure float data and nutrient measurements revealed that elevated nutrient flux extends up to 100 km downstream from the Izu Ridge (Nagai et al., 2021). Moreover, KH billows were observed to be persistent on the K seamount over a 6-month measurement period (Chang et al., 2016). Consequently, nitrate flux induced by KH billow may also persist for similarly extended durations, and can be potentially transported for long distances downstream of the Kuroshio. Since strong vertical nutrient flux induces rapid increases in phytoplankton biomass, a continuous flux of nutrients to the euphotic zone would promote primary production on the K seamount that could sustain aggregations of zooplankton and nektonic stocks (Kobari et al., 2020). However, information on larval fish and zooplankton biomass would be required to understand how grazing interacts with this biological productivity.


TABLE 1. Estimates of nitrate flux (FNO3) along the Kuroshio where strong vertical mixing occurs.
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CONCLUSION

This study attempted to provide insight into the dominant physical processes that facilitate high productivity over seamounts, which are still poorly understood. Firstly, variability in the intensity of KH billows was revealed. The study examined two KH billow conditions over a seamount in the Kuroshio: (1) intermittent, SBC, and (2) persistent, LBC. The shallower KH billows, were more likely to sustain subsurface chlorophyll concentrations by transporting and entraining nutrients at the surface, however, their vertical scale was limited, which reduced access to deeper nutrients. The limited access to nitrates could impede phytoplankton growth, though small nutrient concentrations can be sufficient enough to support primary productivity. Chen et al. (2008) estimated that 30–50% of primary production can be sustained by nitrate-uptake-based new production, particularly in the Kuroshio. If the retention time of phytoplankton over the seamount is extended (i.e., SBC, weak Kuroshio velocity), there is the potential for efficient uptake of vertically mixed nutrients for increased phytoplankton biomass. In contrast, the deeper billows during the LBC were highly effective in supplying nutrients (ΔFNO3 = 5.2 mmol m–2 day–1) directly from the deep water. Thus, the deep and persistent billow-induced turbulence promoted high nutrient supply (FNO3 = 0.0–10.0 mmol m–2 day–1) from deep to subsurface water. However, the strong Kuroshio flow could sweep Chl a and nutrients to the lee.

Next, this study presents direct evidence relating KH billow-induced turbulence to vertical nitrate flux. The KH billows identified in this study were triggered by Ri < 0.25 due to strong shears. Diffusive mechanisms, i.e., the KH billows, within the water column are known to supply nutrients from deeper water to the euphotic zone, especially in oligotrophic areas. The turbulence generated by KH billows on seamounts produced large diffusivities [Kρ = O (10–4 to 10–3) m2 s–1] wherein high nutrient fluxes are achieved, reaching water near the surface; the LBC displayed a 40% more efficient upward nitrate flux than the SBC. Furthermore, this study showed wide variability in the biophysical properties of a single seamount. The depths and locations of the instabilities and the intensity of the current velocity all influenced the nutrient supply around the seamount. Considering the numerous factors in play, there are a multitude of possible interactions that could create unique hydrographic phenomena at any given seamount. Thus, understanding the variability of the upward nitrate flux on the K seamount is instrumental in predicting local primary production and how much the seamount contributes to Kuroshio enrichment.

Lastly, the overall averaged FNO3 in the water column during the SBC and LBC (1.1 and 1.5 mmol m–2 day–1, respectively) were one magnitude stronger than those reported in the oligotrophic east Atlantic, but similar to the estimates in the downstream Kuroshio. Thus, in addition to straits, fronts, and ridges, this study contributes to the understanding of the paradox of the Kuroshio (high production in an oligotrophic environment), where KH billows on shallow seamounts induce upward nitrate supply that can be transported downstream.

The deep-sea is considered one of the last great frontiers on Earth. This study provided insight into the phenomena that make seamounts oases of life in an oligotrophic ocean, revealing how variable KH billows drive nutrient supplies. Since the Kuroshio mostly flows over numerous abrupt seamounts, persistent turbulent mixing and strong vertical nutrient fluxes can be expected. Future research should include higher trophic levels from the pelagic ecosystem to estimate how KH billow-induced turbulence and diffusive nitrate fluxes benefit biological communities on seamounts and, how these communities respond to regularly disturbed nutrient sources.
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