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We investigated the effects of eddies and typhoons on the biogeochemistry of the tropical northwest Pacific by examining the distribution of nutrients, dissolved oxygen (DO), chlorophyll-a (Chl-a), gross primary production (GPP), dissolved organic carbon (DOC), and fluorescent dissolved organic matter (FDOM). Water samples were collected from anticyclonic and cyclonic eddies in September 2019 and 2020, and before and after the passage of a Category 2 typhoon in 2019. The study region was characterized by a deep nitracline (~150 m), which was deeper than both the pycnocline (~50 m) and the FDOM-depleted layer (~75 m). A subsurface chlorophyll maximum layer was observed at 100–150 m depth. No clear differences in Chl-a, DO, GPP, DOC, and FDOM were observed for the anticyclonic and cyclonic eddies, indicating that the eddies did not have a significant influence on biological production. Similarly, there were no discernable changes in Chl-a concentrations or other biogeochemical parameters after the passage of the typhoon, which induced water mixing to a depth of ~60 m. We conjecture that the nutrient-depleted layer was too deep for any eddy- or typhoon-induced vertical mixing to cause upwelling of nutrients to the euphotic zone. Our results imply that the disturbances caused by mesoscale processes in the upper layer of the highly oligotrophic northwest Pacific may have a smaller effect than in oceans in other parts of the world.
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Introduction

Mesoscale eddies, which are ubiquitous phenomena in the surface ocean (McWilliams, 2008), play a crucial role in global ocean circulation, regional water mixing and redistribution (Chelton, 2013; Lao et al., 2022). Mesoscale eddies have also been reported to affect primary production (PP) by transporting nutrients (Williams and Follows, 2003). Cyclonic (cold) eddies generally have high PP because localized divergence and subsequent upwelling increase nutrient supply to the euphotic zone (Falkowski et al., 1991; Oschlies and Garcon, 1998; Benitez-Nelson et al., 2007). McGillicuddy et al. (1998) reported that the upward flux of nitrate via upwelling in a cyclonic eddy accounted for ~40% of the annual nutrient budget in the Sargasso Sea. The upwelling of nutrients can induce plankton blooms and shifts in the compositions of planktonic communities (McGillicuddy et al., 2007). For example, the expansion of eukaryotic phytoplankton biomass with an intensification of subsurface chlorophyll maximum (SCM) was observed in the cyclonic eddy of the North Pacific Subtropical Gyre (Barone et al., 2022). In contrast, anticyclonic (warm) eddies generally have low PP because of convergence and deepening of the thermocline (Siegel et al., 1999; Ning et al., 2008; Gaube et al., 2013), although exceptions have been reported. Mizobata et al. (2002) reported chlorophyll-a (Chl-a) concentrations that were three times higher at the edge than in the core of an anticyclonic eddy. Similarly, the phytoplankton communities at the edges of anticyclonic eddies were markedly different from those at the cores of the eddies in the northern South China Sea (Wang et al., 2018). Furthermore, Martin and Richards (2001) observed enhanced PP in the core of an anticyclonic eddy induced by the vertical transport of nutrients associated with ageostrophic circulation. These results suggest that the influence of eddies on biogeochemistry is highly variable.

Approximately 80–100 tropical cyclones (typhoons and hurricanes) occur annually worldwide (Frank and Young, 2007), and 31% of which develop in the northwest Pacific (NWP), appointing it the most active basin for the formation (Ramsay, 2017). The tropical cyclones formed in the NWP (hereafter typhoons) can trigger heavy rainfall on land and dynamical responses in the ocean; Shen et al. (2021), for example, reported that an eddy in the open ocean was triggered by inertial-Ekman pumping under the forcing of a typhoon. Following the transit of a tropical cyclone, seawater temperature restoration takes about 30–60 days for the surface layer and > 6 months for the subsurface layer (Dare and McBride, 2011; Mei and Pasquero, 2013). The supply of nutrients from the deep ocean to the euphotic zone by tropical cyclone-induced vertical mixing has been widely observed, and this process is considered the main cause of enhanced PP associated with typhoons (Babin et al., 2004; Zheng and Tang, 2007; Wang and Xiu, 2022). Lin et al. (2003) showed a 20%–30% increase in PP in the South China Sea after the transit of a Category 2 typhoon. Chen et al. (2013) reported a 40% increase in particulate organic carbon flux after a Category 2 typhoon passed through the northwest Pacific (NWP) region. Additionally, the tropical cyclone can affect the biogeochemistry in the water column, such as particle decomposition with oxygen consumption (Zhou et al., 2021; Lu et al., 2022), development of hypoxia (Meng et al., 2022), and changing of phytoplankton size structure (Ma et al., 2021).

The NWP region is characterized by a high occurrence of eddies. Yang et al. (2013) observed ~50,000 eddies in the NWP region (12–28°N, 122–170°E) from October 1992 to February 2012 based on satellite altimeter data. The modal radius and mean lifespan of eddies in this region are ~130 km and ~10 weeks, respectively, with the westward flow at a speed of 6 km d−1. The tropical NWP also generates the highest number of typhoons. Webster et al. (2005) reported that ~45% of typhoons greater than Category 4 between 1975 and 2004 occurred in the NWP region, with an increasing trend after 1980. However, the effects of eddies and typhoons on ocean biogeochemistry in this region are poorly understood.

In this study, we measured the distribution of Chl-a, nutrients, dissolved organic carbon (DOC), fluorescent dissolved organic matter (FDOM), dissolved oxygen (DO), and gross primary production (GPP) in the NWP to examine the influence of eddies on ocean biogeochemistry and biological production. We also examined how the biogeochemistry of the upper layer of the ocean responded to a typhoon that passed through the vicinity of the study area during one of our field surveys.



Materials and Methods


Water sampling in the areas affected by eddies and typhoons

Two expeditions were carried out in the NWP (16–22°N, 126–132°E) aboard the R/V Isabu from 30 August to 11 September 2019 and from 8 to 25 September 2020 (Figure 1). Sea surface height anomaly (SSHA) and geostrophic surface current data which were obtained from the Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu) were used to identify locations of eddies in the study area (Figure 1). The boundaries and depths of the eddies were confirmed by examining the sections of temperature, salinity, and density (Figures 2, 3). Water samples were collected in two anticyclonic eddies (Eddy 1 at 19°N, 130°E in 2019 and Eddy 2 at 20°N, 128°E in 2020) and a cyclonic eddy in 2020 (Eddy 3 at 17°N, 127°E). Hydrographic data, including temperature, salinity, and fluorescence, were measured using a CTD profiler (SBE911-plus, Sea-Bird Electronics Inc., WA, USA). Seawater samples were collected using 10-L Niskin bottles mounted on a CTD-Rosette sampler.




Figure 1 | Maps showing the surface current systems and sampling regions in the tropical NWP. (A) Map showing the study region, major landmasses, and dominant current systems. (B) Map for 2019 showing the eddy sites (yellow circles), and study sites in the reference areas for measuring biogeochemical parameters (yellow squares). Stations recording information before and after the transit of the typhoon are denoted as triangles (TY01 to TY04). The typhoon track and category are indicated by different colors (black: tropical storm; green: Category 1; pink: Category 2). Dashed circles indicate the typhoon boundary where the wind speed was 30 knots. (C) Map for 2020, where the study sites for eddies 2 and 3 are denoted as squares and circles, respectively. The background color shows the sea surface height anomaly (SSHA) averaged over the sampling period. Gray arrows indicate the geostrophic current.



During the 2019 cruise, typhoon Lingling developed at 15.2°N, 126.1°E at 00:00 on 2 September (all times are in UTC) and intensified into a Category 1 storm (wind speed > 33 m s−1) at 21.3°N, 124.2°E (12:00 on 3 September) and a Category 2 storm (wind speed > 44 m s−1) at 22.9°N, 125.3°E (12:00 on 4 September) nearby our study area (Figure 1B). The migration speeds of Lingling in the vicinity of the study area were < 5 m s–1, lower than those of typical typhoons in the NWP (5–7 m s–1; Kossin, 2018). Four stations (TY01, TY02, TY03, and TY04) were revisited two days (11:00 on 7 September) after the typhoon’s transit. Stations TY03 and TY04 were within the radius of the strong winds (> 15 m s−1) of the typhoon. Hydrographic data in the upper 100 m layer were measured using the CTD profiler. Seawater sampling was also conducted in the upper 100 m layer at six depths. The typhoon track data were obtained from Japan’s Regional Specialized Meteorological Center (RSMC; http://www.jma.go.jp). The typhoon’s intensity, according to the Saffir-Simpson Hurricane Wind Scale, was evaluated using 1-min averaged maximum wind speeds from the RSMC (Harper et al., 2010).



Analyses of biogeochemical parameters

Seawater samples for Chl-a, nutrient, DOC, and FDOM analyses were filtered using pre-combusted (4 h, 450°C) glass fiber filters (GF/F, Whatman, 0.7 μm pore size). The filter pads for Chl-a analysis were stored in a deep freezer at −70°C and the filtered samples for nutrient analysis (~10 mL) were stored in pre-cleaned polyethylene bottles at −20°C. The filtered samples (~20 mL) for DOC measurements were immediately acidified with 6 N HCl to a pH of ~2 in pre-combusted (4 h, 450°C) glass ampoules. The FDOM samples (~40 mL) were stored in pre-combusted (4 h, 450°C) amber vials without any treatment and kept in a refrigerator at 4°C.

The Chl-a concentration was determined using a fluorescence sensor (WET Labs ECO-AFL/FL) calibrated with high-performance liquid chromatography (HPLC) analyses of Chl-a extracted from the filter samples (Zapata et al., 2000). The linear correlation was used to convert the fluorescence to Chl-a concentration (n = 88, r2 = 0.41). Concentrations of dissolved inorganic nitrogen (NO3−+NO2−+NH4+), dissolved inorganic phosphorous ( ), and dissolved silicate (DSi: Si(OH)4) were measured using an auto nutrient analyzer (New QuAAtro39, SEAL Analytical). The procedural blank was < 2% of the average concentration of the samples. The measurement uncertainties for the reference material (Batch CA from KANSO Technos, Japan) were < 3% for   and DIP. DOC concentrations were determined via a high-temperature combustion method using a total organic carbon analyzer (TOC-L, Shimadzu, Japan) with < 3% accuracy (Benner and Strom, 1993). Accuracy was determined by cross-checking with the reference material (deep seawater reference, 40–44 μM provided by University of Miami). The detection limits of  ,  ,  , and DOC were 0.05, 0.04, 0.2, and 5 μmol L−1, respectively.

FDOM intensity was determined using a fluorescence spectrometer (Aqualog, Horiba, USA), with emission and excitation wavelengths in the ranges of 240–700 nm at 3 nm intervals and 250–500 nm at 5 nm intervals, respectively. Parallel factor analysis (PARAFAC) was performed using the Solo software, following Stedmon and Bro (2008). Raman Unit (R.U.) values were calculated based on the intensity of FDOM normalized by the Raman peak area at 350 nm of ultrapure water (Lawaetz and Stedmon, 2009). The PARAFAC model identified terrestrial humic-like (C peak), marine humic-like (M peak), and protein-like (T peak) components (Coble, 1996; Coble et al., 1998).

GPP was measured according to the 18O in vitro method adopted from Ferrón et al. (2016). Briefly, water samples used for the incubation were collected in Niskin bottles at six light depths (100%, 50%, 30%, 12%, 5%, and 1% of photosynthetically active radiation; PAR) and introduced into acid-cleaned borosilicate glass bottles with ground-glass stoppers. The glass bottles were spiked with   before stopping. Each incubation bottle was inserted into a container covered with a screen to mimic the light level of the sampling depth. The incubation was carried out in an on-deck bath, which was supplied with continuously flowing surface water. After 24 hours, incubated samples were sub-sampled into 40 mL serum bottles under a N2 atmosphere. Mercuric chloride solution was added to serum bottles to inhibit biological activity before crimp-sealing. The 18O/16O of DO in seawater was measured using a membrane inlet mass spectrometer (Kana et al., 1994), which consisted of a 2.5-cm-long silicone membrane (Bay Instruments) and a PrismaPlus QMG220 quadrupole mass spectrometer (Pfeiffer). The standard deviations of triplicate measurements of 18O/16O were typicality < 0.5‰. See Ferrón et al. (2016) for further details of the experiment and calculation of GPP.

The temperature and salinity of the surface waters along the cruise tracks were measured with a thermosalinograph (SBE 45, Sea-Bird Scientific). The surface waters were supplied to the laboratory through the clean water intake system positioned at a nominal depth of 7 m. The raw data from the thermosalinograph were calibrated against surface values (< 10 m) collected from CTD downcasts (n = 57, r2 > 0.98). In addition, DO concentrations were measured with an optode (Oxygen Optode 4531, Aanderaa). The raw data were corrected for salinity according to the manufacturer’s manual and for the gain of the optode (Johnson et al., 2015; Lee et al., 2021). The corrected values were within the 1% range of the values determined by amperometric titration (Langdon, 2010) and further corrected using the linear correlation with the titration-determined values (n = 62, r2 > 0.99). This final correction should make any effect of respiration on O2 concentrations in the water intake system negligible (Juranek et al., 2010).




Results


Hydrological characteristics and physicochemical parameters in the upper layer

The depth of the surface mixed layer (SML), which is defined as the depth at which the temperature is 0.5°C less than the sea surface temperature (Price et al., 1986; Kelly and Qiu, 1995), was ~50 m in 2019 (Figure 2). From the bottom of the SML, the water temperature decreased gradually downward up to a depth of 200 m. Salinity increased below the SML up to ~200 m water depth, with a maximum value at 150–200 m. In 2020, the temperature and salinity in the upper 200 m layer were slightly higher than that in 2019 (Figure 3). In the deeper layers (200–500 m), the temperature and salinity decreased gradually with depth without any significant differences between the 2019 and 2020 profiles.




Figure 2 | Sectional distributions of (A) temperature, (B) salinity, (C) density, and (D) Chl-a in the upper 200 m layer of the northwest Pacific from August to September 2019.






Figure 3 | Sectional distributions of (A) temperature, (B) salinity, (C) density, and (D) Chl-a in the upper 200 m layer of the northwest Pacific in September 2020.



The Chl-a concentrations measured in 2019 ranged from 0.01–0.38 μg L−1, with a SCM layer between 100–150 m depth (Figure 2). There were no significant differences between the stations. However, the SCM layer was observed at slightly shallower depths along Transects 3 and 4. The euphotic zone (Ez), defined as the depth at which photosynthetically available radiation (PAR) decreases to 1% of the surface value, ranges from 40–130 m, with an average of 80 ± 30 m. In 2020, Chl-a concentrations ranged from 0.01–0.36 μg L−1, with an SCM layer at 100–150 m depth (Figure 3). The distribution of Chl-a and Ez in 2020 was similar to that in 2019.

Dissolved inorganic nitrogen (DIN, the sum of  ,  , and   concentrations) was equivalent to nitrate ( ) concentration because the nitrite ( ) and ammonium ( ) concentrations were below the detection limit for all the samples. In 2019, the nutrient-depleted layer (DIN < 2 μmol L–1, following Reynolds, 2006) was 150 m thick (Figure 4A). Below ~150 m, the DIN increased gradually with depth. The vertical distribution of DSi (Si(OH)4; Figure 5C) and  (data not shown) was similar to that of DIN. In 2020, the nutrient distribution in the upper 150 m layer and the thickness of the nutrient-depleted layer were comparable to those observed in 2019 (Figure 4E). Nutrient concentrations increased gradually with depth in the deeper layers (200–500 m), with no significant differences between 2019 and 2020 (Figure 4).




Figure 4 | Vertical distributions of (A) DIN, (B) DOC, (C) C peak, and (D) M peak in 2019 and (E) DIN, (F) DOC, (G) C peak, and (H) M peak in 2020 in the upper 500 m layer of the northwest Pacific. The data present as the mean and standard deviations.






Figure 5 | Vertical profiles of (A) Chl-a, (B) DIN, (C) DSi, (D) DOC, (E) C peak, and (F) M peak in the upper 500 m layer in the NWP in September 2019 and 2020. Data are from Buesseler et al. (2020), the Hawaii Times Series, and the Japan Meteorological Agency.



The DOC concentrations in the upper 200 m layer ranged from 42–85 μmol L–1 (Figure 4B) in 2019. The DOC concentration in the SML showed less variation (72 ± 5 μmol L–1, mean ± SD) and decreased gradually with increasing depth below the SML. In 2020, DOC concentrations in the upper 200 m layer ranged from 46–87 μmol L–1 (Figure 4F). Within the deeper layers (200–500 m), DOC concentration decreased gradually with depth to 45 ± 4 μmol L–1. Overall, the DOC distribution in 2019 and 2020 was similar.

The concentrations of the C and M peaks (FDOM humic like; hereafter FDOMH) in the upper 200 m layer were 0.04–0.29 and 0.003–0.13 R.U., respectively, in 2019 (Figure 4). The FDOMH concentration increased gradually with depth through layers deeper than 200 m; their vertical distribution was a mirror image of DOC distribution. In 2020, the concentrations of the C and M peaks in the upper 200 m layer were 0.02–0.35 and 0.002–0.09 R.U., respectively (Figure 4), with a distribution comparable to that observed in 2019. In both years, the FDOMH concentrations in the deeper layer (200–500 m) increased uniformly with depth to a mean value of 0.32 ± 0.05 R.U. for the C peak and 0.13 ± 0.03 R.U. for the M peak at a depth of 500 m (Figure 4). The measured T peak concentrations in both the years were lower than the detection limit in the entire water column.



Distribution of temperature, salinity, and dissolved oxygen in the surface waters along the cruise track

In 2019, surface temperature and salinity ranged from 28.7–29.9°C (29.2 ± 0.2°C, mean ± SD), and 34.0–34.6 psu (mean 34.4 ± 0.1 psu), respectively (Figure 6; Table 1). In 2020, the surface temperature and salinity ranged from 28.8–31.0°C (mean 30.0 ± 0.3°C), and 34.2–34.8 psu (mean 34.5 ± 0.1 psu), respectively (Figure 6; Table 1). The mean temperature in 2020 was ~0.8°C higher than that in 2019. DO concentrations in 2019 ranged from 194–199 μmol kg−1, with a mean of 197 ± 1 μmol kg−1. These values were slightly higher than the saturation concentration of 194 μmol kg−1, calculated using average temperature and salinity values of 29.2°C and 34.4 psu (Garcia and Gordon, 1992), and corresponded to a saturation anomaly of 1.4 ± 0.3%. The saturation anomaly is calculated as ΔO2(%) = ([O2]obs/[O2]sat− 1)×100 ΔO2, where [O2]obs and [O2]sat are the measured and air-saturated concentrations of DO, respectively. In 2020, DO concentrations ranged from 188–219 μmol kg−1, with a mean of 191 ± 1 μmol kg−1. The mean saturation anomaly for DO was 0.1% ± 0.6% and the variability along the cruise track was greater than that in 2019.




Figure 6 | Map showing the cruise tracks in (A) 2019 and (B) 2020. Time series of in situ measurements of (C) temperature, (D) salinity, (E) DO concentrations, and (F) DO saturation anomaly in 2019 (left) and 2020 (right).




Table 1 | Properties of surface waters in the eddies and reference site. The data present as the mean and standard deviations.






Discussion


Extreme oligotrophy of the northwest Pacific

The DIN concentration in the 50–150 m layer of the study region was much lower than that observed in the northeastern subarctic Pacific in August (Station Papa; Signorini et al., 2001) and the central subtropical North Pacific in September (32.6–38.0°N, 165.0°E, Japan Meteorological Agency; JMA; http://www.data.jma.go.jp; Figure 5). Nutrient depletion (< 2 μmol L–1) in our study regions was similar to that observed in the oligotrophic regions, such as Station ALOHA (A Long-term Oligotrophic Habitat Assessment) of the Hawaii Ocean Time-series (https://hahana.soest.hawaii.edu/hot/) in September (Figure 5). However, the DIN concentrations below 200 m depth were lower than those at station ALOHA.

The thick DIN-deficient layer appears to be responsible for the deeper location of the SCM layer at 100–150 m. The SCM layer, similar to DIN concentration distribution, was deeper than that observed at station Papa (75 m; Buesseler et al., 2020) and the central North Pacific (80 m; JMA) (Figure 5). The depth of the SCM layer in the study region was similar to that observed at station ALOHA (100–120 m). A deep SCM layer might be a characteristic of oligotrophic regions. The deeper SCM layer at station ALOHA is attributed to photoacclimation to low light (Fennel and Boss, 2003).

The GPP observed in 2019 and 2020 was in the range of 0.1–0.6 μmol O2 L−1 d−1 in the euphotic layer, except for one higher GPP value at the periphery of the anticyclonic eddy (Eddy 1; 1.0 μmol O2 L−1 d−1; Figure 7). The GPP values (< 0.6 μmol O2 L−1 d−1) were half of those at station ALOHA measured using the same 18O in vitro method (Ferrón et al., 2016), indicating extreme oligotrophy in the study area. The depth-integrated GPP values in the upper 100 m layer were 24 and 15 mmol O2 m−2 d−1 in 2019 and 2020, respectively. These are equivalent to 210 and 130 mg C m−2 d−1, assuming a photosynthetic quotient of 1.4 (Laws, 1991). Given that the typical 18O-GPP/14C-NPP value range is 2.0–2.7 (Marra, 2002; Quay et al., 2010), these values are consistent with the NPP value of 76–80 mg C m−2 d−1 measured using the 13C incubation method in the study region in 2018 (Yun et al., 2020).




Figure 7 | Depth profiles of GPP rates measured using the 18O in vitro method. ALOHA data are from Ferrón et al. (2016).



DOC concentrations in the upper 200 m layer (53–74 μmol L–1) were higher than those at station Papa (48–59 μmol L–1; Siegel et al., 2021) and similar to those at station ALOHA (56–76 μmol L–1; HOT). However, DOC concentrations below the 200 m layer in our study area were comparable to those at these sites (Figure 5). Hansell et al. (2009) suggested that high DOC concentrations in subtropical gyres (the NWP and ALOHA sites) could be due to the accumulation of organic matter facilitated by vertical stratification in the upper layer. Indeed, the vertical stratification of the surface layer at the NWP and ALOHA stations was stronger than that at Station Papa. The T peak of the FDOM indicates the biological production in the euphotic zone and degrades rapidly with depth (Jørgensen et al., 2011). The concentrations of the T peak in 2019 and 2020 were below the detection limits in the study region, indicating insignificant biological production. In summary, the study region was found to be extremely oligotrophic, with a thick nutrient-depleted surface layer, low FDOM concentrations, and a deeper SCM layer.



Effects of eddies on biogeochemistry

The magnitude of SSHA indicates the occurrence of eddies in the study region. The highest magnitude of SSHAs during 2019 and 2020 was 0.20 m for Eddy 1, 0.40 m for Eddy 2, and −0.10 m for Eddy 3 (Figure 1). The SML of the cyclonic eddy (Eddy 3; ~20 m) was much shallower than that of the anticyclonic eddies (Eddies 1 and 2; ~55 m; Figs 2 and 3).

Continuous underway measurements of temperature, salinity, and DO concentration in the anticyclonic or cyclonic eddies were largely indistinguishable from those in the adjacent areas (Table 1). One exception was a slight decrease in DO concentration (~5 μmol kg–1) in the cyclonic eddy around 12 – 13 September 2020 (Figures 6E, F). This decrease is in contrast with previous studies reporting that DO concentrations in the cyclonic eddies were higher than in the outer areas of the cyclonic eddies (Sukigara et al., 2014; Jayalakshmi et al., 2015). The studies ascribed the increase in DO concentration to upward nutrient supply resulting in enhanced biological production. The decrease in DO concentration in our observations may be explained by the decomposition of organic matter. The difference in apparent oxygen utilization (AOU) between –1.9 to 2.7 μmol kg–1 for the surface layers of the outside and inside of the cyclonic eddy should result in 0.48 μmol L–1 higher DIN inside of the cyclonic eddy, assuming O2/N ratio of 9.5 (Anderson, 1995; Barone et al., 2022). Given virtually no difference in the DIN concentrations between inside and outside of the eddy (< 0.1 umol L–1), while the decomposition of organic matter is an important process responsible for the significant change of DO concentration in the coastal area with large amounts of organic matter (Lu et al., 2022), the process within the eddy was very limited and not likely the main cause of the decrease in DO concentration. Considering similarly low values observed on September 10 and 22, 2020 in the anticyclonic eddy, it is difficult to ascribe the small difference in DO concentration to the eddy.

There were no discernible differences between the distributions of Chl-a, DIN, DOC, and FDOMH concentrations in the upper layers of anticyclonic eddies and the reference sites (Figure 4). Similarly, there were no significant differences in biogeochemical parameters between the cyclonic eddy and the reference sites (Figure 4). The GPP results also indicated indistinguishable changes in PP between the eddy regions and the reference sites (Figure 7). These observations imply that the upward/downward displacement of the thermocline did not have any significant impact on the biogeochemistry of the surface layer, presumably because of the thickness of the nutrient-depleted layer (~150 m).

Our observations differ from previous studies demonstrating pronounced increases in biological production. For example, Gao et al. (2017) observed in situ phytoplankton blooms in a cyclonic eddy in the NWP (18–20°N, 135–140°E). Despite a similar degree of nutrient depletion in our study region, the cyclonic eddy lifted cold water and the SCM layers to shallower layers, resulting in an increase in PP. The pronounced effects may be attributed to larger vertical displacement resulting from larger SSHA of the eddy; the SSHA magnitude of the eddy (−0.50 m) is much larger than that of Eddy 3 (−0.10 m). Chow et al. (2017) observed 2,000 km long phytoplankton blooms lasting over one month in the subtropical gyre of the North Pacific (130–180°E centered at 22°N). These blooms were attributed to a northward shift of the North Equatorial Current and horizontal spreading of nutrients by eddy activity. These observations suggest that in many subtropical areas topped with a thick nutrient-depleted layer, eddies have little influence on biogeochemistry unless they are exceptionally strong to lift the subsurface to the nutrient-depleted surface layers or fed with nutrients from external sources such as the North Equatorial Current.



Effects of typhoons on biogeochemistry

The vertical distributions of temperature, salinity, and DO concentration did not differ significantly among the four stations (TY01, TY02, TY03, and TY04; Figure 8) before the typhoon transit in 2019. After the passage of the typhoon, salinity in the surface layer decreased by ~0.1 psu at stations TY01, TY02, and TY03. Temperature and DO concentration in the SML decreased by ~0.5°C and ~13 μmol kg−1 at these stations, respectively. The SML deepened from 40 to ~60 m based on the vertical distributions of temperature, salinity, and DO concentration (Figure 8). The continuous underway observations at higher spatial resolution also revealed a similar temperature decrease of 0.4°C along Transect 1 after the typhoon had passed (Figure 6). This was accompanied by a subtle drop in ΔO2 of ~0.5%. The observed cooling and freshening that accompanied the increase in the SML depth could be due to typhoon-induced vertical mixing and precipitation. Similar surface cooling by Typhoon Lingling were also observed by wave-glider, satellite, and reanalysis data (Qiu et al., 2021; Son et al., 2022). Specifically, Qiu et al. (2021) observed that the maximum temperature decrease was ~0.6°C by wave-glider (18.2°N, 124.8°E), which was positioned close to the transit of the typhoon. Son et al. (2022) reported that these surface cooling persisted approximately two weeks based on the results from Medium-Range Weather Forecasts Ocean Reanalysis System 5.




Figure 8 | Vertical profiles of (A) temperature, (B) salinity, (C) Chl-a, (D) DO, and (E) DIN in the typhoon region for stations TY01, TY02, TY03, and TY04 in September 2019. Black solid and red dashed lines denote conditions before and after the passing of the typhoon, respectively.



The DO concentrations and saturation anomalies in the upper layer decreased slightly (~8 μmol kg–1 and several percent, respectively, for the surface) after the typhoon passage (Figure 8D). The depths of the subsurface maxima of saturation anomalies deepened from 60 m to 80 m and the magnitudes decreased from 10% to ~3% after the passing (Figure S2). This change of the saturation anomalies can be explained by entrainment of subsurface water with excess O2 and enhanced air-sea gas exchange during the passage of the typhoon. Under the condition of 14 m s–1 wind speed (Figure S3), the saturation anomalies in a 60 m-thick mixed layer should become less <0.5% after 2 days from an unlike high initial saturation anomaly of 10% (Pilson, 2013). For the calculation of gas transfer velocity, we used the parameterization of Wanninkhof (1992) and assumed temperature and salinity of 29°C and 34.5 psu, respectively. The newly developed subsurface maxima may be ascribed to the adaptation of phytoplankton community to the deepened mixed layer depth and nutricline (Cullen, 2015). Contrary to some of the previous studies reporting marked decrease in DO concentrations due to organic matter decomposition after typhoons (Xu et al., 2019; Lu et al., 2022), the AOU decrease (~5 μmol kg–1 at surface; Figure S2) and no increase in DIN in the study area indicate minimal effect of organic matter either brought up from subsurface or produced in the surface layer.

In contrast to the other stations, salinity dropped by ~0.2 psu at TY04 without an accompanying temperature drop in the surface layer (Figure 8). Shoaling of the SML and absence of cooling contradict the assumption that typhoon-induced vertical mixing is the probable cause of freshening. Ocean reanalysis data revealed that freshening might result from the inflow of external water masses into the edge of the anticyclonic eddy (Figure S1, the data are from Copernicus; http://marine.copernicus.eu). Based on these results, we did not consider TY04 to be a typhoon-influenced area despite it being the closest to the typhoon’s path.

The changes in temperature and salinity before and after the transit of the typhoon indicated that typhoon-induced vertical mixing was confined to a depth of 60–70 m (Figures 8A, B). The vertical distributions of Chl-a and nutrients did not exhibit clear differences before and after the typhoon (Figures 8C, E). Moreover, the time-series of Chl-a concentrations based on the satellite data (Remote Sensing Systems, level 4, version 5.0) did not reveal any significant change (only ~0.05 μg L–1 increase) after the passing of the typhoon (Figure S4). These results imply that water column mixing up to 60 m does not cause a significant upward supply of nutrients in this oligotrophic ocean.

These observations are consistent with those of Lin (2012) using satellite data and numerical experiments. Lin (2012) demonstrated that PP only increases in the NWP region (15–25°N, 127–180°E) when intense typhoons (Categories 4 and 5) induce a temperature drop of > 2.5°C and physical mixing reaches depths of ~180 m with slow migration speed (1.7–3.6 m s−1). Lin (2012) argued that an anticyclonic eddy can act as an insulator to restrain the entrainment of cold water to the surface layer even under a Category 5 typhoon. Although the migration speed was sufficiently slow to induce the vertical mixing by typhoon, the weakness of Typhoon Lingling (Category 2) and the presence of an anticyclonic eddy (Transect 1) may explain the shallow vertical mixing of ~60 m and insignificant influence of the typhoon on PP along its passage. Given that a large portion of the NWP region is covered with a nutrient-depleted layer (Figure S5; data from JMA), our results imply that the impact of typhoon-induced mixing in this oligotrophic ocean may not be as significant as previously thought.




Summary and conclusions

We investigated the biogeochemical parameters of the eddies in the oligotrophic NWP. We observed isopycnal displacement in the mesoscale eddies compared to the adjacent sites. However, the distribution of Chl-a, nutrients, DOC, FDOM, and GPP did not exhibit discernible differences across anticyclonic and cyclonic eddies or between the reference sites. Our results indicate that in this oligotrophic ocean, where the nutrient-depleted layer is very deep (~150 m), the upward advection associated with the cyclonic eddy has an insufficient impact on PP. The typhoon-induced disturbance (up to 70 m depth) after the passage of a Category 2 typhoon also appeared to cause no clear changes in Chl-a concentration or other biogeochemical parameters in the upper layer. Typhoon-induced mixing was confined to the upper 60 m of the water column, which was shallower than both the nitracline and SCM layers. A large portion of the oligotrophic NWP is topped with a thick nutrient-depleted layer and, therefore, may not experience significant changes in biogeochemistry due to eddies and typhoons.
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