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Dissolved organic carbon (DOC) in the ocean is one of the largest reduced and exchangeable organic carbon pools on Earth and plays important roles in carbon cycling and biogeochemical processes in the ocean. Here, we report the concentrations and distributions of DOC in water samples collected along a meridional transect in the western North Pacific (NP) Ocean in November 2019. Concentrations of DOC ranged from 33-102 μM, were higher in surface water, decreased rapidly with depth to 1,000 m, and then remained relatively constant. The labile fraction of DOC accounted for 20-40% of the surface bulk DOC and was respired very rapidly in the upper 200 m depth. The semi-labile fraction of DOC accounted for 15-20% of the surface bulk DOC and was exported downward and turned over at water depths of 200-2,000 m. The formation of NP Intermediate Water (NPIW) in the Kuroshio Extension (KE) region is a major process carrying some surface semi-labile DOC down. The Low concentrations of DOC (33-44 μM) were present in the entire water column below 1,000 m along the transect in the NP. Primary production and microbial consumption played major roles in the concentration and distribution of DOC in the euphotic zone, and hydrodynamic mixing and circulation of different water masses appear to be dominant factors controlling the distribution and dynamics of DOC in the deep water of the western NP.
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Introduction

Dissolved organic carbon (DOC) in the ocean, which amounts to ~ 680 Pg C, is one of the Earth’s greatest reservoirs of bioactive and exchangeable carbon, comparable in volume to atmospheric CO2 (Hansell et al., 2009; Carlson and Hansell, 2015). Although the pool size of DOC is only ~2% of the dissolved inorganic carbon (DIC, 38,000 Pg C) in the ocean, its sources, production, removal, and cycling are more complicated than those of DIC and play more crucial roles in biological and biogeochemical processes in the ocean (Lee and Wakeham, 1988; Hansell and Carlson, 2013; Carlson and Hansell, 2015; Repeta, 2015; Druffel et al., 2019). In the last three decades, analytical methods have been developed and improved, and in particular, a high-precision high-temperature catalytic oxidation (HTCO) technique has been introduced that has supplied quantitative and detailed oceanic DOC distributions in the global ocean (Sharp et al., 1995; Sharp et al., 2002; Hansell et al., 2009; Carlson et al., 2010; Hansell and Orellana, 2021). The information gathered through international collaborations led to a better understanding of the roles of DOC in ocean biogeochemistry and carbon cycling (Sharp et al., 1995; Sharp et al., 2002; Hansell et al., 2009; Carlson et al., 2010; Druffel et al., 2016; Druffel et al., 2019).

The majority of DOC in the ocean is produced biologically by autotrophic plankton in the ocean’s euphotic zone. After its production, the distribution of DOC is modulated rapidly by microbial degradation and physical processes such as the hydrographical structure and horizontal and vertical water mixing (Doval and Hansell, 2000; Hansell and Carlson, 2001; Carlson et al., 2010; Fontela et al., 2016). In the open oceans, concentrations of DOC usually present a strong vertical gradient, found at relatively high levels (70-90 μM) in the surface layer and rapidly decreasing down to extremely low levels (34-40 μM) at deep water depths (>1,000 m) (Carlson and Hansell, 2015; Druffel et al., 2016; Ding et al., 2019; Shan et al., 2020). The bulk DOC pool comprises countless compounds (Lee and Wakeham, 1988; Kujawinski, 2011; Repeta, 2015; Shen and Benner, 2020) that exhibit different reactivities and turnover times (Hansell and Carlson, 2013; Shen and Benner, 2020) and is operationally resolved into at least three fractions, i.e., the most biologically labile fraction of DOC (LDOC), biologically refractory DOC (RDOC) and material of intermediate lability or semi-lability (SLDOC). LDOC with rapid turnover accounts for less than 1% of the DOC in seawater. More than 90% of the DOC in seawater exists as RDOC (Hansell et al., 2009) that survives multiple meridional overturning cycles, with average 14C ages of up to 6,000 years (Williams and Druffel, 1987; Bauer et al., 1992; Druffel et al., 2019; Druffel et al., 2021).

Hydrodynamic processes are important factors in the distribution and dynamics of DOC in the western North Pacific (NP) Ocean and are influenced by major oceanic western boundary currents, including the Kuroshio Current, the Oyashio Current, and the Kuroshio Extension Current (KE) formed by the mixture of these two currents (Figure 1A). However, few observations during the World Ocean Circulation Experiments (WOCE) and the Climate Variability Predictability (CLIVAR) cruises have focused on the distribution of DOC in the western NP Ocean. The only available data on DOC in the western NP Ocean were obtained during these two observation cruises at the P02 longitudinal transect (30°N). In a recent study, we reported the concentrations and distributions of DOC at nine stations in the KE region of the NP in May 2015 and revealed that the concentrations of DOC were significantly lower (54-63 μM) in the surface waters of the KE than in other areas (Ding et al., 2019). The DOC distribution in the KE region appeared to be controlled largely by the hydrodynamic mixing of different water masses rather than biological processes and was estimated to account for 8%–20% of the shaping of the DOC distribution in the KE region (Ding et al., 2019).




Figure 1 | (A) Map of the study region plotted using Ocean Data View (ODV, Schlitzer, 2015) and the sampling transect stations of line P1 (red dots) in the northwestern North Pacific in November 2019. (B) Plot of sampling depth at the sampling transect stations of line P1. Seawater samples were collected for the full water depth at 7 stations (blue dots) and for only the upper 2,000 m at 19 stations (yellow dots).



Although the western NP Ocean, as a terminus of deep water circulation in global oceans and a region of high biological activity, is of interest in terms of the carbon cycle, data resolution remains spatially and temporally too sparse to resolve the details of the distribution and dynamics of DOC. In this work, we report the distribution of DOC and its influencing factors along a meridional transect (Figure 1B, Transect P1, 13°N-40°N, 150°E) in the western NP Ocean. This is the first data set of this large size of DOC concentration and distributions presented along a north-south transect in the western NP Ocean obtained in the recent 20 years. We focus on the North Pacific Intermediate Water (NPIW) formation area as well as the KE to evaluate for DOC dynamics and to estimate the liability of different DOC fractions in the whole water column in this region. These new results combined with other chemical and hydrological data provide useful information not only on the DOC distribution and dynamics as influenced by biological processes, water exchange and circulation patterns in the western NP, but also for the carbon cycle as a whole in the global oceans.



Materials and Methods


Study Areas

The western NP Ocean is a highly dynamic region that is largely influenced by western boundary currents, such as the Kuroshio and Oyashio Currents. The largest CO2 flux into the NP Ocean was found in and around the Kuroshio Current and its extension into the North Pacific transition zone (NPTZ) (Takahashi et al., 2002; Takahashi et al., 2009). The Kuroshio transports warm, saline, and oligotrophic waters of the subtropical gyre north and flows eastward at the south coast of Japan toward the open Pacific Ocean, where it is known as the KE. The Oyashio carries low temperature, low salinity, and high nutrient water south from subarctic regions. At approximately 34°N-37°N, the Oyashio front meets the KE Current and forms the Kuroshio-Oyashio interfrontal zone (Yasuda et al., 1996; Yasuda, 2004; Qiu and Chen, 2011; Hu et al., 2015). The KE is the most dynamic region that changes spatially and seasonally in the NP with respect to sea surface height, eddy activity, and sea surface temperature (SST), and it is the region where the most heat is lost from the ocean to the atmosphere (Qiu and Chen, 2011). The confluence of different oceanographic processes and the formation of eddies cause turbulence and transport of nutrients from deeper waters, fueling more phytoplankton blooms (Isada et al., 2009; Shiozaki et al., 2014).

The NPIW is a water mass characterized by a low salinity (as low as 33.8) and low oxygen (50–150 μM) at a potential density range of 26.6–27.4σ0 in the Pacific subtropical gyre (Talley et al., 1995; Tsunogai et al., 1995). Fresh NPIW is transported through the south-flowing Oyashio along the western boundary from the subarctic region to the Kuroshio-Oyashio interfrontal zone (Yasuda, 2004). In this area, cold and fresh subarctic Oyashio water merges with the KE and intrudes into the intermediate layer of warm and salty subtropical Kuroshio water, forming a new NPIW (Figure 1B). Newly formed NPIW consists of 55% Kuroshio and 45% Oyashio waters and eventually mixes into the intermediate layer of the NP subtropical gyre as a low salinity tongue (Talley et al., 1995). The depth range for NPIW is from 300 to 1,000 m, and the position of its southern boundary varies from 15°N-20°N seasonally (Talley, 1993; Yasuda et al., 1996; Talley, 1997; Itou et al., 2003). NPIW is important for anthropogenic CO2 absorption and long-term climate variability, as it is the densest and deepest water mass with abundant anthropogenic CO2 ventilated in the NP (Tsunogai et al., 1995; Yasuda et al., 1996; Qiu and Chen, 2011).



Sample Collection

Water samples were collected at 26 stations along the north–south transect P1 (13°N-40°N, 150°E) in the NP onboard the R/V Dongfanghong 3 during 6-18 November 2019 (Figure 1). General information on the sampling stations is provided in the Supplementary Material (Supplementary Table 1). Seawater samples were collected at greater water depths at 7 stations and only to the upper 2,000 m depth at 19 stations (Figure 1, Supplementary Table 1). Water was collected using 12-L Niskin bottles attached to a rosette sampler with a calibrated SeaBird CTD (model SBE 911) that recorded the water temperature, salinity, and depth profiles. After the CDT recovery, water samples for dissolved oxygen (DO) were collected first from the Niskin bottles. Immediately after sampling, samples for DO measurement were fixed by adding 1 mL of manganese chloride and 1 mL of alkaline iodide reagent. For DOC analysis, water was collected (after allowing ~100 mL to overflow) directly into a 1 L precombusted (at 550°C for 4 h) glass bottle that had been rinsed three times with in situ seawater. Water in the upper 500 m was immediately filtered through 0.7 μm Whatman GF/F filters (precombusted at 550°C for 4 h), and water below 500 was unfiltered. All samples for DOC were acidified with ultrapure 85% H3PO4 (Aladdin®) to a pH = 2 and then kept frozen at -20°C for chemical analysis.



Concentration of DOC, TDN and DO Analyses

The concentration of DOC was analyzed by HTCO methods (Sharp et al., 2002) using a Shimadzu TOC-L analyzer equipped with an ASI-V autosampler. As an important nutrient for reference, we also simultaneously analyzed the total dissolved nitrogen (TDN) in the samples. Potassium hydrogen phthalate (KHP) and potassium nitrate (KNO3) dissolved in high-purity Milli-Q water were used as the DOC and TDN standards, respectively (Ding et al., 2019; Shan et al., 2020). The quality assessments for the DOC and TDN measurements were checked against a deep seawater reference (CRM Batch 13 provided by Dr. Hansell’s Biogeochemical Laboratory at the University of Miami, USA). The instrument was calibrated using 6-point calibration curves derived from prepared DOC and TND standard solutions. Blank subtraction was carried out using Milli-Q water, which was analyzed before running each sample. The average blank of the DOC and TDN measurements was ≤ 4 μM, and the analytical precision on triplicate injections was ±3%. The DO concentration was analyzed by the traditional Winkler titration method (Bryan et al., 1976) with a precision < 2 μM.




Results


Hydrography

The water temperature, salinity, and concentrations of DO, DOC and TDN of all samples are summarized in Supplementary Table 1 of the Supplementary Material. The hydrographic parameters (temperature, salinity and density) of the 26 stations along the P1 transect are plotted as depth profiles and cross transect latitudinal distributions in Figure 2. The temperature of the surface water (5 m depth) ranged from 14.5°C to 29.4°C and was higher at low latitudes than at high latitudes. Surface water had the lowest water temperature (14.5°C) at Station P1-1 (40.04°N, 149.89°E) and the highest temperature (29.4°C) at Station P1-28 (13.00°N, 149.99°E). The water temperature decreased rapidly from the surface down to 1,500 m (<3°C) and then remained constant below 1,500 m (Figure 2A). As shown in Figure 2B, the latitudinal distributions of water temperature along the P1 transect exhibited very clear layers in the upper 1,000 m. In the KE region (36°N-40°N), low surface water temperature was largely influenced by the Oyashio Current, which brings cold subarctic water into the region (Ge et al., 2022).




Figure 2 | Depth profiles and latitudinal distributions of water temperature (A, B), salinity (C, D), and density (E, F) for stations along the P1 transect in the western NP in November 2019. The potential density data (σ0) were calculated by ODV (Schlitzer, 2015). Data from the upper 2,000 m depth of the sampling stations are shown as black dots in the depth profiles. This figure is cited in our recent publication (Ge et al., 2022).



The water salinity ranged from 33.463 to 35.044 and exhibited a reversed S shape profile (Figure 2C), i.e., lower at the surface, increasing with depth to the maximum at ~150 m, then decreasing again to 300-500 m. Water salinity remained relatively constant below a 1,500 m depth at all stations. The largest variations in water salinity were also observed in the upper 1,000 m of the water column (Figure 2). Salinities in the upper 500 m of the high latitude stations (P1-1, P1-2, P1-3 and P1-4) were lower than those at the other stations (Figure 2D). Station P1-2 had the lowest salinity (33.463), and Station P1-10 had the highest salinity (35.044) in the surface layer. The water density along the P1 transect stations was consistent with the salinity, showing dense water at high northern latitudes and low-density water at the surface at low latitudes (< 25°N) (Figure 2F). Water density was also quite constant (>34.5, σ0 ≥ 27.5) below a 1,500 m depth at all stations (Figures 2E, F).



Concentrations and Distributions of DO, DOC and TDN

Depth profiles and latitudinal distributions of the concentrations of DO, DOC and TDN for all stations are shown in Figure 3. The concentrations of DO ranged from 35 μM to 239 μM, with the highest values (164 μM to 239 μM) in the upper water layer (< 200 m) and decreasing rapidly with depth to ~ 1,000 m for all stations (Figure 3A). The largest changes in DO were seen in the upper 1,000 m depth along the P1 transect. Concentrations of DO were the highest in the upper 200 m water depth at Station P1-1 and decreased very rapidly to the lowest concentrations at 800 m. For Station P1-9, the concentration of DO was well mixed down to 500 m and then decreased to a minimum level at 1,000 m before increasing again (Figures 3A, B). The lowest DO values, ranging from 35 μM to 98 μM, were found between 700 and 1,500 m depths at all stations in the oxygen minimum zone (OMZ) and then increased with depth. The minimum values at the OMZs at high latitudes (25°N-40°N) were lower than those at low latitudes (13°N-24°N).




Figure 3 | Depth profiles and latitudinal distributions of DO (A, B), DOC (C, D) and TDN (E, F) in water samples collected from stations along the P1 transect in the northwestern NP in November 2019. Data from the upper 2,000 m depth of the sampling stations are shown as black dots in the depth profiles.



The concentrations of DOC ranged from 33 μM to 102 μM, and the depth profiles appeared more similar across all stations (Figure 3C). In general, the concentrations of DOC had maximum values in the upper 50 m, decreased from the surface down to ~1,000 m, and then remained relatively constant at levels of 33-44 μM (Figure 3C). The small concentration variations in DOC below the 1,000 m water depth among the stations most likely reflected analytical errors (4-5 μM). As plotted in Figure 3D, the latitudinal distribution of DOC along the P1 transect showed that DOC concentrations (72-102 μM) in the upper water (<55 m) at low latitudes (13°N-28°N) were significantly higher than those at other stations (63-82 μM, 29°N-40°N). Low DOC concentrations (≤ 40 μM) were seen in the entire water column below a 1,000 m depth along the P1 transect in the western NP (Figure 3D). As a comparison, we summarized the available concentrations of DOC measured in the NP Ocean from other cruises (Supplementary Table 2). Due to the different sampling sites, we summarized the concentrations of DOC into three water depths: the euphotic zone < 200 m, intermediate water depth of 200-1000 m and deep water depth >1000 m. It can be seen that the concentrations of DOC in the NP obtained in different cruises in recent 20 years are quite consistent, in general, with the same distribution patterns.

Concentrations of TDN also varied largely from 3 μM to 56 μM and the depth profiles showed an opposite trend from those of the DOC concentration profiles, with low TDN concentrations in the surface water that rapidly increased with depth (Figure 3E). The surface layer (5 m) in the P1 transect had the lowest TDN values, all of them being less than 10 μM (3-8 μM). The largest variations in TDN concentrations were seen in the upper 1,000 m at the P1-1 to P1-4 Stations at high latitude in the KE region where a significantly higher TDN was found than in other stations (Figures 3E, F). The highest values (38-56 μM) of TDN were observed between the depths of 1,000 and 1,500 m for all stations and then decreased slightly with depth.




Discussion


Vertical Distribution of DOC Along the Transect in the NP

Autotrophic production in the euphotic zone is the main source of DOC in the open ocean, while microbial mineralization is the dominant sink (Ogawa et al., 2001; Hansell et al, 2009). Biological and physical processes could both affect the level of DOC and its spatial and temporal distribution in the ocean (Hansell et al., 2009; Carlson et al., 2010; Bercovici and Hansell, 2016; Hansell and Orellana, 2021). A high accumulation of DOC (72-102 μM) was observed in the surface layer (<55 m) along the P1 transect (Figures 3C, D). The relative high concentrations and the strong gradient of DOC in the upper 1,000 m water depth along the P1 transect (Figure 3C) clearly indicates this balance between autotrophic production and microbial respiration of DOC. The fractions of LDOC and SLDOC in the upper 1,000 m represent a large flux of organic carbon in the ocean, but with rapid turnover, they constitute a very small fraction (< 1%) of the deep ocean DOC inventory (Hansell et al., 2009; Jiao et al., 2010). The results of relatively constant and low concentrations of DOC (33-44 μM, average 37 μM) found in the entire water column below 1,000 m along the P1 transect in the western NP (Figure 3B) are consistent with distribution of DOC reported for the deep NP Ocean (Hansell et al., 2009; Ding et al., 2019; Druffel et al., 2019) and the deep South Pacific (34–43 μM) (Druffel and Griffin, 2015). These uniformly low levels of DOC indicate a homogeneous distribution and a more refractory fraction presumably left behind in deeper waters in the NP (Carlson et al., 2010; Hansell and Carlson, 2013; Follett et al., 2014; Druffel et al., 2019). The old radiocarbon ages of DOC (5,900-6,300 years) in the deep waters of the KE region (Wang et al., unpublished data) provide strong evidence confirming the fraction of RDOC that has been cycled in the ocean for a long time (Williams and Druffel, 1987; Ding et al., 2018; Druffel et al., 2019; Druffel et al., 2021).

Using 37 μM as the background RDOC level in the deep NP and the DOC concentration at ~200 m as the average SLDOC level in the upper 200 m, we calculated the depth distributions of the fractions of LDOC, SLDOC and RDOC based on the concentration gradient with depth along the P1 transect (Figure 4). Considering that the LDOC with a lifetime of days to months is largely limited to the euphotic zone (Hansell and Carlson, 2001; Carlson et al., 2010; Jiao et al., 2010), the fraction of LDOC (15-35 μM) accounted for 20-40% of the bulk DOC and was respired very rapidly in the upper 200 m depth (Figure 4). The SLDOC fraction (10-20 μM) accounted for 15-20% of the surface DOC and was further exported downward and turned over at a water depth of 200-2,000 m, making it as dominant fraction reducing the vertical concentration gradient and contributing to carbon export at intermediate (to 1,000 m) and upper layer depths (Figure 4). In contrast, the RDOC fraction dominated (> 90%) the deep water DOC pool in the western NP, consistent with the previous studies on DOC in the ocean (Hansell et al., 2009; Carlson et al., 2010; Druffel et al., 2019). The small fractions of SLDOC below 2,000 m at some stations (Figure 4) are perhaps due to abiotic transformation of organic particles that could sink quickly and introduce DOC to great depths (Druffel et al., 1992; Smith et al., 2018; Lopez et al., 2020; Hansell and Orellana., 2021).




Figure 4 | Plot of the depth profiles of calculated fractions of LDOC (blue diamonds), SLDOC (green triangles) and RDOC (red squares) in water samples collected at the 26 stations along the P1 transect in the western NP in November 2019.





Correlation of DOC With Other Parameters Along the Transect

We examined other processes influencing the distribution of DOC along the P1 transect in the western NP. As shown in Figure 5, the concentrations of DOC in the upper 105 m water depth had a negative correlation with increased latitude (Figure 5A). This is strongly related to the water temperature. Positive correlations existed for DOC and water temperature in both the upper 105 m depth (R2 = 0.52, p<0.001) and below the 105 m depth (R2 = 0.81, p<0.001) along the P1 transect, as shown in Figure 5B. This influence of water temperature on DOC may stem from the high production of DOC from plankton degradation, grazing and excretion at upper water depths (Lee and Wakeham, 1988; Arıstegui et al., 2002; Hansell and Orellana, 2021; Moran et al., 2022). In deep water, a reduced microbial degradation rate at low temperatures could play an important role in affecting the concentration of DOC (Carlson et al., 2010; Hansell and Carlson, 2013). Concentrations of DOC were also well correlated with the Apparent oxygen utilization (AOU) (R2 = 0.73, p<0.001; Figure 5C) along the P1 transect. The concentrations of DOC decreased more rapidly with a rapid increase in AOU, suggesting that oxygen respiration might dominate the microbial consumption of DOC at water depths along the P1 transect. Overall O2 consumption rates are low in bathypelagic waters relative to surface waters, but total bathypelagic respiration in the dark part of the ocean is a major component of the carbon flux in the biosphere. DOC respiration accounts for only <10% of the AOU below 200 m, and the bulk of the respiration within the mesopelagic zone might be mainly supported by the flux of sinking POC (Druffel et al., 1992; Arıstegui et al., 2002). At the upper 105 m water depth where the concentration of TDN was low (<10 μM), the correlation of DOC and TDN was poor (R2 = 0.10), but it was much stronger (R2 = 0.74, p<0.001) at deeper water depths (>105 m). The concentration of DOC changed less, but TDN increased more rapidly (Figure 5D). This is consistent with the refractory nature of DOC and the production of nitrogen from the degradation of sinking POC in the deep oceans (Maita and Yanada, 1993; Hansell and Carlson, 2013). In the deep NP, hydrodynamic processes such as water mixing and circulation likely play a more dominant role in affecting the distribution of DOC, as found in other oceanic regions (Bercovici and Hansell, 2016; Beaupre et al., 2020; Ding et al., 2020).




Figure 5 | Plots of (A) concentrations of DOC versus latitude in the upper 105 m water depth; (B) concentrations of DOC versus water temperature in the upper 105 m depth and below the 105 m water depth; (C) concentrations of DOC versus apparent oxygen utilization (AOU) for water samples along transect P1; and (D) concentrations of DOC versus TDN for water samples in the upper 105 m depth and below the 105 m water depth along the P1 transect in the western NP. The lines are linear regressions that are fit to the data.





Seasonal Variations of DOC in the KE Region

The KE in the western NP is a highly dynamic region with high production and rapid hydrodynamic mixing (Isada et al., 2009; Shiozaki et al., 2014). In our previous study, we collected limited water samples and measured DOC and TDN during spring high production in May 2015 (Ding et al., 2019; 29°N-37°N, TDN data is not published). Here, we compared the seasonal distributions of DOC in November 2019 and May 2015, and plotted DOC, TDN as well as Net Primary Production (NPP) in the euphotic zone (<200 m) as a function of latitude in Figure 6. In the same region (29°N-37°N), the DOC concentrations (68-72 μM) were actually higher than the DOC values (43-63 μM) in the surface water (< 200 m) in May 2015 (Figure 6), but the DOC concentrations in the low latitudes were more accumulated than in the high latitude region (Figure 6). In contrast, the concentration of TDN was much lower in May 2015 (Figure 6B), but the NPP was much higher, especially in the high latitude KE region (up to 2,500 mg/m2/day), and less DOC was accumulated in the water column (Figure 6B). This indicated that during the high NPP spring season, dissolved N was used up rapidly and reached a very low level in the western NP. Nutrient availability, NPP and microbial degradation acted together to control the concentration and distribution of DOC in the upper water depth along the P1 transect in the NP.




Figure 6 | Plots of concentrations of DOC (red) and total dissolved nitrogen (TDN, blue) in the upper water depth (< 200 m) and net primary production (NPP, black) as a function of latitude for samples collected in (A) November 2019 and (B) May 2015. The May 2015 DOC values (Ding et al., 2019) and TDN values (unpublished data) were from our previous study. The calculated NPP was for the surface water in the 145°E -155°E, 13°N -40°N region in the northwestern NP. The NPP was calculated based on satellite chlorophyll data using a vertically generalized production model (VGPM, http://sites.science.oregonstate.edu/ocean.productivity/custom.php, Behrenfeld and Falkowski, 1997).



The temperature of the upper water (200 m) around the KE region was significantly lower in late spring than in November in 2019 (see Supplementary Figure S1), which could be caused by the variability in the Kuroshio/Oyashio system. In May, strong westerly winds in spring drive the cold and nutrient-rich subarctic water south across the subarctic-subtropical boundary (Liu et al., 2004; Isada et al., 2009; Shiozaki et al., 2014), which is related to phytoplankton blooms in the KE region (Figure 6B). The relative high contribution of the subarctic Oyashio water caused the surface water in May 2015 with lower temperature and higher density, resulting in a weak vertical stratification of the upper water column. This could not favor the accumulation of DOC in the surface layer (Hansell et al., 2009; Ding et al., 2019; Hansell and Orellana, 2021). However, our data is still limited in the KE region and further studies are necessary to gain better understanding of the production and cycling of DOC in this region.



Export of DOC in the NPIW

The formation of NPIW in the KE in the western NP is a dominant oceanographic process affecting the water movement in the NP (Yasuda et al., 1996; Talley, 1997; Itou et al., 2003; Qiu and Chen, 2011). By examining the T-S diagram (water temperature versus salinity, Figure 7 as well as the significant correlation between DOC and σ0 (Supplementary Figure S2), it demonstrates that the distribution of DOC was strongly related to water masses with different physical properties (temperature and density) along the P1 transect. As shown in Figure 7 and referred to in Figure 2E, we divided the water masses to five regions. Region A has low-density and high-temperature water at the upper 200 m depth at low latitudes (13°N-30°N) with highest DOC concentrations. Region B represents the mixed water at the upper 200-300 m depth, which also has relatively high DOC concentrations. The C region is the mixed water at depths of 300-1,000 m and represents the NPIW water mass in the western NP. Region D represents deep water below a 1,000 m depth along the P1 transect in the western NP, and this water mass has the lowest DOC concentrations. Region E represents the denser and colder water in the upper water of the KE region (36°N-40°N) that is characterized by a relative low DOC concentration.




Figure 7 | DOC concentrations superimposed on plots of potential temperature vs. salinity at the sampling stations along the P1 transect in the western NP in November 2019. The σ0 isolines are included in the figures. The five circular areas (A–E) represent different water masses with different water temperatures and densities (see discussion in the text). The color bar on the right side indicates DOC concentrations.



The newly formed NPIW in the subtropical Pacific is transported eastward at depths of 300–1,000 m (Figure 1B), and it is characterized by low salinity (as low as 33.8) and low oxygen (50–150 μM) levels and a relatively narrow density range (26.6–27.4σ0, averaging 26.8σ0; Dickson et al., 2000). The NPIW is considered to be the initial mixture of the ventilated subpolar water and subtropical water of equal densities in the mixed water region, and is considered a significant sink for anthropogenic carbon dioxide (Tsunogai et al., 1995; Yasuda et al., 1996; Qiu and Chen, 2011). The eastward transport of newly formed NPIW out of the mixed water depth was estimated at 6.1 Sv (1 Sverdrup = 106 m3/s) for 26.6–27.4σ0 (Talley, 1993; Talley, 1997). Based on the DOC concentration gradient in the density range of 26.6–27.4σ0 in our study (see Supplementary Figure S3), we estimated that the export of SLDOC from the mixed water depth could be ~100 ± 20 Tg C y-1 (1 Tg = 1012 g). These SLDOC fractions were mixed into the subtropical gyre along the NPIW circulation paths. There was a slight southward decrease in the DOC concentrations with latitude (Supplementary Figure S3), and the net export of DOC with the subduction of the NPIW water could be 26 Tg C yr-1, based on the concentration gradient between the subpolar water site (Station P1-1) and the south boundary site (Station P1-27). Microbial consumption could have significantly reduced the concentration of SLDOC as the NPIW travels southward. Ogura (1970) reported that one-third of the biological consumption of oxygen in the beginning of the newly formed NPIW was due to the oxidation of DOC. In the upper water, our results are consistent with this value (~ 30%, Supplementary Figure S3). However, in our study, there was far more oxygen consumption than what could be accounted for by DOC utilization in the subduction of the NPIW water, which accounted for only ~10% of the oxygen consumption (Supplementary Figure S3). Most of the SLDOC mineralization could have occurred at the very beginning of the water circulation of the NPIW, when the water masses met with intensive force. Other factors, such as diapycnal mixing and horizontal mixing, as well as sinking biogenic particles, could also influence the distribution of DOC (Hansell et al., 2002). As reported by Druffel et al. (1996), only approximately 7% of the sinking POC could account for the influence on the DOC at intermediate depths of the NP. We expect that the solubilization process from the sinking POC might not have a quantitatively significant influence on the changes in DOC in the NPIW water in the NP. Previous analyses of this physical system (Yasuda et al., 1996; Talley, 1997) have suggested that the NPIW was dominated by horizontal mixing. Our recent study along the P1 transect also showed different trends in temporal variations of Δ14C-DIC from north to south in the NPIW, indicating a strong influence of advection-diffusion of material at intermediate water depths (Ge et al., 2022).




Conclusion

The results of our study revealed that the concentration of DOC showed large variations in the water depth of the euphotic zone along the P1 transect in the western NP in November 2019. High levels of DOC (63-102 μM) were present in the surface water (25 m) with higher concentrations of DOC at lower latitudes (13°N-25°N) and lower concentrations of DOC at middle to high latitudes (25°N-40°N). The KE region had a high primary production but low concentrations of DOC, largely due to the rapid mixing of the water in the region. The depth profiles of DOC showed a strong vertical gradient, with concentrations of DOC decreasing very rapidly from the surface to a 200 m depth. We estimated that the LDOC fraction that accounted for 20-40% of the surface bulk DOC was respired rapidly at the upper 200 m depth, and the SLDOC fraction that accounted for 15-20% of the surface bulk DOC was exported downward and turned over at water depths of 200-2,000 m. Low concentrations of DOC (~37 μM) were uniformly distributed in deep water (>1,000 m) along the P1 transect in the western NP. In addition to these biological processes, water mixing and regional circulation could play dominant roles in modulating the distribution of DOC below the surface along this transect in the NP. The NPIW is a major transport belt that could carry ~100 ± 20 Tg C y-1 of SLDOC to great depths from the upper mixed layer. The net export of DOC with the subduction of NPIW could be 26 Tg/yr, thus serving as an important pathway of carbon cycling in the deep NP Ocean.
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