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Abstract. Oceanic dissolved organic carbon (DOC) is one of the largest carbon reservoirs on
Earth, and its distribution and behavior play important roles in carbon cycling and
biogeochemical processes in the ocean. Here, we report distribution and concentrations of DOC
for water samples collected from the shelf-edge and slope regions in East China Sea (ECS) and
the Kuroshio Extension (KE) in the northwestern North Pacific (NP) during two cruises in
2014-2015. Concentrations of DOC were 45-88 pM in the ECS and 35-65 pM in the KE. In
addition to biological processes, the distribution of DOC is largely controlled by hydrodynamic
mixing of different water masses. The intrusion of Kuroshio Current could dilute DOC
concentrations at stations in the outer shelf and slope ranges of the ECS. The inverse correlation
of DOC with apparent oxygen utilization (AOU) suggests that DOC oxidation only contributes

18% of the oxygen consumption in the ECS slope waters. In contrast, concentrations of DOC
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in the KE were significantly lower in surface waters, and a relatively low and stable DOC level
(~ 40 uM) was found in deep waters. The observed spatial variations of DOC in the upper 700
m among the stations in the KE were largely influenced by the mixing of the two water masses
carried by the two major western boundary currents: Kuroshio and Oyashio that mix and form
the KE. The hydrodynamic processes play important roles not only in the distribution of DOC
but nutrients as well, thus could have major impact to primary production and ecosystems in

the KE region.

1 Introduction

The world’s oceans contain the largest reservoir of carbon on earth, and dissolved organic
carbon (DOC) is the largest active reduced carbon pool (685 Pg C) in the ocean (Hansell and
Carlson, 1998; Hansell et al., 2009). DOC is a highly diverse organic molecular mixture in
which ~ 20,000 individual compounds have been detected (Riedel and Dittmar, 2014). Its
concentration and distribution therefore play significant roles not only in the global carbon
cycle, but also in controlling and regulating the microbial community and many biogeochemical
processes in the oceans (Azam et al., 1983; Fenchel, 2008; Carlson et al., 2010; Nelson and
Carlson, 2012). Since DOC in the ocean is directly linked to the oceanic dissolved inorganic
carbon (DIC) system through biological processes, the DOC pool in the ocean also indirectly
contributes to the sink of atmospheric CO2 (Druffel et al., 1992; Carlson et al., 1994; Carlson
et al., 1998; Hansell and Carlson, 2001; Carlson et al., 2010).

In the last 20 years, improved precision of DOC concentration analysis via the high-
temperature catalytic oxidation (HTCO) technique has revealed detailed oceanic DOC
distributions, such as those generated by the US Climate Variability Repeat (CLIVAR)
Hydrography program (Sharp et al., 1995; Sharp et al., 2002; Carlson et al., 2010; Hansell et

al., 2012; Bercovici and Hansell, 2016). In general, physical and biological processes combine
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in modulating the distribution and dynamics of DOC in open oceans (Hansell and Waterhouse,
1997; Ogawa et al., 1999; Hansell et al., 2009; Carlson et al., 2010; Bercovici and Hansell,
2016). It has been widely observed that oceanic DOC accumulates in the upper water column
(100 m) at elevated concentrations (70-90 uM) compared to its relatively constant values (35-
45 uM) in deep water (>1000 m), reflecting biological production of DOC in the euphotic zone
and microbial consumption with depth (Hansell et al., 2009). In the upper ocean, DOC
distribution displays obvious latitudinal patterns with relatively higher concentrations (65-85
uM) in the subtropical ocean above 100 m, where stratification may restrict vertical water
mixing (Abell et al., 2000; Carlson et al., 2010; Pan et al., 2014). However, in high latitude
areas, DOC concentrations remain at relatively low levels (45-60 nM) as a result of deep water
penetration that dilutes DOC concentrations (Ogawa et al., 1999; Abell et al., 2000; Pan et al.,
2014). In the deep ocean, about a 14 uM decrease in DOC concentrations was seen along the
abyssal circulation pathway from the North Atlantic to the North Pacific Ocean, due to
differences in thermohaline circulation patterns (Hansell and Carlson, 1998). Carlson et al.
(2010) later confirmed the DOC export by the Atlantic Ocean’s meridional overturning
circulation. In addition, concentrations of DOC in the deep Southern Ocean were similar to that
in the North Atlantic Deep Water (NADW) but higher than in Pacific deep water, which could
result from conservative mixing of ocean deep waters such as the Atlantic, Indian and Pacific
(Bercovici and Hansell, 2016).

The northwestern North Pacific (NP) is a very special oceanic region where carbon cycling
and biogeochemical processes are greatly influenced by two major oceanic western boundary
currents: Kuroshio Current (KC) and Oyashio Current (OC). As one of the largest marginal seas
connected to the northwestern NP, the hydrological characteristics of the East China Sea (ECS)
are largely influenced by the vigorous exchange between the warm saline Kuroshio and cold

fresh continental shelf water masses (Hsueh, 2000). Ogawa et al. (2003) reported that the
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distribution of DOC was mainly controlled by hydrological rather than by biological processes
around the shelf-edge of the ECS. After existing the ECS at 30° N, 128-129° E, the Kuroshio
Current flows northeastward and merges with the southward-flowing Oyashio Current in the
mixed water region off the coast of Japan, and finally form the Kuroshio Extension (KE)
flowing eastward into the North Central Pacific (NCP) (Yasuda et al., 1996; Talley, 1997; Qiu,
2001). The newly-formed North Pacific Intermediate Water (NPIW) in the mixed water region
has been given attention, not only its important role in the ocean circulation systems, but also
in the regional carbon cycle and climate variability (Talley, 1993; Hansell et al., 2002; Yasuda,
2003; Wu et al., 2012; Hu et al., 2015). However, few studies focused on the distribution and
dynamics of DOC around the KE region. DOC analysis from different NP stations revealed the
export of DOC accompanied with the NPIW formation and thus reduce the very old DOC '*C-
age in the Pacific Ocean interior, but vertical profiles of DOC were only determined at stations
in the subpolar water in the northwestern NP (Hansell et al., 2002). DOC observations on
WOCE (World Ocean Circulation Experiment) and CLIVAR cruises have collected at P02-Line
stations along the 30° N transection, whereas the distribution of DOC near the KE was not
investigated during these cruises.

Overall, our understanding of DOC dynamics and cycling in the outer shelf and slope ranges
of the ECS and KE region in the northwestern North Pacific is still limited, despite the previous
a few studies. We presented the results of DOC concentrations in the ECS and Kuroshio
Extension (KE) region in the northwestern NP, and combined them with the observations of
dissolved inorganic carbon (DIC) concentrations and dissolved inorganic radiocarbon (A'“C-
DIC) values, to evaluate the roles of physical mixing process on the distribution of DOC in

these dynamic ocean regions.
2 Methods

2.1 Study areas
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Water samples were mainly collected from two oceanic regions: the ECS and the KE region
in the northwestern NP (Fig. 1). The ECS is one of the largest marginal seas in the northwest
NP, with a broad continental shelf area of about 0.5x10° km? (Gong et al., 2003). In the
relatively shallow (< 60 m) and wider inner shelf region, oceanic processes are largely
influenced by the inputs of the Yangtze and Yellow Rivers, which are the largest and second
largest rivers in China, together delivering a huge amount of terrestrial organic matter into the
ECS (Wang et al., 2012; Xu et al., 2016). In the outer shelf and slope region of the ECS, it is
affected largely by the northward-flowing Kuroshio Current which impinges on the shelf break
and a branch enters the ECS (Chen and Wang, 1999; Guo et al., 2006; Hu et al., 2015; Ge et al.,
2016). The higher primary productivity and intersection of different water masses make the
ECS a complex region for studying the ocean carbon biogeochemical cycle.

The Kuroshio Extension (KE) in the northwestern NP is an important, highly dynamics
region where is largely influenced by Kuroshio and Oyashio currents. The Kuroshio Current
which carries relatively warm and saline waters flows northward along the east coast of Japan
and turns eastward at about 34° N, 140°E, then flows as the KE into the North Central Pacific
(Yasuda et al., 1996; Qiu and Chen, 2011). The southward-flowing Oyashio Current which
carries fresh and cold subarctic water meets with Kuroshio water at about 37° N and forms the
Kuroshio-Oyashio inter-frontal zone where the subarctic water mass mixes with the KE water
and flows eastward (Yasuda et al., 1996; Qiu and Chen, 2011; Hu et al., 2015). The new NPIW
is formed in the same region, and this is a mixture of relatively fresh, recently ventilated
Oyashio water and high salinity Kuroshio water (Yasuda et al., 1996; Talley, 1997; Qiu and
Chen, 2011). The mixed water region in the KE has been characterized as an important sink of
anthropogenic CO2 in the northwestern NP (Tsunogai et al., 1993), and it is a key area for
understanding regional climate and ecosystem variations, and biogeochemical cycles (Yasuda,

2003; Wu et al., 2012; Hu et al., 2015; Nishibe et al., 2017).
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Table 1. Summary of sampling stations and times in the East China Sea (ECS) and the Kuroshio

Extension (KE) in the northwestern North Pacific (NP).

Ocean Science

Discussions

Station # Latitude ("N)  Longitude ("E)  Depth (m) Sampling Date
ECS
Stn.1 28.37 126.69 177
12 July 2014
Stn.7 28.30 126.83 265
Stn.11 28.43 126.53 148 13 July 2014
Z1 28.07 127.13 1078
72 27.93 127.36 1326 14 July 2014
74 28.63 127.00 425
Z3 27.75 126.63 1415 15 July 2014
KE in NP
K2 25.10 134.02 4100 5 April 2015
B2 37.00 147.00 5586 27 April 2015
B8 30.97 146.99 6000 11-12 April 2015
B9 29.86 146.53 5500 10-11 April 2015
Al-b 32.63 145.95 4800 18 April 2015
A4 34.00 147.80 5800 25 April 2015
A6 34.02 150.04 5800 23 April 2015
A8 34.04 152.02 5500 21 April 2015

2.2 Sample collection

Water samples for DOC analysis were collected from 7 stations on the shelf-edge and slope

region of the ECS during a cruise in July 2014 onboard the Japanese R/V Shinset Maru, and

from 8 deep stations in the KE region and western NP during a cruise in April-May 2015

onboard the Chinese R/V Dongfanghong-2 (Fig. 1). General information about the sampling

stations is summarized in Table 1. All water samples were collected using 12 L Niskin bottles

deployed on a rosette with a calibrated SeaBird CTD (model SBE 911) that recorded the

temperature and salinity profiles. The accuracy of temperature and salinity is 0.001 ° C and

0.001, respectively.

After collection, water samples from the Niskin bottle were transferred directly intoa 1 L

pre-combusted (at 550° C for 4 h) glass bottle after being rinsed three times. The water was

6
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filtered immediately through 0.7 uM pore size Whatman GF/F filters (prebaked at 550° C for 4
h) on board. The filtered water samples were acidified with super-high-purity 85% H3PO4

(Aladdin®) to pH = 2 and preserved frozen at -20° C until chemical analysis.
2.3 Chemical analysis

Concentrations of DOC were analyzed by the high temperature catalytic oxidation (HTCO)
method (Sharp et al., 1995; Sharp et al., 2002) using a Shimadzu TOC-L analyzer equipped
with an ASI-V autosampler. Potassium hydrogen phthalate (KHP) dissolved in high purity
Milli-Q water was used as DOC standard. The quality assessment for DOC measurements was
checked against reference low-carbon water and deep sea water (provided by Dr. Hansell at
University of Miami, USA). Instrumental blank was subtracted using high purity Milli-Q water
that was analyzed before every five samples (before each sample for the deep seawater station).
Average blank of DOC measurement was < 5 puM, and the analytic precisions on triplicate
injections were + 3%, respectively. All samples were analyzed in duplicate and average values
were reported.

The methods for DIC concentrations and A*C-DIC measurements have been described in
detail in separated papers for the samples collected during the same cruise (Ge et al., 2016;
Ding et al., 2018). Briefly, DIC concentrations were measured using a Shimadzu TOC-L
analyzer with the total IC mode. Sodium carbonate and sodium bicarbonate dissolved in Milli-
Q water were used as DIC standard, and the concentration values were checked against DIC
reference materials (deep sea water) for quality assessment (provided by Dr. Dickson at Scripps
Institution of Oceanography). Total blanks was about < 0.15% of seawater DIC concentrations,
and the analytic precisions were < 3%. For '“C-DIC measurement, DIC was first extracted as
gaseous CO:z using our modified method with extraction efficiencies > 96% (Ge et al., 2016).
The '“C-DIC values were analyzed in the National Ocean Sciences Accelerator Mass
Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institution (WHOI). The

7
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purified CO2 was graphitized for A'C analysis using AMS. A*C values are reported as the
modern fraction based on the reference material used (McNichol et al., 1994). The conventional
14C ages (years before present, or yr BP) were calculated following Stuiver and Polach (1977).
The total uncertainty is 6%o or better, tested with a DIC standard (Ge et al., 2016).

In addition to DOC and DIC analyses, dissolved oxygen concentrations for the ECS stations
(not measured for the Kuroshio Extension stations) were measured using a Seabird oxygen
sensor (SBE43, Sea-Bird Electronics, Inc) with the accuracy of 0.01mL/L. The sensor was pre-
calibrated using the concentration that was determined by the Winkler method. The relationship
between the Winkler oxygen concentrations and the SBE43 sensor values was evaluated using
a regression analysis, we then applied the regression equations to describe the dataset due to
the small drift of the dissolved oxygen sensor over the cruise. Finally, apparent oxygen
utilization (AOU) was determined by subtracting observed dissolved oxygen concentration

from its saturated solubility at in situ potential temperature and salinity.
3 Results
3.1 Hydrographic profiles

Hydrographic parameters of the sampling stations (temperature and salinity) recorded with
the CTD were summarized in Table S1 in the Supporting information, and the depth profiles
were plotted in Fig. 2. Because our study involved two distinctive oceanic regions, we plotted
the hydrographic depth profiles for stations in the ECS and KE regions separately.

As shown in Fig. 2a for the 7 shelf-edge and slope stations in the ECS, the water temperature
was higher (26.3-29.3° C) in the surface (<10 m) and decreased rapidly with depth at all stations
(Fig. 2a). In general, for the four shallow stations (Stns. 1, 7, 11 and Z4), the temperature (7)
were lower than the three slope stations (Z1, Z2 and Z3). The salinity ranged from 33.88 to

34.87 and exhibited opposite profiles from T as a reversed S-shape: lower in the surface,
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increasing with depth to 180 m, and decreasing again to 500 m. The salinity (S) remained
relatively constant below 500 m depth for the three slope stations (Fig. 2b).

For Sta. K2 and the seven deep stations in the KE, temperature (7) in the surface water ranged
from 14.7 to 24.4° C and exhibited rapid decrease with depth till 1500 m and then remained
constant for all stations (Fig. 2¢). The largest temperature variations occurred in the upper 700
m with highest 7' (24.4° C) observed at Sta K2 and lowest 7' (14.7° C) at Sta B2 in the surface
layer (5 m). Profiles of temperature for the other six stations (Stas. Al-b, A4, A6, A8, B8 and
B9) in the KE region showed less variation and decreased similarly from the surface (17.5-
20.7°C) to 1500 m (about 2.5° C) and then remained constant in the deeper depth (Fig. 2c).
Salinity (S) for these stations exhibited higher in the surface and decreased initially to reach
minimum, and then increased with depth to about 2500 m (Fig. 2d). The salinity for all stations
remained relatively uniform below 2500 m. Like 7, the largest differences in S profiles also
appeared in the upper 700 m water column where low salinity (34.49) was observed in the
surface of Sta B2. The salinity decreased to 33.66 around 250 m and then increased to values
similar to the other stations at 2500 m. Salinity profiles for the rest seven stations (Stas. K2,
Al-b, A4, A6, A8, B8 and B9) showed less variation in surface layers (5m) (34.76 to 34.98),

and Sta K2 had the highest S (34.98) in the surface among all stations, respectively (Fig. 2d).

3.2 Concentration and distribution of DOC

Concentrations of DOC ranged from 45-88 uM in the ECS and 35-65 uM in the KE region
(Fig. 3 and Table S1). As plotted in Fig. 3a, the concentrations of DOC ranged from 55-88 uM
for the four shelf-edge stations (Sta. 11, 1, 7 and Z4) and from 45-84 uM for three slope stations
(Stas. Z1, Z2 and Z3) in the ECS, respectively. Concentrations of DOC showed fewer variations
(71-81 uM) in the surface water among these stations, and decreased nearly parallel with depth
down to 45-54 uM at 1000-1400 m depth (Fig. 3a). For stations Stn. 1 and Z1, a DOC sub-

maximum in the depth of ~ 50 m was observed.
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In comparison, the concentrations of DOC in the KE region showed spatial variations (43-
65 uM) in the surface water (5 m) with highest value at Sta. B2 and lowest value at Sta. K2,
and they decreased with depth even though the trend exhibited some variations among the
stations (Fig. 3b). In the upper 200 m depth, concentrations of DOC showed a very rapid
decrease from 53 uM to 38 uM at Sta A4. DOC concentrations (36-53 uM) were significantly
lower at Sta A4 and Sta B2 than at the other stations in the upper 700 m depth, whereas
concentrations were slightly higher in 500 m-800 m depth at Sta B8 and Sta AS8. The depth
profiles showed that DOC concentrations decreased to much lower levels (36-44 pM) at all

stations below 1500 m depth and remained constant in the deep waters (Fig. 3b).
4 Discussion
4.1 Process controlling DOC distribution in the ECS

In this study, the concentrations of DOC measured in the shelf-edge and slope waters are
comparable with the values reported previously for the ECS (Hung et al., 2003; Ogawa et al.,
2003; Gan et al., 2016). The distribution of DOC in the shelf-edge and slope range of ECS
appeared to be primarily controlled by physical processes rather than production and/or
microbial processes as manifested by a statistically positive correlation between DOC and water
temperature (R?= 0.82, p < 0.001 in Fig. 4a). Similar findings have been obtained by previous
studies focused on different regions in the ECS (Hung et al., 2003; Ogawa et al., 2003) and
other marginal seas of the NP (Hung et al., 2007; Dai et al., 2009). In our recent study, we have
reported that the depth concentrations of DIC and A*C-DIC values in the ECS slope and the
KE region showed conservative behavior and could be used as tracers of water mass movement
and water parcel homogenization as predicted by the solution mixing model (Ge et al., 2016;
Ding et al., 2018). In Fig. 4b, we examined the correlations of DOC and DIC concentrations in

the ECS. Overall, the negative relationship between DOC and DIC in the ECS (R*>=0.73, p <
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0.001) further indicated that physical processes (such as horizontal and vertical water mixing)
influenced the distribution and variation of DOC in the shelf break and slope region of the ECS.

Although river inputs play an important role in the ECS, our sampling stations are not likely
affected by freshwater input from the Yangtze River, according to the high salinity without any
freshwater dilution signals in Fig. 2b. The DOC depth profiles for the shelf-edge and slope
stations as shown in Fig. 3a followed a typical trends as DOC depth profiles observed in open
oceans. Around the shelf-edge of ECS, the vigorous exchange between the warm saline
Kuroshio and cold fresh continental shelf water masses would largely affect the hydrographical
characteristics (Hsueh, 2000). Physical models and chemical tracers have provided clear
evidence of the intrusion of upwelled Kuroshio intermediate water (500-800 m) into the ECS
shelf region (Yang et al., 2011; Yang et al., 2012; Ge et al., 2016). To further demonstrate the
influence of different water masses mixing on the hydrological properties, Figure 5 compared
the transectional distributions of density (ct), DOC/DIC concentrations and A'*C-DIC for the
seven stations. The transectional distribution of density (ot) plot (Fig. 5a) showed the water
mass in the studied area is composed of mixed Kuroshio and shelf waters. It appeared likely
that the influences of Kuroshio intermediate water (500-800 m) on the bottom water at stations
Z4 and Stn. 11, which brought low concentrations of DOC, and high concentrations and low
A'%C values of DIC, and which would dilute DOC concentrations at Stn. 11 and Z4 relative to
the slope waters below 100 m depth (Figs. Sb-5d). However, it seemed that this upwelling
intrusion had almost no effect on the surface water (<100 m depth) for the shelf stations. As
shown in Fig. 5d, the well mixed shelf water could not only contribute to the '*C-depleted DIC
signature in the upper 100 m layer at station Z4, but also elevate DOC concentrations, as
compared with the DOC levels in the upper waters at the other three slope stations (Stas. Z1,
Z2 and Z3) influenced by the Kuroshio Current (Figs. 3b and 5b). The river influence and inner

shelf export of DOC appeared to be limited in the deep slope stations. The intrusion of Kuroshio



Ocean Sci. Discuss., https://doi.org/10.5194/0s-2018-78 .
Manuscript under review for journal Ocean Sci. Ocean Science
Discussion started: 10 September 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290

291

intermediate water could reflect a smaller-scale or eddy effect rather than a large-scale influence
beyond Stn. 11 and Z4 (Figs. 5¢ and 5d) (Ge et al., 2016), and it is therefore that the DOC levels
at other two shelf stations (Stn. 1 and Stn. 7) were not decreased significantly below 100 m
depth (Fig. 5b). Calculation based on the A*C-DIC values showed that about 54-65% of the
bottom water in the shelf region was from the intrusion of Kuroshio intermediate water (Ge et
al., 2016). If we use the two end-member mixing model as reported by Ge et al. (2016), the
conservative concentrations of DOC could then be calculated in the range of 65-68 uM which
was slightly higher but comparable with the observed DOC values in the bottom waters at Stn.
11 and Z4 (56-61 uM). The negative values (ADOC) between the measured and conservative
DOC concentrations could represent the biological consumption effects superimposed on the
water physical mixing processes around the shelf-edge and in the slope of ECS.

In addition to DOC analyses, apparent oxygen utilization (AOU) for the ECS stations was
determined by subtracting observed dissolved oxygen concentration from its saturated
solubility at in situ potential temperature and salinity. The statistical correlation plotted in Fig.
6 is used to estimate the relationship between DOC and AOU in the ECS. The linear regression
slope value (0.132) we obtained for the seven stations (R?= 0.77, p < 0.001, Fig. 6) and the
slope values (0.085 to 0.231) obtained in many coastal studies were all well below the
stoichiometric molar ratio predicted from Redfield stoichiometry (-AC/A02=0.72, (Anderson,
1995)). This suggests that only a small fraction (~18%) of the dissolved oxygen consumption
was derived from DOC remineralization in the ECS coastal waters. Previous studies have
suggested that the remineralization of sinking POM could also contribute part of the dissolved
oxygen consumption in ocean waters (Doval and Hansell, 2000; Hung et al., 2007; Pan et al.,
2014). However, an alternative explanation considers the mixing of different water masses
rather than remineralization of DOC could be important in controlling the apparent correlation

between DOC and AOU in coastal waters (Guo et al., 1994; Thomas et al., 1995). This could
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also be the case in the ECS as well and make a significantly statistical correlation between AOU
and temperature (R?= 0.95, p < 0.001). However, this scenario needs to be further evaluated

based on more sampling stations and results.
4.2 Process influencing DOC profiles in the Kuroshio Extension

In general, biological and physical processes could combine in controlling DOC profiles in
open oceans (Hansell and Waterhouse, 1997; Ogawa et al., 1999; Hansell et al., 2009; Carlson
et al., 2010; Bercovici and Hansell, 2016). Attributed to the low concentration of nitrate and
silicic acid, primary production during spring was low in the KE region (Nishibe et al., 2015).
Moreover, very low levels of available dissolved nitrogen (<4 uM) were observed in the region
(unpublished data) during the same cruise in spring (April-May 2015). The relatively lower
surface DOC concentrations (average 57+7 uM) could be thus due to the low primary
production during sampling in the spring season. Despite the low DOC concentrations in the
region, however, we observed the interesting feature of relatively large DOC concentration
variations among these stations, especially in the upper 1500 m (Fig. 3b). For example,
concentrations of DOC in the upper 100 m depth at Sta B2 and A4 located north of and around
the KE were significantly lower (average 43+5 uM), close to the deep water values (ca. 36-44
uM, average 39+3 pM), while elevated concentrations of surface DOC (61-65 uM) prevailed
at Sta K2 located far south of KE and the other five stations (54-63 uM, Stas A1-b, B§, B9, A6
and A8), with values 28% higher than average. In the KE region, primary production is largely
affected by advection along the KE meander and differed among representative areas in spring,
which is high in the northern edge and around the axis (Nishibe et al., 2015). In addition, surface
mooring data from the NOAA Kuroshio Extension Observatory (KEO) indicated that physical
processes dominate carbon input to the mixed layer at KEO (Fassbender et al., 2017). We thus
speculate that the low DOC levels at Sta B2 and A4 were not likely directly related to the low

primary production, and instead, the observed large spatial variations were mainly modulated
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by the mixing dynamics of different water masses rather than biological processes in the region.

Hydrodynamic controls can be evaluated most directly by comparing DOC concentrations to
variables of hydrographic properties. In Figs. 4c and 4d, we examined the correlations of DOC
concentrations with water temperature and DIC concentrations in the KE region, respectively.
Overall, there is a positive relationship between DOC concentrations and temperature in the KE
(Fig. 4c, R?2=0.62, p <0.001), and a negative correlation between DOC and DIC concentrations
(Fig. 4d, R? = 0.51, p < 0.001). These observed correlations of DOC concentrations and
hydrographic variables indicate the major role of physical water mixing affecting the DOC
distribution in the KE region in the northwestern NP. In order to examine the distribution of
DOC with different water masses in the KE region, we plotted DOC and DIC concentrations
and AC-DIC values superimposed on the plots of potential temperature (¢) and salinity in Fig.
7. It can be seen that the distributions of both DOC, DIC and A'*C-DIC were clearly associated
with different water masses as identified by the potential water density (co). Higher levels of
DOC were associated with lower DIC concentrations and high A*C-DIC values presented in
lower density waters (co < 25.5, water mass A), while lower levels of DOC were associated
with higher DIC concentrations and low A*C-DIC values presented in denser waters (60> 27.0,
water mass C) (Fig. 7). The denser water mass likely originated from the subarctic gyre which
had low temperature and salinity; and were transported by the south-flowing Oyashio Current
along the western boundary to the KE region. The lower density water mass with high
temperature and salinity, however, were transported by the northeast-flowing Kuroshio Current
and mixed with Oyashio Current in the KE region (Figs. 2¢ and 2d).

Many results suggested that the hydrodynamic process such as the deep vertical convection
possibly affected the DOC accumulation within the surface waters in the high latitude, despite
high primary production (Ogawa et al., 1999; Ogawa and Tanoue, 2003). Considering the

relatively lower temperature (< 15° C) and salinity (< 34.5) in the upper 700 m (Figs. 2c and
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2d), Sta B2 was mainly affected by the intrusion of cold and fresh subarctic water transported
by the southward-flowing Oyashio which also carried lower concentrations of DOC. In contrast,
in spite of nutrient-depleted and low primary productivity in the subtropical gyre, the physical
stability such as the water column stratification could restrict the vertical mixing of the surface
and deep water, which provided environments for DOC accumulation in the surface layer. The
relatively higher DOC level in the upper 200 m at Sta K2 was influenced by the northeastward-
flowing Kuroshio, which carries a subtropical warm, high-salinity water mass in upper layers
as demonstrated in Figs. 2¢ and 2d. Hydrographic properties and DOC profiles of the other five
stations (Al-b, B8, B9, A6 and A8) in the KE region showed similar patterns with Sta K2,
suggesting that the Kuroshio water dominated the mixing at these stations. This can be
demonstrated more clearly in Fig. 8 when we plotted the salinity, DOC and DIC concentrations
and A™C-DIC values for the five stations (B2, A4, Al-b, B8 and B9) as a cross KE transect
from north to south. It can be seen that the Kuroshio, which carries relatively high DOC,
dominated stations B9, B8 and A1-b from ~ 200-1500 m depth. The Oyashio, on the other hand,
carrying low salinity, low DOC but high DIC concentrations, and low A C-DIC values
subarctic intermediate water, influenced the entire water column at Sta B2 and intruded upward
affecting the upper 100-700 m water column of Sta A4, and mixed with the Kuroshio water to
form the KE water mass. The unstable mode of the KE could generate active water-mass
changes between the south and the north of the KE, thus enhancing meso-scale eddy activities
and allowing ocean recirculation formation around the region (Qiu and Chen, 2005; Qiu and
Chen, 2011; Ma et al., 2016). This unstable KE mode could transport the fresher Oyashio-origin
water southward through meso-scale eddies (Qiu and Chen, 2011), influencing the chemical
and biological processes in the KE region. Using dissolved inorganic radiocarbon
measurements (A'*C-DIC), we also demonstrated the same strong influence of the southward

Oyashio-transported subarctic intermediate water mass via meso-scale eddies, which cause the
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significantly low A'*C-DIC values at stations B2 and A4 in the upper 700 m depth (Ding et al.,
2018). The ratios of Oyashio water to Kuroshio water mixing for the five stations (B2, B8, A4,
A8 and B9) were obtained by mass balance calculations based on the selected two end-member
AM™C-DIC values in the AC-DIC Keeling plot analysis (Fig. 9) (Ding et al., 2018). If we
considered the distribution of DOC is controlled mainly by hydrodynamic mixing in the KE
region, the conservative concentrations of DOC could then be calculated by using the two water
masses mixing model derived from the A'*C-DIC values, within the range of 40-56 uM. The
difference between the measured and conservative DOC concentrations (ADOC) represent
other biological processes secondly modulated DOC in the KE region. For example, positive
ADOC values (~ 6 uM) at Sta B8 indicated net DOC increase from biological processes,
accompanying with relative low DIC concentrations shown in Fig. 8c. The recirculation gyre
just south of the KE has been found to exhibit some of high production rates in winter-spring
season in the North Pacific due to the entrainment of nutrient-rich water during deep winter
mixing (Yasunaka et al., 2013; Yasunaka et al., 2014).

Concentrations of DOC in deep waters in the KE region were low, in the range of 36-44 uM,
comparable with the values reported for the deep North Pacific (Druffel et al., 1992; Hansell
and Carlson, 1998; Hansell et al., 2009) and the deep South Pacific (34-43 uM) (Doval and
Hansell, 2000; Druffel and Griffin, 2015), but slightly lower than the values in the North
Atlantic (40-48 uM) (Carlson et al., 2010; Druffel et al., 2016). These uniformly low levels of
DOC indicate the homogeneity distribution of deep water and the more presumably refractory
DOC left behind in deeper waters in the KE and North Pacific (Carlson et al., 2010; Hansell et
al., 2012; Follett et al., 2014). Radiocarbon measurements of DOC collected in the KE indicate
that the '“C ages of DOC in the deep water was ~ 6,200 years old (Wang, unpublished data),
similar to the DOC ages in the deep NP (Druffel et al., 1992) and support the refractory nature

of DOC in the deep KE. The lower deep DOC concentrations in the North Pacific relative to
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the North Atlantic could be due to the differences in thermohaline circulation patterns as
proposed by Hansell et al. (1998), which presented changes in the deep-ocean DOC

concentrations along the abyssal circulation pathway.

5 Summary

The results of our study indicate that the concentration of DOC ranged from 45-88 uM in the
outer shelf and slope range of ECS and 35-65 uM in the KE region. The distribution of DOC
in the shelf-edge and slope range of the ECS was largely controlled by physical mixing
processes of Kuroshio and ECS shelf waters. The upwelling intrusion of Kuroshio intermediate
water could dilute the DOC concentrations at stations around the shelf break region of the ECS.
The inversely correlated DOC and AOU suggested that DOC oxidation only contributed 18%
of the oxygen consumption in the water column, and the distributions of DOC and AOU were
both mainly controlled by the physical process in the slope waters of the ECS.

In comparison, concentrations of DOC in the KE region were significantly lower in the
surface layer. DOC in the deep water of the KE had similar and comparable values as reported
for the deep north and south Pacific. The large spatial variations of DOC in the upper 700 m
among the stations in the KE were influenced mainly by the hydrodynamic mixing of two
different water masses. The Kuroshio which carries warm and relatively higher DOC, and the
Oyashio which carries cold and fresh subarctic intermediate water with lower DOC, mix to
form KE. This mixing dynamics could have a major influence not only on primary production

but biogeochemical processes as well in the KE region.

Data availability. All data used in this study will be freely available, for scientific use only,

upon request. Anyone interested in using this data set for scientific research should contact the
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619  Figure 1. Map showing the study region and the sampling stations in the ECS and in the
620  northwestern North Pacific (NP) during two cruises in 2014-2015 described in the text. Two
621  major western boundary currents, the northeastward-flowing Kuroshio and southward- flowing
622  QOyashio, meet and form the Kuroshio Extension (KE) flowing eastward to the North Central
623 Pacific (NCP).
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Figure 2. Water temperature and salinity profiles for the stations studied. (a, b) seven shelf to

slope stations in the ECS; (c, d) eight deep stations in the northwestern NP.
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Figure 3. Depth profiles of DOC concentrations measured for the stations (a) in the ECS and
(b) in the northwestern NP during the two cruises in 2014-2015. Note: the depth scale below
1500 m has been reduced in (b).
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639  Figure 4. Correlation of DOC concentrations with water temperature and DIC concentrations
640  for stations sampled in (a, b) the ECS and (c, d) the KE. The solid lines are linear regressions
641  fit to the data.
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646  Figure 5. Transectional distributions of (a) density (Sigma-t, ot), (b) DOC concentrations, (c)
647  DIC concentrations and (d) A'*C-DIC values for the sampling stations covered the shelf-edge
648  and slope range of ECS during the cruise in July 2014. Black dots indicate depths where
649  samples were collected. Note: Distributions of density and DOC concentrations include seven
650  stations, whereas DIC concentrations and A'*C-DIC values were only for six stations due to the

651  lack of data at Sta. Z3 (Ge et al., 2016).
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Figure 6. Plot of concentrations of DOC vs. AOU (apparent oxygen utilization) for stations in
the ECS. Solid line represents the least-squares fit to the data. The generated Model II geometric

mean regressions (slope) for the stations were given in the main text.
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Figure 7. Plot potential temperature () vs. salinity with (a) DOC concentrations, (b) DIC
concentrations and (c) A'"*C-DIC values (indicated as the colors of points) associated with the
potential water density (co) for eight stations in the northwestern North Pacific (NP). The
circular areas represented different water masses as (A) lower density water in the upper 300 m
depth with higher DOC concentration, lower DIC concentration and enriched A*C-DIC; (B)
mixed intermediated water in 500-800 m water depth; and (C) denser NP deep water below
1000 m depth. Note: DOC concentrations were measured for all stations, whereas DIC results

from Ding et al. (2018) were only measured for six stations except Stas. A1-b and A6.
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670  Figure 8. Transectional distributions of (a) salinity, (b) DOC concentrations, (c) DIC
671  concentration and (d) A'C-DIC values for stations sampled cross the Kuroshio Extension (KE)
672 in the northwestern NP. Black dots indicate depths where samples were collected. Note: Salinity
673  and DOC concentrations were measured for five stations (B9, B8, Al1-b, A4 and B2), whereas
674  DIC concentrations and A'*C-DIC values were only for four stations due to the lack of data at

675  Sta. Al-b (Ding et al., 2018).
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Figure 9. Keeling plot of A'*C-DIC vs. concentration of [DIC]"! measured for six stations (B9,

B8, A4, A8, B2 and K2) in the northwestern NP. Red-filled triangles and green-filled circles

denote the Kuroshio water and the NPIW of Oyashio mentioned in Ding et al. (2018). The line

is the linear regression fit to all data points.
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