
1.  Introduction
The oceans represent a significant sink for atmospheric CO2, acting as the largest pool of exchangeable carbon 
in the world. Globally, approximately 39,000 GtC of total carbon is stored in the ocean, up to 95% of which is 
in the form of dissolved inorganic carbon (DIC; Key et al., 2004; Schuur et al., 2016). Each year, approximately 
30%–40% of anthropogenically produced CO2 is absorbed by the ocean through air-sea exchange and dissolved 
as DIC in the ocean (Gruber et al., 2009; Lemke et al., 2007). The variability in DIC in the ocean is controlled 
not only by air-sea exchange (Tsunogai, 2000; Winn et al., 1998) but also by changes in ocean circulation and 
biological activities (Gruber, 2011; Tsurushima et al., 2002; Wakita et al., 2010). The distribution and cycling of 
DIC in the ocean therefore play crucial roles in the global carbon cycle and in climate change (Key et al., 2004; 
Valsala et al., 2012; Yasunaka et al., 2014).

Radiocarbon (14C) natural abundances have been used in studies of marine carbon cycling to determine the 
sources, residence times, transformations, and interactions of both organic and inorganic carbon reservoirs (Bau-
er et al., 1992; Druffel et al., 1992; Key et al., 1996; McNichol et al., 2000; Stuiver et al., 1996; Williams & 
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Druffel, 1987). The first global survey of oceanic 14C in DIC in the Pacific Ocean was conducted during the 
Geochemical Ocean Sections Study (GEOSECS) in the 1970s, and the second survey was conducted during the 
World Ocean Circulation Experiment (WOCE) in the 1990s; monitoring was subsequently continued during the 
Climate Variation and Predictability Program (CLIVAR) in the 2000s. These successful international cooperative 
research efforts have collected many DIC samples from the global ocean and have generated the largest current 
database of information on 14C-DIC in the world ocean (Broecker et  al.,  1995; Key et  al.,  1996; Kumamoto 
et al., 2013; McNichol et al., 2000; Sarnthein et al., 2013; Stuiver et al., 1983, 1996). The radiocarbon results 
obtained in these previous joint international studies have provided great insight that enhances our understanding 
of the oceanic carbon cycle and of ocean circulation processes linked to climate variability (Broecker et al., 1995; 
Druffel et al., 2008; Key et al., 2004; Kumamoto et al., 2013; Sarnthein et al., 2013; Stuiver et al., 1983).

Early radiocarbon measurements of DIC in seawater revealed transit times of hundreds to thousands of years for 
the deep-water masses in the world’s oceans (Bien et al., 1963; Broecker et al., 1960; Stuiver et al., 1983). Due 
to the movement of water masses, the DIC ages in the deep North Pacific (NP) Ocean have been found to be 
∼2,000 14C years BP (before present), much older than the North Atlantic Ocean DIC 14C ages (∼650 years BP; 
Druffel et al., 2008). The penetration of bomb 14C derived from nuclear weapons tests in the late 1950s and early 
1960s has provided information about air-sea gas exchange and thermocline circulation in the ocean (Druffel 
et al., 2008; Key et al., 2004; Kumamoto et al., 2013). The bomb 14C in surface water enters the atmosphere 
through CO2 gas exchange and penetrates the ocean interior by water advection and diffusion. High surface 14C 
values in DIC due to exchange with atmospheric CO2 have been mixed to a depth of at least 1000 m in most areas 
of the world’s oceans (Druffel et al., 2008; Key et al., 2004; Kumamoto et al., 2013).

The Pacific Ocean is the largest and deepest ocean in the world. The NP Ocean is an important, highly dynamic 
region that accounts for ∼25% of the annual CO2 global ocean sink from the atmosphere (Takahashi et al., 2009), 
and most of the carbon absorption of this region occurs across a swath of the basin (30°–45°N) at the junction 
of the subtropical gyre and the subarctic region. The Kuroshio and Oyashio Currents, as well as the Kuroshio 
Extension (KE) formed by the mixture of these two currents, are the most important currents within the complex 
circulation system in the northwest NP Ocean. The KE is a highly dynamic region where the Kuroshio and Oyas-
hio Currents meet and influence the hydrology and chemical properties of the resulting water mass (Tsunogai 
et al., 1995; Tsurushima et al., 2002). The KE region has been reported to be the strongest sink of atmospheric 
CO2 in the NP Ocean (Takahashi et al., 2009).

During recent decades, several studies have been conducted using 14C as a tracer to assess the carbon cycle, the 
regional climate and the spatial and temporal variability of circulation processes in the NP Ocean. The decadal 
changes in bomb-produced 14C measured in DIC in the NP from the 1990s to the 2000s showed that bomb 14C was 
transported from the subarctic zone to the subtropical area of the NP (Kumamoto et al., 2002, 2013). Moreover, 
the turnover time of thermocline circulation in the northwestern subtropical region is faster than that in the south-
ern subtropical region due to the transport of North Pacific Intermediate Water (NPIW; Kumamoto et al., 2013). 
Tsunogai et al. (1995) found that the temporal change in radiocarbon at the lower isopycnal surface of the NPIW 
in the western NP is smaller than would be expected based on the DIC increase, indicating active isopycnal mix-
ing (Tsunogai et al., 1995). DIC and Δ14C values, which are relatively conservative tracers, have been used to 
research water mass movement and mixing in the NP Ocean (Beaupre & Aluwihare, 2010; Ding et al., 2018; Ge 
et al., 2016). In our previous study, we found that the large variability in Δ14C values in the upper 500-m water 
layer in the KE region was related mainly to the Oyashio Current, which carries water with high DIC concentra-
tions and low subarctic intermediate water with low Δ14C values, and the Kuroshio Current, which carries water 
with relatively lower DIC Δ14C values to the region (Ding et al., 2018); these observations indicated that different 
water masses and circulation mixing play important roles in controlling the distribution of both DIC and Δ14C.

In this paper, we present new Δ14C-DIC results for water samples collected in 2019 from a north-south transect, 
P1 (13°–40°N, 150°E), in the northwestern NP Ocean (Figure 1). This is a transect close to those that were in-
vestigated during repeated hydrographic cruises associated with the WOCE study (line P10, ∼149.3°E) in 1993 
(Key, 1996; Key et al., 2004; McNichol et al., 2000; Stuiver et al., 1996) and during the CLIVAR cruise (line 
P10N, ∼149.3°E) in 2005 (Kumamoto et al., 2013). Comparison of the data obtained during the three cruises 
conducted along these close transects in the western NP in 1993, 2005, and 2019 enables us to evaluate the dec-
adal changes in DIC concentrations and 14C compositions in the western NP and to gain knowledge about the 
carbon cycles linked to water circulation and mixing processes in the western NP.
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2.  Methods
2.1.  Study Region

The study area lies in the western NP Ocean (Figure 1), where wind-driv-
en currents are the most dominant characteristics (Hu et  al.,  2015; Ma 
et al., 2016). The Kuroshio and Oyashio Currents are the western boundary 
currents in the wind-driven, subtropical and subarctic circulations of the NP, 
and they greatly influence the climate, ecosystems, and carbon cycle in the 
western NP and adjacent waters. The Kuroshio is characterized by saline, 
warm, and oligotrophic waters of the subtropical gyre; it transports waters 
from the northern Philippines, the area east of Taiwan Island, and along the 
continental slope of the East China Sea (ECS) and the southern coast of the 
Japanese Archipelago and then flows eastward to the open basin of the NP, 
where it is renamed the KE Current (Hu et al., 2015; Takahashi et al., 2009). 
The Oyashio Current, in comparison, is characterized by cold water, low sa-
linity, and high nutrient levels and is formed by a mixture of upwelled waters 
from the western subarctic gyre and waters of the Sea of Okhotsk. At approx-
imately 34°–37°N, the Oyashio front meets the KE Current and forms the 
Kuroshio-Oyashio interfrontal zone, where the subarctic water mass mixes 
with the relatively warm and saline KE water, and the mixed waters then flow 
eastward (Hu et al., 2015; Qiu & Chen, 2011; Rogachev et al., 2000; Yasu-
da, 2004; Yasuda et al., 1996). The Kuroshio-Oyashio interfrontal zone is the 
most dynamic region in the NP with respect to sea surface height, eddy activ-
ity, and sea surface temperature (SST) and is the region in which the largest 
heat loss from the ocean to the atmosphere occurs (Qiu & Chen, 2011).

NPIW circulation is generated around the Okhotsk Sea due to tidal-induced 
diapycnal mixing and dense shelf water formation accompanied by sea ice 

formation and 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 intrudes into the intermediate layer of warm and salty subtropical (Kuroshio) water. The mixture of these 
two end members forms a new NPIW that is characterized by a vertical salinity minimum at a potential density of 
26.3–27.2σθ (Talley, 1993; Tally & Lynne, 1997; Tsunogai et al., 1993; Yasuda et al., 1996). The NPIW is impor-
tant with respect to anthropogenic carbon dioxide because the subarctic water mass that is richer in anthropogenic 
carbon dioxide is transported to the south and widely distributed in the intermediate layer of the NP subtropical 
gyre (Qiu & Chen, 2011; Tsunogai et al., 1993; Yasuda et al., 1996).

The deep ocean occupies a major part of the marine system. The deep circulation of the world ocean plays a large 
role in the carbon cycle by transporting greenhouse effect gases. Changes in the resident water masses, in their 
rates of ventilation and in the relative rate of regeneration of biogenic carbon could influence the magnitude of 
carbon storage. The deepest part of the global overturning circulation is Antarctic bottom water (AABW). As 
the near-bottom water mass enters the NP from the south, it gains buoyancy via vertical mixing; it thus rises to 
the middle of the water column and returns south as Pacific deep water (Macdonald et al., 2009; Talley, 2013).

2.2.  Sample Collection

The water samples used in DIC analyses were collected at 26 stations along transect P1 (13°–40°N, 150°E) in the 
western NP during a cruise on R/V Dongfanghong 3 in November 2019 (Figure 1). General information about 
the sampling stations is provided in Table 1. Seawater samples were collected along the entire water depth at 
7 stations and from only the upper 2,000-m layer at 19 stations. Water was collected using 12-L Niskin bottles 
attached to a rosette sampler with conductivity, temperature, and depth sensors that recorded the temperature and 
salinity profiles. For DIC water collection, we used the protocol described by McNichol and Jones (1991). Water 
was collected (after overflowing ∼100 mL) in prebaked 100-mL glass bottles with fine ground-glass stoppers 
using precleaned silicone tubing connected directly to the Niskin bottle. Each collected sample was immediate-
ly treated with 50 μL of saturated HgCl2 solution. The bottles were then capped tightly using a grease-coated, 

Figure 1.  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 for which data were collected in November 
2019. The sampling stations in this region that were used in this paper for 
comparison data are also shown: WOCE line P10 from 1993 (blue diamonds) 
and CLIVAR line P10N from 2005 (yellow triangles).
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ground-glass stopper secured with rubber bands to create a gas-tight seal to 
prevent exchange of CO2 with the atmosphere. All DIC samples were kept 
in the dark at room temperature and analyzed in the laboratory within one 
month after collection.

2.3.  Analysis of DIC Concentrations

DIC concentrations were analyzed using the total inorganic carbon mode 
of a Shimadzu TOC-L analyzer equipped with an ASI-V autosampler. Rea-
gent-grade sodium carbonate and sodium bicarbonate dissolved in high-pu-
rity Milli-Q water were used as the DIC standard. DIC concentrations were 
calibrated using a six-point standard calibration curve. The instrument blank 
and the DIC values were checked against DIC reference materials (certi-
fied reference materials (CRMs, Batch No. 177) supplied by Dr. A. Dickson 
at Scripps Institution of Oceanography). The total blanks associated with 
DIC measurements were <3.0 μM, a value that is approximately <0.15% of 
the seawater DIC concentrations measured, and the analytical precision was 
<2% based on triplicate injections (Ding, et al., 2018).

2.4.  DIC Isotopic Measurements

DIC was extracted from water samples as gaseous CO2, and the extract-
ed CO2 was purified on a vacuum system using our modified method (Ge 
et al., 2016) based on McNichol et al. (1994). Briefly, in an N2-filled glove 
box, a 50-mL water sample was injected into a pre-evacuated 100-mL bo-
rosilicate glass bottle with ground-glass joint stripping probes. After the in-
jection of 1.0 mL of 85% H3PO4 using a glass syringe and a stainless-steel 
needle, the glass bottle containing the acidified water sample was placed 
in a hot-water bath (70°C) for 30 min, during which time it was shaken by 
hand several times. Under these conditions, all forms of DIC (carbonate, 
bicarbonate, and CO2) in the water were converted to CO2 in the glass bottle. 
After cooling, the glass bottle was connected to the vacuum line, and the 
CO2 was collected cryogenically and quantified manometrically. The puri-
fied CO2 was flame-sealed in a 6 mm-OD glass tube for isotope analysis. The 
efficiency of extraction of DIC with this method was >96% (Ge et al., 2016).

Δ14C measurement was performed at the Center for Isotope Geochemistry 
and Geochronology (CIGG) of Qingdao National Laboratory for Marine Sci-

ence and Technology (QNLM) in Qingdao, China. The purified CO2 was graphitized using the sealed tube zinc 
reduction method (Walker & Xu, 2019; Xu et al., 2007), and 14C was measured by accelerator mass spectrometry 
(AMS, NEC 0.5 MV Model 1.5SDH-1 Pelletron Accelerator XCAMS). The errors in DIC Δ14C measurements 
based on duplicate sample analyses were ±3–4‰. Radiocarbon abundance was measured as fraction modern 
(FM) based on the standard reference material (NIST 4990C Oxalic Acid-II), and Δ14C value and conventional 
14C age (year before present) were then calculated based on Stuiver and Polach (1977) and reported. When δ14C 
values are ≥0‰, the 14C ages are defined as modern.

3.  Results
3.1.  Hydrography

The water temperature, salinity, DIC concentrations and isotopic values measured at the sample stations are sum-
marized in Table S1 in Supporting Information S1. The depth profiles and the latitudinal distributions of water 
temperature, salinity, and density for stations along the P1 transect are plotted in Figure 2. The water temperature 
was highest in the surface layer and higher at low latitudes than at high latitudes (Figures 2a and 2b). Sta P1-1 
(40.04°N, 149.89°E) had the lowest water temperature (14.5°C), and Sta P1-28 (13.00°N, 149.99°E) had the 

Station no.
Latitude 

(°N)
Longitude 

(°E)
Bottom depth 

(m) Sample depth

P1-1 40 150 5,678 Full water depth

P1-2 39 150 5,370 2,000 m

P1-3 38 150 6,066 2,000 m

P1-4 37 150 5,825 2,000 m

P1-5 36 150 2,979 Full water depth

P1-6 35 150 6,081 2,000 m

P1-7 34 150 6,015 2,000 m

P1-8 33 150 5,972 2,000 m

P1-9 32 150 5,834 Full water depth

P1-10 31 150 5,998 2,000 m

P1-11 30 150 5,931 2,000 m

P1-12 29 150 5,957 2,000 m

P1-13 28 150 6,026 Full water depth

P1-14 27 150 5,836 2,000 m

P1-15 26 150 5,871 2,000 m

P1-16 25 150 5,749 2,000 m

P1-19 22 150 4,826 2,000 m

P1-20 21 150 5,742 2,000 m

P1-21 20 150 2,824 Full water depth

P1-22 19 150 5,467 2,000 m

P1-23 18 150 5,102 2,000 m

P1-24 17 150 1,448 2,000 m

P1-25 16 150 5,661 Full water depth

P1-26 15 150 2,828 2,000 m

P1-27 14 150 6,028 2,000 m

P1-28 13 150 6,028 2,000 m

Table 1 
Description of the Sampling Site in Western North Pacific Ocean
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highest water temperature (29.4°C) in the surface layer (5 m; Figure 2b and Table S1 in Supporting Informa-
tion S1). The largest differences in the water temperature profiles appeared above a depth of 1,000 m (Figures 2a 
and 2b), showing that the water temperatures at the high-latitude stations (P1-1, P1-2, P1-3, P1-4, and P1-5; 
36°–40°N) were obviously lower than those at the other stations, with water temperature generally decreasing 
unevenly with depth at all stations. Except at Stas P1-1 and P1-2, the water temperature decreased rapidly from 

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 using ODV. The density data were calculated by ODV (Schlitzer, 2015). The data for the 2,000-m sampling station are shown as black dots in the depth 
profiles.
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the surface down to 1,500 m (<3°C); it then remained constant below 1,500 m at density levels of σ0 ≥ 27.5 
(Figures 2a and 2b). At Stas P1-1 and P1-2, which are located at high latitudes, the water temperature decreased 
rapidly to ∼3°C in the upper layer (>155 m and >300 m, respectively); it then decreased to values similar to those 
measured at the other stations down to 1,500 m (Figures 2a and 2b).

The largest variations in water salinity profiles were also seen in the upper 1,000 m (Figures 2c and 2d). Salinities 
in the upper 500 m at stations at high latitudes (P1-1, P1-2, P1-3, and P1-4) were obviously lower than those at 
the other stations (Figure 2d). Sta P1-2 had the lowest salinity (33.463), and Sta P1-10 had the highest salinity 
(35.044) in the surface layer. The salinity increased unevenly with depth in the upper water (>155 m), decreased 
to the minimum by 500–750 m (∼27σ0), and then increased at greater depths before remaining constant (>34.5, 
σ0 ≥ 27.5) below 1,500 m between 13 and 38°N (Figures 2c and 2d). The water salinity profiles for stations P1-1 
and P1-2 increased in the upper 50 m, decreased with depth to ∼200 m, and then increased to values similar to 
those observed at the other stations at 2,500 m (Figure 2c). The water density in the P1 transect in the western 
NP was consistent with the salinity, showing dense water in the high north latitudes and low-density water at 
the surface in the low latitudes (<25°N; Figure 2f). Water density was quite constant (>34.5, σ0 ≥ 27.5) below 
1,500 m depth overall (Figures 2e and 2f).

3.2.  Concentrations and Distributions of DIC

Depth profiles and latitudinal distributions of the DIC concentrations for all stations along the P1 transect are 
shown in Figure 3. The DIC concentrations ranged from 1,816 to 2,354 μmol/kg; they were lower in the surface 
water (5 m; 1,816–2,014 μmol/kg) and increased rapidly with depth (Figures 3a and 3b). Laterally, large con-
centration variations are seen in the upper 1,000 m depth across the P1 transect (Figure 3b). In comparison with 

Figure 3.  Depth profiles and latitudinal distributions of the DIC concentrations (a, b) and values of Δ14C-DIC (c, d) measured for the stations along the P1 transect in 
the northwestern NP in November 2019 using ODV. The data for the 2,000-m sampling depths are shown as black dots in the depth profiles.
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the other stations, Sta P1-1 in the KE region had the highest DIC concentrations (2,014–2,333 μmol/kg) from 0 
to 2,000 m depth. The highest DIC (2,014 μmol/kg) and the lowest DIC (1,816 μmol/kg) values in the surface 
water (5  m) were measured at Stas P1-1 and P1-27, respectively. Although the DIC profiles exhibited some 
variation among the stations, in general, the concentrations of DIC showed minimum values in the upper 50 m, 
increased from the surface down to ∼1,000–1,500 m, and then remained relatively constant or decreased slightly 
(Figures 3a and 3b).

3.3.  Isotopic Composition of DIC

The Δ14C values of the DIC samples varied from 57‰ to −227‰, and the Δ14C depth profiles showed a trend 
opposite that of the DIC concentrations; Δ14C values were high in the surface water and decreased with depth 
(Table S1 in Supporting Information S1, Figures 3c and 3d). The values of Δ14C in the surface water (5–55 m) 
ranged from −10 to 57‰, and the Δ14C values in the KE region (Sta P1-1 to P1-5) were generally lower than 
those at other stations; a negative value (−10‰) was even observed in the surface water at Sta P1-2 (Figure 3d). 
The depth profiles of Δ14C showed that Sta P1-1 exhibited the minimum values in the waters above 1,000 m (Fig-
ures 3c and 3d). The Δ14C values for almost all stations were high and modern (Δ14C ≥ 0‰) above a certain depth 
(105–500 m for different stations) and decreased with depth, showing large variations in the upper 250–1,000 m. 
The lowest values were observed between depths of 1,500 and 3,000 m at all stations; they ranged from −243‰ 
at 40°N (2,500 m, Sta P1-1) to −207‰ at 14°N (1,500 m, Sta P1-27). The Δ14C values increased slightly in the 
bottom waters (3,000–6,000 m; Figure 3c). The latitudinal distribution clearly reveals high values in the upper 
layer and low values of the Δ14C layer present in the deep waters of the western NP (Figure 3d).

4.  Discussion
4.1.  DIC Isotopic Distributions in Water Masses of the Upper Ocean

The Δ14C values measured in seawater DIC provide useful information about the movements of water mass-
es and the penetration of anthropogenic CO2 into the ocean (Druffel et al., 2008; Key et al., 2002; McNichol 
et al., 2000). The goal of our research was to compare our results with the WOCE data measured in 1993 (P10 
line, ∼149.3°E) and the CLIVAR data from 2005 (P10N line, ∼149.3°E) so as to examine the decadal changes in 
water mass Δ14C-DIC in the western NP over the last three decades. The 1993 and 2005 data we used for compar-
ison were extracted from the GLOPAD data set (https://www.glodap.info/), and the data have been discussed in 
previous studies (Key, 1996; Key et al., 2004; Kumamoto et al., 2013; McNichol et al., 2000; Stuiver et al., 1996).

Local water circulation, vertical mixing processes and mesoscale eddies in the thermocline circulation influence 
the variability in both DIC concentrations and isotopic values in the western NP (Broecker et al., 1985, 1995; 
Ding et al., 2018; Kumamoto et al., 2013). The temperatures, salinities, DIC concentrations and isotopic distri-
butions measured at stations along transect P1 (Figure 3) indicate the mixed influence of air-sea exchange, ocean 
circulation and biological activities on the thermocline. The plots of water temperature versus salinity (T-S) 
clearly show that the concentrations of DIC and the Δ14C values (shown as different colored points) are associated 
with potential density anomalies among water masses with different densities at the stations in the sampled region 
(Figure 4). The T-S diagrams also show that the values of Δ14C decrease to relatively low levels (<−200‰) and 
the concentrations of DIC increase to relatively high levels (>2,200 μmol/kg) at water densities σ0 ≥ 27.5 for 
samples at all stations (Figure 4).

The Δ14C values in the surface waters (5–200 m) measured during our cruise ranged from −10 to 57‰, with an 
average value of ∼30‰, similar to the Δ14C values in the atmospheric CO2 of the Northern Hemisphere (Gao 
et al., 2019; Zigah et al., 2017). The modern Δ14C values in the upper 500 m of the water column indicate that 
bomb Δ14C signals have mixed and diffused into the upper ocean through air-sea exchange. Studies that distin-
guish between natural radiocarbon and radiocarbon derived from nuclear weapon testing have shown that bomb 
14C has penetrated to a depth of at least 1,500 m in the NP (Kaizer et al., 2020; Key et al., 2002; Kumamoto 
et al., 2013). According to Broecker et al. (1995), the concentration of silicate can be used as a proxy for natural 
radiocarbon Δ14Cnat (‰, Δ14Cnat = −70 − [SiO2]), and the bomb-produced radiocarbon Δ14Cbomb (‰) can be 
evaluated by subtracting Δ14Cnat from the measured Δ14C values (Δ14Cbomb  =  Δ14C−Δ14Cnat). In calculations 
using the SiO2 concentrations measured in samples of the same cruise (unpublished data) and as plotted in Figure 
S1 in Supporting Information S1, we found that the weak bomb 14C signals (Δ14Cbomb > 0‰) have penetrated 

https://www.glodap.info/
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to very deep depths (>3,000 m) at some stations (25°–35°N) in the NP; this is much deeper than the depth of 
1500 m determined in previous studies (Kaizer et al., 2020; Key et al., 2002; Kumamoto et al., 2013).

The Δ14C and Δ14Cbomb values obtained in our study imply that the penetration depth of strong bomb 14C sig-
nals varies at different stations (Figure 3d; Figure S1 in Supporting Information S1); this demonstrates that the 
turnover time of the thermocline circulation in the northwestern subtropical region is latitudinally different. The 
modern Δ14C values are observed in the upper 250–300 m for stations between 13° and 25°N, which are likely 
influenced by the North Equatorial Current. The zero isolines of Δ14C values (0‰) are the deepest, and bomb 
14C contents in the water are distributed uniformly to a depth of ∼500 m at 25°–35°N (Figure 3d). Notably, the 
depth of the thermocline at 25°–35°N is also greater than the depths at other stations (Figure 2b). This might be 
related to the adjacent KE Current that brings subtropical waters containing more radiocarbon to the stations at 
30°–35°N; this could influence the upper 500 m (Kaizer et al., 2020). The NP subtropical gyre is characterized by 
anticyclonic circulation, downwelling, and a thick thermocline. In the core of the NP subtropical gyre, the surface 
water converges and sinks, causing the thermocline to deepen (Figure 2a), and this may lead to the accumulation 
of surface water with bomb 14C in the region between 25° and 30°N.

In comparison, between 36° and 40°N, where the Δ14C values are significantly lower than those at the other 
stations and decrease rapidly with depth, the modern bomb 14C signal is seen only in the upper 45–115 m water 
depth (Figures 3c and 3d). Vertical values of 14C at stations from 36° to 40°N appear to be influenced by the 
Oyashio Current (Ding et al., 2018), which carries subarctic NPIW southward in the region near 35°–37°N and 
143°E east (Qiu & Chen, 2011; Yasuda et al., 1996). Compared to other stations, stations between 35° and 40°N 
that are influenced by the KE water mass have denser water (26 < σ0 < 27) with high DIC concentrations and 
low Δ14C values in the upper 500 m (Figures 2c, 2f, 3b and 3d). The KE originates from the east coast of Japan 
at 140°E and 35°N, where the Kuroshio and Oyashio Currents meet and flow eastward toward the open basin 
of the NP, influencing the hydrology and chemical properties of the resulting water mass (Tsunogai et al., 1995; 
Tsurushima et al., 2002). The south-flowing Oyashio Current carries subarctic NPIW southward and is char-
acterized by low salinity (33.9–34.1) and dense (σ0 26.6–26.9) water (Ding et  al.,  2018; Qiu & Chen, 2011; 
Talley, 1993). Subarctic water originating in the northwestern subarctic gyre is also characterized by high DIC 
concentrations and low Δ14C values (Ding et al., 2018) and influences carbon isotope characteristics in the KE 
region between 35°N and 40°N.

Figure 4.  Plots of water temperature versus salinity with (a) concentrations of DIC and (b) Δ14C-DIC values associated with different water masses (represented by 
different colored points) along the P1 transect in the western NP in November 2019 using ODV.
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The subarctic NPIW transports a water mass to the south subtropical gyre (15–20°N), thereby affecting the NP 
thermocline at depths of 300–1,000 m (Itou et al., 2003; Talley, 1993). Kumamoto et al. (2013) calculated the 
inventory of bomb 14C in DIC within the Pacific Ocean and indicated a deeper penetration depth at 35°N than at 
other places along the CLIVAR P10N line in 2005; this suggests that the NPIW has played an important role in 
the ventilation of thermocline water. The denser water masses (26 < σ0 < 27) at ∼300 to 1,000 m depth between 
13° and 40°N at our sampling stations likely originated from the subarctic gyre, which circulates with the NPIW 
and has low temperature and salinity values (Figure 2).

4.2.  Low Δ14C-DIC Values in Pacific Deep Water

A minimum in Δ14C values (−207‰ to −243‰) occurs in the Pacific Deep Water (PDW) between 2,000 and 
3,000 m along the P1 section in the western NP (Figures 3c and 3d). Similar Δ14C distribution trends in the NP 
have been reported in other studies, showing that the average Δ14C values in the PDW are significantly lower than 
those above and below the PDW layer (Druffel et al., 2008; Masiello et al., 1998; Shan et al., 2020) and reflecting 
a longer cycle time scale for this water mass. These patterns in the NP have been explained by the observation that 
the southward return flow of PDW decreases the Δ14C values of DIC because the PDW has been isolated from 
the atmosphere longer than has the Pacific bottom water (PBW; Masiello et al., 1998). A clear low Δ14C layer at 
this depth (2,000–3,000 m, Figure 3d) indicates that a downward trend from north to south is present in the Δ14C 
signature in the western NP deep water. Druffel et al. (2019) observed that Δ14C values increase at more southern 
latitudes in the PDW of the central Pacific, opposite to the expectation as the PDW water mass travels southward, 
and the reverse aging was attributed to mixing of water from above and below the PDW (Druffel et al., 2019). As 
illustrated in Figure 5a, plots of DIC Δ14C values as a function of latitude for samples in the PDW obtained on 
different cruises (line P1 in 2019, line P10N in 2005, line P10 in 1993, and line P16N in 2015) show some differ-
ences. The Δ14C values for our samples obtained between 2,000 and 3,500 m depth decrease slightly with latitude 
in a southward direction, yielding the expected result. However, this expected trend could also be due to the 
uncertainty of our measurements (±3–4‰). For all of the cruises, a lack of consistency with the expected results 
could be explained by shifts in deep water circulation (Druffel et al., 2008; Roussenov et al., 2004). Roussenov 
et al. (2004) used a one-and-a-half-layer model for deep water and an isopycnal circulation model to show that 
Δ14C values in the deep Pacific were controlled by the rapid horizontal transport of young Δ14C in bottom water 
from the south with a much slower balance between advection diffusion and decay of 14C in the vertical direction. 
Increasing diapycnal mixing could lead to a greater northward penetration of bottom water with a younger 14C 
age in the northern part of the NP and vice versa, indicating that the horizontal transport of bottom waters varies 
on a centennial time scale. As discussed in the preceding section, bomb 14C was slightly mixed to 2500 m in the 
western NP subtropical ocean in our study; this could be one reason for the high Δ14C value at ∼35°N.

Studies have demonstrated that the distribution of DIC Δ14C in the open ocean can be predicted by the solution 
mixing model and that DIC can be used as a relatively conservative tracer of the movement of water masses and 
the homogenization of water parcels (Beaupre & Aluwihare, 2010; Ding et al., 2020; Druffel et al., 2019). In 
the Keeling plots in Figure 6a, there is a good correlation between Δ14C and [DIC]−1 (r2 = 0.78, p < 0.001) for 
samples below 500 m (and of the average values for samples above 500 m) in our study. The slope (4.21 × 106) 
and intercept (−2,055) values of the Keeling plot for samples below 500 m are comparable to the values for the 
KE region reported in previous studies (4.0 × 106, −2026, Ding et al., 2018) and to those for the Southern Ocean 
(5.64 × 106, −2670), the eastern NP (4.29 × 106, −2040) and the central NP (5.28 × 106, −2470) reported by 
Beaupre and Aluwihare (2010). These plots again illustrate that DIC in the deep ocean (although not in the upper 
water layer at 0–500 m) is a relatively conservative tracer and that its distribution and isotopic signatures are 
influenced mainly by the processes of water mass movement and mixing. As shown in Figure 6b, the NP deep 
water (1,500–3,000 m) is characterized by the highest DIC concentrations and lowest Δ14C values, illustrating 
that the PDW comes mainly from the upwelling of AABW and that the influence of water above the PDW should 
be slight (Figure 6b). An increase in Δ14C values of up to 20‰ over the 14-year period between 2005 and 2019 
is observed on comparison of the values obtained at 2,500 m depth at 36°N of the P1 line in 2019 (−216‰) 
with those obtained at the 35°N 10N line near our NP station in 2005 (∼236‰; Figure 5a; Tables S1 and S2 in 
Supporting Information S1). The bomb signal above PDW may be too weak to cause such an increase (20‰) in 
Δ14C. Therefore, we believe that the variability in the Δ14C values with time represents changes in circulation and 
mixing in PDW masses that caused shifts in the baseline Δ14C signature.
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Most data points for samples in the upper 500 m fell into an almost horizontal line and were positioned below 
the fitting line (Figure 6a). This is attributed to the strong influence of air-sea exchange and upper layer water 
mixing. In our previous study, however, the Keeling plot for the six deep stations in the KE region (29°−37°N) 
showed high coefficients (r2 = 0.84) for all samples collected in May, including samples from the surface waters 
(Ding et al., 2018). These seasonal variations indicate the strong influence of biological processes on DIC in the 
euphotic zone. High primary production in the KE region in May reduced the concentration of DIC by 10%–15% 
(Ding et al., 2018) compared with the values observed in November. In winter, strong winds could mix the upper 
water and result in a homogeneous distribution of atmospheric 14C signals in the upper 500 m depth at most sta-
tions (Figures 3c, 3d and 6a).

4.3.  Elevated 14C-DIC in Bottom Water of the Western NP

The deep circulation of the world ocean plays a central role in the carbon cycle. Similar to previous reports, our 
study finds that DIC concentrations increase along with deep ocean circulation (Figures 3a and 3b) and that the 
majority of DIC is thus located in the deep ocean, making the Pacific Ocean the most important carbon reser-
voir (Key et al., 2004; Marinov & Sarmiento, 2004). The deepest part of the global overturning circulation is 

Figure 5.  Comparison plots of Δ14C-DIC values as a function of latitude for samples from different cruises (line P1 in 
2019, line P10N in 2005, line P10 in 1993, and line P16N in 2015). (a) Between depths of 2,000 and 3,500 m and (b) below 
4,000 m (Pacific Bottom Water, PBW).
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AABW, which forms in the Southern Ocean and flows northward via deep thermohaline circulation (Lavergne 
et al., 2017; Roussenov et al., 2004). As shown in Figure 5b, plots of the Δ14C-DIC values as a function of latitude 
for samples collected during the different cruises (line P1 in 2019, line P10N in 2005, line P10 in 1993, and line 
P16N in 2015) below 4,000 m (PBW) display some large variations. The P16N values show a significant correla-
tion with latitude in the central NP (150°W) that decreases as latitude increases (Druffel et al., 2019). In general, 
the values reported for the P16N line in 2015 are lower than those for the P10N (2005) and P10 (1993) lines. In 
comparison, the Δ14C values that we measured in deep water during the 2019 cruise do not show a decreasing pat-
tern with latitude (Figure 5b). These differences could indicate that temporal and spatial variabilities in Δ14C exist 
in the deep NP. In the region of 30°–40°N, the Δ14C values along the P1 line in 2019 are obviously higher than 
those measured during the other cruises. As discussed in Section 4.2, changes in deep water circulation patterns 
offer a plausible explanation of the variabilities in Δ14C. The presence of a high-speed current would likely vary 
the physical properties of a water mass at a single site, including the DIC Δ14C signature (Druffel et al., 2008; 

Figure 6.  Keeling plots of Δ14C-DIC versus [DIC] −1 measured for (a) water samples at all stations and (b) water samples 
obtained at the seven whole water depth stations in the western NP in November 2019. The black solid lines are linear 
regression lines fitted to data points below 500 m and to the average values for water samples in the upper 500 m.
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Masiello et al., 1998; Roussenov et al., 2004). Low bomb 14C levels might have penetrated the NP Ocean to a 
depth of ∼2,500 m or greater. However, it is difficult to attribute the source of bomb 14C to physical mixing of 
upper waters with the deep waters of the NP Ocean during the hundreds- to thousands-of-years transit times of 
deep-water masses (Druffel et al., 2008). The Δ14C values of particulate organic carbon (POC) in the deep water 
are modern, and one possible source of bomb 14C would be input of remineralized bomb-laden POC from surface 
waters by lateral transport and vertical sinking (Druffel et al., 2008; Kim et al., 2017; Shan et al., 2020). However, 
the potential change of Δ14C by vertical transport of POC remineralization is too small to significantly change the 
Δ14C of DIC (Druffel et al., 2008; Masiello et al., 1998). Horizontal variability is still likely the main reason for 
the changes in the DIC Δ14C signature of PDW.

4.4.  Decadal Variations in DIC Radiocarbon Along the P1 Transect

A comparison of our Δ14C values for the P1 transect with previously measured Δ14C-DIC values along nearby 
transects in the western NP (WOCE line P10 149.331°E, 1993 and CLIVAR line P10N 149.331°E, 2005) shows 
high similarity as well as noticeable differences (Figure  7). The strong bomb 14C signal in the surface layer 
(0–500 m) has weakened since 1993, but bomb 14C has clearly penetrated deeper into the upper 2,000 m in the 
cross-section of the western NP as of 2019 (Figure 7a) compared with 2005 (Figure 7b) and 1993 (Figure 7c). The 
bomb 14C lost from the upper water of the NP should have been transported into deep water or into other basins 
(Kumamoto et al., 2013). To quantitatively calculate the decadal changes in bomb 14C in the western NP, we also 
compared the depth profiles of Δ14C for eight selected stations from 35° to 13°N sampled during 2019 along the 
P1 transect with those for nearby stations sampled along CLIVAR line P10N in 2005 and WOCE line P10 in 1993, 
as shown in Figure 8. Based on the differences, we calculated the decadal changes in the bomb inventory in sur-
face waters. The surface 14C-DIC values in our samples are approximately 60–110‰ lower than those observed 
at nearby stations along the P10 section in 1993 and approximately 26–80‰ lower than those observed along 
the P10N section in 2005 (Figure 8). The global average Δ14C value in atmospheric CO2 decreased from ∼150‰ 
in 1990 to ∼50‰ in 2010 (Hua et al., 2013), and the average Northern Hemisphere value decreased to ∼30‰ 
in 2018 (Gao et al., 2019; Zigah et al., 2017). These changes in atmospheric bomb 14C, as well as transport into 
deeper waters and/or advection away from the region, have decreased the Δ14C signature of the upper ocean, and 
this explains the changes in Δ14C in surface water observed over the last three decades (Kumamoto et al., 2013). 
The temporal changes in radiocarbon show that the Δ14C content of surface seawater decreased steadily at a rate 
of 2.4–2.8‰ yr−1 from 1993 to 2005 and that it accelerated at a rate of 2.1–7.0‰ yr−1 from 2005 to 2019. We 
find that the rate of decrease in Δ14C-DIC from 2005 to 2019 was not the same at different latitudes; the fastest 
rates (5.4–7.0‰ yr−1) occurred at 25°–32°N, and the lowest rates (2.1–2.8‰ yr−1) occurred at 13°–16°N. Kaizer 
et al. (2020) compared the Δ14C values of surface water collected from cruises (line P10) in 1993, 2005, and 2012 
and found a rapidly decreasing rate from 2005 (3.7–4.0‰ yr−1). The different rates of 14C decrease in surface 
water cannot be fully explained by different rates of air-sea exchange in different areas. The downwelling of bomb 
14C and its transport along isopycnal layers probably have more significant impacts on the dilution of 14C (Kaizer, 
et al., 2020). The uptake rates of anthropogenic CO2 in the 1990s and the 2000s in the Pacific Ocean reveal that 
the values of anthropogenic CO2 storage were <0.7 μmol kg−1 along the P10 section (Kouketsu et al., 2013); an 
increase in DIC by 1 μmol kg−1 of pure fossil carbon would lower the Δ14C-DIC values by only ∼0.5‰. These 
results indicate that active isopycnal mixing in the study area and downwelling of the water mass have accelerated 
the diffusion of bomb-produced 14C in the NP subtropical gyre to rates of 5.4–7.0‰ yr−1.

A comparison of the 14C profiles at depths of 0–2,000 m over the three decades also indicates that the largest 
changes occurred in the upper 1,000 m among the stations (Figure 8). Bomb 14C enters the intermediate water 
by mixing with the upper water. In the upper NPIW, we find a definite decreasing trend with time in the tem-
poral variations in Δ14C. In the middle and lower layers of the NPIW, this decrease with time is less obvious 
from north (29°N) to south (13°N), and the 1993 values are even the most depleted at the southernmost stations 
(16°N, 13°N, Figure 8g and 8h). The vertical inventory of bomb 14C has been reported to decline significantly 
in the northwestern subtropical region (Kumamoto et al., 2013). The results of a study that modeled bomb 14C 
in the Pacific Ocean support the interpretation that bomb 14C is transported from the Pacific to the Indian Ocean 
along the Indonesian Throughflow (Rodgers et al., 2000). Another likely factor is that bomb 14C is transported 
southward to the southwestern NP and that its level increases in the intermediate water at the southern stations 
(Kaizer et al., 2020; Povinec et al., 2004). The bomb 14C peak likely penetrated the ocean interior gradually. 
Therefore, the decreasing trend and the small change in 14C in the middle and lower layers of the NPIW in the 
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northern region from the 1990s to the early 2000s and thence to 2019 (Figures 8a–8e, 22°–35°N) indicates that 
the bomb 14C peak reached that area prior to the 1990s. On the other hand, the 14C values in the middle and lower 
NPIW of the southern region increased between the 1990s and the 2000s and decreased between the 2000s and 
2019 (Figure 8h), implying that the bomb 14C peak passed through this area between the 1990s and the 2000s or 
between the 1990s and 2019.

We also compare our Δ14C values at three stations (P1-13, P1-19, and P1-25) with those in profiles obtained 
during WOCE in 1993 (Key et al., 2002) and CLIVAR in 2005 (Kumamoto et al., 2013) for depths between 1,000 
and 6,000 m. As shown in Figure 9, at stations located between ∼28° and 29°N (Figure 9a), the 2019 Δ14C values 

Figure 7.  Latitudinal distributions of the Δ14C-DIC values measured for (a) transect P1 in 2019 in our study; (b) CLIVAR 
line P10N in 2005; and (c) WOCE line P10 in 1993 in the upper 2,000 m of water in the northwestern NP using ODV. The 
data for lines P10N and P10 were obtained from the GLODAP database (https://www.glodap.info/) and are shown in Tables 
S2 and S3 in Supporting Information S1.
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Figure 8.  Comparison of the depth profiles of the Δ14C-DIC values measured for stations along transect P1 in 2019 in our study with those obtained at nearby stations 
along CLIVAR line P10N in 2005 and WOCE line P10 in 1993 in the upper 2,000 m of water in the northwestern NP. The data for lines P10N and P10 are from the 
GLODAP database (https://www.glodap.info/) and are shown in Tables S2 and S3 in Supporting Information S1. The stations from (a) to (h) are distributed from north 
(∼35°N) to south (∼13°N). See Figure S2 in Supporting Information S1 for the locations of these stations.

Figure 9.  Depth profiles of the Δ14C-DIC values measured for three stations along transect P1 in 2019 in our study (Sta P1-13, 28°N, 150°E; Sta P1-19, 22°N, 150°E; 
and Sta P1-25, 16°N, 150°E) and profiles obtained during WOCE in 1993 (Sta P10-74, 29.1°N, 149.3°E; Sta P10-65, 22.5°N, 149.3°E; and Sta P10-56, 17.2°N, 
149.3°E) and during CLIVAR in 2005 (Sta P10N-73, 28.5°N, 149.3°E; Sta P10N-64, 23.2°N, 149.3°E; and Sta P10N-56, 17.2°N, 149.3°E) at water depths of 1,000–
6,000 m in the western NP (GLODAP database: https://www.glodap.info/). See Figure S3 in Supporting Information S1 for the locations of these stations.
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are higher than the values for similar depths at the previous cruise stations. The Δ14C values measured in 2019 
are comparable to those measured in 2005, and both are higher than the 1993 values for water below 1,500 m 
depth at ∼23°N (Figure 9b). The vertical profiles of Δ14C at the southern stations (∼16°–17°N) also show higher 
values in 2019 than in 1993 (Figure 9c), but the values obtained in 2005 fluctuated greatly with depth. At the 
same time, the depth at which the minimum Δ14C value occurred appears to have varied with time (Figure 9). 
Temporal changes in Δ14C in the western NP deep waters have been observed over the last three decades. We 
expect that changes in the isopycnal circulation and in advection diffusion in deep waters will cause shifts in the 
baseline Δ14C signature, as suggested by Druffel et al. (2008). In comparison, however, the changes in Δ14C in 
deep water (>2,000 m) are less pronounced than those that have occurred in the upper 500 m water depth in the 
NP in the last three decades.

5.  Conclusions
The results for radiocarbon in DIC measured along the P1 transect in the western NP reveal that the movement of 
different water masses and the penetration of anthropogenic CO2 through air-sea mixing in the ocean influence 
the distribution of DIC and its isotopic signatures in the western NP Ocean. The profiles and latitudinal distri-
butions of DIC concentrations and Δ14C display obvious gradient changes in the vertical direction. High Δ14C 
values in surface waters show that strong bomb Δ14C signals mix and diffuse into the upper 200–500 m through 
air-sea exchange and isopycnal mixing. The “old” NPIW transports a water mass from the subarctic gyre that 
carries low-Δ14C water to the subtropical gyre, affecting the Δ14C values of NP thermocline water at depths of 
300–1,000 m from 36° to 40°N. Increased diapycnal mixing could lead to greater northward penetration of bot-
tom water with relatively young Δ14C ages into the northern NP Ocean and cause the Δ14C values in water below 
4,000 m at 28°–40°N to decrease with increasing latitude; such changes would be opposite in character to those 
influenced by the deep thermohaline circulation. There are minimum Δ14C values in the NP deep water that are 
explained by the decreasing Δ14C values of the DIC caused by the southward return flow of Pacific deep water.

The abundance of Δ14C in DIC in the upper water layers along the P1 transect in the NP decreased significantly in 
2019 compared with the values recorded in 1993 and 2005. These decadal changes reflect the decrease in bomb 
14C in DIC in surface waters since the early 1990s. Faster rates of decrease in Δ14C values in surface waters are 
found for 2005–2019 (2.1–7.0‰ yr−1) than for 1993–2005 (2.4–2.8‰ yr−1). The downwelling of the water mass 
might accelerate the diffusion of bomb 14C in the NP subtropical gyre (25°–32°N), with the fastest rates of de-
crease (5.4–7.0‰ yr−1) having occurred between 25° and 32°N from 2005 to 2019. The different decadal changes 
in 14C in the NPIW from north to south prove that bomb 14C is transported southward to the southwestern NP. One 
of the likely pathways for this transport is that bomb 14C is transported from the Pacific into the Indian Ocean via 
the Indonesian Throughflow. Changes in the diapycnal circulation and advection diffusion in deep waters might 
have resulted in shifts in the baseline Δ14C signature.
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