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Abstract 24 

The multi-decadal variation in ocean acidification indices in the Northwest Pacific was examined 25 

using a biogeochemical model with an operational ocean model product for the period 1993–2018. We 26 

found that ocean acidification varied regionally in the Northwest Pacific. The surface ocean (above 27 

100 m depth) underwent acidification that progressed more quickly in the subtropical region and the 28 

Kuroshio extension than in the subarctic region due to vertical mixing of the dissolved inorganic 29 

carbon (DIC) supply exceeding DIC release by air–sea exchange. Below 100 m depth, acidification 30 

and alkalinization occurred in the subtropical and subarctic regions, respectively. We attribute these 31 

regional differences in acidification and alkalinization to spatially variable biological processes in the 32 

upper layer and physical redistribution of DIC, both horizontally and vertically.  33 

 34 

Keywords: biogeochemical model, Northwest Pacific, ocean acidification, ocean 35 

alkalinization, JCOPE 36 

 37 

1. Introduction 38 
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The atmospheric partial pressure of CO2 (pCO2, air) has been increasing at a rate of ~1.8 parts per 39 

million by volume (ppmv) per year in recent decades as a result of human activities such as fossil fuel 40 

burning, deforestation, and cement production (Takahashi et al. 2009; IPCC 2013). During the pre-41 

industrial period, the ocean was generally a net source of CO2 emissions to the atmosphere due to in 42 

situ production and mineralization of land-derived organic matter and CaCO3 precipitation. However, 43 

the increase in atmospheric CO2 concentrations due to changes in land use and fossil fuel combustion 44 

has reversed the direction of the air–sea CO2 flux in recent years. As a result, the majority of the ocean 45 

is now a net sink of anthropogenic CO2. However, oceanic coastal zones have changed from a sink of 46 

CO2 to a source as industrial activity has increased (Mackenzie et al. 2004; Bauer et al. 2013). The 47 

present thickness of the surface ocean layer, where a fraction of the anthropogenic CO2 emissions is 48 

stored, is estimated to be on the order of a few hundred meters (Mackenzie et al. 2004).  49 

The major sink zones for atmospheric CO2 are located at latitudes 40°–60°N and 40°–60°S 50 

(Takahashi et al. 2002, 2009, 2014; Yasunaka et al. 2013). Conversely, intense CO2 source areas 51 

include the eastern equatorial Pacific and the northwestern Arabian Sea (Takahashi et al. 2002, 2009, 52 

2014). The tropical Atlantic, Indian Ocean, and northwest subarctic Pacific are also prominent CO2 53 

source areas (Takahashi et al. 2002, 2009, 2014). In the sink zones (40°–60°N and 40°–60°S), low-54 

pCO2 waters are rapidly formed by the juxtaposition of the cooling of warm waters with biological 55 

drawdown of pCO2 in the nutrient-rich subpolar waters, while high wind speeds over these low-pCO2 56 

waters further accelerate CO2 uptake (Takahashi et al. 2002). 57 
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Chemical variables related to the carbonate cycle are currently being monitored in several ongoing 58 

ocean projects to determine whether the rate of ocean acidification can be identified from changes in 59 

pH and other variables in the open ocean (Gonzalez-Davila et al. 2007; Bates 2007; Dore et al. 2009; 60 

Olafsson et al. 2009; Midorikawa et al. 2010; Bates et al. 2014; Wakita et al. 2017). In the Northwest 61 

Pacific, Midorikawa et al. (2010) estimated surface pH25 trends from a 25-year time-series of carbonate 62 

parameters along the 137°E line south of 35°N using repeat-observation data from the Japan 63 

Meteorological Agency (JMA). The results revealed that pH25 decreased by 0.0013 ± 0.0005 yr–1 in 64 

summer and 0.0018 ± 0.0002 yr–1 in winter during 1983–2007. Wakita et al. (2017) examined 65 

variations in ocean acidification during winter in the subarctic Northwest Pacific Ocean from 1997 to 66 

2011 (K2: 47°N, 160°E; KNOT: 44°N, 155°E) and found that pHinsitu in the winter mixed layer 67 

decreased at a rate of −0.0011 ± 0.0004 yr–1, which was slower than the general mean rate in the 68 

subtropical region (−0.002 yr–1, Midorikawa et al. 2010). Their results also revealed a decline in pHinsitu 69 

at a rate of −0.0051 ± 0.0010 yr–1 between 200 and 250 m below the mixed layer corresponding to the 70 

density zone of 26.9σθ kg m–3 during their study period, which was larger than any previously reported 71 

pHinsitu decline in the surface layer in the open North Pacific. Chen (2017) examined historical records 72 

of pHinsitu in the Japan Sea, calculated from reconstructions of dissolved inorganic carbon (DIC) and 73 

total alkalinity (ALK) determined from dissolved oxygen (DO) concentrations measured by the 74 

Winkler method with precision and accuracy of approximately ±0.3 μmol/kg (Wong et al. 2009). The 75 

study showed that the rate of ocean acidification was different for each depth, with the rate being twice 76 
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as high in the subsurface layer (300–400 m depth) than in the surface layer. 77 

Analyses using measurements of pHinsitu (pH25) are limited due to their patchy distributions in time 78 

and space. The current understanding of ocean acidification relies on pH measurements from time-79 

series at several fixed monitoring stations (Gonzalez-Davila et al. 2007; Bates 2007; Dore et al. 2009; 80 

Midorikawa et al. 2010; Olafsson et al. 2009; Bates et al. 2014; Wakita et al. 2017). A robust three-81 

dimensional view of basin-scale ocean acidification, however, has not yet been captured. 82 

Several biogeochemical models of the CMIP5 projects (Coupled Model Intercomparison Project 83 

Phase 5) (e.g., Mackenize et al. 2004; Watanabe et al. 2011) contain supplementary parameters related 84 

to ocean acidification indices (i.e., pH), such as DIC and ALK. Despite challenges in early model 85 

experiments, the results from these experiments predicted that ocean acidification in the North Polar 86 

region would spread gradually to the south along the eastern Pacific coast, and progress into ocean 87 

basins for the next 100 years (Kleypas et al. 2006). The long-term progress of the marine carbon cycle 88 

with global ocean circulation in the deeper layers simulated by the CMIP5 models could involve a lot 89 

of uncertainty in detail (Maekenzie et al. 2004; Kleypas et al. 2006; Watanabe et al. 2011). This 90 

uncertainty could be primarily due to a lack of understanding of the climatology of the parameters 91 

related to the marine carbon cycle, especially in the deeper layers (Takahashi et al. 2002, 2009, 2014; 92 

Yasunaka et al. 2013), as well as coarse horizontal and vertical resolutions that failed to represent 93 

advection effects generated by ocean currents. 94 

The JCOPE model (Japan Coastal Ocean Predictability Experiment; 95 
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http://www.jamstec.go.jp/jcope/) is an operational eddy-resolving ocean physical model (Miyazawa et 96 

al. 2017) that incorporates observational data from floats, satellites, and shipboard measurements, and 97 

is responsible for reproducing the reanalysis model product from 1993–2018 in the Northwest Pacific 98 

(Miyazawa et al. 2019). JCOPE_EC is a biogeochemical model that includes the carbon cycle and 99 

parameters related to ocean acidification indices, and was developed and run on the physical 100 

background of the JCOPE Northwest Pacific model outputs (Ishizu et al. 2019, 2020). The results from 101 

these model runs suggest that the model reliably reproduces distributions of the biogeochemical 102 

parameters (DIN, DIC, ALK) on a seasonal scale (Ishizu et al. 2019, 2020). 103 

This study investigates long-term (multi-decadal) variation in the inorganic marine carbon cycle 104 

using JCOPE_EC. Using the model outputs, we examine multi-decadal variations in DIC, ALK and 105 

ocean acidification indices (pHinsitu, pH25, Ωarg) in the Northwest Pacific, and compare them with 106 

available observational data. In Section 2, details of the model and data are described. Section 3 107 

includes the results of the multi-decadal simulations of the ocean acidification indices and a 108 

comparison between available observation data and model outputs. In Section 4, air–sea CO2 fluxes 109 

and possible mechanisms of the multi-decadal variation in ocean acidification are discussed. Finally, 110 

the conclusions are provided in Section 6. 111 

 112 

2. Model and data 113 

JCOPE_EC (Ishizu et al. 2019, 2020) is an off-line tracer model driven by physical processes 114 

http://www.jamstec.go.jp/jcope/
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simulated by an operational eddy-resolving ocean general-circulation model (JCOPE2M; Miyazawa 115 

et al. 2017, 2019), based on the Princeton Ocean Model with a generalized sigma coordinate (Mellor, 116 

2001). The model is a three-dimensional regional model covering the Northwest Pacific (10.5°–62°N, 117 

108°–180°E) with a horizontal resolution of 1/12 of a degree (4.4–9.1 km) and 46 active vertical levels. 118 

The set-up of the carbon cycle in the model is the same as the general form of OCMIP protocol (Orr 119 

et al. 2005). The JCOPE_EC model calculates pCO2 based on temperature, salinity, DIC, and ALK 120 

(Ishizu et al. 2019, 2020). The atmospheric CO2 values are given by the empirical formula created 121 

based on the observational data (Ishizu et al. 2019). Reproducibility of the model output above 500 m 122 

depth has been demonstrated previously for the seasonal carbon cycle (Ishizu et al. 2020). 123 

The model was driven by forcing from daily oceanic (JCOPE2M) and six-hourly atmospheric 124 

(NCEP/NCAR) reanalysis data from 1993 to 2018, yielding an analysis period of 26 years. The initial 125 

concentrations of phytoplankton were set to 0.1 and 0.0 mmol m–3 for depths above and below 150 m, 126 

respectively. The initial zooplankton concentrations were set to 10% of the phytoplankton 127 

concentrations. The initial detritus concentration was set to 0.0 mmol m–3. The variables, dissolved 128 

inorganic nitrogen (DIN), phosphate (DIP), and DIC were initialized using the monthly climatology 129 

for January, and ALK was initialized using the annual climatology at the beginning of the model run 130 

(Ishizu et al. 2019, 2020). The boundary conditions were set using the monthly climatology for DIN, 131 

DIP, and DIC and the annual climatology for ALK (Ishizu et al. 2019, 2020). 132 

The temporal variations in DIC calculated from the model were relatively large between 1993 and 133 
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1998 (Appendix A), but became stable after 1999. We therefore regard the years from 1993–1998 as a 134 

spin-up period and only use the model outputs after 1999 for the analysis (Figs 1–5, 8–13, Table 1). 135 

Temperature, DIC, and ALK drive the annual variation in ocean acidification indices, but DIC exerts 136 

the strongest influence on ocean acidification. We used observational profiles to confirm that changes 137 

in pH25 are mainly linked with changes in DIC (not shown). To validate the reproducibility of long-138 

term variation in ocean acidification in the model, we compared observations of DIC from 1999−2018 139 

with the model outputs along the same section (line 165°E) in Section 3.3. There are no available 140 

observations of ALK that encompass at least a 10-year span within the target period from 1999 to 2018.  141 

The observational data for 2017 and 2018 along line 165°E were obtained from JMA (Japan 142 

Meteorological Agency; https://www.data.jma.go.jp/kaiyou/db/vessel_obs/data-143 

report/html/ship/ship.php), and the data for 1992, 2000, and 2006 were obtained from PACIFICA 144 

(PACIFic ocean Interior Carbon; https://climatedataguide.ucar.edu/climate-data/pacifica-pacific-145 

ocean-interior-carbon). The monitoring data at line 165°E in the Northwest Pacific were used for the 146 

analysis described in Section 3.3.  147 

 148 

3. Results 149 

3.1 Long-term variation in ocean acidification indices represented by JCOPE_EC  150 

We define the rate of change in parameter C ( x, y, z, t ) from 1999−2018 using the following 151 

equation: 152 

https://www.data.jma.go.jp/kaiyou/db/vessel_obs/data-report/html/ship/ship.php
https://www.data.jma.go.jp/kaiyou/db/vessel_obs/data-report/html/ship/ship.php
https://climatedataguide.ucar.edu/climate-data/pacifica-pacific-ocean-interior-carbon
https://climatedataguide.ucar.edu/climate-data/pacifica-pacific-ocean-interior-carbon
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C ( x, y, z, 2018 – 1999 ) =  ( < C (x, y, z, 2018 ) > − < C ( x, y, z, 1999 ) > ) / (2018 − 1999 + 1)       153 

(1) 154 

where < > denotes the annual mean of the parameter for the specified year. The rates of change in the 155 

ocean acidification indices represented by JCOPE_EC reveal regional differences in ocean 156 

acidification (Fig. 1). Ocean acidification was evident in the surface layer, but alkalinization was also 157 

detected in some areas, especially below 100 m depth. The surface pHinsitu (pH25 and Ωarg) declined 158 

within 0.002 yr–1 over most of the study area, suggesting a progression towards ocean acidification 159 

(Fig. 1a, e, i). In the lower latitudes of the subtropical region (20°–35°N), ocean acidification was 160 

stronger in the surface and subsurface layers (Fig. 1a–c). Strong increases in pHinsitu (indicating 161 

alkalinization) were found in the northern side of the Japan Sea, and in the offshore surface region of 162 

the northern Japanese coast (35°–40°N, 140°–150°E; Fig. 1a, e, i). The rate of change in pHinsitu was 163 

more intense at greater depths (Fig. 1a–d). The progression towards acidification and/or alkalinization 164 

strengthens with increasing depth and spreads to the south: the rate of change in pHinsitu is within 165 

−0.002 yr–1 in the surface region south of 30°N, but the pHinsitu values from −0.002 to −0.004 yr–1 166 

spread at the depth of 100 m (Fig. 1b). Evidence of strong acidification is found in the southern area 167 

around 15°–20°N at depths of 200 and 500 m (Fig. 1c, d). Alkalinization spreads southward across the 168 

Kuroshio Extension below the subsurface (Fig. 1c–d). Vertical sections of pHinsitu along the 165°E line 169 

(Fig. 2) reveal a progression towards acidification within 0.002 yr–1 in the surface, and a strong 170 

progression towards acidification in the subtropical region south of 25°N at depths of 200–600 m. 171 
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Alkalinization occurs north of 25°N, especially in the subarctic region (Fig. 2a). Strong acidification 172 

or alkalinization is found below 200 m depth. Areas of enhanced acidification and alkalinization are 173 

found in the regions of 15°–25°N and 40°–45°N, respectively, along the vertical section of line 165°E 174 

(Fig. 2a). 175 

Patterns of acidification and alkalinization revealed by pH25 and Ωarg agree with those suggested 176 

by pHinsitu (Fig. 1e–l). Ocean acidification is found in the surface layer, while strong contrasts in 177 

acidification and alkalinization are evident in the deeper layers, especially at depths of 200–800 m (Fig. 178 

2b, c). 179 

 180 

3.2 Long-term variations in temperature, salinity, DIC, and ALK 181 

The variation in ocean acidification indices is driven by temperature, salinity, DIC, and ALK (Ishizu 182 

et al. 2019). Temperature shows an increase across most of the study region in the surface waters (Fig. 183 

3a). Temperature increased by 0.1 ℃ in the subarctic region (30°–40°N, 140°–170°E) and deceased 184 

by 0.1 ℃ in the area south of Japan (30°–31°N, 130°–140°E; Fig. 3a). The strong increase in the 185 

subarctic region (30°–40°N, 140°–170°E) coincides with the polar front area (Isoguchi et al. 2006; Fig. 186 

3a). On the other hand, the strong decrease in temperature observed in the area south of Japan is a 187 

consequence of the large Kuroshio meander in 2018. We also see a large increase in temperature in the 188 

Okhotsk Sea and the Pacific area north of 50°N (Fig. 3a). A moderate temperature increase is observed 189 

north of 50°N below the surface. On the other hand, the temperature increase becomes prominent 190 
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toward south from 50°N, particularly near the boundary between the subtropical region and the 191 

Kuroshio Extension (Fig. 3a–d). We note that long-term forcing effects, such as global warming and 192 

consequent ocean acidification, may influence the large-scale horizontal behavior of the change rate. 193 

Conversely, some of the locally intensive variations could be affected by year-to-year variations related 194 

to interannual variations in ocean currents, such as the large Kuroshio meander. 195 

The distribution of the change rate of salinity (Fig. 3e–h) matches the pattern of the temperature 196 

change rate (Fig. 3a–d), although changes in salinity have a weak influence on ocean acidification. 197 

The distributions of potential density change rate match those of temperature and salinity, although the 198 

increases in the density change rate are seen where decreases in temperature and salinity occur, and 199 

vice versa (Fig. 3i–l). 200 

DIC basically increases in the surface (Fig. 4a). However, the distributions of DIC change are not 201 

uniform (Fig. 4a–b). The strongest DIC increase in the surface waters is found in the subtropical region 202 

(18°–35°N, 130°–180°E), the southeast area of the Japan Sea (30°–40°N, 130°–140°E), and the East 203 

China Sea (30°–40°N, 120°–125°E; Fig. 4a). On the other hand, local DIC decreases at the surface are 204 

found in the Okhotsk Sea, the Japan Sea, and the eastern offshore waters of Hokkaido (35°–40°N, 205 

140°–160°E; Fig. 4a). The DIC decrease becomes stronger below 100 m depth and spreads to the south. 206 

A DIC increase is seen in the southern subtropical region (Fig. 4b–d). The strongest DIC increase 207 

occurs at 200 m depth in the region between 15°–25°N and 120°–160°E, and the strongest decrease in 208 

the area north of 40°N (Fig. 4c). The vertical distribution of DIC along the 165°E line (Fig. 5a) 209 
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indicates that DIC increases in the surface waters and in the upper 800 m in the southern part from 210 

20°N. DIC decreases near the boundary between the subtropical and the subarctic regions in the depth 211 

range between 400 and 1000 m (Fig. 5a). The DIC decrease spreads below 200 m depth between 35° 212 

and 50°N, with the strongest decrease occurring in the depth range of 600–800 m near 45°N in the 213 

subarctic region (Fig. 5a). 214 

The change rate of ALK between 1993 and 2018 is within 1 μmol/kg/yr (Figs. 4e–h, 5b), which is 215 

weaker than that of DIC (Figs. 4a–d, 5a). A weak decrease of ALK occurs in the Okhotsk Sea and 216 

along the Kamchatka Peninsula in the depth range of 0–500 m (Fig. 4e−h). The weak increase of ALK 217 

spreads more broadly in the subtropical region along the vertical section (Fig. 5b). The ALK decrease 218 

in the subarctic region at 200 m depth connects with the large decrease in the Okhotsk Sea (Fig. 4h). 219 

The patterns in ALK variation generally agree with those of DIC (Figs. 4, 5). 220 

 221 

3.3 Comparison between observational DIC data and simulation results 222 

Long-term variations in DIC (μmol/kg/yr) from observational data along line 165°E (Fig. 6) reveal 223 

patterns that are consistent with the simulation results. Although the DIC observations contain seasonal, 224 

interannual, and bi-decadal variability due to temporal variations in the collection of the DIC 225 

measurements (Cook et al. 1997; Bionde et al. 2001; Yasuda et al. 2008), the tendency of the DIC 226 

increase spreads with increasing depth in the subtropical region (15°–30°N) and the tendency of the 227 

DIC decrease spreads partially and/or throughout the depth in the subarctic region (35°–48°N). A 228 
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fraction of the area that contains the DIC increase resides in the subarctic region (Fig. 6a, b, d, e). The 229 

areas of DIC increase in the subarctic region are located near the surface layer or close to the Kuroshio 230 

Extension (35°–40°N; Fig. 6). 231 

Comparing the vertical distribution of the simulated increases and decreases in DIC (Figs. 4a–d, and 232 

5) with that of the DIC observations (Fig. 6), we find that the area of alkalinization residing in the 233 

subtropical region below the subsurface in the model outputs (Figs. 4a−d, 5a) is not basically found in 234 

the observations (Fig. 6). The area of DIC decrease below the subsurface in our model is wider than 235 

the area of DIC decrease in the observations (Figs. 4a–d, 5a, 6). A vertical section of the DIC difference 236 

between 1995 and 2018 may include effects of the spin-up process (Fig. 7), but the agreement between 237 

distributions of DIC changes from 1995 to 2018 (Fig. 7) and the observations appears to be better than 238 

that between DIC changes from 1999 to 2018 (Fig. 5a) and the observations. 239 

 240 

4. Discussion 241 

4.1 Comparison with previous observational results 242 

Midorikawa et al. (2010) found that ocean acidification occurs in the surface waters of the 243 

subtropical region. The authors estimated pH25 changes of 0.0013 ± 0.0005 yr–1 for summer and 0.0018 244 

± 0.0002 yr–1 for winter for surface waters in the subtropical region along the 137°E line. Our model 245 

estimates that the surface pH25 changes at a rate of 0.0019 yr–1 at 30°N, 137°E, which indicates 246 

progression of acidification and is consistent with the estimate of Midorikawa et al. (2010).  247 
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In the northern region of our study area, Wakita et al. (2013) estimated a change in ocean 248 

acidification at a rate of 0.0011 ± 0.0004 yr–1 in the surface mixed layer, and at a rate of 0.0051 ± 249 

0.0010 yr–1 in the 200−250 m depth range at the K2 station (47°N, 160°E). In the Japan Sea, Chen et 250 

al. (2017) estimated that ocean acidification progressed at rates of −0.0038, −0.0027, and −0.0021 yr–
251 

1 at 300, 400, and 500 m depth, respectively. Our simulation result, however, suggests a progression 252 

towards alkalinization above 100 m, and an even stronger progression towards alkalinization below 253 

100 m in the northern regions of the Northwest Pacific and Japan Sea (Fig. 1).  254 

Several research programs are aiming to measure parameters related to ocean acidification indices. 255 

The World Ocean Circulation Experiment (WOCE) includes cruise lines that contain the annual 256 

observations from some of these programs. The Ocean Carbon and Acidification Data Portal is 257 

currently organizing a system for gathering the observational data and making it publicly available 258 

(https://www.nodc.noaa.gov/oads/stewardship/data_portal.html). This system should enable access to the 259 

observational data under international control. When additional data are made available, we may have 260 

a better three-dimensional view of acidification and alkalinization in the global ocean. 261 

 262 

4.2 Air–sea CO2 flux 263 

The lack of agreement between the simulated long-term DIC changes and the observations may be 264 

due to the pCO2 calculation scheme applied to JCOPE_EC. Several studies have noted the poor 265 

agreement between the measured and modeled pCO2, which is calculated from DIC and ALK (Orr and 266 

https://www.nodc.noaa.gov/oads/stewardship/data_portal.html
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Epitalon, 2015; Valsala and Maksyutov 2015; Ishizu et al. 2019, 2020). This poor agreement likely 267 

influences the reproducibility of the simulated absorption of CO2 into the ocean. In our target region, 268 

the calculated oceanic pCO2 is larger than the measurements in most areas. Accordingly, the modeled 269 

absorption rate is expected to be smaller than the true absorption rate, and the area of DIC increase in 270 

the model may be smaller than the area in the observations (Figs. 4a−d, 5a, 6). The horizontal 271 

distribution of annual air–sea CO2 fluxes (Fig. 8) reveals that the majority of the Pacific plays a role 272 

in CO2 emissions, except for marginal seas which are sinks of CO2. Some parts of the Northwest 273 

Pacific also appear to play a role in the active uptake of CO2. 274 

The annual emission rate of CO2 from ocean to atmosphere (Fig. 9) gradually decreased from 1999 275 

to 2018 in subarctic waters, the Kuroshio Extension, and the subtropical region. The regressions 276 

calculated from the statistical regression analysis in the subarctic region, the Kuroshio extension, and 277 

the subtropical region were 0.0015, 0.0015, and 0.0006 Pg C yr–1, respectively. The p-values for each 278 

region were 6.9 × 10–5, 5.5 × 10–2, and 1.4 × 10–1, respectively. Since all of the regressions are positive, 279 

the CO2 release in the subarctic, the Kuroshio extension, and the subtropical region decreases with 280 

increasing atmospheric CO2 concentration. Only the p-values in the Kuroshio Extension and 281 

subtropical region are greater than 0.05, indicating that the statistical regression in the subarctic region 282 

is not reliable. Large variability in air–sea CO2 fluxes in the Kuroshio Extension (Fig. 9) is likely 283 

driven by the strong eddy activity in that region. 284 

 285 
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4.3 Possible mechanisms of long-term changes in ocean acidification and alkalinization 286 

in the Northwest Pacific represented by JCOPE_EC 287 

We decided to further examine the DIC increase in the surface region of the Northwest Pacific and 288 

the DIC distribution in the subsurface waters between the subtropical region and the subarctic region, 289 

where the processes controlling acidification and alkalinization are different (Figs. 1a–d, 4a–d). To 290 

accomplish this, we calculated the mean balances of the DIC variation terms generated by physical 291 

and biological processes, as follows (Ishizu et al. 2019): 292 
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where the subscripts A, xy_dif, z_dif, Bio, and air–sea represent the time derivatives of DIC induced 293 

by advection, horizontal diffusion (i.e., horizontal mixing), vertical mixing, biological processes, and 294 

air–sea CO2 exchange, respectively (positive air–sea values indicate a transfer of CO2 from air to sea). 295 

We refer to these as the “DIC variation terms”, and the DIC variations induced by air–sea CO2 296 

exchange are only included for the surface level. The total DIC variation term on the left side of Eq. 297 

(2) is the sum of all terms on the right-hand side of the equation. Note that the influencing terms were 298 

calculated with the DIC calculations in the simulation, but the outputs were sampled at one time-step 299 

per day. The averaged terms for the period of 1999–2018 were analyzed. The temporally averaged total 300 

variation term [ ]DIC

t




(left side of Eq. 2) is thus not the same as the change rate term (Eq. 1), which 301 

is calculated from the difference between the annual mean for 1999 and 2018. 302 

The horizontal distributions of the DIC variation terms in Eq. (2) are shown in Figs. 10–12, while 303 



17 

 

Fig. 13 displays depth-dependent variation in the DIC variation terms along the 165°E line at 20°, 30°, 304 

40°, and 50°E. The balances at the surface (Fig. 10a–f) indicate that air–sea exchange is generally 305 

balanced by vertical mixing (Figs. 10c, e, 13a–d), and that biological processes drive the DIC increase 306 

in the Kuroshio Extension and the subtropical region as well as the DIC decrease in the subarctic region 307 

north of 50°N (Figs. 10d, 13a–d). The DIC increase in the Kuroshio Extension and the subtropical 308 

region can be attributed to remineralization, which occurs due to the spreading of detritus originating 309 

from zooplankton (not shown). The DIC decrease in the subarctic region is due to photosynthesis. The 310 

balance of the yearly DIC variations terms along the 165°E line in the subtropical region and the 311 

surface region of the Kuroshio Extension (Fig. 13a, b, e) suggests that the DIC supply, which is 312 

primarily controlled by vertical mixing, surpasses the DIC release by air-sea exchange. As the depth 313 

increases (Figs. 10g–k, 11, 12, 13e–s), the DIC time variations are primarily driven by vertical mixing, 314 

biological processes and/or advection. Vertical mixing transports DIC from deeper layers to the surface 315 

waters (above 50 m) in the Kuroshio Extension and the subarctic region (Fig. 10c, g, j, 13e, f). At 100 316 

m, the negative DIC values are due to photosynthesis, which consumes DIC in the subtropical region 317 

(Fig. 11d). The positive DIC values in the subarctic region north of 40°N (Fig. 11d), however, indicate 318 

production of DIC due to remineralization. Such latitudinal differences between the subtropical region 319 

and the subarctic region are therefore due to biological processes (Fig. 11d, i), and can be linked with 320 

latitudinal differences in the depth of the chlorophyll maximum in the Northwest Pacific (Sauzede et 321 

al. 2015; Ishizu et al. 2020). Below 200 m (Figs. 11f–j, 12), biological processes become less important 322 
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in driving DIC variations. Instead, advection is largely responsible for DIC variations by way of 323 

vertical mixing (Fig. 11f, h, j, 13m–s). Horizontal mixing does not appear to play an important role in 324 

driving lateral or depth-dependent DIC variations across this study area (Fig. 10–12).  325 

Observations of DIC (Fig. 5) suggest that ocean acidification in the subtropical region above 200–326 

500 m has advanced more rapidly than the subarctic region. Results from the simulation suggest that 327 

vertical mixing balances the ejection of DIC at the surface despite CO2 release to the atmosphere. This 328 

likely causes acidification to proceed faster in the subtropical region than in the subarctic region (Fig. 329 

4a). The observations also raise the possibility of alkalinization in the subarctic region below 100 m. 330 

The analysis of the model products also suggests that the supply from DIC transport in the subarctic 331 

region below 100 m is less than that of the upper layers due to vertical mixing (Fig. 10–13, Fig.13a, h, 332 

l, p). This process is responsible for the DIC decrease in the subarctic region (Fig. 4b–d, 5a, 10f, 10k, 333 

11e, 11j, 13c–d, 13g–h), and likely leads to alkalinization in the shallow waters there (Fig. 1b–d, 1f–h, 334 

1j–l, 10j, 10k, 11e). DIC is transported to the Kuroshio Extension and the subtropical region below 335 

200 m (Fig. 11f, 12a, 13 q–t, u–s). The formation and transport of several mode waters, such as the 336 

North Pacific Intermediate Water (σθ = 26.8 kg m–3; Talley 1993; Yasuda 2004; Fujii et al. 2013), occur 337 

within the 200–600 m depth range, indicating that advection of DIC is consistent with the general 338 

patterns of ocean circulation in the Northwest Pacific (Fig. 5a).  339 

 340 

5. Conclusion 341 
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A biogeochemical model with an operational ocean product was used to examine long-term three-342 

dimensional variation in ocean acidification indices and parameters related to ocean acidification from 343 

1993 to 2018. The model results indicate an increase in DIC and a progression towards ocean 344 

acidification over most of the surface layer, although most of the Northwest Pacific is identified as a 345 

source of CO2 to the atmosphere. The results exhibit distinct contrasts between the subtropical and 346 

subarctic regions at increasing depths: ocean acidification is suggested in the subtropical region, while 347 

alkalinization appears to occur in the subarctic region. The analysis of the model product indicates that 348 

ocean acidification represented by this model is strongly controlled by the physical transport of DIC 349 

that occurs due to ocean circulation, with biological activity. Historical DIC observations in the 350 

Northwest Pacific show similar patterns across the Kuroshio Extension region. The analysis of the 351 

model product indicates that ocean acidification represented by this model is primarily driven by 352 

vertical mixing and air-sea exchange at the surface. In the deeper layers below 100 m, we see contrasts 353 

of ocean acidification and alkalinization in the subtropical region and the subarctic region, where 354 

biological processes with the modulation of the physical processes such as advection, horizontal 355 

transport, and vertical diffusion are strongly impacted.  356 

Although our model experiment does not distinguish between DIC changes due to ocean circulation 357 

and those due to increased injection of atmospheric CO2 as a consequence of global warming, our 358 

model experiment does allow for the possibility that ocean acidification in the subtropical gyre south 359 

of the Kuroshio Extension proceeds faster than that in the subarctic region. CO2 could be injected in 360 
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the Kuroshio Extension region in winter by subduction processes (not shown), and the injected CO2 in 361 

the subsurface and deeper layers may gradually reach the surface, with possibility of more rapid 362 

transport to the surface in the subtropical region. Our simulation results suggest that the concentrations 363 

of DIC (CO2) in the subtropical region and alongshore coastal area south of 40°N in the Northwest 364 

Pacific may increase in the future. This has strong implications for ocean acidification, and thus 365 

demands planning for such a scenario.  366 
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Appendix 373 

A. Spin-up processes 374 

The averaged DIC time variations in the subarctic region, the Kuroshio Extension, and the 375 

subtropical region from 1993 to 2008 were calculated in the surface (0–100 m), subsurface (100–500 376 

m), middle (500–1000 m) and deeper (1000–2000 m) layers. The DIC time variations in the surface 377 

layer (Fig. Aa) fluctuate more widely than those in the deeper layers (Fig. Ab–d). In the subsurface 378 

layer (Fig. Ab), the DIC values decrease in the subarctic region, but increase in the Kuroshio Extension 379 

and the subtropical region. In the layers deeper than 500 m (Fig. Ac–d), a widespread decrease in DIC 380 
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is observed. The rate of DIC change gradually slows with time, and the fluctuations become more 381 

moderate, except for in surface waters (Fig. Aa). Using this time-series of DIC from 1993 to 2018, we 382 

define the spin-up process as the model output prior to 1999. 383 
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Figures

Figure 1

Horizontal distributions of change rate of pHinsitu, pH25 and Ωarg model outputs from 1999 to 2018 at 0
m, 100 m, 200 m and 500 m depth, respectively. The annual values in 1999 are subtracted from that in
2018.



Figure 2

Vertical sections of change rate of motel outputs in pHinsitu, pH25 and Ωarg, respectively, from 1999 to
2018. The annual values in 1999 are subtracted from that in 2018. Density contours in a and b are drawn
for the data in 1999 and 2018, respectively.



Figure 3

Horizontal distributions of change rate of temperature, salinity and potential density of model outputs
from 1999 to 2018 at 0 m, 100 m, 200 m and 500 m depth, respectively. The annual values in 1999 are
subtracted from that in 2018.



Figure 4

Horizontal distributions of change rate of DIC and ALK model outputs from 1999 to 2018 at 0 m, 50 m,
100 m and 200 m depth, respectively. The annual values in 1999 are subtracted from that in 2018.

Figure 5

Vertical sections of change rate of model outputs for DIC and ALK, respectively, between 1999 and 2018,
along the corresponding 165E line. The annual values in 1999 are subtracted from that in 2018. Density
contours in a and b are drawn for1999 and 2018, respectively.



Figure 6

Vertical sections of change rate of observed DIC from 2018 (a-c) and 2017 (d-f) to 1992, 2000, 2006,
2011 respectively, along 165°E line.

Figure 7

Same as Fig. 5a, but between 1995 and 2018.



Figure 8

Annual mean of air-sea CO2 �ux from 1999 to 2018. Positive and negative values indicate CO2 uptake
and CO2 release, respectively.

Figure 9

Time-series of annual air-sea CO2 �uxes from 1999 to 2018 in the subarctic region (blue), the Kuroshio
extension (red), and the subtropical region (gray), respectively. The annual air-sea CO2 �ux is divided in
the subarctic region within (155°–175°E, 40°–50°N), the Kuroshio extension within (142°–175°E, 30°–
40°N), and the subtropical region within (130°–175 °E, 15°–30°N), respectively. Positive and negative
values indicate CO2 uptake and CO2 release, respectively.



Figure 10

Horizontal distributions of yearly DIC variation terms generated by advection (a, g), horizontal diffusion
(b, h), vertical mixing (c, i), biological processes (e, j) and air-sea CO2 exchange process (e) and total DIC
time variation (f, k) at 0 m (a-f) and 50 m (g-k) depth, respectively, on the equation above. Positive and
negative values indicate increase and decrease in each term for their DIC variations, respectively. The DIC
variation term in�uenced by the air-sea CO2 exchange are considered only in the surface, not below it.



Figure 11

Same as Fig. 10, but horizontal distributions of yearly DIC variation terms generated by advection (a, e),
horizontal diffusion (b, f), vertical mixing (c, g), biological processes (e, h) and total DIC time variation (d,
i) at 100 m (a-d) and 200 m (e-i) depth, respectively.



Figure 12

Same as Fig. 10, but horizontal distributions of yearly DIC variation terms generated by advection (a, e),
horizontal diffusion (b, f), vertical mixing (c, g), biological processes (e, h) and total DIC time variation (d,
i) at 500 m (a-d) and 1000 m (e-i) depth, respectively.



Figure 13

Bar graghs of yearly DIC variation terms generated by advection, horizontal diffusion, vertical mixing,
biological processes and air-sea CO2 exchange process and total DIC time variation at 0 m (a-d), 50 m (e-
h), 100 m (i-l), 200 m (m-p), 500 m (q-t), and 1000 m (u-s) depth, respectively, at the locations of 20°E (a, e,
i, m, q, u), 30°E (b, f, j, n, r, v), 40°E (c, g, k, o, s, w) and 50°E (d, h, l, t, s) along the corresponding165°E line.



The yearly mean values calculated within the range of 5-grid (22-45.5 km) from the target region. Color
bars indicate the same color showing in�uencing processes in Fig. 10.
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