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We developed a biogeochemical and Carbon model (JCOPE_EC) coupled with an operational ocean model for the North
Western Pacific. The model does not include climatological damping conditions. Results show that the contribution to
dissolved inorganic carbon (DIC) from air-sea CO, exchange is generally offset by vertical mixing at the surface at all
latitudes, with some seasonal variations. The surface pattern of the balance in subarctic regions is contrast with that in the
subtropics. The biogeochemical processes were evident at the surface in the subarctic region but the active area within the
euphotic layer for these biological processes and their corresponding DIC consumption deepens southward latitudinally.
Such latitudinal differences in DIC consumption affect the spatiotemporal variability of the inorganic carbon cycle in the

Northwest Pacific.
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1. Introduction

Ocean acidification poses a serious risk to marine
organisms and ecosystems, including finfish and coral reefs
in the subtropical regions, and species or groups of
organisms in polar regions ( IPCC 2013) [ 1 ]. The effects of
ocean acidity have previously been reported and the effects
of acidification are predicted to increase, with great risks to
marine organisms ( IGBP, I0C, SCOR, 2013 ) [ 2 ]. The
global economic loss of organisms from ocean acidification
has been estimated at $24 billion, $0.7 billion, $37 billion,
$65 billion, and $30-375 billion for molluscs, echinoderms,
crustaceans, finfish, and corals, respectively. All organisms
except echinoderms could be seriously affected, and
substantial economic losses are likely ( IGBP, 10C, SCOR,
2013)[11]. These issues therefore can no longer be ignored,
and urgent action is necessary. International society has been
deeply concerned for such future impacts from ocean
acidification, and try to make a construction of international
collaboration system for future concerns.

To improve our insights into the drivers of ocean
acidification, we aimed to extend the scope of Japan Coastal
Ocean Predictability Experiment (JCOPE) to further
incorporate a new marine ecosystem and carbon cycle model
(hereafter JCOPE_EC), driven by the physical processes
represented by the JCOPE2M model outputs (Miyazawa et
al. (2017,2019)[ 5, 61; Ishizu etal. 2019 [ 3 ]; Ishizu et al.
2020 [ 41). In this fiscal year, we developed a new version
of JCOPE_EC not including climatological damping terms
for representing the climatological states of dissolved

inorganic nitrate ( DIN ), dissolved inorganic phosphate
( DIP ), dissolved inorganic carbon (DIC), total alkalinity
(ALK), and investigated the seasonal carbon cycle in this
target region.

2. Results
2.1. Ocean Acidification Indices pH and Q,,

The ocean acidification indices pHisiw, PHzs and
aragonite saturation ( Q.4 ) were calculated from the
JCOPE_EC results for temperature, salinity, DIC, and
ALK. The pHi.siw, Values change throughout the year ( Fig
la—d ). The summer pHi., Values in the subarctic region
( 150°-175°E, 50°-60°N ) are slightly higher
( 8.05-8.10 ) than those shown in Fig. 9 of Ishizu et al.
(12019 [ 3]; 7.95-8.00; Fig 1la—d ). The summer pHinsi
values above 35°N decreased by 0.05 from winter to
summer (Fig la—d). The general seasonal variability is
consistent with the previous model version used by Ishizu
etal. (2019 [ 3]; Fig la—d).

Horizontal distributions of pHy exhibit consistent
seasonal variability across all latitudes (Fig le—h) with
different amplitudes. The pH,s values at higher latitudes
are lower than at lower latitudes, with an increase of 0.15
in summer. Their amplitudes gradually decrease
southward. The pH,s values in the subtropical region
below 20°N are generally constant throughout the year.

The seasonal pattern of Quq ( Fig 1i-l ) is similar to
that of pHys ( Fig 1e-h ). The Q,q values in the same area
of pH,s above 35°N become 0.5—1.0 larger in summer and
in autumn. The summer increase of Q4 is less evident in
the south. The accuracy of the modelled ALK
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concentrations is much improved compared with those of
Ishizu et al. (2019 ) [ 3], as the large summer decrease in
ALK is suppressed. We can therefore recognize that
reproducibility of the modelled pHimiy, PHzs, and Quy
values in the subarctic region in this model is improved
relative to the previous version used by Ishizu et al.
(2019)[3].
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Figure 1 Horizontal surface distributions of pHui, ( a-d ), pHas

Latitude (N)

(e-h), and aragonite saturation ( Qqg; i-1)  in January, April,

July, and October from the model outputs.,

Correlation coefficients between the model results and
observational data (Table 1) presented that the model
accuracy is poorer than that of Ishizu et al. (2019 ) [ 3] for
DIN and DIC, but the accuracy of only ALK is much
improved, especially in the subarctic region, the Kuroshio
extension, and the Sea of Japan. The correlation for ALK
is negative in the Sea of Japan because the simulated ALK
values there have the almost similar values throughout the
depth (not shown ) .

The correlation coefficients for the ocean acidification
indices ( PHinsiw, PH2s, and Q,) are >0.8, which does not
deteriorate well conclusively, similar to the previous
model version ( Ishizu et al. 2019 ) [ 3 ]. Our model thus
produces reasonably accurate values for pHinsiw, PH2s, and
Qg

Table 1 Correlation coefficients for chlorophyll-a ( Chl-a ),
DIN, DIC, ALK, pHas and Q4 between JMA observed data and
the model outputs for each region in 2015. The observed data
and model outputs that matched in time and place were
compared. Values in brackets indicate p-values the significance
level of 0.05 and the significant level of p < 0.05. Only for

Chl-a, logy, ( Chl-a ) values were evaluated.

Parameter Subtropical region Subarctic region Kuroshio extension  Japan Sea

Chlorophyll-a 0.65 (0.07) 0.84 (0.07) 0.80 (0.12) 0.90 (0.15)
DIN 0.68 (0.04) 0.82 (0.12) 0.72 (0.10) 0.89 (0.11)
DIC 0.72 (0.09) 0.83 (0.20) 0.72 (0.17) 0.95(0.26)

Alkalinity ~ 0.48 (0.09) 0.79 (0.20) 0.69 (0.17) -0.46 (0.26)
pHs 0.83 (0.09) 0.82 (0.20) 0.81 (0.17) 0.93(0.26)
Qy 0.99 (0.09) 0.97 (0.20) 0.97 (0.17) 0.99 (0.26)
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3. Processes affecting the seasonal carbon cycle

To identify processes affecting the carbon cycle, we
examine the mechanisms underlying the seasonal carbon
cycle in the Northwest Pacific using the model results. We
separately evaluate each process included in the governing
equation as follows:

a[pic] _ apic],  a[pIc]

> [ 1+l DIC] o[DIC] a[DIC]
ot ot ot

oo +OEN, oA OEL, gy

o

where the subscripts A, xy_dif, z_dif, Bio, and air-sea
indicate time derivative of DIC induced by advection,
horizontal diffusion ( i.e., horizontal mixing ), vertical
mixing, biological processes, and air-sea CO, exchange
( positive values indicate transfer of CO, from air to sea ),
respectively. Note that we call them DIC variation terms
here and the DIC variations induced by air-sea CO,
exchange are included only for the top (surface) level, and
not for the levels below it. The total DIC variation term on
the left side of Eq. (1) is a summation of all the terms on
the right side of the equation.

Horizontal distributions and monthly mean balances of
the DIC variation terms in the surface layer induced by all
sub-processes ( Figs 2 and 3a—d ) indicate that air-sea CO,
exchange is generally offset by vertical mixing. Biological
processes secondarily contribute to the total DIC variation
( Figs 2 and 3c—d, g—h, j—k, m ). Negative biological
process values indicate consumption of DIC through
photosynthesis. Biological process contributions vary
spatially and with depth ( Figs 2 and 3 ). At the surface
level, the DIC consumption induced by biological
processes is high in the subarctic region around 50°N
throughout the year ( Figs 2m—p and 3a—d ). The peak
consumption of DIC moves deeper beneath the surface
southward. ( Fig 3d, e-g, j, m ). The highest DIC
consumption occurs at 50-100 m depth at 30°-40°N ( Fig
39, j-k ) and at 200 m depth in the subtropical region
south of 30°N ( Fig 3m ). The contributions from
biological processes at the surface and at 200 m depth are
of opposite sign (Fig. 2m-—p).

ADIC,,
| ADIC,, [+]ADIC,, 4 |+|ADIC, , |+|ADIC,, |+|ADIC

Relative contribution =

‘ %100 % (2)

The relative contribution of biological processes compared
with the other terms at 165°E, which is calculated in Eq.
(2 ) showed that the highest DIC consumption occurs
above 100 m depth north of 40°N throughout the year,
gradually deepening in the range 30°—40°N, and spreading
vertically at 100—350 m depth in the subtropical region at
latitudes below 30°N. These patterns of DIC
consumption/production may be caused by the latitudinal
difference of the Chla maximum depth ( Ishizu et al. 2019
[ 31; Sauzede et al. 2015 [ 8 ]). Such latitudinal differences
in DIC consumption affect the horizontal and vertical
distribution of the DIC and then affect the spatiotemporal
variability of the carbon cycle in the Northwest Pacific.
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DIC variation term induced by air-sea CO. e
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Figure 2 Surface horizontal distribution of monthly mean DIC
variations induced by air-sea CO, exchange process ( a—d ) to
ocean, advection ( e-h ), vertical mixing ( il ), biological
processes ( m—p ), total DIC time variations ( g—t ) at the surface
( 0 m depth ) in January, April, August and October,

respectively.
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Figure 3 Monthly mean balances of DIC variation terms in 20,
30, 40, and 50N. respectively, at each depth along 165°E line..
Colored lines indicates monthly mean of the processes of DIC
variations terms above equations = Eq. 1 Positive and negative

values indicate increase and decrease in each term.

5. Conclusion

To understand the seasonal carbon cycle in the
Northwest Pacific, we performed simulations using a
biogeochemical and carbon model coupled with an
operational ocean model. The accuracy of the model result
was sufficient to evaluate processes related to the seasonal
carbon cycle. We found that contributions to the carbon
cycle from air-sea CO, exchange generally offset those of
vertical mixing at the surface in the Northwest Pacific.
Biological processes secondarily contributed to DIC
variations with a latitudinal dependence in the euphotic
layer. The advection actively contributes to DIC variations
below the layer where the biological process contributes.

The mechanism of the seasonal carbon cycle is
interpreted as follows: DIC introduced in the subtropical
region is conveyed from the surface to the subsurface
through vertical mixing and the DIC released in the
subarctic region is compensated for by vertical mixing
from subsurface layers. In summer, the opposite pattern
occurs, but vertical mixing is weaker and the influences
for the DIC variations in the deeper layer could be weaken.
Unlike the seasonal air-sea CO, exchange contribution,
the negative contribution induced by biological processes
(i.e., a sink) below the surface actively occurs throughout
the year and become stronger to the subarctic region.
Below the surface, the contribution of advection becomes
prominent in the subtropical region and in the Kuroshio
extension region. These DIC convey connects with DIC
increase/decrease in the subtropical region.

Ocean circulation with ventilation processes [ 7 ] in the
North Western Pacific transports DIC-rich and DIC-poor
water and redistributes them over time. The horizontal
pattern of long-term DIC trends varies with depth. The
impacts of long-term trends to ocean acidification indices
( pH and aragonite saturation ) also show horizontal and
vertical dependencies. Future studies will use modeling
experiments to evaluate decadal variations in the carbon
cycle. Results of these experiments are expected to
improve our understanding of both DIC variability and
ocean acidification.
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