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The dissolved inorganic carbon (DIC) and related chemical species have been mea-
sured from 1992 to 2001 at Station KNOT (44°N, 155°E) in the western North Pacific
subpolar region. DIC (1.3~2.3 µµµµµmol/kg/yr) and apparent oxygen utilization (AOU,
0.7~1.8 µµµµµmol/kg/yr) have increased while total alkalinity remained constant in the
intermediate water (26.9~27.3σσσσσθθθθθ). The increases of DIC in the upper intermediate
water (26.9~27.1σσσσσθθθθθ) were higher than those in the lower one (27.2~27.3σσσσσθθθθθ). The tem-
poral change of DIC would be controlled by the increase of anthropogenic CO2, the
decomposition of organic matter and the non-anthropogenic CO2 absorbed at the
region of intermediate water formation. We estimated the increase of anthropogenic
CO2 to be only 0.5~0.7 µµµµµmol/kg/yr under equilibrium with the atmospheric CO2 con-
tent. The effect of decomposition was estimated to be 0.8 ± 0.7 µµµµµmol/kg/yr from AOU
increase. The remainder of non-anthropogenic CO2 had increased by 0.6 ± 1.1
µµµµµmol/kg/yr. We suggest that the non-anthropogenic CO2 increase is controlled by the
accumulation of CO2 liberated back to atmosphere at the region of intermediate wa-
ter formation due to the decrease of difference between DIC in the winter mixed layer
and DIC under equilibrium with the atmospheric CO2 content, and the reduction of
diapycnal vertical water exchange between mixed layer and pycnocline waters. In
future, more accurate and longer time series data will be required to confirm our
results.

ocean (Watanabe et al., 2000). Its subpolar region is the
only area forming southward North Pacific Intermediate
Water (NPIW), characterized by a salinity minimum
centered at 26.8σθ (e.g., Reid, 1965; Talley, 1991). The
subpolar region is therefore an important area for trans-
porting anthropogenic CO2 into the ocean interior over
the North Pacific (e.g., Tsunogai et al., 1993).

The rate of increase of anthropogenic CO2 and the
dissolved inorganic carbon (DIC) inventory in the North
Pacific has been estimated in several recent studies.
Watanabe et al. (2000) indirectly estimated the rate of
increase of anthropogenic CO2 inventory with a tracer
dating technique in the North Pacific. In the temperate
North Pacific, Tsunogai et al. (1993), Slansky et al. (1997)
and Ono et al. (1998) directly estimated the rate of in-
crease of DIC inventory between the 1970s and the 1990s.
Watanabe et al. (1996) and Takahashi et al. (1999) also

1.  Introduction
The increase of atmospheric CO2 concentration (e.g.,

Keeling and Whorf, 2002) has recently generated con-
siderable interest in global carbon cycles. The oceans have
taken up anthropogenic CO2 of 1.6~2.0 Pg C/yr in the
1990s (e.g., McNeil et al., 2003). High latitudinal oceans
are especially important as a sink for anthropogenic CO2
since they are the source of the intermediate and deep
water masses, and a direct pathway for the transport of
anthropogenic CO2 into the ocean interior.

The uptake rate of anthropogenic CO2 in the North
Pacific was estimated in the 1990s to be 0.55 ± 0.09
Pg C/yr, which is about 32% of the total for the global
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et al., 2002).
On the T/S Hokusei Maru, Hokkaido University,

CTD observations and water samplings were carried out
at Station KNOT from 1993 to 2001 (Fig. 1 and Table 1).
Seawater samples were collected from 13~16 layers from
the surface to 1500 db in 1992~1997 and 25 layers from
the surface to 3000 db in 1998~2001. We obtained sam-
ples by using 1.2-l Niskin bottles for the 1992~1997 ob-
servations and 10-l Niskin bottles for the 1998~2001 se-
ries, mounted on a CTD system. We measured tempera-
ture, salinity, DO, DIC and total alkalinity (TA). Tem-
perature and salinity were measured with a Neil Brown
(MARK IIIB) CTD system in 1992~1997 and a Seabird
CTD system in 1998~2001. DO, DIC and TA were
analyzed on board within 24 hours of sampling. Sampling,
measurement and standardization of DO measurement in
the seawater were carried out according to JGOFS
protocols (Knap et al., 1996). We analyzed DO with a
piston burette (Metrohm Ltd.) in 1992~1997 and poten-
tiometric titration with an autoburette (751 GPD Titrino,
Metrohm Ltd.) in 1998~2001. The precision of DO analy-
sis was estimated as < 0.7 µmol/kg, obtained from dupli-
cate determinations. We calculated Apparent Oxygen Uti-
lization (AOU) as the difference between observed con-
centration and equilibrium concentration with atmosphere
(Weiss, 1970).

2.2  Measurements of DIC and TA
The methods by which DIC and TA were measured

in this study are listed in detail in Table 1. A modified
coulometric method of Johnson et al. (1985) was used
for the determination of DIC. In 1992 and 1995, the sam-
pling, measurement and standardization for DIC were
carried out according to the method of Tsunogai et al.
(1993). This method uses a calcium carbonate reagent of
JIS K8617 special grade (purity 98.90%) as our reference
material as well as a running substandard seawater sam-
ple. The coefficient of variation in DIC was ±0.2%. In
1997, 2000 (00/7) and 2001, the DIC contents were de-
termined by the method described in Ono et al. (1998).
We prepared and used a working standard of DIC on board
the vessel according to the method described by Dickson
et al. (2003). This working DIC standard was calibrated
against sodium carbonate (Asahi Glass Co., Ltd., purity
99.97%) at least every half-year according to a DOE
(1994). Since 2000, we calibrated our working standard
once a year against a US certified reference material of
DIC distributed by A. G. Dickson of Scripps Institution
of Oceanography (SIO-CRM). The DIC content deter-
mined by our working standard agreed with that of SIO-
CRM within about 2 µmol/kg (±0.1%) in 2000 (00/7) and
2001. The precision of DIC analysis was estimated as
±0.1% from duplicate determinations in 1997, 2000 (00/
7) and 2001.
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Fig. 1.  Location of Station KNOT in the western North Pacific
subpolar region.

found a significant increase of DIC inventory between
1973 and 1992 in the subpolar North Pacific. However,
these analyses were based substantially on a single pair
dataset, and included the potential uncertainty in the rate
of DIC increase due to the choice of data sets (Ono et al.,
2000). Thus, the most fundamental and reliable approach
to the direct estimation of the oceanic rate of anthropo-
genic CO2 increase is to collect more accurate, longer time
series observations of the oceanic CO2 species.

We have observed the oceanic CO2 species and its
related hydrographic components (dissolved O2, DO)
from 1992 to 2001 at a station, 44°N, 155°E, in the west-
ern North Pacific subpolar region (Fig. 1). This station is
named KNOT and has been a Japanese JGOFS time se-
ries station since 1998 (e.g. Tsurushima et al., 2002). The
purpose of this study is to estimate directly the oceanic
rate of anthropogenic CO2 increase at Station KNOT by
using our decadal data of the oceanic CO2 species in
1992~2001. Moreover, we examined the factors control-
ling the rate of increase of DIC in the intermediate water
(26.9~27.3σθ) during the same period.

2.  Methods

2.1 Sampling and shipboard measurements of chemical
parameters
Station KNOT is located in the western subpolar gyre

and just north of the Subpolar Front during the period
from 1982 to 1995 (Isoda et al., 2002). At Station KNOT,
the seasonal amplitude of DIC in surface mixed layer was
107 µmol/kg in the 1999~2000 time series, which was
larger than those at other pelagic ocean time series sites
(Tsurushima et al., 2002). This large variation is mainly
due to biological production in spring to fall and strong
vertical mixing in winter (Tsurushima et al., 2002; Imai
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In 1998, 1999 and 2000 (00/6-1, 00/6-2), the sam-
pling, measurement and standardization for DIC and TA
were carried out according to the method described by
Tsurushima et al. (2002). The working standards of DIC
and TA were examined at the PICES (North Pacific Ma-
rine Science Organization) international intercalibration
exercises in 1999 and 2000. The difference between DIC
content of SIO-CRM we determined and that certified in
SIO was 6.3 µmol/kg in 1999, and showed good agree-
ment, less than about 2 µmol/kg (±0.1%) in 2000. At the
PICES intercalibration in 2000, our TA contents showed
no significant difference from the SIO-CRM. The
precisions of DIC and TA analyses were estimated as
±0.1% from duplicate determinations in 1998, 1999 and
2000 (00/6-1, 00/6-2).

In 2000 (00/7) and 2001, TA was determined by the
improved single point titration method described by
Culberson et al. (1970). We measured TA using a glass
electrode standardized against Tris buffer (DOE, 1994),
2-aminopyridine buffer (DOE, 1994). Drift was corrected
using a 0.03 M phthalic acid buffer of a seawater base.
The precision of TA was determined as ±0.2% from du-
plicate determinations in 2000 (00/7) and 2001.

2.3  Correction of systematic errors among datasets
We eliminated the systematic errors of DO and DIC

among each dataset, because the methods used for these
determinations were slightly different from cruise to

cruise. We corrected the DIC concentrations during the
period from 98/6-1 to 01/7 to the certified SIO-CRM
value, because we calibrated the working standard against
SIO-CRM once a year from 1998 to 2001.

For the preceding periods, we corrected the system-
atic errors assuming that oceanic properties in the water
mass deeper than 27.4σθ (820 m) had been constant for
the period from 1992 to 2001, because the water mass
deeper than 27.4σθ has not changed for the last ten years
within the variations of potential temperature (θ)
(±0.01 ~ ±0.02°C) and salinity (±0.001 ~ ±0.002) (Figs.
2 and 3), and because AOU and CFC-11 deeper than
27.4σθ in 1985 agreed with those in 1999 at Station KNOT
(Watanabe et al., 2001). We corrected the contents of DO
and DIC in 92/6, 95/6 and 97/7 at the isopycnal surfaces
of 27.4σθ, 27.5σθ and 27.6σθ to fit the mean observed
value from 1998 to 2001 at the same isopycnal surfaces
(Table 2). The values of DO and DIC at each isopycnal
surface were obtained by linear interpolation. For con-
tents of DO in 97/7, –10 µmol/kg was added to original
data. We added the DIC contents to 19 µmol/kg in 92/6,
10 µmol/kg in 95/6 and 10 µmol/kg in 97/7. These sys-
tematic errors probably derive from the standardization
because of the absence of a common reference material
(SIO-CRM). The above corrections of DIC and DO are
listed in Table 3. After the corrections, the standard er-
rors of DO (±0.8 ~ ±1.2 µmol/kg) and DIC (±1 µmol/kg)
on 27.4σθ, 27.5σθ and 27.6σθ during last ten years agree

Fig. 2.  Vertical profiles of (a) potential temperature (θ) and
(b) salinity at Station KNOT from 1992 to 2001.

Fig. 3.  Profiles of (a) potential temperature (θ) and (b) salinity
against density (σθ) at Station KNOT from 1992 to 2001.
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with those in each isopycnal surface of 27.7σθ, 27.73σθ
and 27.75σθ from 1998 to 2001 (Table 2), which suggests
that these corrections are appropriate.

3.  Results and Discussion

3.1  Decadal change of the structure of water mass
The vertical distributions of θ and salinity from 1992

to 2001 are shown in Figs. 2 and 3. The layer of mini-
mum temperature that was the remnant of the winter
mixed layer water usually existed at about 26.6σθ (about
100 m) and the maximum temperature was observed be-
tween 27.0σθ (about 300 m) and 27.1σθ (about 390 m) in
the last ten years. These observations indicate that Sta-
tion KNOT was located in the western subpolar gyre from
1992 to 2001, according to Favorite et al. (1976) and Ueno
and Yasuda (2000).

In the water mass shallower than 26.8σθ (about 180
m), the recorded values of θ and salinity in 01/6 and 01/7
were the minimum in our dataset, while the values in 98/
6-1, 98/6-2, 99/6-1, and 99/7 were the maximum values
recorded (Figs. 2 and 3). The higher values of θ and sa-
linity in 98/6-1, 98/6-2, 99/6-1 and 99/7 might be due to
the migration of subtropical water from the south
(Tsurushima et al., 2002), because Station KNOT is lo-
cated just north of the Subpolar Front (Kono, 1997; Isoda
et al., 2002).

The values of θ and salinity deeper than 26.9σθ
(about 230 m) were not greatly different from year to year
during the last ten years (Figs. 2 and 3). We could not
detect decadal changes of the θ and salinity from 26.9σθ
to 27.3σθ (about 630 m). Their standard errors from
26.9σθ to 27.3σθ were ±0.02 ~ ±0.05°C and ±0.002 ~
±0.006, respectively, during last ten years, which is com-
parable to values deeper than 27.4σθ (±0.01 ~ ±0.02°C
(θ) and ±0.001 ~ ±0.002 (salinity)) (Fig. 4). We thus as-
sumed that the structure of intermediate water from 26.9σθ
to 27.3σθ did not change during the period from 1992 to
2001.

σθ Depth (ave.) DO DIC

(m) (µmol/kg) (µmol/kg)

27.40 816 30.5 ± 1.4 2372 ± 1
27.50 1091 37.9 ± 0.6 2377 ± 1
27.60 1511 57.6 ± 1.2 2377 ± 1
27.70 2216 97.1 ± 1.1 2362 ± 1
27.73 2478 110.8 ± 1.1 2354 ± 1
27.75 2798 124.3 ± 1.2 2345 ± 1

Code name DO DIC
(µmol/kg) (µmol/kg)

92/6 — 19
95/6 — 10
97/7 –10 10
98/6-1 — 6.3
98/6-2 — 6.3
98/7 — 6.3
98/8 — 6.3
99/6-1 — 6.3
99/6-2 — 6.3
99/7 — 6.3
99/8 — 6.3
00/6-1 — —
00/6-2 — —
00/7 — 2
01/6 — 2
01/7 — 2

Table 2.  Average concentrations of DO and DIC with their
standard errors at each isopycnal surface at Station KNOT
from 1998 to 2001.

Table 3.  Values of the corrections of DO and DIC from 1992 to
2001 at Station KNOT.
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Fig. 4.  (a) Potential temperature (θ) and (b) salinity on the
isopycnal surface of 26.9σθ (solid circles), 27.0σθ (solid
squares), 27.1σθ (solid triangles), 27.2σθ (solid diamonds),
27.3σθ (plus) and 27.2σθ (cross) surfaces at Station KNOT
during the period from 1992 to 2001. We show the linear
regression lines on 26.9σθ (solid line), 27.0σθ (dashed line),
27.1σθ (dashed-dotted line), 27.2σθ (dotted line) and 27.3σθ
(thin line). In addition, we also show the correlation coeffi-
cient (r) and the probability value (p) for the linear regres-
sion lines of θ and salinity on each isopycnal surface.
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3.2 Decadal variations in the vertical profile in DIC, TA
and AOU
The vertical profile of DIC was similar to that of

AOU due to decomposition of organic matter (Figs. 5(a)
and (b)). DIC and AOU were at their minima in the sur-
face water due to photosynthesis and gas exchange of CO2
and O2 across the air-sea interface. Both properties in-
creased with density, and decreased slightly below 27.6σθ.
On the other hand, TA increased with density and had a
strong correlation with salinity (TA = 106.9 salinity –
1296, r = 0.98) (Figs. 3(b) and 5(c)).

Comparing the vertical profiles of DIC, TA and AOU
in the most recent observation (01/7) with the other data

obtained in the last ten years, we found that the temporal
changes in DIC and AOU below 26.9σθ decreased with
increasing density (Fig. 5). AOU in 01/7 above 26.8σθ
was smaller than that in the other data, while the tempo-
ral change of DIC above 26.8σθ had a large variation.
These changes of AOU and DIC in the mixed layer (above
26.8σθ) may be caused by the large variation of water
mass structure. It is thus difficult to detect decadal changes
above 26.8σθ. In the next section we focus on the decadal
changes in AOU, TA and DIC on 26.9~27.3σθ for the
period from 1992 to 2001, since NPIW is generally seen
from 26.8σθ to 27.4σθ.

(a)Averages and standard deviations at the isopycnal surfaces.
(b)dDICorg/dt = 0.69d(AOU)/dt : 0.69 = Corg/–O2 (Anderson and Sarmiento, 1994).
(c)d(non-anthDICair-sea)/dt = d(DICobs)/dt – d(DICorg)/dt – d(anthDICair-sea)/dt.

Fig. 5.  Profiles of (a) DIC, (b) TA and (c) AOU against density (σθ) at Station KNOT from 1992 to 2001. We show the vertical
profiles of DIC, AOU and TA in the most recent observation (01/7) as a solid line to clarify these temporal changes.

Table 4.  Increase rate of DIC and other properties on the 26.9–27.3σθ surfaces at Station KNOT. Error shows the standard error
of the slope of linear regression.

Isopycnal surface Depth (ave.)(a) dDICobs/dt danthDICair-sea/dt dDICorg/dt(b) dAOUobs/dt dnon-anthDICair-sea/dt(c)

(m) (µmol/kg/yr) (µmol/kg/yr) (µmol/kg/yr) (µmol/kg/yr) (µmol/kg/yr)

26.9σθ 230 ± 37 2.3 ± 1.0 0.6 ± 0.2 0.8 ± 0.8 1.1 ± 1.1 0.9 ± 1.3

27.0σθ 293 ± 41 2.6 ± 0.9 0.5 ± 0.1 1.2 ± 0.8 1.8 ± 1.2 0.9 ± 1.2

27.1σθ 379 ± 43 2.5 ± 0.9 0.6 ± 0.1 0.8 ± 0.7 1.2 ± 1.0 1.1 ± 1.1

27.2σθ 487 ± 48 1.3 ± 0.6 0.7 ± 0.1 0.6 ± 0.5 0.8 ± 0.7 0.0 ± 0.8

27.3σθ 626 ± 47 1.3 ± 0.6 0.6 ± 0.1 0.5 ± 0.6 0.7 ± 0.8 0.2 ± 0.9
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3.3 Rate of increase of DIC in the intermediate water
(26.9~27.3σθ)
We found that DIC between 26.9σθ and 27.3σθ in-

creased at rates of 1.3~2.3 (ave. 2.0 ±0.8) µmol/kg/yr,
based on linear regression (Fig. 6 and Table 4). The val-
ues of DIC on each isopycnal surface were obtained by
linear interpolation. The rates in the upper intermediate
water (26.9~27.1σθ) were higher than these in the lower
water (27.2~27.3σθ) (Table 4).

If oceanic physical and biological conditions are in
a steady state, the rate of DIC increase on any isopycnal
surface is the rate of anthropogenic CO2 increase absorbed
in seawater. In the steady state, the average rate of in-
crease of anthropogenic CO2 was estimated to be 2.0 ±
0.8 µmol/kg/yr on 26.9~27.3σθ at Station KNOT. How-
ever, Watanabe et al. (2000) reported that the rate of an-
thropogenic CO2 increase was estimated to be 0.3~0.6
µmol/kg/yr in the 1990s on 26.9~27.3σθ in the western
North Pacific subpolar region, on the assumption of oce-
anic conditions steady-state, based on the thermodynamic
method using temperature, salinity, the TA and the rate
of increase of atmospheric CO2. Our estimate is three
times higher than theirs. It is thus difficult to explain the
rate of increase of DIC on 26.9~27.3σθ at Station KNOT
only in terms of the rate of increase of anthropogenic CO2,
based on the assumption of steady-state oceanic physical
and biological conditions during the observation period.

3.4 Rate of increase of TA in the intermediate water
(26.9~27.3σθ)
The values of TA on 26.9~27.3σθ were statistically

insignificant during the period from 1992 to 2001 (Fig.
6(b)). The values of TA on each isopycnal surface were
obtained by linear interpolation. The standard deviation
of TA on 26.9~27.3σθ was 2~4 µmol/kg, which is close
to the analytical error of TA. This suggests that the rate
of dissolution of particulate carbonate has not changed
over these isopycnal surfaces during the period from 1992
to 2001 at Station KNOT. Bates (2001) and Winn et al.
(1998) also reported that the temporal change of TA in
the mixed layer is insignificant at the subtropical stations
BATS (31°50′  N, 64°10′  W) and HOT (22°45′  N, 158°00′
W). This is consistent with the observational results that
the saturation depths of calcite and aragonite are about
750 m and 500 m, respectively, in North Pacific (Millero,
1996) and the depth of 26.9~27.3σθ surface at Station
KNOT (about 200~600 m) is almost shallower than these
saturation depths. Thus these isopycnal surfaces are not
sensitive to the effect of dissolution of particulate car-
bonate.

3.5 Rate of increase of AOU in the intermediate water
(26.9~27.3σθ)
The rate of AOU increase on 26.9~27.3σθ was the

range 0.7~1.8 (ave. 1.1 ± 1.0) µmol/kg/yr and decreased
with increasing density (Fig. 6(c) and Table 4). The trend
of AOU increase on 27.0~27.1σθ was significant at the
80% confidence level, while the other isopycnal surfaces
(26.9σθ, 27.2σθ and 27.3σθ) show no trend of AOU in-
crease. Ono et al. (2001) reported that AOU has increased
in the range from 0.6 to 1.3 µmol/kg/yr between 26.7σθ
and 27.2σθ from 1968 to 1998 in the western North Pa-
cific subpolar region (near the area east of Japan). The
rates of increase of AOU in our study agreed well with
their results.

Fig. 6.  Temporal changes in (a) DIC, (b) TA and (c) AOU on
the isopycnal surface of 26.9σθ (solid circles), 27.0σθ (solid
squares), 27.1σθ (solid triangles), 27.2σθ (solid diamonds)
and 27.3σθ (plus) surfaces at Station KNOT from 1992 to
2001. We show the linear regression lines on 26.9σθ (solid
line), 27.0σθ (dashed line), 27.1σθ (dashed-dotted line),
27.2σθ (dotted line) and 27.3σθ (thin line). In addition, we
also show the probability value (p) for the linear regression
lines of DIC on each isopycnal surface. The values of TA
from 1992 to 1997 were computed using the strong correla-
tion between TA and salinity on 26.9~27.3σθ from 1998 to
2001 (TA/µmol/kg = 140.4 salinity – 2447, r = 0.99).
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The increase of AOU could be caused by the change
in the physical and biological conditions of the ocean. To
clarify whether or not oceanic biological activity changed
at Station KNOT in the period from 1992 to 2001, we
examined the change in primary production due to bio-
logical activity and the export flux of carbon from the
surface to the ocean interior. According to Honda et al.
(2002), the equations of vertical change in particulate
organic carbon (POC) flux based on observed data are as
follows at Station KNOT,

POC = 1120.9Z–0.63 (Nov.–Dec. 1998) (1)

POC = 1691.5Z–0.63 (May–June 1999) (2)

where Z is water depth. Using the above equations, we
can estimate the flux of decomposition of POC from 230
m (26.9σθ) to 626 m (27.3σθ) to be 6~9 gC/m2/yr in the
intermediate water (26.9~27.3σθ). On the other hand, the
rate of increase of AOU in this study was an average of
1.1 µmol/kg/yr between this intermediate water at Sta-
tion KNOT (Fig. 6(c) and Table 4). The temporal increase
in the flux of decomposition of POC is calculated to be
about 4 g C/m2/yr, using our rate of increase of AOU (1.1
µmol/kg/yr) and the stoichiometric ratios for carbon to
oxygen (Corg/–O2 = 0.69: Anderson and Sarmiento, 1994).
The temporal increase of flux of decomposition (4
g C/m2/yr) is comparable to 44~67% of flux of decompo-
sition (6~9 gC/m2/yr) from 26.9σθ to 27.3σθ, which is
not reasonable. The flux of POC observed at 1000 m at
Station KNOT during the period from 1989/June to 1990/
January (average 11 gC/m2/day) agreed with values found
during the period from 2000/June to 2001/January (Noriki,
personal communication). Ono et al. (2002) also reported
that the net rate of biological phosphate consumption from
February to August decreased linearly at  0.40
mmol P/m2/yr (0.51 g C/m2/yr) in the surface of the west-
ern North Pacific subpolar region during the last three
decades. Thus the increase of primary production and the
export flux due to biological activity may not have caused
the rate of increase of AOU in the intermediate water at
Station KNOT in the past decade.

In addition, Watanabe et al. (2001) suggested that
the formation rate of the intermediate water in the North
Pacific has reduced at least during past fifteen years.
Watanabe et al. (2003) showed that both the linear trends
and the oscillations of DO, phosphate and temperature in
the North Pacific Intermediate Water in the last four dec-
ades showed a strong correlation with the North Pacific
Index, an anomaly of sea surface level pressure in the
wintertime in the North Pacific (Minobe, 1999). They
suggested that atmospheric oscillations and/or artificial
greenhouse warming effects simultaneously caused the
reduction of the formation rate of the subsurface water in

the ocean. Thus, the rate of increase of AOU on
26.9~27.3σθ may be due to the increase of residence time
of intermediate water.

3.6 Factors controlling the rate of increase of DIC in
the intermediate water (26.9~27.3σθ)
In general, observed DIC (DICobs) along an isopycnal

surface is the sum of the changes of DIC due to the gas
exchange of CO2 at the air-sea interface (DICair-sea), the
decomposition of organic matter (DICorg) and the disso-
lution of calcium carbonate (DICCaCO3). To clarify the
factors controlling the rate of increase of DIC, we can
express Eqs. (3)~(5), as follows (e.g., Brewer, 1978; Chen
and Millero, 1979),

d(DICobs)/dt
= d(DICair-sea)/dt + d(DICorg)/dt + d(DICCaCO3)/dt (3)

d(DICair-sea)/dt
= d(DICobs)/dt – (Corg/–O2)d(AOUobs)/dt – 0.5d(TAobs)/dt

(4)

= d(anthDICair-sea)/dt + d(non-anthDICair-sea)/dt (5)

where d(DICobs)/dt, d(AOUobs)/dt and d(TAobs)/dt are the
rates of increase of DIC, AOU and TA observed on any
isopycnal surfaces. Corg/–O2 is the stoichiometric ratio of
carbon to oxygen at the organic matter decomposition
(Redfield et al., 1963; Anderson and Sarmiento, 1994).
The term d(anthDICair-sea)/dt is the rate of increase of DIC
due to the gas exchange of the anthropogenic CO2 at the
air-sea interface and is defined that the near-surface wa-
ter in the region of the formation of this intermediate water
has followed the atmospheric perturbation and therefore
has taken up anthropogenic CO2 in equilibrium with the
atmospheric CO2 increase. The term d(non-anthDICair-sea)/
dt is defined as the rate of increase of DIC due to the
uptake of non-anthropogenic CO2 through gas exchange
at the air-sea interface in the region of the intermediate
water formation, because non-anthDICair-sea fluxes estimated
by Gloor et al. (2003) showed a large influx in the North
Pacific, acting as a CO2 sink. The term d(TAobs)/dt can
be eliminated, because TA has not changed over the
isopycnal surfaces (26.9~27.3σθ) during the period from
1992 to 2001 at Station KNOT. Thus, in the intermediate
water (26.9~27.3σθ) at Station KNOT from 1992 to 2001,
the factors causing the rate of increase of DIC were the
rate of increase of AOU, anthDICair-sea and

non-anthDICair-sea, and we can express these factors with Eqs.
(3)~(5) and (Corg/–O2) = 0.69 (Anderson and Sarmiento,
1994), as following,

d(non-anthDICair-sea)/dt
= d(DICobs)/dt – 0.69d(AOUobs)/dt – d(anthDICair-sea)/dt.(6)
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We calculated the rate of increase of anthDICair-sea using
observed temperature, salinity and the average values of
TA on each isopycnal surface (26.9~27.3σθ) and the rate
of increase of atmospheric CO2 between 1992 and 2001
(1.7 ppm/yr, Keeling and Whorf, 2002). In this calcula-
tion we have used the dissociation constants of carbonic
acid originally given by Mehrbach et al. (1973) and refit-
ted by Dickson and Millero (1987). This yields the in-
crease rate of anthDICair-sea at 0.5~0.7 µmol/kg/yr (Table
4), which agrees with values estimated by Watanabe et
al. (2000). On the basis of Eq. (6), the remainder of
d(non-anthDICair-sea)/dt was estimated to be 0.9~1.1
µmol/kg/yr in the upper intermediate water (26.9~27.1σθ)
(Table 4).  Thus, the rate of increase of DIC on
26.9~27.3σθ (ave. 2.0 ± 0.8 µmol/kg/yr) has been con-
trolled by the increase of anthropogenic CO2 (ave. 0.6 ±
0.1 µmol/kg/yr), the decomposition of organic matter due
to AOU increase (ave. 0.8 ± 0.7 µmol/kg/yr) and the up-
take of non-anthropogenic CO2 through gas exchange at
the region of intermediate water formation (ave. 0.6 ±
1.1 µmol/kg/yr).

Since the increase of non-anthropogenic CO2 must
have resulted from the recent changes due to the artifi-
cial greenhouse warming effect and/or the natural climate
change at the region of the upper intermediate water for-
mation, we can suggest the following possibilities for the
factors controlling the increase of non-anthropogenic
CO2: the accumulation of non-anthropogenic CO2 liber-
ated back to atmosphere at this region due to 1) the de-
crease of difference between DIC in the winter mixed
layer and DIC under equilibrium with the atmospheric
CO2 increase (Tsunogai, 2000) and 2) the reduction of
diapycnal vertical water exchange between mixed layer
and pycnocline waters.

The intermediate water (26.9~27.1σθ) at KNOT ex-
isted in the layer of maximum temperature. This water
mass was transported from the area east of Japan to the
Gulf of Alaska (Ueno and Yasuda, 2000), which indicates
that the region of the upper intermediate water formation
at KNOT is derived from the area east of Japan.
Midorikawa et al. (2003) reported that the partial pres-
sure of oceanic CO2 in winter (pCO2

sea
win) was higher

than 400 µatm from 1998 to 2001 in the area east of Ja-
pan, which was a source of atmospheric CO2. However,
because of the increase of atmospheric CO2 concentra-
tion, the temporal difference between pCO2

sea
win and at-

mospheric CO2 must has decreased in the area east of
Japan, which indicates that non-anthropogenic CO2 lib-
erated back to atmosphere has accumulated in the winter
mixed layer. To examine this possibility, we calculated
DIC in winter at the area east of Japan (DICwin) and DIC
in equilibrium with the atmospheric CO2 increase
(anthDICair-sea), and estimated the difference between
DICwin and anthDICair-sea. In this test calculation, because

the values of θ, salinity and TA in the intermediate water
at KNOT had not changed for the period from 1992 to
2001, and we cannot estimated the elapsed time from the
area east of Japan to KNOT, we calculated DICwin and

anthDICair-sea for convenience by using pCO2
sea

win in the
area east of Japan and the atmospheric CO2 concentra-
tions from 1998 to 2001 and observed temperature, sa-
linity and the average values of TA on 26.9σθ at KNOT.
As a result, the difference between DICwin (2110~2120
µmol/kg normalized to a salinity of 33) and anthDICair-sea
(2100~2110 µmol/kg normalized to a salinity of 33) from
1998 to 2001 could have decreased by about 2.0
µmol/kg/yr, which almost agrees with d(non-anthDICair-sea)/
dt (0.9~1.1 µmol/kg/yr) in the upper intermediate water
(26.9~27.1σθ) at KNOT. Thus, possibility 1) has some
possibility to explain the increase of non-anthropogenic
CO2 in the upper intermediate water (26.9~27.1σθ) at
KNOT.

We now examine possibility 2). Ono et al. (2001)
suggested that the linear increase of AOU, phosphate and
salinity between 26.7σθ and 27.2σθ from 1968 to 1998
was caused by the reduction of diapycnal vertical water
exchange between mixed layer and pycnocline waters in
the western North Pacific subpolar region (near the area
east of Japan), based on the linear decrease of salinity
and density in the winter mixed layer. This suggestion
agrees with the surface stratification in winter induced
by the linear decrease of phosphate in the winter mixed
layer of the same region from 1968 to 1998 (Ono et al.,
2002). The reduction of diapycnal vertical water exchange
between mixed layer and pycnocline waters could affect
the upper intermediate water at KNOT, because the re-
gion of the upper intermediate water formation at KNOT
is similar to that obtained by Ono et al. (2001) and Ono
et al. (2002). If the temporal change of pCO2

sea
win near

the area east of Japan could be controlled basically by
the depth of the winter mixed layer, the temporal trend of
pCO2

sea
win would have decreased due to the linear de-

crease of the depth of winter mixed layer (Ono et al.,
2001). This would lead us to expect a decrease of DIC in
the winter mixed layer and an increase of DIC in the up-
per intermediate water. We suggest that the increase of
DIC in the upper intermediate water over time near the
area east of Japan is responsible for the accumulation of
non-anthropogenic CO2 liberated back to the atmosphere.
Thus, possibility 2) also has some possibility to explain
the increase of non-anthropogenic CO2 in the upper in-
termediate water (26.9~27.1σθ) at KNOT.

The greater DIC of the winter mixed layer would
have decreased due to the shoaling of the depth of the
layer (Ono et al., 2001), the more the difference between
pCO2

sea
win and atmospheric CO2 would have decreased,

according to the possibility 1), which would facilitate the
accumulation of non-anthropogenic CO2 in the upper in-
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termediate water. However, the temporal change of
pCO2

sea
win was insignificant during the period form 1998

to 2001 (Midorikawa et al., 2003). An additional time
series dataset is required to understand the linkage of the
accumulation of non-anthropogenic CO2 between the area
east of Japan and KNOT, and clarify which of the possi-
bilities 1) or 2) affects the factors controlling the increase
of non-anthropogenic CO2.

This paper first showed the decadal linear increase
of DIC in the intermediate water (26.7~27.2σθ) at KNOT
in the western North Pacific subpolar region. Since Ono
et al. (2000) reported that the linear increase of AOU and
phosphate superimposed on bidecadal oscillation from
26.7σθ to 27.2σθ of the western North Pacific subpolar
region (near the area east of Japan), the increase of DIC
from 26.9σθ to 27.3σθ at Station KNOT also possibly has
a bidecadal oscillation. Thus the rate of increase of DIC
in the intermediate water at Station KNOT may be an
overestimate according to the ten years’ time series data
during the period from 1992 to 2001. In future, more ac-
curate and longer time series data will be required to con-
firm our results. Similarly, by using a decadal dataset of
DIC in the subtropical mode water of the North Atlantic
Ocean, Bates et al. (2002) suggested that the rate of in-
crease of DIC in this region is caused by the increase of
anthropogenic CO2 and the increase in the accumulation
of non-anthropogenic CO2 due to the reduction of verti-
cal water exchange. We suggest that this phenomenon
might have happened in the ocean of the North Hemi-
sphere and is likely to contribute substantially to the
interannual variability in oceanic CO2 uptake.
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