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[11 This work presents an estimate of anthropogenic CO, in the Pacific Ocean based on
measurements from the WOCE/JGOFS/OACES global CO, survey. These estimates used
a modified version of the AC* technique. Modifications include a revised preformed
alkalinity term, a correction for denitrification, and an evaluation of the disequilibrium
terms using an optimum multiparameter analysis. The total anthropogenic CO, inventory
over an area from 120°E to 70°W and 70°S to 65°N (excluding the South China Sea, the
Yellow Sea, the Japan/East Sea, and the Sea of Okhotsk) was 44.5 £ 5 Pg C in 1994.
Approximately 28 Pg C was located in the Southern Hemisphere and 16.5 Pg C was
located north of the equator. The deepest penetration of anthropogenic CO, is found at
about 50°S. The shallowest penetration is found just north of the equator. Very shallow
anthropogenic CO, penetration is also generally observed in the high-latitude Southern
Ocean. One exception to this is found in the far southwestern Pacific where there is
evidence of anthropogenic CO, in the northward moving bottom waters. In the North
Pacific a strong zonal gradient is observed in the anthropogenic CO, penetration depth
with the deepest penetration in the western Pacific. The Pacific has the largest total
inventory in all of the southern latitudes despite the fact that it generally has the lowest
average inventory when normalized to a unit area. The lack of deep and bottom water
formation in the North Pacific means that the North Pacific inventories are smaller than
the North Atlantic. INDEX TERMS: 4806 Oceanography: Biological and Chemical: Carbon cycling;
4808 Oceanography: Biological and Chemical: Chemical tracers; 9355 Information Related to Geographic
Region: Pacific Ocean; KEYWORDS: Pacific Ocean, anthropogenic CO,, carbon cycle, total CO,, delta C*,

optimum multiparameter analysis
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1. Introduction

[2] Over the past 200 years, anthropogenic activities have
led to a secular increase in atmospheric CO, from about 280
to greater than 365 ppmv [Keeling and Whorf, 2000; Carbon
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Dioxide Information Analysis Center, 2001]. The impact of
this increase and that of other “greenhouse” gases on the
global climate is at the center of a major international policy
debate. Studies of the ocean’s role in the uptake and storage
of anthropogenic CO, and modulation of future atmospheric
CO, levels are critical for understanding the global carbon
cycle and for the prediction of future climate change.

[3] Data-based estimates of the current oceanic anthro-
pogenic CO, inventories and transports have been greatly
improved over the past decade by the global survey efforts
of the World Ocean Circulation Experiment (WOCE), the
Joint Global Ocean Flux Study (JGOFS), and the National
Oceanic and Atmospheric Administration’s (NOAA) Ocean
Atmosphere Carbon Exchange Study (OACES). By work-
ing together, these programs have produced a large number
of high-quality measurements of important anthropogenic
tracers such as dissolved inorganic carbon (DIC), chloro-
fluorocarbons (CFCs), '*C, and '*C of DIC, as well as other
chemical species important in the study of biogeochemical
cycling. Data from these cruises are now becoming avail-
able and synthesis results are being published. A summary
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of the objectives and accomplishments of the global CO,
survey are given by Wallace [2001]. Carbon data from the
Indian Ocean, for example, were used recently by Sabine et
al. [1999] and Goyet et al. [1999] to estimate the anthro-
pogenic CO, inventory in that ocean basin. Sabine et al.’s
[1999] total anthropogenic CO, inventory estimates, based
on the AC* method of Gruber et al. [1996], showed that the
deepest penetrations and highest column inventories of
anthropogenic CO, are associated with the Subtropical
Convergence with very little anthropogenic CO, in the
high-latitude Southern Ocean (south of 50°S). Gruber
[1998] found similar distributions in the South Atlantic
based on pre-WOCE data. Holfort et al. [1998] used data
from three WOCE/JGOFS sections together with several
pre-WOCE cruises in the South Atlantic between 10°S and
30°S to estimate meridional carbon transports in this region.
Notable findings by Holfort et al. [1998] are that the net
preindustrial carbon transport across 20°S was toward the
south, but the net anthropogenic CO, transport is toward the
north. This results from the fact that the anthropogenic
carbon is generally restricted to the upper, northward mov-
ing waters and the southward moving North Atlantic Deep
Waters do not have a measurable anthropogenic CO, signal
yet at this latitude.

[4] The Pacific Ocean is an important component in the
global assessment of the oceanic uptake of anthropogenic
CO,. It accounts for nearly half of the total ocean volume
and variability in the CO, fluxes from the equatorial Pacific
associated with El Nifio events may be responsible for up to
one third of the interannual variability in atmospheric CO,
growth rate [Feely et al., 1999a]. Many studies have
evaluated the uptake of anthropogenic CO, in the Pacific
[e.g., Chen, 1982a, 1987; Quay et al., 1992; Chen, 1993a,
1993b; Tsunogai et al., 1993; Slansky et al., 1997; Ono et
al., 1998; Feely et al., 1999b; Ono et al., 2000; Watanabe et
al., 2000; Xu et al., 2000]. These studies, and others,
suggest a wide range of uptake estimates for the North
Pacific. The Pacific has been historically considered a small
sink for anthropogenic CO, [e.g., Chen, 1982a]. However,
some recent studies have suggested that the North Pacific is
a larger sink than previously thought [e.g., Tsunogai et al.,
1993]. Most of these studies have focused on limited
regions of the Pacific, relied on older data sets and techni-
ques, or involved indirect approaches. This work uses the
recently compiled CO, survey data from the Pacific to
derive a basin-scale estimate of the Pacific anthropogenic
CO, accumulated since preindustrial times.

2. The WOCE/JGOFS/OACES Data Set

[5] Between 1991 and 1996, carbon measurements were
made on 26 cruises in the Pacific Ocean. This research was
a collaborative effort between 15 laboratories and four
countries (Table 1). Figure 1 shows the nearly 2000 station
locations with carbon measurements in the Pacific. At least
two carbon parameters were measured on almost all cruises,
but the choice of which carbon pairs were measured varied
between cruises. The quality of the carbon data was
evaluated by Lamb et al. [2002]. A set of adjustments for
certain cruises were recommended based on many lines of
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evidence including comparison of calibration techniques,
results from Certified Reference Material (CRM) analyses,
precision of at-sea replicate analyses, agreement between
shipboard analyses and replicate shore-based analyses,
comparison of deep water values at locations where two
or more cruises overlapped or crossed, consistency with
other hydrographic parameters, and internal consistency
with multiple carbon parameter measurements. They esti-
mated that the overall accuracy of the dissolved inorganic
carbon (DIC) data after the recommended adjustments was
~3 pmol kg~'. Total alkalinity (TA), the second most
common carbon parameter analyzed, had an overall accu-
racy of ~5 pmol kg~'. One should note that the Lamb et al.
[2002] corrections were based on data sets that were first
normalized to the certified CRM values. In cases where the
reported data were not normalized, the adjustments noted in
Table 1 include both the normalization factor and any
additional corrections recommended by Lamb et al. [2002].

[6] TA is arequired input for the AC* calculation. The TA
was calculated for all cruises where TA was not measured
using DIC and fCO, or DIC and pH measurements together
with the carbonate dissociation constants of Merbach et al.
[1973] as refit by Dickson and Millero [1987] and ancillary
constants listed in the program of E. Lewis and D. W. R.
Wallace (Program developed for CO, system calculations,
Oak Ridge National Laboratory, available at http:/cdiac.
esd.ornl.gov/oceans/, 1998). The final data set contained
about 35,000 sample locations with DIC and TA values.
This is over an order of magnitude more data than was
available from the GEOSECS Pacific cruises (~2400 sam-
ples from 75 stations). The precision and accuracy is at least
a factor of 2 better than GEOSECS [Bradshaw et al., 1981,
Broecker et al., 1982]. A key factor in assuring the accuracy
of the WOCE/JGOFS/OACES data set, which was not
possible during GEOSECS, was the nearly universal anal-
ysis of CRM samples on the WOCE/JGOFS/OACES
cruises (A. G. Dickson, Reference material batch informa-
tion, Available at http:/www-mpl.ucsd.edu/people/adick-
son/CO2_QC 2002) [Dickson et al., 2002a, 2002b]. These
samples provided a critical benchmark for comparing results
from different laboratories on different cruises.

[7] The final version of the associated hydrographic and
nutrient data for these cruises were generally downloaded
from the WOCE program office. Data that were not final-
ized or available from the WOCE office were obtained from
the Pls/chief scientists associated with the cruise. The
quality of these data was recently evaluated by Johnson et
al. [2001]. Overall, data quality was found to be within
WOCE specs but small offsets could be detected for some
parameters. Adjustments recommended by Johnson et al.
[2001] were made to the data set used here, but these
changes were generally too small to have a significant
impact on the AC* calculations (Table 1).

[8] The latest chlorofluorocarbon (CFC) data were com-
piled and evaluated by the U.S. WOCE CFC consortium. A
synthesis of Pacific CFC data, led by J. Bullister, examined
the overall quality of the data and ensured that all of the
values were reported on the same concentration scale.
Although no adjustments were made to the final reported
CFC values, the revised data quality flags based on an
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Table 1. Summary of Cruise Data Used in Anthropogenic CO, Analysis

Carbon Parameters Analyzed

Carbon Adjustments Hydrographic Parameter Adjustment

Cruise Country
Cruise Name Date DIC TA  fCO, pH Sponsor DIC TA pH NO; PO, Si(OH), 0,
P8S Jun-96 X X X Japan +2 +6 ND? NA® 1.0391 1.0229 NAP
P9 Jul-94 X Japan +1.1  Cale® ND? 0.9831 NAP NA® NAP
P10 Oct-93 X X Us NA® NA® ND? NA® 1.0260 NA® NA®
P13 Aug-92 X X Us NA®  NAP ND? 1.0327¢ NA® 098047  NAP
P14N Jul-93 X X X Us NA®  Cale®  +0.0047  1.0115 1.0174 0.9800 NAP
P14S15S Jan-96 X X X X Us NA®  Calc®  +0.0047 NA® NA® NA® NA®
P15N Sep-94 X X Canada  —0.1  NA® ND* NA® 0.9821 NA® NA®
EQS92 Mar-92 X X X X Us NA® NA® ND? NA® NO;/16 NA® NA®
P16C Aug-91 X X Us NA® NAP ND?* NAP NA® NAP NA®
P16N Jan-91 X X Us +4 Cale.  +0.0047 NA® NA® NA® NA®
P16S17S Jul-91 X X X Us +14  Cale. ND? NA® 0.9803 NA® NA®
P16A17A Oct-92 X X Us +1.3 Calc. ND? NA® NA NA® NA®
P17C May-91 X X Us NAP -9 ND* 1.0195 NAP NAP NAP
P17N May-93 X X Us -7 —12 ND? NAP NAP NAP NAP
CGCI1 Feb-91 X Us NA®  Cale* ND?* NA® NA® NAP NAP
P17E19S Dec-92 X X Us +14  Calc. ND? NA® 0.9790 0.9814 NA®
P18S Jan-94 X X X X Us NA®  Cale.! +0.0047  1.0130 0.9722 NA® NA®
PI18N Jan-94 X X X X UsS NA®  Calc.f ND? 1.0185 NA® NA® NA®
P19C Feb-93 X X Us —-02  NA® ND? NA® 0.9767 0.9860 NA®
P2 Jan-94 X X X Japan —4 +14 ND? NAP NA® 1.0171 NA®
P21E Mar-94 X X X Us NA® NA®  +0.0047 NA® NA® NA® 1.0136
P21W Mar-94 X X X Us NA® NA®  +0.0047 NA® NA® NA® 0.9703
P31 Jan-94 X X X Us NA® —6° +0.0047  1.0150 NA® NA® NA®
P6 May-92 X X us —0.6  Calc ND? NA® 0.9813 NA® NA®
S4P Feb-92 X X Us —09  Calc. ND? 1.0241 0.9715 0.9810 NAP
SR3S4 Dec-94 X X Australia ~ NA® NA® ND? NA® NA NA® NA®
ND = no data.

°NA = no adjustment recommended.

“Values estimated from MLR using hydrographic parameters from nearby stations with measured TA.

9Leg 2 stations adjusted only (>5°S).
¢Calculated only where TA missing using DIC/pH.
fCalculated only where TA missing using DIC/fCO,.

analysis of all the cruises provided a much cleaner data set
for the AC* calculations.

3. Approach

[o] The first anthropogenic CO, estimates calculated from
DIC and TA measurements were presented over 20 years
ago by Brewer [1978] and Chen and Millero [1979]. The
basic approach assumes that the anthropogenic signal can be
isolated from the measured DIC by subtracting off the
changes due to biology and a preindustrial, preformed
DIC concentration. Variations of the original Brewer and
Chen/Millero approach have been used to estimate anthro-
pogenic CO, in many regions of the world [e.g., Chen,
1982a, 1982b; Papaud and Poisson, 1986; Poisson and
Chen, 1987; Krumgalz et al., 1990; Brewer et al., 1997,
Kortzinger et al., 1999]. However, this approach has not
found general acceptance, since the assumptions led to
uncertainties that were generally regarded as too large
[Shiller, 1981; Broecker et al., 1985; Wanninkhof et al.,
1999; Sabine and Feely, 2001].

[10] Gruber et al. [1996], building on the work of Brewer
and Chen/Millero, developed the AC* technique for esti-
mating anthropogenic CO, to resolve many of the uncer-
tainties associated with the original approach. The most
significant improvement was that rather than trying to
empirically derive a preformed DIC concentration, Gruber
et al. [1996] calculated the DIC concentration the waters

would have in equilibrium with a preindustrial atmosphere
based on the thermodynamics of the carbon system.
Because CO, gas exchange is relatively slow [Broecker
and Peng, 1974], an additional term was added to account
for the fact that surface waters are rarely in complete
equilibrium with the atmosphere. The basic approach can
be summarized with the following simple equation:

Canth = Cm_ACbio - CZSO_ACdisem (1)

where
C.ntn = anthropogenic carbon concentration in
pmol kg™ ;
C, = measured DIC concentration in pmol kg ';

ACp;, = DIC (umol kg™ ") changes resulting from the
remineralization of organic matter and the
dissolution of calcium carbonate particles;

= DIC (pmol kgfl) of waters in equilibrium with
an atmospheric CO, of 280 patm;

ACgyiseq = air-sea CO, difference (i.e., A fCO,) expressed
in terms of DIC (umol kg™ ).

C280

The first three terms on the right-hand side of equation (1)
make up the quasiconservative AC* tracer. These terms can
be determined explicitly for every water sample as
discussed in section 3.1. The ACy;, and C,g, terms
generally account for more than 95% of the measured
DIC concentration. The small remaining ACgiseq term
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Figure 1. Map of station locations from the WOCE/JGOFS/OACES Pacific survey using a Mollweide

projection.

requires the use of a water mass age tracer to evaluate as
discussed in section 3.2.

3.1. Calculation of AC*

[11] The quasiconservative tracer, AC*, is defined as the
difference between the measured DIC concentration, cor-
rected for biology and the DIC concentration these waters
would have at the surface in equilibrium with a preindustrial
atmosphere (i.e., AC* = C,, — ACy;, — Csg¢). The biological
correction has two components. The organic component
uses changes in AOU, together with a stoichiometric C:O
ratio, to estimate how much DIC has increased due to
organic remineralization since leaving the surface. The
second component uses the difference between the meas-
ured TA and a preformed TA (TA®) to estimate the changes
in DIC resulting from the dissolution of calcium carbonate
particles. There is also a small organic adjustment on the
carbonate correction term to account for the effect of
the proton flux on TA. The stoichiometric ratios used for
the biological corrections are based on the work of Ander-
son and Sarmiento [1994]. The C»g, term uses a linearized
form of the carbonate equilibrium equations [A2 from
Gruber et al., 1996] together with the preformed alkalinity
and an fCO, value of 280 patm to calculate the equilibrium
DIC concentration.

[12] The AC* calculation used for this study is essentially
the same as that originally defined by Gruber et al. [1996]
with two small differences: a modification of the preformed
alkalinity term, TA®, based on the new global survey data
and the addition of a denitrification term in the biological
correction,

AC* = Cp — Cago + 117/170(0 — Ogy)
—1/2(TA — TA® — 16/170(0 — Ogy))
+106/104N* 401 | 2)

where TA and O are the measured concentrations for a
given water sample in pmol kg~ ', Oy, is the calculated
oxygen saturation value that the waters would have at their
potential temperature and one atmosphere total pressure
(i.e., if they were adiabatically raised to the surface), and
N*anom 18 the N* anomaly described later in this section.
[13] The TA® formulation of Gruber et al. [1996] was
based on a multiple linear regression fit of surface TA values
from the GEOSECS, SAVE, and TTO cruises. Sabine et al.
[1999] derived a revised TA® equation based on the WOCE/
JGOFS Indian Ocean data. The TA® term was re-examined
here with respect to the Pacific data set. Neither the Sabine
et al. [1999] nor the Gruber et al. [1996] equations were
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Figure 2. Plot of surface alkalinity (pressure <60 dbar) estimated from temperature, salinity, and PO
versus measured alkalinity from the Pacific survey. Solid line and points show results from a fit of the
Pacific data (Equation 3). Dashed line is based on Sabine et al. [1999] equation from the Indian Ocean.
Dash-dotted line is based on Gruber et al. [1996] equation.

found to fit the shallow Pacific data perfectly (Figure 2).
Both equations overestimated the alkalinity at low values
and underestimated at higher values. A new equation was
derived using all of the Pacific alkalinity data shallower
than 60 m (~1900 data points). The form of the equation is
the same as that used by Sabine et al. [1999],

TA® = 148.7[+9] + 61.36[£0.3]S
+0.0941[£0.005]PO — 0.582[:0.07]6, (3)

where S is salinity, PO is a quasiconservative tracer similar
to that introduced by Broecker [1974] (PO = dissolved
oxygen + 170*phosphate), and 6 is the potential tempera-
ture. The standard error in the Pacific TA® equation is +9
pmol kg~ '. A standard ANOVA analysis of the fit shows
that all four terms are highly significant.

[14] Sabine et al. [1999] also proposed a correction to the
biological adjustment in equation (1) to account for deni-
trification in the water column. Denitrification remineralizes
carbon with a very different stoichiometric ratio to nitrogen
than standard aerobic respiration [Anderson, 1995; Gruber
and Sarmiento, 1997],

Cio6H17505N 6P + 1500, = 106CO, + 16HNO;
+H3PO, + 78H,0 (4)

Ci06H175042N16P + 104NO; = 4CO, + 102HCO; + 60N,
+HPO? ™+ 36H,0. (5)

Sabine et al. [1999] estimated the denitrification signal
using the N* tracer of Gruber and Sarmiento [1997]. A
slightly more generalized version of this equation has since
been proposed by Deutsch et al. [2001],

N* = N — 16P + 2.90. (6)

The only change from the Gruber and Sarmiento [1997]
equation was that the original equation was scaled by a
factor of 0.87. The revised equation is simpler and is more
general because it removes built in assumptions about the
nitrogen loss from the organic reservoir [Deutsch et al.,
2001]. In practice, this modification actually has no impact
on the final denitrification corrections since that signal is
identified as an N* anomaly from the mean. The mean N*
value for this data set was —1.5 pmol kg™', in agreement
with the findings of Deutsch et al. [2001]. The denitrifica-
tion stoichiometric ratio of 106/104 from equation (5)
[Gruber and Sarmiento, 1997] was used to correct the AC*
values in equation (2) where N* showed a negative
anomaly. The distribution of the anomalies (i.e., in the
eastern Tropical Pacific and to a lesser extent in the western
subtropical North Pacific) also agrees with Deutsch et al.
[2001] and is discussed in detail in that work.

3.2. Estimation of ACgjseq

[15] Rearrangement of equation (1) shows that AC*
reflects both the anthropogenic signal and the preserved
air-seca CO, difference expressed in terms of DIC (i.e.,
AC* = Cypmn + ACyiseq). For given isopycnal surfaces, the
air-sea disequilibrium component can be discriminated from
the anthropogenic signal using either information about the
water age (e.g., from transient tracers such as CFCs or
*H-He) or the distribution of AC* in regions not affected
by the anthropogenic transient. In the case where C,,, can
be assumed to be zero over some portion of an isopycnal
surface (i.e., AC* = 0 + ACjseq), the disequilibrium term is
set equal to the average of the AC* values for that portion of
the surface. For shallow surfaces, that cannot be assumed to
be free of anthropogenic CO,, we use the AC*; term of
Gruber et al. [1996]. AC*, is derived in the same manner as
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ACH*, but rather than evaluating the carbon concentration the
waters would have in equilibrium with a preindustrial
atmosphere, they are evaluated with respect to the CO,
concentration the atmosphere had when the waters were last
at the surface based, in this study, on the concentration ages
determined from CFC-12 measurements (AC*,;,),

AC*; = Cpy — Cieq + 117/170(0 — Ogy)
—1/2(TA — TA® — 16/170(0 — Ogy))
+106/104N* 30 . (7)

where Cyq is DIC calculated from TA® and the atmospheric
fCO, value at the time the waters were last at the surface
(date of sample collection minus CFC age). The ACgiseq
terms for these surfaces are then set equal to the mean of the
AC*,,, values on each surface.

[16] Several papers have been published recently evalu-
ating the AC* approach for estimating anthropogenic CO,
[e.g., Wanninkhof et al., 1999; Coatanoan et al., 2001,
Sabine and Feely, 2001; Orr et al., 2001]. It has been
recognized that the evaluation of the ACgjsq term is one of
the most problematic steps in the estimation of anthropo-
genic CO,. One important assumption in the evaluation of
AC4iseq is that the global mean air-sea CO, disequilibrium
has remained constant over time. Although this assumption
is consistent with most contemporary CO, time-series
measurements in the Pacific [e.g., Inoue et al., 1995; Winn
et al., 1998; Feely et al., 1999a; Takahashi et al., 1999], it
cannot be true over timescales extending into the prein-
dustrial period or the oceans would not be acting as a sink
for anthropogenic CO,. Gruber et al. [1996] estimated that
an average global uptake of about 2 Pg C yr ' would
correspond to an air-sea disequilibrium of about 5 pmol
kg~! in ACqiseq. If this signal is spread out over the entire
record since preindustrial times it would be very difficult
to see in AC* given the uncertainties in the calculation.
This 5 pmol kg~ ' uncertainty can be considered the
theoretical minimum detection limit for this technique as
it is currently used.

[17] Another difficulty with the evaluation of the ACqiseq
term is the proper characterization of mixing. In the past, the
ACgjseq term has been evaluated on isopycnal surfaces
assuming either no mixing or simple two end member
mixing along the isopycnal [Gruber et al., 1996; Gruber,
1998; Sabine et al., 1999]. This work attempts to improve
upon this approach by using the Optimum Multiparameter
(OMP) analysis to explicitly solve for the mixing terms. The
multiparameter analysis was introduced by Tomczak [1981]
by adding oxygen and nutrients as additional quasi-conser-
vative parameters, assuming that biogeochemical changes
were negligible. The OMP technique evolved over the next
two decades to account for the nonconservative behavior of
biological parameters using stoichiometric ratios, allowing
for improved determinations of mixing coefficients for
multiple water-types [e.g., Tomczak and Large, 1989; You
and Tomczak, 1993; Karstensen and Tomczak, 1998; Peérez
et al., 2001].

[18] The OMP analysis used here determines the best
linear mixing combination in parameter space of temper-
ature (T), salinity (S), oxygen (O), phosphate (P), nitrate

SABINE ET AL.: ANTHROPOGENIC CO, IN THE PACIFIC OCEAN

(N), and silicate (Si) by minimizing the residuals (R) of the
following equations in a least squares sense:

x1 Ty +xT2 +x3T3 +x4Ty + x5Ts = Tops + Rr, (8)
x1S1 + X282 + X383 + X484 + x5S5 = Sobs + Rs, 9)

lel +XZP2 +X3P3 +.X4P4, +x5P5 + AP = Pobs +RP (10)

x101 +x20; + X303 4 x404, +x505 — 19 pAP = Ogbs + Ro
(11)

xN1 + 23Ny + x3N3 4 x4 Ny, +-x5N5 4 1y pAP = Nops + Ry
(12)

x18i1+ %281y + x3Si3 + x4Sis, + x5Sis + 15i/pAP = Sighs + Rs;
(13)

X1+X2+X3+X4+X5=1+Rx, (14)

where x; is the water mass fraction for up to five water
types. The measured properties are denoted by the subscript
“obs,” while the end member concentrations are denoted by
numbers. AP is the estimated change in phosphate due to
biological production/remineralization. The phosphate
change is related to the change in other bioactive tracers
using the stoichiometric ratios (r) of Anderson and
Sarmiento [1994]. This set of seven equations with six
unknowns is solved for each sample location. The impact of
any one parameter on the final mixing fraction is
determined by a weighting function that is based on the
estimated accuracy and the dynamic range of the measure-
ments. The OMP routines are available on the World Wide
Web from J. Karstensen and M. Tomczak (http://www.ldeo.
columbia.edu/~jkarsten/omp_std/, 2002).

[19] The OMP analysis was performed on four blocks of
data based on potential density (og). The first block included
data from the main thermocline (25.9> o4 >26.9), where
measurable CFCs are present throughout the surface. Five
source water types were identified for these data based on
descriptions of water masses in the literature [e.g., Reid, 1997]
and from examination of the temperature-salinity (T-S) prop-
erties of the data (Table 2). The end member properties were
determined by taking the mean and standard deviation of the
mean for roughly 40—50 points defining the extremes of
temperature, salinity, or oxygen with respect to the disequi-
librium values (Figure 3). The nonconservative component of
the biological parameters was derived using the same stoi-
chiometric ratios used for the AC* calculations [i.e., Ander-
son and Sarmiento, 1994]. The biological parameters were
discounted in the OMP weighting function to minimize the
potential errors introduced by using imperfect stoichiometric
ratios. Weighting for the mass conservation equation, con-
servative parameters, and biological parameters were given as
48, 24, and 2, respectively. A discussion of the error analysis
is given in the next section.

[20] The objective of this exercise was to derive the net
disequilibrium values of the mixed waters, so emphasis was
placed on identifying those water types with unique disequi-
librium signals. The disequilibrium values for all of the water
types in the first density interval were derived from the AC*,;,
calculation (7). The ACgiseq value for each water type was
determined from the mean AC*,,, values where the CFC-12



Approach

STDM
Diseq.

Diseq
pmol kg

STDM
Si(OH),

Si(OH)4,
21

pmol kg

STDM
NO;

—1

NO},
pmol kg

STDM
PO,

—1

PO,
pmol kg

STDM
Oxygen,

Oxygen
pmol kg

STDM
Salanity

Salinity

STDM
Theta

°C

Theta,

Latitude

Table 2. Water Type Properties Used in OMP Analysis

1D

SABINE ET AL.: ANTHROPOGENIC CO, IN THE PACIFIC OCEAN 30-7
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NS end membpr properties used in the OMP analysis (F1gur§: 3).
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[21] One of the more difficult regions for determining
ACygiseq 1s in the intermediate waters where low CFC
ESS=2S8REESSIIREBTEES concentrations make the water mass ages less reliable, yet
ceaede~emeeee NS T the assumption that portions of the surface are free of
anthropogenic CO, make the AC* approach problematic.
The OMP analysis helps alleviate some of the difficulties in
CAafYndesdeyornandn is region because different water types can be define
= - = Z= using different procedures. The second data block analyzed
with the OMP (26.9> oy >27.5) contained some water
types, such as the high-latitude intermediate and mode
CRERRSERS8EI=Re=8S waters, which had enough CFCs to determine AC*,;, based
SO OO DO O OO OO OO OO OO .
ACgiseq values. Other water types, such as the tropical end
members, were well removed from the measurable CFCs so
O 66 e e e e e O O~ O < 00 < the AC* approach could be used to determine the ACgjseq
NN A=A OO0 —F OnAo . .
B CR A E S — S — — A values (Table 2). The mixture of these different water types
(o] N m——<t Nt ANNNN<T<FTonNononon . . . .
at intermediate latitudes can be determined from the OMP
in a manner that was not possible with the techniques used
28988835288z eg: n th.e.prekus AC* approaches. The result is a smoother
SSSsSsSsSssssssssss:s transition from one approach to the other and resgltlng
disequilibrium estimates that are more oceanographically
consistent.
83 % S § § § § § § § = § § g8 § 2 [22] The final two data blocks analyzed with the OMP
AdSd—-—add——da®addaa (27.5> o9 >27.75 and oy >27.75) characterize the deep
Pacific. Fewer water types were required to describe these
data and the ACgjsq values could be determined using the
coococococococcoYTono Mmoo mean AC* values for waters that were free of CFCs. The
LRSS Aano o momomevas small high-latitude Southern Ocean regions that had deep
waters with CFC ages less than 30 years were handled in the
same manner as samples in the upper 150 m, by taking the
SEEIREEELRIACTETRASS observed AC*,, values calculated for each individual
Foaogoentoxx om0l g =0 sample as the diseq- Once all of the diseq Values were
determined, anthropogenic CO, concentrations were calcu-
lated as the difference between AC* and ACgieq-
SCoooouwAa—Yo A —=>aAaal — > ——
—H = AN AN NOD O OO ODODODODOO OO
Sccecsssesese3S3S3
ceeeeseseseeeeeeeS 4. Evaluation of Errors
23] Error evaluation for the AC* method is difficult
csssesggssSsegsses [23] . . od is
TR SAS TN on| because of potential systematic errors associated with some
vttt TSI ST % A . . .
€167 N QN DM MMM M0 0aNO0 g of the parameters (i.c., the biological correction). The
° random errors should not significantly affect the inventory
85=2=83g82=23s58533523¢|< estimates det.errmned hgre, hovyever, systematic errors can
SCoocococococoooocooocoooo| £ otentially bias the estimated inventories and are handled
o
= separately.
SIIE2ZIRARREGERZANS] B " .
ﬁfmocl\moom~mv—<omm~ol~olg 4.1. AC* Calculations
g [24] The random errors associated with the anthropogenic
=i . . .
g CO, estimates can be determined by propagating through
EPELZZLPZ2LPNNzPNNzh h f f th ; ired for th
N R N Y A the precision of the various measurements required for the
v n vy . .
MRS = = calculation as demonstrated by Sabine et al. [1999]. The
a . .
% terms involving the C:O are evaluated separately below
S22 2888388 RRRISRI because the random errors cannot be isolated from potential



30-38

SABINE ET AL.: ANTHROPOGENIC CO, IN THE PACIFIC OCEAN

18

10

Ta * ' 2b°
sl a -1<lat<1 . 1 b re
@) LN 8| 34.2<5<34.25
< 14| ;. 1b L
E S$>35.35
£ 12} 0>155 {6}
2 10}
g 4t
= 8t
= -50<lat<-47
k= S>34.3
g 6L 12f $>34.57
£ 4 ] . O<4
. 0 L N
2t i
25.9<6(<26.9 26.9<54<27.5
33 33.5 34 34.5 35 35.5 36 33.8 34.0 34.2 34 4 34.6
4 2.5 T T
d 4a
_ 2.0 4c $>34.731
8 3t 1 6>1.75
g 15} 1
£ 2} 11.0}
2 05
E I 177
= 0.0} ad
= : S>34.69
£ 4. losl 0<-0.15
S
& -1.0}
1 4
-1.5¢ 1
. 27.5<64<27.75 o 6¢>27.75
34.25 34.35 34.45 34.55 34.65 34.75 34.5 34.6 34.7 34.8
Salinity Salinity

Figure 3. Temperature-salinity diagrams for all Pacific data points with carbon measurements. The four

panels show the data from the four OMP analyses.

selection criteria for determining the water types (O =

potential temperature in °C; lat
Hemisphere; depth is in meters).

systematic errors. The individual error estimate for each
term used in this calculation was either taken from the
appropriate WOCE cruise reports, from Lamb et al. [2002],
or from previously determined estimates given by Sabine et
al. [1999]. The primary difference between the technique
used in the Indian Ocean and this work is in the determi-
nation of the ACgjseq. The error evaluation should include
estimated errors in both the end member water types and the
mixing ratios derived from the OMP analysis.

[25] The OMP mixing ratios were evaluated using a set of
Monte Carlo simulations where each of the end member
water properties were randomly varied about their mean
values 1000 times and run through the OMP routines. The
variation of each property was based on a two-sigma
estimate of the standard deviation of the mean for each
water type (Table 2). The resulting 1000 mixing ratio
estimates are multiplied by the mean AC*;, or AC* terms
for each water type to give estimates of the net ACgiq
values for each data point. The error in the mixing terms
(o)) is given by the average standard deviation of the

The large ovals and text indicate the data used and
dissolved oxygen in pmol kg™ '; S = salinity; 6 =

degrees of latitude with negative values indicating Southern

resultmg net ACgiseq estimates. The largest errors in the
mixing terms (£1.87 pmol kg ') were observed in the
shallow OMP analysis group where water properties are
most variable. The errors in the 1ntermed1ate (£0.52 pmol
kg™") and deep waters (£0.065 pmol kg~') were much
smaller.

[26] In a similar manner, the errors associated with the
estimation of the end member disequilibrium values were
evaluated by randomly varying the mean end member
AC*;, or AC* terms 1000 times based on a two-sigma
estimate of the standard deviation of the mean for each
water type (Table 2). These values were then multiplied by
the mean mixing ratios estimated for each data point. The
error in the end member disequilibrium (o acdiseq ) 1S given
by the average standard deviation for the resulting net
ACliseq estlmates The surface water disequilibrium errors
(+0.42 umol kg~") were only about 20% of the errors from
the mixing ratios. This trend is reversed in the deep waters
where the mixing errors are much smaller, but the disequi-
librium errors are about the same as in the surface (+0.40
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pmol kg™ '). The smallest errors associated with the end
member disequilibrium terms (£0.09 pmol kg~ ') are found
in the intermediate waters.

[27] The errors associated with both the mixing coeffi-
cients and the end member disequilibrium values appear to
be much smaller than the random errors associated with
other parts of the AC* calculation. Propagating all of these
errors together results in an overall estimated error of 7.5
pmol kg~ '. This estimate is larger than the standard devia-
tion of the AC* values below the deepest anthropogenic
CO, penetration depth (+3.6 pmol kg™~ for pressure >2000
dbar and latitudes north of 50°S) suggesting that the
propagated errors may be an overestimate of the random
variability. Taking a mean value between these two esti-
mates and considering the minimum theoretical uncertainty
discussed in section 3.2, we estimate the minimum detection
level for these estimates to be about +5 pmol kg~ '.

[28] The potential systematic errors associated with the
anthropogenic CO, calculation are much more difficult to
evaluate. The random error estimate above includes all
terms except those associated with the C:O biological
correction. Although other terms involving N:O and N:P
corrections potentially have systematic offsets associated
with errors in the ratio estimates, the only potentially
significant errors involve the C:O corrections [Gruber et
al., 1996; Gruber, 1998]. The validity of the Anderson and
Sarmiento [1994] stoichiometric ratios has been discussed
by Gruber et al. [1996], Gruber [1998], and Sabine et al.
[1999]. Although several investigators have found evidence
of variable stoichiometric ratios [e.g., Sambrotto et al.,
1993], the AC* calculations consistently indicate that the
Anderson and Sarmiento [1994] ratios provide the most
reliable results [e.g., see Sabine et al., 1999, Figure 6]. The
range of stoichiometric ratios published in the literature may
reflect differences in timescale for the observations. The
Anderson and Sarmiento [1994] approach used water
chemistry data that integrated over relatively long time-
scales. In this respect, the Anderson and Sarmiento [1994]
approach is the most consistent with the techniques used for
the AC* calculations.

[20] A sensitivity study was used to evaluate the potential
error associated with variable C:O values. Two additional
estimates of anthropogenic CO, were determined by taking
the low and high C:O values (—0.60 and —0.78) given by
the error estimates of Anderson and Sarmiento [1994].
Since the C:O correction applies to both AC* and the
AC*, terms, the disequilibrium values were reevaluated
in the same manner as described above. The total range of
anthropogenic values from these three estimates varied as a
function of apparent oxygen utilization (AOU) from —23 to
26 with an average difference in the upper 1000 m of only
13+5and —1.4 =5 pmol kg~ for the —0.60 and —0.78
cases, respectively. Because the C:O correction affects both
the AC* and ACg;scq terms together, much of the systematic
error in the final anthropogenic estimate (AC*—ACgiseq)
cancels out (see equations (2) and (7)). They do not
completely cancel out because the AC* values are derived
for each sample location whereas the ACgisq term is an
average from a number of observations at a similar density.
The average errors estimated from the sensitivity study are
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much smaller than the estimated uncertainty of the random
errors estimated above, but are likely to contribute much
more significantly to the overall inventory estimates.

4.2. Inventory Estimates

[30] Basin-wide anthropogenic concentrations were eval-
uated on a 1° grid at 42 levels with intervals ranging from
25 m near the surface to 200 m below 2800 m using the
objective mapping techniques of Sarmiento et al. [1982].
Total anthropogenic CO, was mapped over an area from
120°E to 70°W and 70°S to 65°N (excluding areas of land,
the South China Sea, the Yellow Sea, the Japan/East Sea,
and the Sea of Okhotsk). The values at each level were
multiplied by the volume of water in each slab and summed
to generate the total anthropogenic CO, inventory. The
method of integrating mapped surfaces compared very well
with the technique of vertically integrating each station and
mapping the station integrals.

[31] It is extremely difficult to evaluate a reasonable
estimate of the potential errors associated with the inventory
estimates [Goyet and Davis, 1997]. A simple propagation of
errors implies that the random errors associated with any
individual anthropogenic estimate is approximately +7.5
pmol kg™', but these errors should essentially cancel out
for an integrated inventory based on nearly 35,000 individ-
ual estimates. Systematic errors have by far the largest
impact on the inventory estimates. Sensitivity studies with
the C:O variations give a range of total inventory estimates
of £5 Pg C. Other systematic errors could also be generated
from the denitrification term, the terms involving N:O, and
the time differences for the various cruises. The magnitude
of these errors is believed to be much smaller than the
uncertainty in the C:O correction. Because the survey
cruises were run with very close station spacing along the
track, but often 20 or more degrees of longitude/latitude
between lines, the potential also exists for large mapping
errors. Because of the zonal nature of the Pacific, however,
we believe these errors are not large. We feel that the
sensitivity studies represent a reasonable estimate of the
overall uncertainty of the total inventory. An error of
roughly 10—15% of the total inventory (i.e., 44.5 + 5 Pg
C) is comparable to previous error estimates using this
technique [Gruber et al., 1996; Gruber, 1998; Sabine et
al., 1999]. Errors for regional inventories are assumed to
scale to the total.

5. Results

[32] Anthropogenic CO, concentrations in the Pacific
reach a maximum value of about 50 pmol kg ~'. The highest
concentrations (typically 40—45 pmol kg~ ') are found in
the subtropical surface waters. These surface concentrations
are slightly lower than expected values based on thermody-
namic considerations and the observed atmospheric CO,
history. The distribution of anthropogenic CO, in the ocean
interior (along WOCE section P16 at ~150°W) is similar to
the distribution of other anthropogenic tracers in the central
Pacific (Figure 4). The deepest penetration of anthropogenic
CO, is found at about 50°S associated with the Subtropical
Convergence. The shallowest penetrations are observed in



30-10

SABINE ET AL.: ANTHROPOGENIC CO, IN THE PACIFIC OCEAN

1000 '

1500{ Anthropogenic CO? (umolkgl) - - cwieem

0
C

2 500
e R 2N
)
A

1000

1500 | PCFC-12 (patm)

60°S 40°S 20°S

0° 20°N 40°N 60°N
Latitude

Figure 4. (a) Meridional sections of bomb C-14 in %o (b) anthropogenic CO, in pmol kg™', and (c)
pCFC-12 in patm along 150°W in the central Pacific. Points indicate sample locations. Bomb C-14
calculated from data provided by R. Key (Princeton) using the potential alkalinity method of Rubin and
Key [2002]. The pCFC-12 calculated using data from J. Bullister (NOAA/PMEL).

the high-latitude Southern Ocean and just north of the
equator associated with a doming of the isopycnals between
the westward moving North Equatorial Current and the
eastward moving North Equatorial Countercurrent. The
general structure of the anthropogenic CO, in the Pacific
is very similar to the density structure observed on the same
section. The similarity in the transient tracer distributions
shown in Figure 4 is an indication of the strong control that

transport plays in the ocean storage of these tracers. The
differences between the tracers, particularly in the shallow
waters, reflect the different equilibration times (~10 years
for bomb C-14, ~1 year for anthropogenic CO,, and weeks
for pCFC) and the differing atmospheric histories.

[33] The relatively shallow penetration of anthropogenic
CO, in the North Pacific is in strong contrast to the Atlantic
distribution where anthropogenic CO, has penetrated all the
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Figure 5. Zonal sections of anthropogenic CO, in pmol kg~ ' along (a) WOCE line P2 at 30°N and (b)

line P21 at 18°S. Points indicate sample locations.

way to the bottom in the northern high latitudes [Gruber et
al., 1996; Wanninkhof et al., 1999; Kértzinger et al., 1999].
These differences result from the lack of any significant
deep water formation in the North Pacific [Reid, 1997] and
the long timescales for replacement of North Pacific deep
waters from the south [Stuiver et al., 1983]. In the North
Pacific, deep ventilation within the Kuroshio Extension and
the subsequent circulation in the subtropical gyre generates
a strong zonal gradient in the anthropogenic CO, penetra-
tion depth (Figure 5a). At approximately 30°N (WOCE line
P2), the 5 pmol kg~ contour is found at a depth of about

500 m near the North American coast, but deepens to
approximately 1000 m off Japan. Likewise, the density
structure imposed by the large-scale circulation and Ekman
pumping in the subtropical gyre generates a zonal gradient
in the South Pacific (Figure 5b). The isolines at approx-
imately 18°S (WOCE line P21) get progressively deeper
from east to west over approximately 60° of longitude. West
of ~140°W the isolines are relatively flat. The broad scale
of this eastern feature is related to the broad, slow nature of
the currents in the gyre interior (in this case the South
Equatorial Current). This is in contrast to the narrowly
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Figure 6. Meridional section of anthropogenic CO, in pmol kg~ (solid contours) and pCFC-12 in patm
(dashed contours) along WOCE line SR3 at 145°E. Black areas indicate ocean bottom.

focused western boundary currents, which are not clearly
resolved in the smoothed maps of these sections. The
longitudinal scale of the deepening isolines in the eastern
basins is similar in both the North and South Pacific
(Figure 5). The differences in penetration depths between
the two sections are related to the location of the sections
within the bowl-shaped subtropical gyres. The deepest
penetrations are found in the South Pacific (Figure 4b),
but the penetration depths along P21 were generally shal-
lower than along P2 because the former cruise was run at a
lower latitude (18°S) than P2 (30°N). Thus, P21 was farther
from the deepest part of its subtropical gyre than P2.

[34] One feature that has been noted by numerous inves-
tigators over the years is the very shallow penetration of

anthropogenic CO, in the high-latitude Southern Ocean
[e.g., Chen, 1982b; Poisson and Chen, 1987; Caldeira
and Duffy, 2000]. This same feature was observed with
the AC* estimates in the Indian Ocean [Sabine et al., 1999]
and the Atlantic [Gruber, 1998], although the Southern
Ocean data used for the Atlantic analysis were very sparse.
Very shallow anthropogenic CO, penetration is also gen-
erally observed in the Pacific sector of the high-latitude
Southern Ocean. One exception to this is found in the far
southwestern Pacific where there is evidence of anthropo-
genic CO; in the northward moving bottom waters. This can
be seen most clearly in the SR3 section (145°E) south of
Tasmania (Figure 6). Bottom water concentrations as high
as 10 pmol kg~ ' are seen near the coast at the southern end

10004 - -
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160°E 180°
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160°W  140°W  120°W

Figure 7. Zonal section of anthropogenic CO, in pmol kg~ along WOCE line S4 at 62—67°S. Points
indicate sample locations. Black areas indicate ocean bottom.
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Figure 8. Map of anthropogenic CO, column inventory (mol m~?) in the Pacific.

of the section. The bottom waters observed on this section
are likely to be newly formed bottom water from the Adelie
Land coast [Rintoul, 1998; Rintoul and Bullister, 1999].
These waters also have relatively high concentrations of
CFCs, so one might expect to find anthropogenic CO, in
these waters. Although the concentrations of anthropogenic
CO; are very near the estimated detection limit of ~5 pmol
kg ' and there are serious uncertainties associated with
incomplete equilibration of gases and cross-isopycnal mix-
ing at high latitudes, the pCFC-12 distribution correlates
well with the anthropogenic CO, distributions. Results from
the zonal S4 lines, at 62—67°S, suggest that measurable
anthropogenic CO, concentrations may extend as far east as
130°W—140°W at this latitude (Figure 7). The waters east
of the date line do not have measurable concentrations of
anthropogenic CO, in the central water column, between
500 and 2500 m. The bottom waters observed at these

longitudes are presumably forming further to the south, in
the Ross Sea.

[35] The basin-wide distribution of anthropogenic CO,
can be summarized with a map of the anthropogenic CO,
column inventory (Figure 8). The highest inventories are
generally observed in the South Pacific between 45°S and
55°S. High column inventories are also observed off the
Adelie coast of Antarctica at approximately 140°E. Aside
from this region, where bottom water formation distributes
anthropogenic CO, throughout the water column, the high-
latitude Southern Ocean has generally low column invento-
ries. There is also a relative minimum in inventory in the
tropics because of shallow penetration at these latitudes.
The North Pacific inventory maximum has lower invento-
ries than the South Pacific and is shifted toward the west.
The strong zonal inventory gradient in the North Pacific
most likely results from deeper ventilation of the western
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Figure 9. Plots of (a) zonal mean inventory in mol m > and (b) zonal total inventory Pg C for the
Pacific, Indian, and Atlantic oceans versus latitude. Indian values are from Sabine et al. [1999]. Atlantic

values are from Gruber [1998].

waters and the transport of anthropogenic CO, into the
thermocline associated with the formation of North Pacific
Intermediate Waters in the Sea of Okhotsk [Warner et al.,
1996]. The total inventory for the shaded region in Figure 8
is 44.5 £ 5 Pg C for a mean year of 1994. Approximately 28
Pg C is located in the Southern Hemisphere and 16.5 Pg C
is located north of the equator.

6. Comparison With Other Oceans

[36] The Southern Hemispheric distributions of anthropo-
genic CO, look similar in the Atlantic, Indian, and Pacific
Oceans. The penetration depth (estimated from the depth of
the 5 pmol kg~ contour) was estimated by Gruber [1998]
to be close to 2000 m in the Subtropical Convergence
region of the South Atlantic. The Indian and Pacific
penetrations are closer to ~1300 m in this region (e.g.,
Figure 4b). It is unknown at this time whether this differ-
ence is real or reflects small differences in the data,

technique, or gridding methods. There are also differences
in the location of the maximum penetration and largest
column inventories of the three different basins. Figure 9
compares the zonal mean inventory and the zonal total
inventory for the Pacific, Indian, and Atlantic oceans
[Sabine et al., 1999; Gruber, 1998]. The maximum in zonal
mean inventory in the Indian Ocean is at 35—-40°S, approx-
imately 15° north of the South Pacific maximum. These
differences and the location of the column inventory max-
imum observed in Figure 8 are consistent with known zonal
variations in the location of the Subtropical Convergence.
The Pacific has the largest total inventory in all of the
southern latitudes (Figure 9b) despite the fact that it gen-
erally has the lowest average inventory when normalized to
a unit area (Figure 9a).

[37] In the higher northern latitudes the area-specific
inventories of the Atlantic can be three times higher than
in the Pacific because of the formation of North Atlantic
Deep waters that transport anthropogenic CO, into the
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ocean interior. These large values are sufficient to make
total inventories highest in the Atlantic despite the larger
area of the Pacific. One should also note that the Atlantic
values of Gruber [1998] represent inventories from the late
1980s. These values would be somewhat higher if they were
scaled up to the WOCE timeframe. Deeper anthropogenic
CO, penetration was observed on the western side of the
North Atlantic by Gruber et al. [1996], but the zonal
gradient was much more localized to the western basin than
observed in the North Pacific. These differences primarily
result from differences in the deep circulation in the two
oceans.

7. Comparison With Models

[38] Since the exact distribution of anthropogenic CO,
cannot be directly measured, it is useful to compare esti-
mates derived from different approaches. Recently Xu et al.
[2000] examined the uptake and storage of anthropogenic
CO, with a medium resolution (2° x 2° x 28 levels) basin-
wide OGCM of the North Pacific. This study examined the
impact of changing the isopycnal diffusivity on the anthro-
pogenic uptake of the model. Although all of the model runs
presented by Xu et al. [2000] estimated higher North Pacific
inventories (19.4-22.01 Pg C north of equator) than deter-
mined with this study (16.5 Pg C north of equator), the
model run with the lowest diffusivities gave results that
were most consistent with the estimates presented here.
Thus, observational based estimates, such as these, can
provide a useful diagnostic tool for evaluating models.

[39] Likewise, models can help evaluate various observa-
tional based approaches. For example, Xu et al. [2000] also
compared their results in the western North Pacific with the
results of Chen [1993a]. They noted that Chen had a deeper
penetration and stronger meridional changes in penetration
depth than could be generated with the model. Our results,
however, are much more similar to the model distributions
with penetration depths close to 1000 m and meridional
changes in penetration depth about half (250 m) of that
observed by Chen [1993a] in the western North Pacific.

[40] Moreover, models can also provide a link between
the observational based inventory estimates and anthropo-
genic CO, uptake from the atmosphere. Interestingly, the Xu
et al. [2000] model run with distributions most similar to
our results also had the largest uptake of anthropogenic CO,
in the equatorial region. All model runs indicated that the
equatorial Pacific had a very large uptake of anthropogenic
CO, but, as Xu et al. [2000] noted, large fluxes do not imply
large inventories because most of that carbon is transported
into the subtropical gyres. Most of the equatorial anthro-
pogenic CO, uptake in the model, however, was transported
to the south, an area where the model inventories were
substantially larger than the inventories estimated here.
More work is needed to understand the implications of
these differences.

[41] A formal comparison of the results presented here, as
well as AC* based estimates for the Indian and Atlantic
Oceans, is being conducted with the 13 global ocean carbon
models affiliated with the international ocean carbon model
intercomparison project (OCMIP-2). Preliminary results
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indicate that our Pacific inventory estimates fall within the
range of model estimates. The anthropogenic carbon dis-
tributions, however, varied greatly between the data and
different models. The largest differences, both between the
data based estimates and between the different models, were
found in the Southern Ocean. This is similar to the findings
of the first OCMIP exercise [Orr et al., 2001]. Generally,
the models that had much higher Southern Ocean anthro-
pogenic CO, inventories relative to the observations were
the same models that overestimated the CFC inventories
[Dutay et al., 2002]. A manuscript detailing the comparison
and implications for the improvement of both model and
observation based estimates is in preparation.

8. Conclusions

[42] The AC* approach for estimating anthropogenic CO,
has been applied now in the three major oceans: the
Atlantic, Indian, and Pacific. Small modifications to the
technique continue to improve the quality of the results.
Each time the technique is applied to a new region, new
challenges are faced. We believe the addition of the OMP
analysis in this work has greatly improved the anthropo-
genic estimates by explicitly accounting for the mixing of
different water types. The basic principles of the technique,
however, have remained the same and appear to be sound.
Many of the general features observed in this work are
consistent with trends observed in the other basins: high
column inventories and relatively deep penetrations associ-
ated with the Subtropical Convergence zones, relatively low
inventories in the equatorial and high-latitude Southern
Ocean regions, and deep penetration of anthropogenic
CO, in areas of deep and bottom water formation.

[43] The total Pacific anthropogenic CO, inventory (44.5
+ 5 Pg C in 1994) is relatively low compared to the area of
this ocean. This relatively low inventory primarily results
from large-scale circulation within the Pacific. The deep
waters of the Pacific are among the oldest in the global
oceans and thus have not been exposed to anthropogenic
contamination. The lack of deep-water formation in the
North Pacific results in relatively little penetration of
anthropogenic CO, into the ocean interior. The tremendous
area, diversity of habitats, and corrosiveness of the Pacific
waters with respect to carbonate minerals, however, provide
the potential for significant changes in carbon cycling in this
ocean as a result of future climate change. Some of these
changes may lead to changes in the role of the Pacific as a
sink for anthropogenic CO,. The global CO, survey data
and estimates provided here make an important baseline for
assessing future changes in the Pacific carbon cycle.
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