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Abstract

The multiple-parameter linear regression method (Monitoring global ocean carbon inventories. Ocean Observing

System Development Panel, Texas A&M University, College Station, TX, 1995, 54pp; Global Biogeochem. Cycles 13

(1999) 179) is used to compare inorganic carbon data from the GEOSECS CO2 survey in the Pacific Ocean in 1973 to

the WOCE/JGOFS global CO2 survey in the 1990s. A model of total dissolved inorganic carbon (DIC) as a function of

five variables (AOU, y; S, Si, and PO4) has been developed from the recent CO2 survey data (namely CGC91 and

CGC96) in the Pacific Ocean. After correcting for a systematic DIC offset of �30.377 mmol kg�1 from the GEOSECS

data, the residual DIC based on this model as computed from GEOSECS data has been used to estimate the

anthropogenic CO2 penetration in the Pacific Ocean. In the Northeast Pacific, we obtained an increase of CO2 of

21.377.9molm�2 over the period from GEOSECS in 1973 to CGC91 in 1991. This gives a mean anthropogenic CO2

uptake rate of 1.370.5molm�2 yr�1 over this 17 year time period. In the South Pacific, north of 50�S between 180� and

120�W region, the integrated anthropogenic CO2 inventory is estimated to be 19.775.7molm�2 over the period from

GEOSECS in 1974 to CGC96 in 1996. The equivalent mean CO2 uptake rate is estimated to be 0.970.3molm�2 yr�1

over the 22 years. These results are compared with the isopycnal method (Nature 396 (1998) 560) to estimate the

anthropogenic CO2 signal in the Northeast Pacific (30�N, 152�W) at the crossover region between CGC91 and

GEOSECS. The results of the isopycnal method are consistent with those derived from the MLR method. Both

methods show an increase in anthropogenic CO2 inventory in the ocean over two decades that is consistent with the

increase expected if the ocean uptake has kept pace with the atmospheric CO2 increase.

r 2003 Elsevier Ltd. All rights reserved.
1. Introduction

The atmospheric anthropogenic CO2 transient
commenced after about 1800 AD, and a fraction
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of this CO2 has accumulated in the ocean for over
two centuries. The amount taken up by the oceans
is an important component of global budget of
excess CO2 released to the atmosphere by human
activities (Broecker and Peng, 1998). There are
several methods of identifying the anthropogenic
CO2 signal and quantifying its inventory in the
ocean. The first method of yielding the total
specific anthropogenic inventory from a regional
d.
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ocean CO2 survey results is the computation of
excess CO2 reported separately by Brewer (1978)
and Chen and Millero (1979). They suggested that
the anthropogenic CO2 in the interior of ocean can
be estimated by two steps: (1) determine a so-
called preformed concentration of total dissolved
inorganic carbon (DIC) by making corrections to
the measured concentration of the DIC by
subtracting the amount incurred due to the
remineralization of organic matter and the dis-
solution of carbonates since the water sample lost
contact with the surface, and (2) subtracting the
preindustrial DIC as determined from the pre-
formed concentration in deep water, believed to be
uncontaminated with anthropogenic CO2 from the
corrected DIC in step 1. This pioneering approach
was not accepted widely because of the large
uncertainties associated with the estimates of
preformed DIC contents for different water
masses in the preindustrial era, inadequate treat-
ments for the effect of mixing of different water
types (Shiller, 1981), and uncertainties in the use of
constant stoichiometric ratios and of the apparent
oxygen utilization (AOU) for estimating the input
of CO2 from the oxidation of organic matter
(Shiller, 1981, 1982; Broecker et al., 1985). Gruber
et al. (1996) developed a new method on the basis
of this approach, with special attention to elim-
inate factors that caused possible biases. This
method was subsequently used to estimate anthro-
pogenic CO2 inventory in the Atlantic Ocean
(Gruber, 1998), in the Indian Ocean (Sabine
et al., 1999), and in the Pacific Ocean (Feely
et al., 1999; Sabine et al., 2002). While these
methods determine the total anthropogenic CO2

burden in the ocean, an alternate approach is to
determine the increases in anthropogenic CO2 over
a specific time period. This is accomplished by
comparing carbon system parameter measure-
ments made at different times in similar geogra-
phical locations. Two approaches have been used
to determine inventory changes over specific time
periods. One is called the time-series multipara-
meter analysis (Wallace, 1995) and the other the
isopycnal method (Peng et al., 1998). The use of
these methods has been limited to date because
very few high-quality datasets are available that
cover measurements at similar locations and are
taken at least a decade apart. In 1973–1978, the
Geochemical Ocean Sections Study (GEOSECS)
program was the first global survey of carbon
chemistry in the oceans. Two decades later,
WOCE/JGOFS programs completed a compre-
hensive global CO2 survey. Availability of CO2

data of these two surveys provides us an oppor-
tunity to estimate the anthropogenic CO2 increase
since the GEOSECS time. This paper quantifies
the changing anthropogenic CO2 inventory since
the GEOSECS time in the Pacific Ocean using
these two approaches.
2. Method

The direct comparison of two sets of DIC
measurements made at different times to deter-
mine the temporal changes in carbon inventories is
subject to uncertainties caused by (1) spatial
variability of DIC due to movement of water
mass and (2) temporal variability of DIC in a
water mass resulting from changes due to water
mass mixing and/or changes in the rate of
remineralization of organic and inorganic matter
in the water mass. To compensate for these factors
in order to reduce the uncertainties, an analysis
using multiple-parameter linear regression (MLR)
method was suggested by Wallace (1995). In this
method, a statistical model is used to determine
the coefficients that describe the variations of
carbon in the ocean as a function of various other
properties. To detect the net changes of DIC due
to the uptake of anthropogenic CO2, it is assumed
that the processes of anthropogenic CO2 accumu-
lation are not directly related to biological
activities, and the relationship between DIC and
other properties of water mass such as tempera-
ture, salinity, oxygen and nutrient concentrations
remains unchanged in the time period of interest
except for the DIC increase caused by invasion of
anthropogenically produced CO2.

The MLR method has been used to study the
Indian Ocean 13C Suess effect (Sonnerup et al.,
2000), and for estimating the change in anthro-
pogenic CO2 inventory in the Atlantic, Indian and
Pacific Oceans (Wallace, 1995; Slansky et al., 1997;
Sabine et al., 1999). The MLR work presented
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here is an expansion of the analysis previously
performed in the unreviewed manuscript of
Slansky et al. (1997). Here we, for the first time,
provide a comprehensive description of the MLR
method as applied to determine anthropogenic
CO2 increases in the Pacific Ocean.

The statistical model of MLR method is in the
form of a linear equation that is built with a total
of k variables of chemical and hydrographic
parameters in order to predict DIC:

y ¼ b0 þ b1x1 þ b2x2 þ?þ bkxk þ e; ð1Þ

where y is the dependent variable (i.e., DIC),
x1yxk are the independent variables (i.e., the
chemical and hydrographic parameters), b0 is the
intercept, b1ybk are the regression coefficients,
and e is random error. For a data set of n
observations, the model may be expressed as

yi ¼ b0 þ b1xi1 þ b2xi2 þ?þ bkxik þ ei;

i ¼ 1;y; n: ð2Þ

This represents n equations, one for each observa-
tion. The errors (e1; e2; y; en) are assumed to be a
random sample from an unknown population of
errors (Frees, 1996). Assuming that xj is not
related to the other independent variables, coeffi-
cient bj can be interpreted as the expected change
in y per unit change in xj assuming all other
independent variables are held constant. For the
ith observation, the fitted value #yi is defined as

#yi ¼ b0 þ b1xi1 þ b2xi2 þ?þ bkxik: ð3Þ

The residuals, or the ‘‘estimated errors’’, are
defined as

#ei ¼ yi � #yi: ð4Þ

The estimator of variance s2 is defined to be

s2 ¼
Pn

i¼1 #e
2
i

n � ðk þ 1Þ
: ð5Þ

The quantity s is referred to as the residual
standard error, which is a measure of typical error
and is also called the standard error of the
estimate.

The F -Test is used to evaluate if the model is
adequate. The F -ratio can be computed using
the equation:

F -ratio ¼
RegressionMS

s2
; ð6Þ

where Regression MS is mean square of regression
ðRegression MS ¼

Pn
i¼1ð #yi � %yÞ2=kÞ:

The F -distribution is a continuous idealized
histogram of sampling distribution for the F -ratio
of positive values and is indexed by two degree-of-
freedom parameters: one for the numerator, df1 ¼
k; and one for denominator, df2 ¼ n � ðk þ 1Þ: A
prespecified significance level of 5% is used to
determine the F -value, such that the area under
the F -curve to the right of it is 5%. Because the
area under F -curve to the left of F -value is 0.95, it
is the 95th percentile of the F -distribution. For
example, if k ¼ 5 and n ¼ 300; we have df1 ¼ 5
and df2 ¼ 294: Using a lookup table of 95th
percentiles of F -curves, we find a value of 2.29. If
F -ratio of MLR model exceeds this F -value, we
have 95% confidence to accept that the selected
independent parameters are significantly related to
the dependent variable (i.e. DIC). We use S-Plus
(Venables and Ripley, 1994) for carrying out the
multiple-parameter linear regression. The sum-
mary of the regression produced by S-Plus gives
these statistical values for evaluating the regression
results. For choosing the best model, a stepwise
selection of independent variables is provided by
S-Plus, which has functions for evaluating linear
regression by adding and dropping independent
variables from a linear model. By careful selection,
we have determined that AOU (apparent oxygen
utilization), potential temperature (y), salinity (S),
silicate (Si), and phosphate (PO4) are relevant
variables for the statistical model of DIC. The
potential temperature and salinity define water
mass characteristics, AOU and PO4 relate to DIC
changes caused by remineralization of organic
matter, and Si as a proxy for hard tissue
remineralization.

The isopycnal method (Peng et al., 1998)
involves comparing DIC in the same geographical
location on the same isopycnal surfaces as
measured at different times. The re-occupation of
the cruise track at two different times is optimal
for this method to detect the increase in DIC
caused by the uptake of anthropogenic CO2. To
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avoid the seasonal variations of DIC in the upper
water column, the isopycnal surfaces correspond-
ing to upper and main thermocline are selected for
analysis. After correcting for systematic errors in
DIC measurements between the two cruises taken
at different times, a correction for natural varia-
tions in DIC in the thermocline is made. One of
the sources of natural variations could be caused
by the change in total carbon released into the
water by changing respiration rates of organic
matter. This can be estimated using Redfield ratio
C:O2 of 117:170 (Anderson and Sarmiento, 1994)
and AOU. Hence, AOU-corrected DIC (DICaou)
can be given as

DICaou ¼ DICs � 0:69�AOU; ð7Þ

where DICs is the observed DIC on an isopycnal
surface. The effect of changes in carbonate
dissolution at two different times can be corrected
by using alkalinity data. The DIC corrected for
Alk (DICalk) is given by

DICalk ¼ DICaou � 0:5� ðAlk�Alk0Þ; ð8Þ

where Alk is the observed alkalinity for the
isopycnal surface, and Alk0 is the preformed
alkalinity, which can be calculated by using the
empirical equation as a function of potential
temperature and salinity at the surface (Millero
et al., 1998). To eliminate changes caused by the
variations of salinity, the corrected DIC is normal-
ized to a salinity of 35.0 as given by

DICn ¼ ðDICalk=SÞ � 35:0; ð9Þ

where DICn is the salinity-normalized final DIC
value used for comparison between two different
cruises. The net increases in DICn at these selected
isopycnal surfaces represent the anthropogenic
CO2 uptake during the time interval of re-
occupation.
3. Results and discussion

We have chosen the NOAA Climate and Global
Change (CGC) cruises CGC91 and CGC96 for
analysis. These two cruises cover the meridional
transects in the North and South Pacific Ocean in
1991 and 1996, respectively. These datasets are
compared with the observations collected during
the GEOSECS program in 1973–74. The cruise
tracks of CGC91 and CGC96, and the sampling
stations of GEOSECS are shown in Fig. 1. CGC96
is also referred to as WOCE World Hydrographic
Program (WHP) cruises P14S P15S.

Before the analysis of changes in DIC from
GEOSECS to recent WOCE/JGOFS cruises, we
need to know if data collected at these two periods
are compatible with each other without any
systematic errors. To determine if systematic
deviations exist, comparisons of data obtained in
water samples deeper than 1500m are made
between GEOSECS survey (1973–74) and all the
WOCE/WHP cruises in the Pacific (1990s). These
comparisons are made for GEOSECS and WOCE
stations that are within two degrees of latitude or
longitude of each other. The assumption is made
that deep water properties in these crossover
stations should remain the same even though
measurements were made about two decades apart
because water masses at these depth are free of
anthropogenic and other short-term natural varia-
bility. Hydrographic properties, such as tempera-
ture, salinity, and oxygen, silicate, nitrate, and
phosphate concentrations, are chosen for compar-
ison along with the carbon chemistry parameters
DIC and total alkalinity (TAlk). The selection of
stations for comparison begins with choosing the
GEOSECS stations where DIC and TAlk mea-
surements were made. The crossover stations of
recent cruises containing DIC and TAlk data with
these GEOSECS stations are then determined. The
GEOSECS stations that have crossover stations of
recent cruises with DIC measurements are identi-
fied as station number 204, 219, 224, 238, 241, 244,
257, 260, 263, 265, 267, 280, 291, 293, 303, 306,
and 320. The crossover stations with TAlk
measurements are GEOSECS station number
219, 224, 238, 241, 257, 260, 263, 265, and 267.
Table 1 gives a summary of crossover stations of
various recent WOCE cruises that were compared
with these GEOSECS stations.

Comparison of hydrographic properties (tem-
perature, salinity, and oxygen, silicate, nitrate and
phosphate concentrations) at these crossover sta-
tions shows that the old and new data are highly
consistent (Figs. 2–7). To estimate the difference of
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these hydrographic properties measured during the
two different time periods, we applied the deep-
isopycnal method (Lamb et al., 2002) using s4
isopycnal surface from 45.5 to 46.0 (approximate
depth ranges from 1500 to 4500m) for the
comparison. A second-order polynomial fit of the
relevant hydrographic parameters versus s4 was
determined for this limited s4 range for each of the
stations included in the crossover. The calculated
curve for each station in each crossover was
divided into 10 evenly spaced s4 intervals, on
average, 0.04 units apart, over the data range
(s4E45:5245:9). The average difference between
stations within the crossover location was then
determined and used as the calculated offset. The
standard deviation of the difference of the 10
points was used to determine if the offsets were
systematic or if the value scattered around the
mean. These offsets are then plotted against
latitude of the crossover station and shown in
Figs. 2–7. The mean difference of salinity (GEO-
SECS–WOCE) for all crossover stations as shown
in Fig. 2 is �0.001670.0020, and the mean
potential temperature difference as shown in
Fig. 3 is �0.007270.0069�C. These are considered
as basin-wide mean offsets that are not significant
enough to cause extra uncertainty in MLR
calculations. Comparison of oxygen and nut-
rient concentrations gives the basin-wide mean
offsets as follows: O2 concentration of �0.27
5.0 mmol kg�1 (Fig. 4), silicate difference of
2.671.2 mmol kg�1 (Fig. 5), NO3 difference of
0.371.0 mmol kg�1 (Fig. 6), and PO4 difference
of �0.0670.03 mmol kg�1 (Fig. 7). These results
suggest that hydrographic properties are consis-
tent for old and new data sets.

However, DIC data in GEOSECS show system-
atically and consistently higher values than recent
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Table 1

Crossover stations between GEOSECS and WOCE cruises for

estimating systematic offsets of DIC, TAlk, and hydrographic

properties measured at different times

GEOSECS

station

WOCE/

OACES

cruise

Station number

DIC

GX-204 P14n 31, 32, 34, 36

GX-219 P14n 11

GX-224 P10 83, 86, 90

GX-238 P15n 92, 94, 96, 98

GX-241 P14n 118, 121, 126, 131

GX-244 P14n 131

GX-257 epspr 66

GX-257 P14s 155, 156, 157, 159, 161, 162,

178, 180, 181, 182

GX-257 P15n 130, 132, 134, 136

GX-257 P31 50, 54, 55, 56, 57, 61, 64, 102

GX-260 cgc90 2, 52

GX-260 P14s 144, 146, 147, 150, 152

GX-263 P21 189, 191, 193

GX-265 P21 185, 189

GX-267 cgc90 5, 50

GX-267 P14s 135, 137, 141, 142

GX-267 P21 195, 197, 201, 204

GX-280 P14s 8, 9

GX-291 cgc90 30

GX-293 cgc90 31

GX-303 cgc90 15

GX-306 P6 144, 146, 148

GX-320 P6 96, 98, 100

TAlk

GX-219 P14n 11

GX-224 P10 83, 86, 90

GX-238 P15n 94, 96, 98

GX-241 P14n 118, 121, 126

GX-257 P14s 155, 156, 157, 159, 161, 162,

178, 179, 180, 181, 182

GX-257 P15n 130, 132, 134, 136

GX-257 P31 50, 54, 57, 61, 64, 66, 102

GX-260 P14s 144, 146, 147, 150, 152

GX-263 P21 189, 191, 193

GX-265 P21 185, 189

GX-267 P14s 135, 137, 141, 142

GX-267 P21 195, 197, 201, 204

Note: The CGC96 cruise is also referred to as WOCE cruise

P14s P15s.
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data set (Fig. 8). The GEOSECS TAlk data also
show consistently higher values but with signifi-
cant degree of scatter (Fig. 9). To determine the
offsets between the two data sets, we applied the
same deep isopycnal method for the s4 surface
between 45.5 and 46.0. As shown in Figs. 10 and
11, a basin-wide mean DIC difference of 27.97
9.1 mmol kg�1, and a mean TAlk difference of
11.1715.2 mmol kg�1 are obtained.

The offsets can also be derived from the MLR
method. A relationship between DIC and these
hydrographic properties from the recent data set at
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each crossover station is derived. This linear
equation can be given as: DIC ¼a þ b yþ
c Sþd O2 , where a; b; c; d are constants determined
using the recent data. The MLR results show that
R2 values for DIC linear regression of the recent
data are better than 0.97. The assumption is made
that this relationship remains the same in deep
water over a time period of about two decades
between GEOSECS and WOCE in each particular
crossover location. This equation and derived
coefficients are then used to compute the expected
DIC at GEOSECS time using y; S, and O2 values
of GEOSECS dataset at the crossover station. The
difference between the observed DIC and the
computed DIC is considered as the estimated
offset. The mean offset for a single GEOSECS
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crossover station is computed from samples below
2000m depth, and the standard deviation from the
mean is computed from these offsets. The mean
TAlk offsets between GEOSECS and WOCE are
also computed in the same way, namely using the
equation TAlk ¼a þ b yþ c Sþd O2 where a; b; c;
and d are constants determined separately for each
crossover station using MLR method. The mean
offsets for DIC and TAlk as a function of latitude
are shown in Fig. 12. As can be seen, the DIC
values observed at GEOSECS time are consis-
tently higher than recent data by
30.377.0 mmol kg�1, while the TAlk values also
show consistently higher values with a mean of
18.677.1 mmol kg�1. The distribution of the off-
sets does not show any geographic trend. These
results are slightly higher than those derived from
deep isopycnal method, but basically they are
consistent within the estimated uncertainty. Taka-
hashi et al. (1985) reported the corrections for
GEOSECS DIC and TAlk data. Although they
did not specifically mention the corrections for
Pacific data, their analysis of Atlantic and Indian
Oceans data implied that the Pacific data need a
correction of �2978 mmol kg�1 for DIC, and
�1474 mmol kg�1 for TAlk. These results are
consistent with our current estimates. For the
analysis of anthropogenic CO2 increase, we
applied the correction obtained from the MLR
method of �30.3 mmol kg�1 for all DIC and
�18.6 mmol kg�1 for all TAlk samples obtained
for GEOSECS.



ARTICLE IN PRESS

2350 2400 2450 2500
Alk (µmol/kg)

2000

3000

4000

5000

6000

D
ep

th
 (

m
)

Pacific Ocean

GX-219
p14n-11

2350 2400 2450 2500
Alk (µmol/kg)

2000

3000

4000

5000

6000

D
ep

th
 (

m
)

Pacific Ocean

GX-241
p14n-118
p14n-121
p14n-126

2350 2400 2450 2500
Alk (µmol/kg)

2000

3000

4000

5000

6000

D
ep

th
 (

m
)

Pacific Ocean

GX-257
p14s-155
p14s-156
p14s-157
p14s-159
p14s-161
p14s-162
p14s-178
p14s-179
p14s-180
p14s-181
p14s-182

2350 2400 2450 2500
Alk (µmol/kg)

2000

3000

4000

5000

6000

D
ep

th
 (

m
)

Pacific Ocean

GX-265
p21-185
p21-189

Fig. 9. Comparison of original TAlk at GEOSECS stations 219, 241, 257, and 265 (solid circles) with TAlk at corresponding crossover

WOCE stations (open symbols).
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3.1. Comparison of GEOSECS and CGC91 in the

NE pacific using the MLR method

The cruise CGC91 was conducted in the north-
eastern Pacific Ocean during the NOAA Climate
and Global Change study program in 1991. This
cruise took place from mid-February through
early April 1991, mainly along 152�W between
20�N and 56�N (Fig. 1). The data are available at
web site: www.aoml.noaa.gov/ocd/oaces/bottle
data.html. To avoid seasonal variations in DIC,
only measurements made for samples below 300m
depth are analyzed by MLR method. With five
independent variables (AOU, y; S, Si, and PO4),
and n ¼ 802 observations, we obtained the multi-
ple R2 ¼ 0:997: The relationship between DIC and
the five independent variables can be given as

DIC ¼ 829:615þ 0:449 AOU� 5:156 y

þ 0:474 Siþ 36:291 Sþ 33:596 PO4: ð10Þ

Fig. 13 shows the plot of observed versus fitted
DIC for the analyzed CGC91 data. The residual
standard error is estimated to be 3.6 mmol kg�1.
The distribution of residual DIC for all samples is
binned into 100-m layers over the upper
2000m depth and into 200-m layers below
2000m (Fig. 14). These mean residuals meander
along the zero residual line with depth.

These residuals are compared with those derived
from GEOSECS data using the same coefficients
in the equation listed above. To compare these
results with data collected in a similar geographical
region as CGC91, we limit the analysis to
GEOSECS stations in the northeastern Pacific
(i.e. north of 20�N with longitudes between 180�

and 130�W). Using the above MLR-derived
equation from CGC91 data, the DIC values for
these GEOSECS stations are predicted from
AOU, y; S, Si, and PO4 measured during the
GEOSECS program. Before comparing the pre-
dicted DIC with the observed values, a correction
of �30.3 mmol kg�1 is made to all the GEOSECS
DIC samples because of systematic DIC offset
described earlier.

The GEOSECS residual DIC (i.e. corrected DIC
minus predicted DIC) represents the deviation of
the observed DIC in 1973 from the expected DIC
if measurement was made in 1991. Hence, any
increase in DIC from 1973 to 1991 results in
negative residual in DIC for the GEOSECS data.
As we can see in Fig. 14, the similarly binned
GEOSECS residual DIC values are consistent with
that derived from CGC91 for water below about
1500-m. However, the water above 1500m shows
negative residuals, indicating that DIC observed
during the GEOSECS program 17 years before
contained less DIC than the recent survey. The
expected increase in DIC in surface water from

http://www.aoml.noaa.gov/ocd/oaces/bottle_data.html
http://www.aoml.noaa.gov/ocd/oaces/bottle_data.html
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Fig. 13. The measured DIC is plotted against the fitted DIC as computed from the observed AOU, y; S, Si, and PO4. The multiple R2 is

0.997 for this correlation (upper panel). The residual standard error is estimated to be 3.6 mmol kg�1 (lower panel).
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GEOSECS to CGC91 can be estimated from
the atmospheric pCO2 increase during this
time period. Based on mean surface water
temperature (24.3�C), salinity (35.128), and TAlk
(2328 mmol kg�1) from GEOSECS stations num-
ber 202, 204, 212, and 213, the change in surface
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DIC at equilibrium with the atmospheric CO2 is
computed using atmospheric pCO2 record from
Mauna Loa Observatory (Keeling and Whorf,
1996) for year 1973 and 1991 (with a pCO2

increase of 25.4 matm). The increase in DIC
computed this way is B16.3 mmol kg�1. The
increase in DIC during the same period as
estimated from this MLR method reaches as high
as 15 mmol kg�1, which is consistent with the
estimate from the atmospheric CO2. However,
the GEOSECS residual DIC suffers from a high
standard deviation, which overlaps with CGC91
residual DIC. This is mainly due to the quality of
the DIC data obtained during the GEOSECS
program. The overall precision of DIC measure-
ment has been estimated to be 711 mmol kg�1

(Takahashi, 1983). The standard deviation of
correction for systematic offset is 79 mmol kg�1.
The propagation of these errors leads to an
uncertainty of 714 mmol kg�1. In addition, the
binned residual is obtained from a collection of
samples at designated depth range over the whole
NE Pacific basin. Inspection of GEOSECS cruises
(see Fig. 1) shows that these sampling stations go
from 130�W to 175�W mainly along 30�N latitude
and from 30�N to 55�N along 175�W longitude.
This cruise tract went through many water masses
and the variations of DIC distribution in these
water masses could contribute additional uncer-
tainty to the binned residual DIC. For example,
the mean residual DIC between 300 and 400m is
�10.7716 mmol kg�1, between 400 and 500m is
�15715 mmol kg�1, and between 500 and 600m is
�10.1719 mmol kg�1.

Based on comparison of CGC91 with GEO-
SECS in the NE Pacific data between 300
and 600m depth, we obtain a mean increase
in anthropogenic CO2 concentration of
11.9720.5 mmol kg�1 (i.e., average of residual
DIC in three top binned layers from GEOSECS
data) for the upper 600m of water column. Since
the anthropogenic DIC in the upper 300m is
estimated to be the same as between 300 and
600m, this mean value is probably a minimum
value because the top 300m of the water column
should have slightly higher anthropogenic CO2

concentrations than the deeper water. The inte-
grated water column anthropogenic CO2 inven-
tory is estimated from the surface water down to
1500m depth by computing the total area between
the mean GEOSECS DIC residual and the mean
CGC91 DIC residual. The inventory is estimated
to be 21.3molm�2. The uncertainty of this
estimate is large because the binned GEOSECS
DIC residual has a large standard deviation as
shown in Fig. 14. By propagation of these
standard deviations in computing the integrated
area, we obtain the uncertainty of 77.9molm�2.
This increase in CO2 inventory gives the mean
anthropogenic CO2 uptake rate over 17 years of
1.370.5molm�2 yr�1. These results can be com-
pared with the increase in inventory of
1179.7molm�2 estimated by Slansky et al.
(1997). Only 10 mmol kg�1 was subtracted from
the GEOSECS DIC values in Slansky et al. (1997)
to correct for DIC systematic offset. If a
30.3 mmol kg�1 correction were made, as suggested
by our analysis, their anthropogenic inventory
would be significantly larger than 11molm�2.

Emerson et al. (2001) reported that there has
been an increase of AOU of 20–25% in the upper
thermocline between isopycnals 25.5 and 26.5 in
the northeast subtropical Pacific between 1980 and
1997. This change could potentially affect the
estimate of increase in DIC using MLR method
which includes AOU as an independent variable.
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To evaluate the effects of AOU changes, the MLR
method, is applied by assuming that AOU is a
dependent variable with y; S, Si, and PO4 as
independent variables. Results of MLR analysis of
CGC91 data gives an R2 of 0.992 and AOU
residual standard error of 5.5 mmol kg�1. There is
no significant difference between the binned
residual AOU of CGC91 and GEOSECS stations
in the northeast Pacific. This implies that the MLR
analysis takes into account the temporal AOU
variations. Hence, we conclude that the DIC
increase estimated by using the MLR technique
is not affected by the AOU variations.

3.2. Comparison of GEOSECS and CGC96 in the

South Pacific using the MLR method

The CGC96 was a multi-legged cruise (Fig. 1)
conducted aboard the NOAA ship DISCO-
VERER as part of the OACES (Ocean-Atmo-
sphere Carbon Exchange Study) program in the
South Pacific. It also was part of WOCE/WHP
and designated as WOCE lines P14S (along 170�E)
and P15S (along 170�W). The cruise started in
early January of 1996 from south of New Zealand,
sailed along 170�E to about 66�S, and then
changed course to sail along 170�W from 67�S
toward north. By early March 1996, it reached all
the way to the Equator (The data are available at
web site: http://www.aoml.noaa.gov/ocd/oaces/
bottle data.html.) Similar to the CGC91 analyses,
only CGC96 data below 300m are used for MLR
analysis to determine the relationship between
DIC and five independent variables (AOU, y; S, Si,
and PO4). For the South Pacific, we obtain the
following relationship:

DIC ¼ 4591:34þ 0:710 AOUþ 1:328 yþ 1:071 Si

� 72:445 S� 16:946 PO4: ð11Þ

Fig. 15 shows a plot of observed and fitted DIC,
and the residual DIC, for n ¼ 1170 observations in
the region north of 50�S in the South Pacific. This
regression gives a multiple R2 ¼ 0:995 and a DIC
residual standard error of 4.3 mmol kg�1. The
residuals are binned into 100-m layers in the upper
2000-m, and 200m layers below this depth. The
distribution of DIC residuals is shown in Fig. 16.
There appear to be distinctive trends of DIC
residuals in the deep waters. The positive residuals
in the depth range from 2500m to 3500m are in
the Antarctic Intermediate Water while the nega-
tive residuals in the depth below 4000m are in the
South Pacific Bottom Water.

To quantify the anthropogenic CO2 signal since
the GEOSECS time in 1974, we select all
GEOSECS stations in the South Pacific (Fig. 1)
between 180� and 120�W for determining the DIC
residuals. After correction for a systematic DIC
offset of 30.3 mmol kg�1 from the GEOSECS data,
the binned residuals are shown in Fig. 16. The
deep water shows similar trends as those of
CGC96, except the residuals have a larger scatter
due to the lower quality of the GEOSECS DIC
data. The penetration of anthropogenic CO2

above 1000m is clearly shown. The expected
increase in DIC for the surface water can be
estimated similarly to that in the northeast Pacific.
Using mean surface temperature, salinity, and
TAlk derived from CGC96 data for region
between Equator and 50�S, the mean surface
water DIC values in equilibrium with atmospheric
pCO2 in 1974 and 1996 are computed from the
Mauna Loa Observatory atmospheric pCO2 re-
cord (Keeling and Whorf, 1996). The increase in
DIC during this time period is estimated to be
20.2 mmol kg�1. The observed mean DIC resi-
dual of GEOSECS is estimated from the measure-
ments between 300 and 500m to be about
20.9715.7 mmol kg�1. The water column inte-
grated anthropogenic CO2 inventory from sur-
face water to 1000m depth for the time period
between 1974 and 1996 is estimated to be
19.775.7molm�2. The mean uptake rate of
anthropogenic CO2 in 22 years is estimated to be
about 0.970.3molm�2 yr�1.

3.3. Results of the isopycnal method

The increase in DIC with time due to the
anthropogenic CO2 uptake also can be detected by
the isopycnal method (Peng et al., 1998). In this
method, isopycnal surfaces with sy ¼ 26:4; 26.6,
26.8, 27.0, 27.2, and 27.4, corresponding to upper
thermocline, are selected for analysis. The exclu-
sion of upper ocean waters from the surface mixed
layer to about 300m depth is done to avoid

http://www.aoml.noaa.gov/ocd/oaces/bottle_data.html
http://www.aoml.noaa.gov/ocd/oaces/bottle_data.html
http://www.aoml.noaa.gov/ocd/oaces/bottle_data.html
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Fig. 15. The observed DIC is plotted against the fitted DIC as computed from the observed AOU, y; S, Si, and PO4 for CGC96 (upper

panel). The multiple R2 is 0.995 for this correlation. The residual standard error is estimated to be 4.3 mmol kg�1 (lower panel).
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seasonal variations in DIC concentration. An ideal
case for studying the temporal variations in DIC
concentration would be to compare the DIC on
these selected isopycnal surfaces observed at
different times but along the same cruise tracks
of re-occupation. However, the CGC91 is a
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corresponding depths to isopycnals 26.4 and 27.4 are shown

as well. The error bar is one standard deviation from the mean.
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north-south cruise track along 152�W, while
GEOSECS stations 201 to 214 in the northeastern
Pacific are oriented in an east-west direction along
about 30�N. To make comparison between
CGC91 and GEOSECS, we focus on the region
where these two tracks crossed each other. For
CGC91, we select sampling stations within the
latitude zone between 26�N and 34�N. For
GEOSECS, we select stations from station num-
bers 202–213 (Fig. 1). These stations are closest to
the CGC91 cruise. A linear interpolation method
is used to derive the DIC and other related
properties on these isopycnals from the nearest
isopycnal surfaces where the actual measurements
were made. As mentioned in applying the MLR
technique, the DIC from GEOSECS are adjusted
by �30.3 mmol kg�1 to eliminate the systematic
offset in DIC measurements.

Since TAlk was not measured in CGC91, the
correction for the changes in carbonate dissolution
is assumed to be negligible and that carbonate
dissolution remains constant over this time period
(Feely et al., 2002). The magnitude of the DICalk

correction according to results of Peng et al. (1998)
is on the order of 373 mmol kg�1 on isopycnal
surface of 26.8. Hence, the resulting error by
assuming a constant carbonate dissolution is not
significant. After correcting for contribution of
DIC from the respiration of organic matter by
using AOU, the DIC concentrations on these
isopycnals are normalized to a salinity of 35.
Compared to the small correction for DICalk,
the magnitude of DICaou correction for CGC91
on isopycnal 26.8, is on the order of
134715 mmol kg�1 and the magnitude of DIC
salinity-normalization for CGC91 on isopycnal
26.8 is on the order of 6575 mmol kg�1. Results of
comparison of salinity normalized DIC between
CGC91 and GEOSECS are shown in Fig. 17. The
anthropogenic CO2 has penetrated all the way into
27.4 isopycnal, which corresponds to a depth of
about 1120m. At the shallower isopycnal of 26.4
(about 400m depth), the anthropogenic CO2

signal is about 19.4715.3 mmol kg�1. By replotting
Fig. 17 in terms of DDIC and depth correspond-
ing to isopycnals in this region, the integrated
total inventory of excess CO2 added during
this period is estimated to be 16.077.5molm�2.
The corresponding CO2 uptake rate is 0.947
0.44molm�2 yr�1. These results are compatible
with those derived from the MLR method.

The standard deviation for these average DIC
differences is rather large. This is mainly due to the
quality of GEOSECS data, which are not as good
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as the recent CGC91 data. The scarcity of
DIC measurements in this region during the
GEOSECS program is also a factor. As shown
earlier, the propagation of DIC standard deviation
of the GEOSECS data is estimated to
be714.2 mmol kg�1. For CGC91, the residual
standard error is estimated by MLR to
be73.6 mmol kg�1. Hence, the estimated error of
anthropogenic CO2 in the northeast Pacific is
about 714.6 mmol kg�1. For CGC96, the residual
standard error is estimated to be 74.3 mmol kg�1,
which results in error propagation to anthropo-
genic CO2 of about714.8 mmol kg�1 in the South
Pacific. With this level of uncertainty, the results
from MLR method are indistinguishable from
those of isopycnal method.

3.4. Comparison of decadal anthropogenic CO2

uptake with other estimates

Table 2 shows a comparison of the anthropo-
genic CO2 uptake rates from this study with other
estimates of antropogenic CO2 uptake in the
North Pacific. Given the uncertainties, our results
are similar to the HOT results of Dore et al.
(2001), even though our method is thought to
slightly underestimate the anthropogenic CO2 in
the mixed layer. Our results are higher than those
of Slansky et al. (1997) for the reasons described
earlier and because Slansky et al. (1997) did not
include the results shallower than 125m in their
analysis. Given the uncertainties in our method,
we find that our results are in reasonably good
Table 2

Comparison of anthropogenic CO2 uptake rates in the Pacific Ocean

Area of study Years of observation Depth ra

Western N Pac. 1973–1991 0–2000

Central N Pac. 1973–1991 125–1250

South Pac. 1974–1996 0–1000

Northeastern Pac. 1973–1991 0–1500

Subtropical N Pac. 1988–1991 0–225

Ref. A: Tsunogai et al. (1993).

Ref. B: Slansky et al. (1997).

Ref. C: Peng et al. (this work).

Ref. D: Dore et al. (submitted for publication).
agreement with previous results of Tsunogai et al.
(1993) for the western North Pacific.
4. Conclusions

We have shown that the uptake of anthropo-
genic CO2 by the ocean between two CO2 survey
cruises that took place at different times in the
Pacific Ocean can be estimated by using the
multiple-parameter linear regression method.
However, before the older GEOSECS data set
could be used for comparing with recent high
quality WOCE/OACES data set, the systematic
offsets between them were determined first. Using
the deep isopycnal method, we have found that
hydrographic properties and oxygen and nutrient
concentrations show insignificant differences be-
tween GEOSECS and WOCE data, but the
GEOSECS DIC values are systematically higher
by 27.979.1 mmol kg�1 and the TAlk values are
also higher by 11.1715.2 mmol kg�1. Using MLR
method at crossover stations, the GEOSECS DIC
offset is found to be 30.377.0 mmol kg�1 and the
TAlk offset to be 18.677.1 mmol kg�1. After
correcting these systematic offsets based on
MLR method, we obtained an increase of anthro-
pogenic CO2 of 21.377.9molm�2 from GEO-
SECS in 1973 to CGC91 in 1991 in the Northeast
Pacific. This gives a mean CO2 uptake rate of
1.370.5molm�2 yr�1. In the South Pacific, north
of 50�S between 180� and 120�W longitudes, the
integrated anthropogenic CO2 inventory is
nge (m) CO2 uptake rate (molm�2 yr�1) Ref.

0.8370.19 A

0.6370.15 B

0.970.3 C

1.370.5 C

1.170.1 D
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estimated to be 19.775.7molm�2 from GEO-
SECS in 1974 to CGC96 in 1996. The equivalent
mean CO2 uptake rate is estimated to be
0.970.3molm�2 yr�1. In this study, the recent
high quality CO2 data sets are used to compare
with the older GEOSECS CO2 data, which are of
lower quality. As a result, the uncertainty in the
estimated increase of anthropogenic CO2 over this
time period is relatively high. This uncertainty will
be significantly smaller for future estimates of
anthropogenic CO2 increase with time, because the
future reoccupations will have uncertainties in
measurements comparable or better than the
WOCE data through the use of better instrumen-
tation and reference materials.
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