List of CO, measurement group members participating in the Indian Ocean CQO, Survey
aboard the R/V Knorr in 1994-1996
(CO, group leaders for each section are given in Table 4 in the text)

Section Name Sponsoring Affiliation (if
institute known)

Haynes, Charlotte H BNL WDNR

I8SI9S Haynes, Elizabeth M BNL RU
Wysor, Brian S. BNL SHC

I9N Dorety, Art PU PU
Kozyr, Alex PU ORNL/CDIAC
Suntharalingam, Parv PU PU

ISNISE Parks, Justine UH SIO
Popp, Brian UH UH
Schottle, R. UH UH

I3 Aicher, Jennifer RSMAS RSMAS
Edwards, Christopher RSMAS RSMAS
Krenisky, Joann RSMAS RSMAS

14I5W Lewis, Ernie BNL BNL
Pikanowski, Linda BNL SHML
Zotz, Michelle BNL BNL

I7N Adams, Angela UH UH
Angeley, Kelly UH
Phillips, Jennifer UH UHH

I1 Amaoka, Toshitaka WHOI GSEESHU
Okuda, Kozo WHOI GSEESHU
Ording, Philip WHOI WHOI

110 Boehme, Sue PU RU
Markham, Marion PU PU
Mcdonald, Gerard PU PU

12 Admas, Angela UH UH
Cipolla, Cathy UH GSOURI
Phillips, Jennifer UH UHH

ORNL/CDIAC-138 NDP-080



Participating institutions:

BNL
ORNL/CDIAC
GSEESHU
GSOURI
PU
RSMAS
RU

SHC
SHML
SIO

UH

UHH
WDNR
WHOI

Brookhaven National Laboratory

Oak Ridge National Laboratory/Carbon Dioxide Information Analysis Center
Graduate School of Environmental and Earth Science, Hokkaido University
Graduate School of Oceanography, University of Rhode Island

Princeton University

Rosenstiel School of Marine and Atmospheric Science, University of Miami
Rutgers University

South Hampton College

Sandy Hook Marine Laboratory

Scripps Institution of Oceanography

University of Hawaii, Honolulu

University of Hawaii at Hilo

Wisconsin Department of Natural Resources

Woods Hole Oceanographic Institution

ORNL/CDIAC-138 NDP-080
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Abstract

Two single-operator multiparameter metabolic analyzers (SOMMA)-coulometry systems (I and I1) for total carbon
dioxide (TCO,) were placed on board the R/V Knorr for the US component of the Indian Ocean CO, Survey in
conjunction with the World Ocean Circulation Experiment-WOCE Hydrographic Program (WHP). The systems were used
by six different measurement groups on 10 WHP Cruises beginning in December 1994 and ending in January 1996. A total
of 18,828 individual samples were analyzed for TCO, during the survey. This paper assesses the analytical quality of these
data and the effect of several key factors on instrument performance. Data quality is assessed from the accuracy and
precision of certified reference materia (CRM) analyses from three different CRM batches. The precision of the method was
1.2 pmol /kg. The mean and standard deviation of the differences between the known TCO, for the CRM (certified value)
and the CRM TCO, determined by SOMMA-coulometry were —0.91 + 0.58 (n=470) and —1.01 + 0.44 (n=513)
wmol /kg for systems | and |1, respectively, representing an accuracy of 0.05% for both systems. Measurements of TCO,
made on 12 crossover stations during the survey agreed to within 3 wmol /kg with an overall mean and standard deviation of
the differences of —0.78 + 1.74 pwmol /kg (n = 600). The crossover results are therefore consistent with the precision of the
CRM analyses. After 14 months of nearly continuous use, the accurate and the virtually identical performance statistics for

* Corresponding author. Tel.: + 1-516-344-5668; Fax: + 1-516-344-3246

0304-4203,/98/$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.
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the two systems indicate that the cooperative survey effort was extraordinarily successful and will yield a high quality data
set capable of fulfilling the objectives of the survey. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: total carbon dioxide (TCO,); single-operator multiparameter metabolic analyzers (SOMMA) coulometry; marine studies

1. Introduction

Between 1990 and 1997 an international effort
was made to determine the global oceanic distribu-
tion of inorganic carbon in conjunction with the
World Ocean Circulation Experiment (WOCE) Hy-
drographic Programme (WHP). This effort is re-
ferred to as the Global Survey of CO, in the oceans,
and it is an integra part of the Joint Global Ocean
Flux Study (JGOFS). The goals of this survey are to:
1. Accurately determine the oceanic distribution of

dissolved inorganic carbon,

2. Quantify the uptake of anthropogenic carbon
dioxide by the oceans to better predict future
atmospheric carbon dioxide levels,

3. Provide a global description of anthropogenic car-
bon dioxide in the oceans to aid development of a
3-dimensional model of the oceanic carbon cycle,

4. Characterize the transport of carbon dioxide be-
tween the ocean and the atmosphere and the large
scale (e.g., meridional) transports of carbon diox-
ide within the ocean.

The survey has acquired a global data set of
profile measurements of dissolved carbon dioxide
parameters on both zonal and meridional oceano-
graphic transects throughout the world’ s oceans. With
reference to program goals, Bates et al. (1996) found
that for mixed layer waters the average rate of
increase in CO, concentration due to the uptake of
anthropogenic CO, was 1.7 wmol /kg/yr (< 0.1%).
This rate of increase establishes a natural target for
the accuracy of the TCO, measurements. The distri-
bution of this ‘excess CO, signal is not uniform
spatially, and it is masked by variability in CO,
concentrations arising from natural biological and
physicochemical processes. Hence, the goals of the
program imply that measurements must be extremely
accurate (0.1% or better) and spatially extensive. A
large part of the US contribution to this survey has
been conducted by a team of investigators supported
by the US Department of Energy (DOE). This team
has developed certified reference materials (Dickson,
1990), instrumentation (Johnson and Wallace, 1992),

a set of standard operating procedures (DOE, 1994)
and, to a large extent, shared a common approach to
the measurement program.

This paper presents the DOE team effort which
sampled the Indian Ocean for inorganic carbon dur-
ing the course of approximately 1 year. All the
measurements were made aboard a single research
vessel during sequential cruises which alowed the
investigators to share equipment and procedures to
an unprecedented extent. This paper concentrates on
estimating the accuracy of the shipboard determina
tions of the total dissolved inorganic carbon concen-
tration of seawater. This parameter was established
at the onset of the survey as the primary carbonate
system parameter because its concentration should
change in response to anthropogenic CO, uptake and
it had the highest potential for measurement accu-
racy. Our results highlight some factors which affect
the accuracy of this measurement. The Indian Ocean
Survey aboard the R/V Knorr encompassed the
cruise legs shown in Fig. 1 in the sequence given in
Table 1. Fig. 1 also givesthelocation of the crossover

20°E 40°E 60°E 80°E 100°E 120°E

20°N

0°

Fig. 1. The cruise tracks for the nine legs of the US Indian Ocean
WOCE Survey 1994-1996. Crossover points between the various
legs are marked with a square and numbered. These intersection
points and crossovers are referred to in Table 4.
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Our crossover analysis was performed as follows:

(1) Locations at which different cruise legs inter-
sected were identified as ‘crossover points.” These
are identified in Table 4 and are plotted on Fig. 1.

(2) Stations located in the immediate proximity of
these crossover points, for which TCO, data existed,
were selected for the comparison. In general, stations
located within 100 km of the crossover location were
selected.

(3) For water samples collected below 2500 m,
smooth curves were fit through the TCO, data as a
function of the density anomaly referenced to 3000
dbar (sigma 3) using Cleveland's LOESS smoother
(Cleveland and Devlin, 1988). A separate fit was
performed to the data collected from each of the two
intersecting legs. The tension parameter for the
smoother was adjusted subjectively to give a ‘rea
sonable’ fit to the data at the majority of the crossover
locations, and the same value for the tension parame-
ter was used for all of the crossovers. Hence, while

the fits to the data may not necessarily represent the
best possible at each individual crossover point, the
smoothing function has been consistently applied to
all crossovers.

(4) For each crossover, the difference between the
two smooth curves was evaluated at 50 evenly spaced
intervals which covered the density range over which
the two data sets overlapped. A mean and a standard
deviation of the difference between the two curves
was estimated based on these 50 values, and these
values are reported in Table 4. An illustration of a
typical analysis, the fitted data for crossover 4, is
plotted on Fig. 7.

The results of the crossover analysis indicate that
absolute leg-to-leg differences are always < 3.0
pwmol /kg (Table 4). Note that the comparisons were
evaluated consistently such that the fit to data from
the earlier leg at each crossover was subtracted from
the fit to the later leg's data. Any uncorrected,
long-term, monotonic drift in the calibration of the

Crossover 4; Mean Difference =-0.4 +/- 1.1
41.45 4150 4155

C, (pmolkg™)

728
730
m 1205

an

41.45 4150  41.556

Sigma 3

Fig. 7. An example of a crossover analysis using the TCO, vs. density fits at crossover location #4. This location was first sampled on leg
17N in July 1995. It was resampled during January 1996 on leg 12. The TCO, data from stations within 100 km of the crossover location
and depths > 2500 m have been plotted vs. the potential density anomaly referenced to 3000 dbar (sigma 3). The solid curves represent fits
to the data using a LOESS smoother (see text). The difference between the fits for the two separate legs was evaluated at 50 density
intervals spaced evenly within the overlapping density range of the two legs (see Table 4). The legend shows the station numbers used for

the comparison.
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SOMMA andyzers over the course of the Indian
Ocean expedition would therefore result in anon-zero
value for the overall mean of these differences. The
overall mean and standard deviation of the differ-
ences at crossovers 1-12 is —0.78 (4+1.74)
p.mol /kg, and there was aso no significant correla-
tion between the individual differences derived from
each crossover and the number of days which sepa-
rated the crossover samplings. In genera, the results
of the crossover analysis are quite consistent with the
overal precision (+1.2 wmol /kg) of the CRM
analyses (see Section 3.3), and confirms that this
precision applies to both systems throughout the
survey. There is no suggestion in the crossover
results of any additional significant sources of error
or uncertainty.

6. Conclusions

In summary, personnel aboard the R/V Knorr
have been able to use the SOMMA-coulometer sys-
tem to consistently replicate within analytical error
the certified CRM TCO, vaues. They have been
able to use these systems to make, counting dupli-
cates and CRM, over 20,000 determinations of TCO,
during the 14 months of the Indian Ocean Survey
without significant instrument down time. The mea-
surement groups have accomplished the following.

(1) They have charted the history of the to-deliver
volume of the sample pipettes by gravimetric deter-
minations, and corrected the water sample data for
the documented changes in the pipette volumes. The
change in system response due to the change in
pi pette volume corresponded to approximately 1 part
in 2000 for TCO, on both systems over the 10
months prior to recleaning of the pipettes.

(2) The groups have determined that the survey
precision for the TCO, analyses, irrespective of
which leg or system the water samples were ana-
lyzed on, was +1.2 pmol /kg. The precision of the
two instruments was nearly identical and consistent
throughout the 14 months of the survey.

(3) They have analyzed nearly 1000 CRM with an
overall difference between the analyzed and certified
TCO, of —1.0 wmol /kg (0.05%) on both systems
which demonstrates the equivalency of the two inde-
pendent instruments, and meets the survey’s goal for
accuracy.

(4) The measurement groups have documented
the influence of factors besides pipette volume which
could have affected accuracy including electronic
calibration, gas calibration, cell age, and cell assem-
bly selection.

For precision, the pooled standard deviation (sp®
=1.2 umol /kg), calculated according to Youden
(1951), isthe most conservative estimate of precision
because it includes all random analytical errors (sam-
pling, instrumental, and method). The identical accu-
racy for the CRM analyses on both systems and the
results of the crossover analysis (Table 4) indicate
that the sp? dtatistic can be used to evaluate survey
data sets irrespective of the leg or system the data
originated from.

The SOMMA-coulometry systems have allowed
several scientific groups in a shared effort to exam-
ine carbon inventories and aquatic carbon cycling.
For the Indian Ocean Survey, the sensitivity of the
TCO, determinations defined as the ratio of their
precision (1.2 wmol /kg) over the TCO, dynamic
range (250 wmol /kg) was 0.4% which approaches
the 0.1% sensitivity of the salinometers used, and
these systems were as reliable as the salinometers. If
their reliability is to be improved, the focus should
be on understanding the basic behavior of the cell
assemblies and the chemical behavior of the cell
solutions as they age, so that procedural corrections
can be made. The accuracy and precision of the
Indian Ocean TCO, analyses indicates that these
data will be more than adequate for testing applica-
ble oceanographic models, and allow the direct mea-
surement of the CO, uptake if and when these lines
are resampl ed.
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Abstract

In 1995, we participated in a number of WOCE Hydrographic Program cruises in the Indian Ocean as part of the Joint
Globa Ocean Flux Study (JGOFS) CO, Survey sponsored by the Department of Energy (DOE). Two titration systems were
used throughout this study to determine the pH, total alkalinity (TA) and total inorganic carbon dioxide (TCO,) of the
samples collected during these cruises. The performance of these systems was monitored by making closed cell titration
measurements on Certified Reference Materials (CRMs). A total of 962 titrations were made on six batches of CRMs during
the cruises. The reproducibility calculated from these titrations was +0.007 in pH, +4.2 umol kgt in TA, and +4.1
wmol kg™t in TCO,. The at-sea measurements on the CRMs were in reasonable agreement with laboratory measurements
made on the same batches. These results demonstrate that the CRMs can be used as a reference standard for TA and to
monitor the performance of titration systems at sea. Measurements made on the various legs of the cruise agreed to within 6
wmol kg~ ! at the 15 crossover points. The overall mean and standard deviation of the differences at all the crossovers are
2.1+ 2.1 umol kg~!. These crossover results are quite consistent with the overall reproducibility of the CRM analyses for
TA (+4 pumol kg™?) over the duration of the entire survey. The TA results for the Indian Ocean cruises provide a reliable
data set that when combined with TCO, data can completely characterize the carbonate system. © 1998 Elsevier Science
B.V. All rights reserved.

Keywords: akalinity; WOCE Hydrographic Program; CO,
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1. Introduction

From 1994 to 1996, a number of cruises were
made in the Indian Ocean as part of the World
Ocean Circulation Experiment (WOCE) Hydro-
graphic Program to characterize the carbon dioxide
system. This survey of CO, was an integral part of
the Joint Global Ocean Flux Study (JGOFS). The
goals of this survey were to: (1) Quantify the uptake
of anthropogenic carbon dioxide by the oceans to
better predict future atmospheric carbon dioxide lev-
els; (2) Provide a globa description of the carbon
dioxide in the oceans to aid in the development of a
3-dimensional model of the oceanic carbon cycle;
and (3) Characterize the transport of CO, across the
air—sea interface and the large scale transports of
carbon dioxide within the oceans.

To satisfy these goals, it was necessary to make
very precise measurements of at least two of the
carbonate system parameters (pH; total alkalinity,
TA,; total carbon dioxide, TCO,; and the fugacity of
carbon dioxide, fCO,). Within the United States a
large part of this survey was conducted by a team of
investigators supported by the US Department of
Energy. The team selected the measurement of TCO,
(Johnson et al., 1998) and of TA as the parameters to
be measured in the water column and fCO, in the
atmosphere and surface waters. To insure that the
measurements of TCO, and TA were as precise and
accurate as possible Certified Reference Materials
(CRMs) (Dickson, 1990a) were used throughout the
studies. The team also developed a set of Standard
Operating Procedures * (DOE, 1994) and, to a large
extent, shared a common approach to the measure-
ment program.

For the studies in the Indian Ocean, the team
shared equipment throughout the study. This paper
presents the results of this team effort to precisely
and accurately determine the total akalinity during
these cruises and the intercomparison between
cruises. A companion paper (Johnson et al., 1998)
describes the total carbon dioxide measurements.

' DOE, 1991. Handbook of methods for the analysis of the
various parameters of the carbon dioxide system in sea water, In:
Dickson, A.G., Goyet, C. (Eds), Version 1.0, Unpublished
manuscript

2. Methods

The total alkalinity was determined on the JGOFS
Indian Ocean cruises by the DOE group using sys-
tems described in detail by Millero et al. (1993). The
total alkalinity of seawater was evaluated from the
proton balance at the akalinity equivalence point,
PH equiv ~ 4.5, according to the exact definition of
total alkalinity (Dickson, 1981)

TA = [HCO; | +2[CO%| + [B(OH), |
+[OH™] + [HPOZ~| + 2[PO; |
+[Sio(OH); | + [HS]
+[NH;] - [H"] - [HSO, |
—[HF] = [H3PO, ] (1)

At any point in the titration, the total akalinity of
seawater can be calculated from the equation

(Wy X TA = WX Cyigy) / (W, + W) = [HCO; |
+2[CO37| + [B(OH), | + [OH™] + [HPOZ"]
+2[PO}~| + [SIO(OH)5 | + [HS™] + [NH;]
—[H"] - [HSO, ] — [HF] - [H,PO,] (2

where W, is the mass of the sample to be titrated,
C,,c| isthe concentration of acid titrant, and W is the
mass of acid added. In the calculations, volumes of
the sample and of the acid were converted to mass
using the density of seawater (Millero and Poisson,
1981) and the density of HCI in NaCl (Millero et al.,
1977). Direct measurements made on the density of
the acid used agreed to within 10 ppm with the
equations used in the computer code. At the endpoint
(W,) the total alkalinity is given by

TA =W, X Cyc1 /Wy (3)
The uncertainties in TA associated with acid con-

centration (~ 0.25 + 0.0001 M), mass of acid deli-
vered (~ 2.5+ 0.0005 g), and mass of the sample
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(~200+4+0.05 g) are +1, +0.5, and +0.5 umol
kg™ ?, respectively (which gives a probable error of
about +1 wmol kg™'). By using the same acid,
titrators, and acid throughout a given cruise one can
obtain a precision that is comparable with this proba-
ble error. Discussed below are more details on the
components of the titration systems.

2.1. Titration system

The titration systems used to determine TA con-
sist of a Metrohm 665 Dosimat titrator and an Orion
720A pH meter controlled by a persona computer
(Millero et al., 1993). Both the acid titrant in a
water-jacketed burette and the seawater sample in a
water-jacketed cell were controlled to a constant
temperature of 25+ 0.1°C with a Nedlab constant
temperature bath. The plexiglass water-jacketed cells
used for our studies were similar to that used by
Bradshaw and Brewer (1988) except a larger volume
(about 200 cm®) was used to improve the precision.
These cells have fill and drain valves that increased
the reproducibility of the cell volume.

A Lab Windows C program is used to run the
titration and record the volume of the added acid and
the emf of the electrodes using RS232 interfaces.
The titration is made by adding HCI to seawater past
the akalinity end point. A typica titration records
the average of ten emf readings after they become
stable (4 0.09 mV) and adds enough acid to change
the voltage by a pre-assigned increment (~ 13 mV).
In contrast to the delivery of a fixed volume of acid,
this method gives more data points in the range of a
rapid increase in the emf near the endpoint. A full
titration (25 points) takes about 20 min.

2.1.1. Electrodes

The electrodes used to measure the emf of the
sample during atitration consist of a ROSS glass pH
electrode and an Orion double junction Ag, AgCl
reference electrode. A number of electrodes were
screened to select those to be used in the titrators.
Electrodes with non-Nernstian behavior (slopes more
than 1.0 mV different from the theoretical vaue)
were discarded. The reliability of the electrodes was
evaluated by determining the TA, TCO, and pH of

Gulf Stream seawater. The titration values of TCO,
are normally higher than the values measured by
coulometry and the values of pH are typically lower
than the values obtained by spectrophotometric
methods. These differences in TCO, and pH are
caused by the non-Nernstian behavior of the elec-
trodes (Millero et al., 1993). We selected electrodes
which gave values of TCO, and pH close to the
values determined by coulometric and by spec-
trophotometric methods, respectively.

2.1.2. Standard acids

The HCI used for this study and for al of our
cruises was made in the laboratory, standardized, and
stored in 500 cm?® glass bottles. The ~ 0.25 M HCI
solutions were made from 1 M Mallinckrodt stan-
dard solutions in 0.45 M NaCl to yield an ionic
strength equivalent to that of average seawater (~ 0.7
M). The concentration of HCl was measured using a
constant current coulometric technique (Taylor and
Smith, 1959; Marinenko and Taylor, 1968). Coulo-
metric analysis of the acids used for these cruises
agreed to +0.0001 M with the analyses performed
independently on the same batches of acidsin Dr. A.
Dickson’'s laboratory at Scripps Institution of
Oceanography (SIO). The mutual consistency of
these acids was also confirmed by comparing the
values of TA measured on Gulf Stream seawater
using different batches of acids, but using the same
titrator and electrodes. The uncertainties in TA asso-
ciated with acid concentration (+0.0001 M) is ~ 1
wmol kg~ 2.

2.1.3. Volume of the cells

The volume of each of the titration cells used at
sea was determined by comparing the values of TA
obtained for Gulf Stream seawater with open and
closed cells in the laboratory. All of the open cell
laboratory TA measurements were made with
weighed amounts of seawater in a cell with a small
head-space. If the volume is correct, the TA from the
open and closed cells should be the same, provided
that the same acid, titrator, and electrodes are used.
At least 10 measurements were made on each cell
yielding an average TA that agreed with the assigned
value to better than 1 wmol kg~*. If the volume of a
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Table 1
Comparison of the total alkalinity of Certified Reference Materials

Batch SIO Miami  A(SM)  Cruise

23 22127 22137 —10 18S/19S, I9N, I8N
/I5E, 13, 17N

24 22155 22158 —0.3 18R

26 21766 21751 15 13, I5W/ 14, | = 7N

27 22149 22143 0.6 I7N, 11,110, 12

29 21848 21823 25 18R

30 22019 2200.5 14 12

titration cell needed to be adjusted during the cruise
(because of broken electrodes, plungers etc.), the
volumes were determined from the daily titrations on
low-nutrient surface seawater (usually collected be-
fore the first station) and Certified Reference Materi-
as (CRMs) provided by Dr. A. Dickson (SIO).
Post-cruise calibrations of the cells were made by
comparing the values of TA for the Gulf Stream
seawater and CRM with open and closed cells. The
nominal volumes of all the cells were about 200 cm?,
and the values were determined to +0.05 cm®. The
uncertainty in TA associated with this uncertainty in

20°E 40°E 60°E

the volume of the cells (+0.05 cm®) is 0.5 umol
kg~! obtained for the weighed samples.

2.1.4. Volume of titrant

The volume of HCI delivered to the cell is tradi-
tionally assumed to have small uncertainty (Dickson,
1981) and equated to the digital output of the titrator.
Calibrations of all the burettes of the Dosimats used
were made with Milli-Q water at 25°C. Since the cell
volumes are calibrated using standard solutions, er-
rors in the accuracy of volume delivery will be
partially canceled and included in the value of cell
volumes assigned. The calibration of all the Dosi-
mats used at sea and in the laboratory indicated that
the amount of acid delivered (for a typical calcula-
tion) was uncertain to +0.0005 cm®. This uncer-
tainty in the volume delivered leads to an error in the
TA of +0.5 umol kg™. Nevertheless, corrections
to the Dosimat reading were made in al of our
laboratory TA measurements and calibrations to in-
sure that the assigned value for a different batch of
CRM and Gulf Stream water was not affected by the

80°E 100°E 120°E

20°E

120°E

Fig. 1. Cruise tracts of the Indian Ocean Studies showing crossover points.



F.J. Millero et al. / Marine Chemistry 63 (1998) 9-20

Table 2
Measurements of pH, TA and TCO, of CRM at sea
Cruise Startdate Enddate Baich Cell N TA average SD. TCO, average SD. pHaverage SD.
185/19S 12/1/94 1/19/95 23 All 49 22215 51 2004.5 4.1
5 18 22233 438 2003.8 25
6 18 22208 4.0 2008.0 31
20 13 2220.0 6.4 2001.4 38
19N 1/24/95 3/6/95 23 All 138 2216.2 33 2000.1 35 7.891 0.005
5 68 2215.0 33 1999.1 33 7.892 0.004
6 65 22175 33 2001.3 33 7.891 0.005
20 5 22142 31 1996.5 35 7.895 0.007
I8BN/ISE  3/10/95 4/16/95 23 All 80 22116 49 1997.0 3.0 7.890 0.006
5 36 22130 55 1998.6 38 7.890 0.005
6 44 22101 36 1996.2 26 7.890 0.007
13 4/20/95 6/7/95 23 All 65 22154 14 2002.1 14 7.894 0.005
2 33 22157 13 2000.7 14 7.898 0.006
13 35 22150 14 2003.6 13 7.890 0.004
26 All 30 21780 12 1984.8 12 7.858 0.004
2 14 21783 1.3 1983.3 12 7.862 0.003
13 16 21777 12 1986.0 11 7.855 0.004
ISwW/14 6/11/95 7/11/95 26 All 79 21826 38 1990.2 34
2 41 21833 39 1988.0 24
13 38 21820 35 1992.9 23
I7N 7/15/95 8/24/95 26 All 59 2184.0 57 19847 34 7862 0.009
2 33 2186.2 31 1984.3 2.6 7.862 0.009
13 26 21815 7.4 1985.2 4.0 7.858 0.006
27 All 8 22215 31 1995.5 14 7.916 0.005
2 4 22214 24 1994.9 14 7.914 0.005
13 4 22215 41 1996.0 15 7.918 0.006
23 All 10 22224 7.4 2002.0 4.0 7.896 0.006
2 5 22275 58 2003.2 4.1 7.897 0.005
13 5 22162 6.4 1999.9 39 7.893 0.009
11 8/29/95 10/18/95 27 All 244 22194 39 1998.8 54 7.906 0.013
2 123 2220.1 3.2 1995.3 32 7.911 0.005
7 54  2219.6 36 1999.7 41 7.908 0.013
13 15 2216.2 4.7 1994.6 4.5 7.909 0.005
14 52 22179 45 2006.5 3.6 7.885 0.009
110 11/6/95 11/24/95 27 All 62 22129 4.0 1991.3 29 7.912 0.006
11 30 22123 45 1989.6 24 7.914 0.005
16 32 22135 35 1993.1 20 7.910 0.006
18R 9/23/95 10/24/95 29 All 36 2184.2 18 1914.8 24 8.006 0.006
NOAA Cruise 4 9 21855 17 1914.5 19 8.006 0.005
17 17  2183.9 16 1914.4 22 8.007 0.005
18 10 21834 21 1915.7 31 8.004 0.009
24 All 10 2216.6 23 1998.7 17 7.902 0.006
4 2 22185 38 1998.6 39 7.907 0.004
17 5 22151 0.6 1998.5 14 7.902 0.006
18 3 22173 2.6 1998.6 17 7.899 0.006
12 11/28/95 1/19/9%6 27 All 67 22194 45 1994.0 28 7.916 0.005
11 36 22199 57 1993.1 33 7.918 0.005
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Table 2 (continued)

Cruise Startdate Enddate Batch  Cell N TA average S.D. TCO, average SD. pHaverage SD.
16 31 22189 32 1994.7 22 7.915 0.006

30 All 9 22046 27 1996.8 21 7.879 0.004

11 4 22053 23 1995.0 22 7.880 0.002

16 5 22040 3.0 1998.4 0.8 7.879 0.006

use of different Dosimats. These corrections were
also made when calculating the volume of each cell.

2.2. Evaluation of the carbonate parameters

A FORTRAN computer program has been devel-
oped to calculate the carbonate parameters (pH, E =,
TA, TCO,, and pK,) in the seawater solutions. The
program is patterned after those developed by Dick-
son (1981), Johansson and Wedborg (1982) and
Dickson ( *; DOE, 1994). The fitting is performed
using the STEPIT routine (J.P. Chandler, Oklahoma
State University, Stillwater, OK 74074). The STEPIT
software package minimizes the sum of squares of
residuals by adjusting the parameters E =, TA, TCO,
and pK, of carbonic acid. The computer program is
based on Eq. (2) and assumes that nutrients such as
phosphate, silicate and ammonia are negligible. This
assumption is strictly valid only for surface waters.
Neglecting the concentration of nutrients in the sea-
water sample does not affect the accuracy of TA, but
must be considered when calculating the carbonate
akalinity (CA =[HCO;]+ 2 [CO3™]) from TA.

The pH and pK of the acids used in the program
are on the seawater scale, [H"],, ~[H"]+[HSO; ]
+ [HF] (Dickson, 1984). The dissociation constants
used in the program were taken from Dickson and
Millero (1987) for carbonic acid, from Dickson
(1990b) for boric acid, from Dickson and Riley
(1979) for HF, from Dickson (1990c) for HSO, and
from Millero (1995) for water. The program requires
as inputs the concentration of acid, volume of the
cell, salinity, temperature, measured emfs (E) and
volumes of HCI (V). To obtain areliable TA from a
full titration, at least 25 data points should be col-
lected (9 data points between pH 3.0 to 4.5). The
precision of the fit is less than 0.4 wmol kg~ ! when
pK, is alowed to vary and 1.5 umol kg~* when
pK, is fixed. Our titration program has been com-

pared to the titration programs used by others
(Johansson and Wedborg, 1982; Bradshaw and
Brewer, 1988) and the values of TA agree to within
+1 uwmol kg™ 2.

3. Results and discussion

3.1. Laboratory ta measurements of CRMs

The laboratory TA measurements made on the
CRMs used throughout this study are summarized in
Table 1. The results obtained by both laboratories
demonstrate that no systematic differencesin TA are
found. With the exception of Batch 29, the differ-
ences in the measurements of the CRMs between the
two laboratories are less that 2 wmol kg™ t. Since
the Miami measurements were made with the same
acid as used a sea, one cannot attribute the differ-
ences in Batch 29 to differences in the concentration
of the acids (calibrated at SIO). The Miami measure-
ments were also made using the same acid for all the
batches of CRM within a one-week period to ensure
the internal consistency of its results. The measure-
ments made on the acid concentration in Miami and
SIO by a coulometric titration were in agreement to
+0.0001 M, which is equivalent to an error of +1
wmol kg™t in TA.

3.2. At sea measurements of TA, TCO,, and pH on
CRMs

3.2.1. Accuracy of at sea measurements

The tracts of the cruise made during the Indian
Ocean studies are shown in Fig. 1. A total of 962
titrations were made on six batches of the CRMs
during the cruises (Table 2). A summary of the
pH, TA and TCO, measurements made on CRMs
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Table 3
The overall precision of a sea TA, TCO,, and pH measurements
on the Certified Reference Material

Precision (1 o) Number of
Parameters (wmol kg™1) measurements
TA 4.2 949
TCO, 41 947
pH 0.007 7932

#The numbers of the pH measurements were less than for TA and
TCO, because some values were not recorded.

(Table 3) throughout the cruise is shown in Figs.
2—4. The reproducibility on the six batches of the
CRMs used was +0.007 in pH, +4.2 umol kg™t in
TA, and +4.1 umol kg~* in TCO,. The at sea TA
measurements on the CRMs were in good agreement
(~2-4 umol kg~ 1!) with laboratory measurements
made on the same batches at MIAMI and SIO. These
small differences(~ 2—4 umol kg™*) are well within
the overall precision of our measurements and can be
attributed to uncertainties in the volume of cells
assigned in the laboratory before the cruises. How-
ever, the cells used on 17 gave significantly greater

errors than the values obtained in the laboratories on
the same batch of CRM. These large discrepancies
might be attributed to inaccurately assigned volumes
of the cells after they were repaired for leakage due
to repositioning of a reference electrode after chang-
ing the inner filling solution.

3.2.2. Long term stability of a cell performance

The at sea TA measurements on the CRMs can be
used to examine the long-term stability of the cells
used during the cruises. Overal, the TA results
obtained using cells for a given cruise did not show
any systematic trends. Differences in TA between
laboratory and field measurements remained un-
changed over the entire period of each cruise. How-
ever, inter-cruise variations in TA between labora-
tory and field results were observed when the same
cells were used. For instance, cells 2 and 13 were
used for four consecutive cruises over the period of
six months. When these two cells were used on the
first cruise (13), the field measurements agreed to
within +2 wmol kg™t with the values obtained in

Indian Ocean CRM Results
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0.02 |
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:E_ 0.00 |
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Fig. 2. The reproducibility of the titration pH measurements made on Certified Reference Material on the Indian Ocean Study.
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Indian Ocean CRM Results
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Fig. 3. The reproducibility of the titration TCO, measurements made on Certified Reference Material on the Indian Ocean Study.

the laboratory. These small discrepancies are within in TA between laboratory and field measurements
the precision of our measurements. When the same became significantly larger (9 wmol kg™!). As men-
cells were used for the later cruises, the differences tioned in Section 3.2.1, these larger differences can

Indian Ocean CRM Results
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Fig. 4. The reproducibility of the titration TA measurements made on Certified Reference Material on the Indian Ocean Study.



F.J. Millero et al. / Marine Chemistry 63 (1998) 9-20 17

Table 4
Differences between TA measurements made at sea and values measured in the laboratory (SIO)
Cell 18S/19S 19N 18N /15E 13 I5SW /14 17N 11 18R 110 12
2 +2.62 +6.7 +9.92 +5.2
4 0.7
5 +10.6 +23 +0.3
6 +81 +4.8 —-26
7 +4.7
11 —-26 +4.8?2
13 +212 +6.0 +4.92 +13
14 +30
16 -14 +3.78
17 -09
18 -14
20 +7.3 +15

#Based on the weighted average on different CRM.

be attributed to changes in the assigned volume of
the cells due to repositioning of a reference elec-
trode. These inter-cruise variations in TA can be
corrected by normalizing the measured values ob-
tained during the cruises using the corrections re-
quired to reproduce the values assigned for the CRMs
by SIO (Table 4). This correction was applied using

A = TA(meas,CRM) — CRM) (4)
TA(corr.) = TA(meas.) X [CRM /(CRM + A)]

(5)
where CRM is the SIO-certified values.

3.3. Crossover analysis

In order to cross-check our estimates of accuracy
of the TA data, which are derived from analyses of
CRMs, we examined the agreement between TA
measurements made at identical locations on differ-
ent legs of the Indian Ocean expedition. All of these
comparisons have been made after applying the cor-
rections given in Table 4. The implicit assumption is
that temporal and spatial gradients of TA concentra-
tions in the deep ocean are small relative to measure-
ment accuracy, so that water sampled at the same
location in the deep ocean at two different times
should have near-identical values of TA. In practice,
vertical gradients of TA can be significant relative to
measurement accuracy and there can aso be signifi-
cant vertica motions in the deep ocean. Hence,

measurements made at the same geographical loca-
tion cannot be compared simply on the basis of their
common depth. Because most motion in the ocean
interior takes place along surfaces of constant den-

Table 5
Crossover results for the TA measurements made in the Indian
Ocean

Number  Stations Legs ATA

1 927,929,931,  11-17N 1.7+10
780,782,784

2 987,990,266,  11-19N —-21459
268,270

3 996,998, 11-19Nb 12408
233,235

4 1205,728, 12-17N 56+24
730

5 1137,1139, 12-19N /I15E 34422
320,324

6 1094,1096, 12-19N —-34+14
191,193

7 1078,1075 12-110 18+24

8 705,547,549 15W /14-13 0.7+1.7

9 498,499,501,  13-18N/I5E -08+23
346,348

10 472,169 13-19N —-0.8+06

11 1039,452,454  110-13 -1.0+0.7

12 404,406,408, I8N /I5E-I8S/19S —2.7+38
911,13

13 861,808 11-17N 0.3+0.6

14 709,707 I7N-15W /14 24+17

15 966,968,969,  11-18N /I5E —424+45
283,287
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Alkalinity Comparison
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Fig. 5. Summary of the TA reproducibility for crossover points in the Indian Ocean.

sity (isopycnals), it is preferable to compare concen-
trations using density as the frame of reference rather
than depth.

Our crossover analyses were performed as fol-
lows.

(1) Locations at which different cruise legs inter-
sected were identified as crossover points. These are
identified in Table 5 and Fig. 1.

(2) Stations located in the immediate proximity of
these crossover points, for which TA data existed,
were selected for the comparison. In general, stations
located within 100 km of the crossover location were
selected.

(3) For water samples collected below 2500 m,
smooth curves were fit through the TA data as a
function of the density anomaly referenced to 3000
db (sigma-3) using Cleveland’s loess or smoother
local regression (Cleveland and Devlin, 1988; Cleve-
land and Grosse, 1991; Chambers and Hastie, 1991).
A separate fit was performed to the data collected
from each of the two intersecting legs. The tension
parameter for the smoother was adjusted subjectively
to give a ‘reasonable’ fit to the data at the magjority
of the crossover locations, and the same value for the
tension parameter was used for all of the crossovers.

Hence, while the fits to the data may not necessarily
represent the best possible at each individual
crossover point, the smoothing function has been

Crossover 8
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Fig. 6. Results for a typical crossover comparison (13-15W /14) in
the Indian Ocean.
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applied consistently. It is important to note that the
comparison of the data at the crossover points does
not depend on the fitting algorithm within the experi-
mental error.

(4) For each crossover, the difference between the
two smooth curves was evaluated at 50 evenly spaced
intervals that covered the density range over which
the two data sets overlapped. A mean and a standard
deviation of the difference between the two curves
was estimated based on these 50 values, and these
values are reported in Table 5 and shown in Fig. 5.
An example of the crossover for cruises I3-I15W /14
is shown in Fig. 6.

The results of the crossover analysis indicate that
absolute leg-to-leg differences are aways < 6 pwmol
kg~!. Note that the comparisons were evaluated
consistently such that the fit to data from the earlier
leg at each crossover was subtracted from the fit to
the later leg's data. Any uncorrected, long-term,
monotonic drift in the calibration of the titrators over
the course of the Indian Ocean expedition would
therefore tend to result in a non-zero value for the
overall mean of these differences. The overall mean
and standard deviation of the differences at al the
crossovers are 2.1 + 2.1 wmol kg™ !. In genera, the
results of the crossover analysis are quite consistent
with the overall reproducibility of the CRM analyses
(+4 wmol kg™ 1) over the duration of the entire
Survey.

4, Conclusion

At-sea total akalinity measurements on the sev-
eral CRM batches demonstrated that the measure-
ments made by various investigators were precise to
about +4 wmol kg~?. This level of the precision of
at sea measurements was approximately two times
worse than that in the laboratory. Differences in the
precision between different investigators suggest that
the performance of TA measurements was dependent
upon the operators. The inter-cruise variations in
total alkalinity between laboratory and field results
clearly demonstrate that CRMs are an essential com-
ponent to monitor the performance of titration sys-
tems and increase the accuracy for tota alkalinity
measurements in the field.
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Anthropogenic CO, inventory of the Indian Ocean
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Abstract. This study presents basin-wide anthropogenic CO, inventory estimates for the Indian
Ocean based on measurements from the World Ocean Circulation Experiment/Joint Global Ocean
Flux Study global survey. These estimates employed slightly modified AC* and time series tech-
niques originally proposed by Gruber et al. [1996] and Wallace [1995], respectively. Together, the
two methods yield the total oceanic anthropogenic CO, and the carbon increase over the past 2 de-
cades. The highest concentrations and the deepest penetrations of anthropogenic carbon are associ-
ated with the Subtropical Convergence at around 30° to 40°S. With both techniques, the lowest
anthropogenic CO, column inventories are observed south of 50°S. The total anthropogenic CO, in-
ventory north of 35°S was 13.6+2 Pg C in 1995. The inventory increase since GEOSECS (Geochem-
ical Ocean Sections Program) was 4.1+1 Pg C for the same area. Approximately 6.7+1 Pg C are
stored in the Indian sector of the Southern Ocean, giving a total Indian Ocean inventory of 20.3 £3
Pg C for 1995. These estimates are compared to anthropogenic CO, inventories estimated by the
Princeton ocean biogeochemistry model. The model predicts an Indian Ocean sink north of 35°S that
is only 0.61-0.68 times the results presented here; while the Southern Ocean sink is nearly 2.6 times
higher than the measurement-based estimate. These results clearly identify areas in the models that
need further examination and provide a good baseline for future studies of the anthropogenic inven-

tory.
1. Introduction

The current Intergovernmental Panel on Climate Change
(IPCC) estimate for the oceanic sink of anthropogenic CO, (2.0
0.8 Pg C yr'l) is based primarily on ocean models [e.g.,
Sarmiento et al., 1992; Sarmiento and Sundquist, 1992; Siegentha-
ler and Sarmiento, 1993; Siegenthaler and Joos, 1992; Stocker et
al., 1994], atmospheric models [e.g., Keeling et al., 1989; Keeling
and Shertz, 1992] or on the oceanic distribution of related species
such as 813C [Quay et al., 1992]. Although the basic assumptions
used in these methods are reasonably well grounded, there will
always be room for doubt with indirect approaches. Direct esti-
mates of the oceanic CO, sink, however, have been primarily lim-
ited by a lack of high-quality data on a global scale.

Two general approaches can be used to estimate the uptake of
anthropogenic CO, by the oceans. One approach, initially pro-
posed by Tans et al. [1990], is to use direct measurements of the
air-sea difference in CO, partial pressure together with global
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winds and a gas exchange coefficient to estimate the net transfer of
CO, into the oceans. These estimates, together with an atmo-
spheric transport model, predicted that the oceanic sink was only
0.3t008PgC yr‘l, much smaller than the model predictions. The
difficulty with the ApCO, approach lies both in the large uncer-
tainty in the wind speed dependence of the air-sea gas exchange
velocity and in the ability to properly represent the large temporal
and spatial variability of the surface ocean pCO, because of a lack
of seasonal, global data coverage. This estimate has recently been
revised to 0.6 to 1.34 Pg C yr'l with the addition of more data and
a lateral advection-diffusion transport equation to help with the
necessary temporal and spatial interpolations [Takahashi et al.,
1997].

A second approach, which avoids many of the problems of
temporal variability, is to estimate the inventory of anthropogenic
CO, stored in the oceans interior based on inorganic carbon mea-
surements. Again, the problem with this approach in the past has
been a lack of high-quality global data coverage. As pointed out by
Broecker et al. [1979] after completion of the last global oceano-
graphic survey, GEOSECS (Geochemical Ocean Sections Pro-
gram), the precision of ocean carbon measurements at that time
was two orders of magnitude smaller than the predicted 0.035%
annual increase in surface ocean dissolved inorganic carbon.
Nearly 20 years have passed since GEOSECS, and the quality of
today’s carbon measurements has improved significantly.

This is the first of several papers aimed at estimating the
anthropogenic CO, inventory of the oceans based on the recent
global survey of CO, in the oceans. The survey was conducted as
part of the JGOFS (Joint Global Ocean Flux Study) in close coop-
eration with the WOCE-HP (World Ocean Circulation Experiment
- Hydrographic Programme). This program was a multiyear effort
to collect high-precision inorganic carbon data with the highest
possible spatial resolution on a global scale. This paper will focus
on anthropogenic CO, estimates for the Indian Ocean. Papers will
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soon follow with estimates for the other major ocean basins, with
the ultimate goal of generating an estimate of the global oceanic
anthropogenic CO, sink based on direct carbon system measure-
ments. The strength of these calculations lies not only in our ability
to directly estimate the magnitude of the oceanic anthropogenic
CO, sink but also in the fact that these estimates can be directly
compared to anthropogenic CO, inventories estimated by carbon-
cycle ocean general circulation models (GCMs). The two methods
described here provide information over different timescales. The
combined results place strong constraints on the uptake rate for
anthropogenic CO, and are useful for identifying weaknesses in
the models.

2. Methods

Estimates of the anthropogenic CO, inventory are determined
from measured values using two different techniques. The first
technique, referred to as the “time series” approach, is based on
quantifying the increase in total carbon dioxide (TCO,) since
GEOSECS. The second approach quantifies the total anthropo-
gemc CO, inventory using a quasi-conservative tracer, AC*.
Although the general idea for both techniques has been around for
a long time, recent improvements in the estimation of the pre-
served end-member concentrations together with significant
improvements in the accuracy and spatial coverage of global car-
bon data give us much more confidence in these results. Given the
difficulty of isolating the anthropogenic signal from the large
TCO, background, however, it is relevant to summarize the quality
of the carbon data set and the techniques used to estimate the
anthropogenic signal.

20°E
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2.1. Data Quality

Over 20,000 water samples collected between December 1994
and July 1996 as part of the U.S. WOCE Indian Ocean survey were
analyzed for both TCO, and total alkalinity (TA) using standard
coulometric and potentiometric techniques, respectively. Figure 1
shows the locations of the 1352 stations occupied by U.S. WOCE
as part of the Indian Ocean survey together with the station loca-
tions from the GEOSECS Indian Ocean Survey and the French
INDIGO I, 11, and III and CIVA1 (WOCE designation I6S) cruises
Details of the WOCE/JGOFS Indian Ocean CO, measurement
program, including personnel, sampling procedures, measurement
protocols and data quality assurance/quality control checks are
described elsewhere [Johnson et al., 1998; Millero et al., 1998a].
Calibrations of both the TCO, and TA systems were checked
approximately every 12 hours by analyzing Certified Reference
Material (CRM) samples with known concentrations of TCO, and
TA [Dickson, 1990] (A.G. Dickson, Oceanic carbon dioxide qual-
ity control at http://www-mpl.ucsd.edu/people/adickson/CO2_QC/
, 1998). On the basis of these CRM analyses the accuracy of the
TCO; and TA measurements was estimated to be +2 and £4 umol
kg'!, respectively. Primary hydrographic data from the conductiv-
ity-temperature-depth/Rosette were collected and analyzed follow-
ing standard procedures [Millard, 1982]. Samples were collected
for salinity on every bottle and analyzed with an Autosal salinome-
ter using standard techniques [UNESCO, 1981]. Oxygen samples
were analyzed with an automated system using 2 modified Winkler
technique [Culberson et al., 1991]. Nutrients were analyzed on a
four-channel Technicon AutoAnalyzer II following the methods of
Gordon et al. [1992]). Chlorofluorocarbon samples were analyzed

80 100  120°E
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Figure 1. Station locations for WOCE Indian Ocean (circles), CIVA 1/I6S (crosses), INDIGO I (stars),
INDIGO II (inverted triangles), INDIGO III (triangles), and GEOSECS (solid squares) Indian Ocean Surveys.
Numbered boxes indicate location of crossovers discussed in the text. Map generated using Generic Mapping

Tools version 3 [Wessel and Smith, 1995].
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on a gas chromatograph using the techniques of Bullister and
Weiss [1988]. Complete details of the analytical protocols and per-
sonnel can be obtained from the individual cruise reports available
through the WOCE Office.

All of the data available at the time this manuscript was written
have been included in the Indian Ocean analysis. For the primary
hydrographic and nutrient data this means that the preliminary val-
ues available at the conclusion of the cruise were used. While we
would prefer to use the final hydrographic data, typical postcruise
corrections for the WOCE data sets are well below noise level for
these calculations. Preliminary to semifinal chlorofluorocarbon
(CFC) data were used to estimate the water age necessary for one
of the correction terms in the AC* method. Although postcruise
blank corrections can influence the final CFC concentrations, an
examination of the existing data (except ISNISE because data were

mot available at time of writing) indicated that the CFC-11 and
CFC-12 age comparisons as well as comparisons of the data from
one leg to the next were reasonably consistent with each other. The
calculations were limited to waters with CFC-12 ages of less than
40 years where potential blank corrections are a relatively small
fraction of the signal and mixing effects are minimized. The car-
bon data, which primarily influence the quality of the calculations,
have all been calibrated and finalized as discussed briefly below.

Examination of Figure 1 reveals that although the WOCE sur-
vey was extensive, a large data gap exists in the southwestern
Indian Ocean. To fill in this gap, data from the three French survey
legs INDIGO I (February-March 1985), I (April 1986) and III
(January-February 1987) as well as the more recent French cruise
CIVAl (February-March 1993 (WOCE designation 16S)) were
included in the analysis [Poisson et al., 1988; 1989; 1990]. TCO,
and TA were analyzed on the INDIGO cruises using standard
potentiometric titration techniques developed by Edmond [1970].
Potentiometric titrations were also used to analyze the TA samples
on CIVA1, but the TCO, samples were analyzed using the coulom-
etric techniques of Johnson et al. [1985]. The internal consistency
of these cruises was examined by comparing carbon values in the
deep waters (pressure > 2500 dbars) at the intersections of differ-
ent legs. The stations selected for each crossover were those with
carbon values which were closest to the intersection point. Smooth
curves were fit through the data from each cruise as a function of
sigma- 3 (density anomaly referenced to 3000 dbars) using Cleve-
land’s loess function [Cleveland and Devlin, 1988; Cleveland et
al., 1992]. The difference between the curves was evaluated at S0
evenly spaced intervals that covered the density range over which
the two data sets overlapped. The mean and standard deviation of
the difference in TA and TCO, at the 35 intersections identified in
Figure 1 are shown in Figure 2. The long-term stability of the
WOCE/IGOFS measurements can be estimated from the first 17
crossover results. The mean of the absolute values for the leg-to-
leg differences was less than the estimated accuracy for both TCO,
(1.8 30.8 pmol kg'!) and TA (2.4 1.6 pmol kg'!). Although there
is only one reliable crossover point between the WOCE/JGOFS
cruises and the CIVA1 (I6S) cruise, the differences for both param-
eters are within the estimated accuracy of the measurements.
Results from the analysis of CRM samples on the CIVAI1 cruise
also support the quality of the measurements. Some of the older
INDIGO cruises, however, did appear to have offsets relative to
the WOCE/JGOFS and CIVA1 data. INDIGO I and II alkalinity
values averaged 6.5 pmol kg'1 high and 6.8 pmol kg'1 low, respec-
tively, while the INDIGO III alkalinity values showed no clear off-
set. The INDIGO TCO, values were all consistently high relative

to WOCE/JGOFS and CIVAI, with differences of 10.7, 9.4, and
6.4 umol kg'l, respectively. These offsets are consistent with dif-
ferences observed between at-sea values and replicate samples run
at C.D. Keeling’s shore-based TCO, facility (P. Guenther, personal
communication, 1998). Since the INDIGO cruises were run prior
to the introduction of CRMs, these offsets were presumed to be
calibration differences, and each leg was adjusted to bring the val-
ues in line with the remaining cruises. The dotted boxes in Figure 2
show the original offsets at the crossovers. The solid boxes show
the final offsets used in the following calculations. The means of
the absolute values for the leg-to-leg differences for all 35 cross-
over analyses suggest that the final data set is internally consistent
to £ 2.2 and 3.0 pmol kg'1 for TCO, and TA, respectively.

2.2. “Time Series” Calculations

The “time series” method for estimating the increase in the
anthropogenic inventory uses measurements of TCO, made at a
certain point in time to develop a predictive equation based on a
multiple linear regression of the observed TCO, and simulta-
neously measured parameters such as temperature, salinity, oxy-
gen, and TA (or silicate). These empirical multiparameter
relationships have been shown to hold over large spatial scales,
and their use drastically reduces the complicating effects of natural
variability in determining temporal trends [Brewer et al., 1995;
Wallace, 1995; Brewer et al., 1997]. The TCO, residuals from
such predictive equations can be compared directly with patterns
of residuals evaluated using the same predictive equation with TA,
oxygen, and hydrographic data collected at different times (e.g.,
over decadal intervals). Since the uptake of anthropogenic CO,
will increase the TCO, of the waters but will not directly affect the
concentrations of the fit parameters, systematic changes in the
magnitude and distribution of the TCO, residuals over time pro-
vide a direct estimate of the oceanic CO, inventory change due to
the uptake of anthropogenic CO,. The most comprehensive histor-
ical carbon data set for the Indian Ocean is from the GEOSECS
expedition. By examining the WOCE data relative to that collected
during the 1977-1978 GEOSECS Indian Ocean Survey, the
increase in anthropogenic inventory over the last 18 years can be
estimated.

2.2.1. GEOSECS fit. All of the GEOSECS data from the
Indian Ocean (excluding Gulf of Aden and Red Sea regions) were
fit with a single predictive equation as a function of potential tem-
perature (0), salinity (S), apparent oxygen utilization (AOU), and
TA. To minimize the influence of short-term temporal variability,
only data from pressures greater than 200 dbars were included in
the fit. Despite the large area covered, the GEOSECS TCO, values
can be predicted from this equation to = 5.2 pmol kg™! (R? = 0.992
and N = 1120). There is, however, a pattern in the residuals that
correlates with observed hydrographic regions in the Indian Ocean
(Figure 3).

In an attempt to improve the fit, a categorical variable based on
region was added to the regression. The categorical variable differs
from the other continuous variables by the fact that it is either
applied or not applied depending on whether the sample is located
within the region. The regions were defined as follows: 1, Arabian
Sea (north of 10°N and west of 78°E); 2, North of 10°S (excluding
Arabian Sea); 3, Chemical Front (21°S to 10°S); 4, Central Gyre
(35°S to 21°S); and 5, Southern Ocean (south of 35°S)

The addition of the regional variable resulted in a marginal
improvement in the fit (R® =0.993 and ¢ = 49 pmol kg'l) but
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Figure 2. Mean difference between deep water values of (a) TA and (b) TCO, for cruise intersections identi-
fied in Figure 1. Bars indicate one standard deviation. Dotted boxes indicate difference before adjustment (see

explanation in text).

more importantly, removed the regional bias in the predictive
equation. The coefficients of the final fit are shown in Figure 4
along with a plot of the measured versus calculated TCO, values
for all of the points used in the fit. The resulting equation was then
used to generate TCO, values for each of the WOCE sample loca-
tions based on the measured temperature, salinity, oxygen, and TA

values. The difference between the measured TCO, and the pre-
dicted TCO, reflects the CO, increase in the time between the two
cruises. For this work the difference is referred to as “excess CO,.”

The residual method of estimating excess CO, was applied to
the water column below 200 dbars. The surface waters, however,
are dominated by seasonal variability which can bias the residual
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Figure 3. Box and whiskers plot of residuals from a multiple linear regression of GEOSECS Indian Ocean
data (pressure > 200 dbars) fit without the regional designator versus oceanographic region: TCO, = 706.5 +
7.7S - 6.680 + 0.513TA + 0.7257A0U. Solid boxes cover the range of + 1 standard deviation about the mean.
White lines within the boxes indicate median values. The whiskers indicate the range of data within the 99%
confidence interval. The bars outside the whiskers give the values of outliers in the data set.
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o (Intercept) 903.7836 41.1189 21.9797 0.0000
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Theta -6.8126 0.1313 -51.8972 0.0000
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Figure 4. Plot of measured GEOSECS TCO, versus the calculated values. Solid line shows 1:1 relationship.

The dashed lines indicate the 99% confidence interval for the fit. Text gives coefficients and related statistics.
The column labeled “Pr(>ITl)” gives the probability that the T value in the previous column is larger than the T
table value in a student T test.
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calculations. The excess CO, of the surface waters therefore was
determined from the difference in the estimated annual mean
TCO, concentrations between GEOSECS and WOCE. The annual
mean TCO, concentration was calculated from TA and surface
water fCO,. The surface alkalinity was estimated from the gridded
annual mean salinity and temperature values of Levitus et al.
[1994] and Levitus and Boyer [1994] using a multiple linear fit of
the WOCE/IGOFS surface (pressure < 60 dbars) TA data to the
measured surface temperature and salinity. The 1978 and 1995 sur-
face water fCO, concentrations were estimated from the annual
mean atmospheric concentration for the 2 years, and the annual
mean ApCO, values estimated from the full correction scheme of
Takahashi et al. [1997]. The excess TCO, values between the sur-
face and 200 dbars were estimated with a linear approximation
between the surface and 200 dbars values for each 1° grid box.

2.2.2. Data consistency. One of the major concerns with the
time series technique is the necessity of having two data sets that
are consistent with each other. This consistency can be well docu-
mented for both TCO, and TA today through the use of certified
reference materials (CRMs) supplied by A. Dickson of Scripps
Institute of Oceanography (SIO). Since CRMs were not available
at the time of GEOSECS, the only way to infer consistency with
the WOCE data set is to assume the deep water carbon distribu-
tions have not changed since GEOSECS. The most reliable way to
compare the two data sets is to examine the difference between the
predicted TCO, and the measured TCO, (excess CO,) in deep
waters. The basic assumption with this technique is that the corre-
lation between the different hydrographic parameters in the deep
waters does not change with time. Given the long residence time of
the deep and bottom waters in the ocean, this should be a reason-
able assumption. This technique has the advantage that it implic-
itly accounts for the possibility of real variability in hydrographic
properties between the two expeditions which would not be taken
into account by simply comparing carbon profiles.

Examination of the excess CO, values in waters that should be
free of anthropogenic CO, (pressures > 2000 dbars and containing
no detectable chlorofluorocarbons) revealed that the GEOSECS
values were 22.5 +3 umol kg! higher than the comparable WOCE
measurements. This difference is comparable to the correction of -
18 = 7 umol kg™! noted by Weiss et al. [1983] to make the TCO,
measurements consistent with the TA and discrete CO, partial
pressure measurements based on the Merbach et al. [1973] disso-
ciation constants. Additional support for an adjustment of the orig-
inal GEOSECS data comes from C. D. Keeling’s shore-based
analysis of TCO, samples collected on both the GEOSECS and the
WOCE/IGOFS expeditions. Weiss et al. [1983] point out that the
shore-based analyses of Keeling were systematically smaller than
the at-sea measurements by 16.5 £ 5 umol kg™! during GEOSECS.
Similar comparisons between the WOCE/JGOFS at-sea measure-
ments with Keeling’s shore-based analyses indicate that the shore-
based samples are approximately 5 pmol kg" higher than the at-
sea values (P. Guenther, personal communication, 1998). Together,
the GEOSECS-Keeling-WOCE/JIGOFS combination suggests an
offset of 21.5 umol kg! between GEOSECS and WOCE/JGOFS
at-sea measurements. It is also important to note that there is no
indication of a depth or concentration dependent correction for the
GEOSECS data. The shore-based comparison, based only on sam-
ples collected at the surface, is within 1 pmol kg'1 of the deep
comparison described above. On the basis of these results a con-
stant correction of the -22.5 pmol kg'1 was applied to the GEO-

SECS TCO, values to improve the consistency of the two data
sets.

Ideally, the data used in the time series calculations would
cover the same geographic region with as much of a time differ-
ence as possible. The trade-off, however, is that the quality and
spatial coverage of the older data sets is generally very limited.
Given the relatively small area of overlap between the WOCE/
JGOFS and INDIGO data sets and the shorter time difference
between cruises (9 years versus 18 years for WOCE - GEOSECS),
the time series analysis was limited to a comparison between
WOCE/JGOFS and GEOSECS in the main Indian Ocean basin.

2.2.3. Evaluation of Errors. An estimate of the random
errors associated with the excess CO, calculation can be made
with a simple propagation of errors based on the fit to the GEO-
SECS data and the estimated precision of the WOCE/JGOFS data.
With a standard deviation of 4.9 pmol kg'1 for the GEOSECS fit
and an estimated long-term precision of +2 pmol kg'1 in the
WOCE/IGOFS TCO, values the excess CO, error is estimated to
be approximately 5 pmol kg'l. This value compares well with the
standard deviation of 3.5 pmol kg'1 for the excess CO, below the
maximum anthropogenic CO, penetration depth (pressure > 1500
dbars).

Systematic errors with this technique are very difficult to evalu-
ate. The largest potential systematic error is probably associated
with the surface water estimates. Because the same ApCO, value is
used to estimate the TCO, for both years, the excess CO, (1995
TCO, - 1978 TCO,) is not very sensitive to potential errors associ-
ated with the actual ApCO, values used. The surface estimate is
sensitive, however, to the assumption that the ApCO, has not
changed over time (i.e., that the surface ocean increase has kept
pace with the atmospheric increase). It is not likely that the surface
ocean has increased at a faster rate than the atmosphere, but it is
conceivable that the rate is slower. The current assumption results
in a total inventory of 0.8 Pg C in the surface layer. If the surface
ocean were increasing at half the rate of the atmosphere, the sys-
tematic bias in the final inventory would be around 0.4 Pg C.
Below the surface layer the most likely systematic error would
result from the uncertainty in fitting the GEOSECS data. System-
atic errors associated with calibration differences between cruises
are potentially quite large, but the analysis and subsequent correc-
tion given in section 2.2.2 should remove these biases. The esti-
mated uncertainty for the GEOSECS adjustment was 3 pumol kg
L If this value is integrated for the area north of 35°S between 200
m and the average penetration depth of the excess CO, (~ 800 m),
the potential error would be £0.9 Pg C. Propagating the errors for
the surface and deeper layers gives an estimated error of approxi-
mately 21 Pg C in the total excess CO, inventory. Clearly, there
are other ways of estimating the potential errors in these calcula-
tions, but we feel that this is a reasonable estimate based on the
available data.

2.3. AC* Calculations

Gruber et al. [1996] developed a method to estimate the total
anthropogenic CO, inventory which has accumulated in the water
column since preindustrial times. Although the details of the calcu-
lation are thoroughly discussed by Gruber et al., the basic concept
of the calculation can be expressed in terms of the following equa-
tion:

1
Canth(%) = Cpu = ACy;o~ Cago — ACy;s M)
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where

C.nn  anthropogenic carbon concentration;
C, measured total carbon concentration;
AC;, change in TCO, as a result of biological activity;
Caygp TCO; of waters in equilibrium with an atmospheric CO,
concentration of 280 patm;
air-sea difference in CO, concentration expressed in ptmol

kg'! of TCO,.

AC g6

The Gruber et al. technique employs a new quasi-conservative
tracer AC*, which is defined as the difference between the mea-
sured TCO, concentration, corrected for biology, and the concen-
tration these waters would have at the surface in equilibrium with a
preindustrial atmosphere (i.e., AC* = C;, - ACy;o - Cgp)- Rear-
ranging (1) shows that AC* reflects both the anthropogenic signal
and the air-sea CO, difference (i.e., AC* = C,y, + ACy;). The air-
sea disequilibrium component can then be discriminated from the
anthropogenic signal using either information about the water age
(e.g., from transient tracers such as CFCs or 3H-3He) or the distri-
bution of AC* in regions not affected by the anthropogenic tran-
sient. The details of this technique will not be covered here except
as necessary to explain small modifications that were necessary for
use with the WOCE Indian Ocean data set.

2.3.1. Preformed alkalinity equation. The first modification
to the Gruber et al. [1996] technique involved a recalculation of
the preformed alkalinity equation. The preformed alkalinity (AIk®)
of a subsurface water parcel is an estimate of the alkalinity that the
water had when it was last at the surface. This value is necessary to
determine the equilibrium concentration (C,g) of the waters. Gru-
ber et al. generated a single global equation for estimating Alk®
from salinity and the conservative tracer “PO” (PO = O,+170*P)
[Broecker, 1974] based on the data collected during GEOSECS,
South Atlantic Ventilation Experiment, Transient Tracers in the
Ocean/North Atlantic Study and Transient Tracers in the Ocean/
Tropical Atlantic Study. Given the limited representation of the
Indian Ocean in these data and the improved quality of today’s
measurements, the Gruber et al. fit was examined for a possible
bias with respect to the WOCE/JGOFS results. AIK? values calcu-
lated from the Gruber et al. equation were found to be, on average,
7 £12 pumol kg™! lower than the WOCE/JGOFS measured surface
alkalinity values. Rather than making assumptions about which
parameters would provide the best fit to the surface alkalinity data,
several possible parameters were tested based on previously noted
correlations. Although salinity has been shown to generally corre-
late very strongly with surface alkalinity [Brewer et al., 1986; Mil-
lero et al., 1998b], some areas, such as the high-latitude regions,
require additional parameters to fit regional changes in alkalinity.
Some investigators have used temperature as an additional variable
[e.g., Chen and Pytkowicz, 1979; Chen, 1990; Millero et al.,
1998b]. Others, such as Gruber et al. [1996], have used other con-
servative tracers to compensate for the regional differences. The
best fit for the WOCE/JGOFS, INDIGO, and CIVA Indian Ocean
data, with pressures less than 60 dbars, is given by (2):

AIK® = 378.1 +55.22 x S +0.0716 x PO — 1.236 x6  (2)
AIK? has units of pmol kg'l when salinity (S) is on the practical sa-
linity scale, PO is in umol kg", and potential temperature (0) is in
degrees Celsius. The standard error in the new AIk? estimate is 8.0

Table 1. Results From ANOVA Analysis of Alk? Fit.

Coefficient Standard T Value Pr(>ITI)

Error
Intercept 378.1 8.9 42.2715 0.0000
Salinity 55.22 0.23 235.0369 0.0000
PO 0.0716 0.0041 17.4693 0.0000
Theta -1.236 0.061 -20.3697 0.0000

The column labeled “Pr(>ITl)” gives the probability that the T value in
the previous column is larger than the T table value in a student T test, Alk°
is preformed alkalinity, an estimate of the alkalinity of a parcel of subsur-
face water when it was last at the surface.

pmol kg'l based on 2250 data points. A standard ANOVA analysis
of the fit shows that all four terms are highly significant (Table 1).

Reevaluating the Alk® equation not only removed the 7 pmol kg!
offset of Gruber’s equation but also resulted in a 35% reduction in
the uncertainty.

2.3.2. Denitrification Correction. A second modification to
the original AC* technique was necessary to properly account for
the anoxic regions in the northern Indian Ocean. The Cy;, term in
(1) assumes that the remineralization of carbon in the interior of
the ocean occurs in proportion to the oxygen uptake based on a
standard Redfield type stoichiometry. The ratios used for these cal-
culations were based on the global estimates of Anderson and
Sarmiento [1994). Gruber et al. [1996] demonstrated that the
errors in the AC* calculation due to uncertainties in the C:O sto-
ichiometric ratio only become significant for AQU values greater
than 80 pmol kg'!. Given that most of the anthropogenic CO, is
found in relatively shallow waters with low AOU, this error, on
average, is small. For some regions of the Arabian Sea, however,
oxygen depletion can be quite extensive at relatively shallow
depths [Sen Gupta et al., 1976; Deuser et al., 1978; Nagvi and Sen
Gupta, 1985]. In areas where the waters become anoxic, denitrifi-
cation can significantly alter the dissolved carbon to oxygen ratio
[Naqvi and Sen Gupta, 1985; Anderson and Dyrssen, 1994; Gru-
ber and Sarmiento, 1997]. The dissolved carbon generated by den-
itrification shows up as high AC* values as demonstrated at the
northern end of the section in Figure 5a. The distribution of AC*
values along the density surface 0¢=26.9-27.0 shows maximum
values at both the northern and southern ends of the section. One
would expect the uptake of anthropogenic CO, to generate the
highest values close to the outcrop region in the south, but this sur-
face does not outcrop in the north. Following the methods of Gru-
ber and Sarmiento [1997], the denitrification signal can be
estimated using the N* tracer. N* is a quasi-conservative tracer
which can be used to identify nitrogen (N) excess or deficits rela-
tive to phosphorus (P). Using the global equation of Gruber and
Sarmiento [1997], N* is defined as

N*(“klg‘") = 0.87(N - 16P + 2.90) 3)

Figure 5b shows the magnitude of the denitrification signal along
the 6g=26.9-27.0 surface. The N* values were converted from ni-
trogen units to pmol C kg'1 based on a denitrification carbon to ni-
trogen ratio of 106:-104 [Gruber and Sarmiento, 1997]. Negative
values reflect nitrogen fixation, while positive values indicate den-
itrification. As expected, the values of N* are essentially zero in the
main Indian Ocean basin but show a strong denitrification signal at
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middepths in the Arabian Sea. The low N* values at the north end
of this surface (Figure 5b) are from the Bay of Bengal and show lit-
tle or no denitrification in this region. Subtracting a denitrification
correction term from the original AC* equation lowers the high
AC* values at the northern end of the section leaving the expected
maximum near the outcrop region (Figure 5c).

The final definition for AC* as used in this work is given by
@ AC* = Tcogmeas)_Tcoas, T, Al 280)

_uz
(02~ 0F%)
—(TA - AIK® + 160, - Of2v))
k
~ZoaN @

where TCO,39), TA, and O, are the measured concentrations for
a given water sample in pmol kg'1 AlKC is the preformed alkalinity
value as described in section 2.3.1. 02(5’“) is the calculated oxygen
saturation value that the waters would have if they were adiabatical-
ly raised to the surface. TCOSS: T-AIk", 280) g the TCO, value the
waters would have at the surface with a TA value equal to Alk® and
an fCO, value of 280 patm.

2.3.3. Estimation of air-sea disequilibrium. To isolate the
anthropogenic CO, component from AC*, the air-sea disequilib-
rium values (ACg4;) must be determined. Gruber et al. [1996]
described two techniques for estimating these values on density
surfaces. For deeper density surfaces one can assume that the
waters far away from the outcrop region are free from anthropo-
genic CO,. The mean AC* values in these regions therefore reflect
only the disequilibrium value. For shallower surfaces the air-sea
disequilibrium can be inferred from the AC*, tracer.

AC*, is the difference between C* and the concentration the
waters would have in equilibrium with the atmosphere at the time
they were last at the surface. The time since the waters were in
contact with the surface is estimated from CFC-12 age (1) and the
atmospheric CO, concentration history as a function of time
(fCO,{tsample-T}). The atmospheric CO, time history from 1750
through 1996 was determined from a spline fit to ice core and mea-
sured atmospheric values [Neftel et al., 1994; Keeling and Whorf,
1996]. The CFC-12-based ages were determined following the
technique described by Warner et al. [1996]. The apparent age of
the water is determined by matching the CFC-12 partial pressure
(pCFC-12) of the waters with the atmospheric CFC-12 concentra-
tion history (procedures and atmospheric time history provided by
J. Bullister). Although CFCs do not give a perfect representation of
the true calendar age of the waters, Doney et al. [1997] have shown
that the CFC-12 and 3H-*He ages in the North Atlantic agree
within 1.7 years for ages less than 30 years. Gruber [1998] suc-
cessfully used both CFC and 3H-3He ages for his disequilibrium
calculations in the Atlantic and has thoroughly discussed the
assumptions and caveats associated with these techniques. The dis-
equilibrium values on shallow density surfaces presented here
were calculated using CFC-12 ages modified from the AC*; equa-
tion of Gruber [1998] to include the denitrification correction:

AC*: = TCOﬁmeas)—TCO(S’ T, Alko,fCOZ{tsmp,e_r}) )

111770(0 O%sat))

—-(TA—-Alk + 170(02 0fsany)

—104N

where TCOSST- A SCOtuampe =) g the TCO, the waters
would have at the surface with a TA value of Alk® and an fCO, val-
ue in equilibrium with the atmospheric CO, concentration at the
time the waters were last at the surface (date of sample collection
minus CFC age).

The CFC age method was used for waters with densities less
than 6g = 27.25 and CFC-12 ages less than 40 years. The anthro-
pogenic CO, of the waters with pressures less than 150 dbars or
densities less than 6g = 25.95 was determined by subtracting the
AC*, value estimated at each sample location from the correspond-
ing AC* value. Given that the Indian Ocean does not extend into
the high northern latitudes, the major outcrop region for Indian
Ocean waters below the mixed layer is toward the south. Although
other tracers might be used to identify multiple end-members, the
CFC-12 ages on each density surface get steadily older toward the
north, and the AC*; values are reasonably constant (see diamonds
in Figure 6). This suggests that most of the water in the Indian
Ocean is derived from the south or, at least in terms of the air-sea
disequilibria, cannot be distinguished from other sources. The
ACy;s term for the main Indian Ocean basin therefore was deter-
mined from a mean AC*; value on each surface. The mean ACy;
terms were then subtracted from the individual AC* values to
determine the anthropogenic component. Table 2 summarizes the
ACy;s values for the density surfaces estimated exclusively from
the AC*; method.

One major exception to the southern source waters is observed
in the Arabian Sea. Although none of the surfaces with og values
greater than 26.0 outcrop in the Arabian Sea, a number of higher-
density surfaces do outcrop in the Red Sea and Persian Gulf. These
outcrops could provide pathways for the introduction of CFCs and
anthropogenic CO, into the northern Arabian Sea and could reset
the disequilibria term. Wyrtki [1973] noted that the Red Sea and
Persian Gulf waters mix in the Arabian Sea to form the high-salin-
ity North Indian Intermediate Water (NITW). The AC*; values in
the Arabian Sea do vary significantly and generally have a strong
correlation with salinity. The CFC-12 ages also begin to get
younger toward the northern end of the Arabian Sea. These high-
salinity waters appear to have a higher disequilibria term than the
lower-salinity waters that make up the majority of the Indian
Ocean intermediate waters.

To account for this phenomenon, the Arabian Sea waters (north
of 5°N and west of 78°E) were isolated, and the AC*, values were
fit against salinity with a linear regression. Thus this region was
treated as a two-end-member mixing scenario between the high-
salinity NIIW and the lower-salinity waters of the main Indian
Ocean basin. The ACy;; values in this region were determined
based on the relative contributions of the two end-members using
salinity as a conservative tracer. The coefficients for the Arabian
Sea fits are given in Table 2. The difference between the high-
salinity and lower-salinity disequilibria generally decreased as
densities increased (note decreasing slope values in Table 2) to the
point where the Arabian Sea disequilibria values were no longer
distinguishable from the main Indian Ocean basin values. The
additional terms were dropped for surfaces where the two end-
member mixing terms resulted in values within the error of the
basin-wide mean (Table 2).

As stated previously, the disequilibria term for the deeper, CFC
free surfaces was determined directly from the mean AC* value of
each density interval. Careful examination of the extent of CFC
penetration along the density surface was used to limit data used in




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

187

O]
1 A
—
[=]
<o
° <1 °
£ o _° o o
3 ° 2
~ o o o ©0g
x o] azg:ooo o o‘,c&
(@) (] ] o © °®
< & * ° §€°o o9 ©8
R o] ps ° oo © o o?;'s o:n o
o S % oo ERee® B o o g °
LilE=2 e o ®f. o o a ]
Al ° oo® &
@ o b ﬁ%w°5°o°o o, oéggmfa
A o
o %, o do go¥BE J o :b"':&' ° s °
go ° °°°e:ﬁ < B o5, 8efg °
i ) a @ g o o
5o Rk
o
L
o
c) -60 -40 -20 0 20
< 0|
o ~—
2| B
=
*
O o
g v
o
£
c
.2
=]
2 ']
j—
=
c
[=]
[&]
5 o
2
«
Q
=
=
c 104
Q
o -60 -40 -20 0 20
B C
—
o
< o °
° Y]
E o ° °©
ES o o e
.. Q °% Pee o o
Qg ] e . . B_o.
°
-g :D ° oo ;‘ °°°°O°' @ o
o oo - o
% 1B ° °o o°° géa%oo& o o °g:°
o N . 00 o S0 Eoo GEZn;
— © @0 o o @
s o%oo 0 3g ..‘g;h%: > o ca:g:oo @ oo
o o
(] o o & ‘:’g‘gsscp%&‘;‘“ °"°° o o go °°
- 808 0% 8% Ra o o°
Dﬂ ° o
o
oA

-60 -40

20

Latitude

Figure 5. AC* values for data on the 26.9 - 27.0 og surface: (a) calculated without denitrification, (b) denitri-
fication signal put in terms of AC*, (c) with denitrification correction (i.e., data in Figure 5a minus the data in

Figure 5b).

determining the ACy;; term. Only regions where CFC concentra-
tions were below a reasonable blank (0.005 pmol kg'l) were con-
sidered. The ACy values determined using this method are
summarized in the lower half of Table 3 (g > 27.5).
Determination of the ACgy;, values for either shallow or deep
surfaces is relatively straightforward using the techniques men-
tioned above. It is not straightforward, however, to estimate the
ACy;s values for intermediate levels where the CFC ages are rela-
tively old and may be significantly influenced by mixing and yet
the waters could have enough anthropogenic CO, to influence the

estimates based on AC*. The effect of using the AC* technique in
waters that actually have anthropogenic CO, would be to overesti-
mate the ACy;; term and thus underestimate the anthropogenic
CO,. The effect of mixing on the CFC ages, however, generally
results in an underestimation of the CFC age which would lead to
an underestimation of the ACg;; term and an overestimation of the
anthropogenic CO,. The CFC age technique has additional prob-
lems in waters with Gg values greater than 27.25, because the
waters with the younger ages are all found in the very high lati-
tudes of the Southern Ocean and generally are not directly venti-



188 SABINE ET AL.: ANTHROPOGENIC CO, IN THE INDIAN OCEAN

Table 2. Values of ACy;; Determined on Potential Density (6g) Intervals

Potential Density Main Basin Main Basin Arabian Arabian Arabian
Range Mean (SDM) Number of Points Intercept (SD) Slope (SD) Number of Points
25.95-26.05 -13 (10.88) 56 -740 (192) 213 (13) 12
26.05-26.15 0.7 E1.21) 42 -745 (£130) 214 (14) 12
26.15-26.25 -3.4 (10.65) 63 -699 (176) 200 (+2) 1
26.25-26.35 4.8 (20.62) 61 -516 (£90) 14.8 (13) 12
26.35-26.45 -5.6 (+0.48) 83 -316 (184) 9.1(2) 20
26.45-26.55 1.1 (40.34) 103 -558 (187) 159 (+2) 21
26.55-26.65 72(0.32) 123 -512 (£53) 145 (1) 28
26.65-26.75 -89 (10.27) 152 -397 (£52) 1.2t 34
26.75-26.85 9.1 (10.23) 254 -428 (+66) 120 (2) 28
26.85-26.95 -11.2 (+0.31) 209 -285 (£115) 79 (3) 6
26.95-27.00 -12.2 (10.35) 104 - ) )
27.00-27.05 -13.8 (10.48) 92 - ) i
27.05-27.10 -15.2 (10.40) %0 - ) i
27.10-27.15 -16.3 (10.47) 84 - - )
27.15-27.20 -17.1 (0.51) 89 - } i
27.20-27.25 -19.5 (10.56) 74 - - '

Standard deviations (SD) are given for the slope and intercept terms for the Arabian Sea data. Standard deviation of the
mean (SDM, i.e., standard deviation weighted by the number of individual determinations) is given for each main basin esti-
mate. Values of ACy;; are given in pmol kgL Dashes indicate value not determined.

lated in these regions. Therefore the basic assumption that the  with the AC* technique decrease at higher density levels. To mini-
ACy;s term can be determined by following the density level to its ~ mize the errors in the final ACy;; determination, waters with oy
outcrop and examining the younger waters there is not valid. values between 27.25 and 27.5 were evaluated using a combina-

As a general rule, the errors associated with the CFC age tech-  tion of the two methods mentioned above. The 27.25 cut in the
nique increase at higher density levels, and the errors associated =~ CFC age technique was chosen because this density corresponds

Table 3. Values of ACg;; Determined on Potential Density (Gg) Intervals

Potential Density Mean AC* (SDM) Number of Points Mean AC* (SDM) Number of Points Final Mean

Range ACg;; (SDM)
27.25-27.30 2.3 (10.45) 42 -19.7 (£0.98) 22 8.3 (%1.13)
27.30-27.35 -4.0 (10.49) 45 21.0 (10.84) 19 9.1 (£1.06)
27.35-27.40 -5.3 (10.44) 72 22,5 (£1.25) 7 -6.8 (10.69)
27.40-2745 7.1 (10.26) 922 -23.5 (10.83) 10 8.7 (10.54)
27.45-27.50 -7.9 (10.30) 98 -25.0 (£1.65) 7 9.0 (20.51)
27.50-27.55 9.3 (10.28) 93 - - 9.3 (10.28)
27.55-27.60 -10.7 (10.28) 92 - - -10.7 (0.28)
27.60-27.65 -11.3 (10.34) 125 - - -11.3 (£0.34)
27.65-27.70 -13.0 (£0.36) 127 - - -13.0 (10.36)
21.70-21.75 -14.8 (10.30) 184 - - -14.8 (10.30)
27.75-27.80 -15.3 (0.24) 349 - - -15.3 (10.24)

>27.80 -18.6 (10.15) 629 - - -18.6 (10.15)

Standard deviation of the mean given in brackets (SDM,, i.e., standard deviation weighted by the number of individual
determinations). Values of ACy;; are given in pmol kg !, Dashes indicate value not determined.
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with the core of the Antarctic Intermediate water and also gener-
ally the highest-density water that outcrops in this region [Wyrtki,
1973; Levitus and Boyer, 1994; Levitus et al., 1994]. To help
ensure that the AC;; values were determined on waters moving
into the main Indian Ocean basin, mean AC¥*; values were only
estimated from samples north of 35°S with CFC-12 ages less than
40 years. Mean AC* values were also determined on the same den-
sity surfaces for samples where CFCs were measured, but concen-
trations were below 0.005 pmol kg'l. The final mean value used
for the ACy;; correction on each surface was determined from the
mean of the combined individual estimates from each method
(Table 3).

Examination of the individual and combined means in Table 3
indicates that there is a sizeable spread in the estimates from the
two techniques in the overlap region. This difference is maximized
since these density levels are pushing the limits of both techniques,
and the errors in both estimates serve to increase this difference.
Since the number of points available from the CFC age technique
generally decreased at greater density levels and the number of
points from the AC* technique generally increased at greater den-
sity levels, the mean becomes progressively more heavily
weighted toward the AC* technique as the density levels increased.
Although this is not the ideal solution, we believe that this mini-
mizes the potential errors as much as possible. The technique used
to estimate final AC gy values in this region could systematically
bias the anthropogenic CO, inventory estimates. The magnitude of
this potential error on the final inventory was estimated to be
approximately 1.8 Pg C by integrating the difference between the
two methods over the effected water volume. This estimate repre-
sents a maximum potential error since the known limitations of
each method work to increase the differences in ACy;q.

2.3.4. Time adjustment for INDIGO data. One difficulty
with combining data from different cruises for a time-dependent
calculation like the anthropogenic CO, inventory is the issue of
getting the data sets referenced to a common time. One of the
advantages of the WOCE/JGOFS Indian Ocean survey data is the
fact that all of the samples were collected in a little over a year’s
time. In terms of the CO, inventory this is essentially a synoptic
data set. The couple of years between the CIVA1 cruise and the
WOCE/JGOFS data are also not distinguishable in terms of the
anthropogenic increase. The INDIGO data, however, were col-
lected 8-10 years before the WOCE/JGOFS data set and must be
adjusted to reflect the anthropogenic uptake during that time.
Unfortunately, any correction of this sort can have large errors and
potentially bias the results. This problem must be weighed against
the errors of ignoring the time difference between cruises or omit-
ting these data entirely. The decision to correct the INDIGO data
was based on two factors. First, analysis of the change in anthropo-
genic inventory between GEOSECS and WOCE (discussed below)
indicated that a significant fraction of the total anthropogenic
uptake has occurred in the past 2 decades. Second, careful exami-
nation of objective maps of anthropogenic CO, made prior to the
INDIGO correction showed obvious, anomalously low concentra-
tions in the regions strongly dependent on the INDIGO data. Two
different adjustment functions were made depending on whether
the stations were located in the main Indian Ocean basin or in the
Southern Ocean.

North of 30°S, where portions of the INDIGO data were
located relatively near WOCE stations, a crossover comparison of
the INDIGO anthropogenic CO, concentrations as a function of

density was made with the WOCE/IGOFS data in that region. The
difference between the two data sets was evaluated at Gy intervals
of 0.05 from the surface to 6 = 27.5 and added to the INDIGO
data. This correction ranged from approximately 12 pmol kg'1 at
the surface down to zero at 27.5.

South of 30°S, there were very few WOCE or CIVAL stations
close enough for a proper crossover comparison. It was clear from
the northern data, however, that some correction was necessary.
Given that the isolines for most properties in the Southern Ocean
run east-west, we decided to correct the southern INDIGO data
based on a crossover comparison with all results from CIVA1 and
WOCE cruises in that region. The average adjustment for the
southern stations was approximately 11 pmol kg'! over the same
density range. The magnitude of the corrections in both regions is
consistent with the expected increase over the time period between
cruises.

2.3.5. Evaluation of Errors. Error evaluation is much more
difficult for the AC* method than for the time series approach
because of potential systematic errors associated with some of the
parameters (i.e., the biological correction). The random errors
associated with the anthropogenic CO, can be determined by prop-
agating through the precision of the various measurements
required for the calculation of (4).

{oc ¥
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where 6 = 2 pmol kg'!; Oc,, = 4 umol kg'l; Go, = 1 Hmol

kg's 0, = 4 pmolkg'; oy, = 4 umol kg’ 1, %% = 0.842;

GAlk" = 7.8 pmol kg' ; Oy = 0.2 pmol kg' ; 6p = 0.02 umol
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random error analysis is adapted from Gruber et al. [1996] (exclud-
ing those terms that involve the C:O Redfield error) with additional
terms for the error propagation of the N* correction [Gruber and
Sarmiento, 1997]. The terms involving the C:O are evaluated sepa-
rately below because the random errors cannot be isolated from po-
tential systematic errors. The sigma values used in (6) were either
taken from the appropriate WOCE cruise reports or from previously
determined estimates of Gruber et al. [1996] and Gruber and

= 15. The equation for the
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Sarmiento [1997]. The error in the ACy;; term is taken from the av-
erage value for the standard deviation of the mean for the examined

surfaces (G5c, = 0.5 pmol kg!). The formulation given in (6)

results in an estimated error of 6.1 umol kg'l. This estimate is larger
than the standard deviation of the AC* values below the deepest an-

thropogenic CO, penetration depth (£2.8 pmol kg'1 for pressure >

2000 dbars) suggesting that the propagated errors may be a maxi-
mum estimate of the random variability.

The potential systematic errors associated with the anthropo-
genic CO, calculation are much more difficult to evaluate. The
random error estimate above includes all terms except those asso-
ciated with the C:O biological correction. Although other terms
involving N:O and N:P corrections potentially have systematic off-
sets associated with errors in the ratio estimates, the only poten-
tially significant errors involve the C:O corrections [Gruber et al.,
1996; Gruber, 1998].

There is evidence, however, that the Anderson and Sarmiento
[1994] stoichiometric ratios must be reasonably close to the actual
remineralization ratios observed in the Indian Ocean. Figure 6 is a
plot of AC*, based on CFC-12 ages for the density interval from oy
= 27.1 to 6¢ = 27.15. The diamonds are the values calculated from
(5). These values represent the preserved air-sea disequilibrium
value for the past 40 years and should be constant if the air-sea dis-

equilibrium has not changed over time (i.e., that the surface ocean
CO, is increasing at the same rate at the atmosphere). A linear
regression of the diamonds in Figure 6 yields a slope that is not
significantly different from zero. The circles and pluses are the
AC*, values one would get by using a C:O ratio of -0.60 and -0.78
in (5), respectively. These C:O values represent one standard devi-
ation from the Anderson and Sarmiento [1994] mean value of -
0.69. The -0.60 ratio results in values with a significant positive
slope. This slope would imply that the surface ocean CO; is
increasing much slower than the atmospheric increase. While this
is possible, the -0.60 ratio is much larger than historical Redfield
estimates and would be very difficult to justify. The -0.78 ratio is
more typical of historical estimates but results in a significant neg-
ative slope in the AC*, values with time. A negative slope would
imply that carbon is accumulating in the ocean faster than the
atmosphere. Neither of these scenarios seems very likely. The fact
that none of the AC*, values on the examined surfaces exhibit a
statistically significant slope suggests that the C:O value of -0.69
does accurately represent the remineralization ratio for these
waters and supports the methodology of taking a mean value of
AC*, on these density surfaces.

A sensitivity study was also used to evaluate the potential error
associated with an incorrect C:O value. Two additional estimates
of anthropogenic CO, were determined using the -0.60 and -0.78

o
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Figure 6. Plot of AC*, based on CFC-12 ages for the density interval from 6g = 27.1 to 27.15 versus CFC-12
age. The diamonds were calculated using the Anderson and Sarmiento [1994] C:O (-0.69). The circles and
pluses were calculated from C:O of -0.60 and -0.78, respectively. Lines and text give results from a linear
regression of the three sets of data.
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C:0 values. 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 range of anthropogenic val-
ues from these three estimates varied as a function of apparent
oxygen utilization (AOU) from 0.0 to 22 with an average differ-
ence of only 4.2 pmol kg'l. Because the C:O correction affects
both the AC* and AC*, terms together, much of the systematic
error in the final anthropogenic estimate (AC*-AC*) cancels out.

2.4. Inventory Estimates

Basin-wide anthropogenic and excess CO, concentrations
(WOCE/JGOFS - GEOSECS) were evaluated on a 1° grid at 100
m intervals between the surface and 2600 m using the objective
mapping techniques of Sarmiento et al. [1982]. Total anthropo-
genic CO, was mapped over an area from 20° to 120°E and 70°S
to 30°N (excluding areas of land, the Red Sea, the Persian Gulf,
and the South China Sea). Because the WOCE/JGOFS data set did
not cover much of the Southern Ocean, the excess CO, maps were
limited to the area north of 35°S. The values at each level were
multiplied by the volume of water in the 100 m slab and summed
to generate the total anthropogenic or excess CO, inventory. The
method of integrating mapped surfaces compared very well with
the technique of vertically integrating each station and mapping
the station integrals.

It is extremely difficult to evaluate a reasonable estimate of the
potential errors associated with the inventory estimates. A simple
propagation of errors implies that the random errors associated
with any individual anthropogenic estimate is approximately 6.1
pmol kg'l, but these errors should essentially cancel out for an
integrated inventory based on nearly 25,000 individual estimates.
Systematic errors have by far the largest impact on the inventory
estimates. Potential errors as large as +1.8 Pg C have been esti-
mated for the ACy;; term. Sensitivity studies with the C:O varia-
tions give a range of total inventory estimates of +2.5 Pg C. Other
systematic errors could also be generated from the denitrification
term, the terms involving N:O, the time correction for the INDIGO
data, and the mapping routines used in the inventory estimates.
The magnitude of these errors is believed to be much smaller than
the uncertainty in either the C:O correction or the ACg;; determina-
tion. Propagation of the two estimated uncertainties gives an over-
all error of approximately 3 Pg C for the total inventory. An error
of roughly 15% is comparable to previous error estimates using
this technique [Gruber et al., 1996; Gruber, 1998]. Errors for
regional inventories are assumed to scale to the total.

3. Results and Discussion

The excess CO, concentrations for the Indian Ocean range
from O to 25 pmol kg'l. The most prominent feature in the excess
CO, distribution, as shown with representative sections in the east-
ern and western Indian Ocean (Figure 7), is the maximum in con-
centrations at midlatitudes (~ 40°S). This maximum is coincident
with the relatively strong gradient in surface density associated
with the Subtropical Convergence and the transition from the high-
salinity subtropical gyre waters to the low-salinity Antarctic
waters. The outcropping of these density surfaces and subsequent
sinking of surface waters provides a pathway for excess CO, to
enter the interior of the ocean. Relatively high excess CO, concen-
trations can also be observed at the very northern end of the west-
ern section (Figure 7a). Although not readily evident from this

section, the distribution of concentration gradients indicates that
excess CO, is entering the northern Indian Ocean from the Persian
Gulf and Red Sea regions. This is likely to result from the outcrop-
ping of density surfaces in these areas which are not ventilated in
the main Indian Ocean basin. The implied Red Sea and Persian
Gulf sources of CO, are consistent with uptake estimates of
anthropogenic CO, in these areas as observed by Papaud and
Poisson [1986]. The third major feature observed in the excess
CO, distribution is a dramatic shoaling of the excess CO, isolines
south of approximately 40°S. Poisson and Chen [1987] attributed
the low anthropogenic CO, concentrations in Antarctic Bottom
Water to a combination of the pack sea ice blocking air-sea gas
exchange and the upwelling of old Weddell Deep Water. This
explanation is consistent with the observed excess CO, distribu-
tions in this study.

The general features observed with excess CO, are also
observed in the anthropogenic CO, distribution (Figure 8). The
range of values, however, extends up to 55 pmol kg™!. The maxi-
mum depth of the 5 pmol kg™! contour is approximately 1300 m at
around 40°S, only 200 m deeper than the maximum depth of the 5
pmol kg'! contour of excess CO,. The similarity in maximum pen-
etration depth between the 200 year and the 18 year anthropogenic
CO, accumulation, together with the wide range of depths covered
by the 5 pmol kg'! isoline, indicates that the primary pathway for
CO, to enter the ocean’s interior is from movement along isopyc-
nals, not simple diffusion or cross isopycnal mixing from the sur-
face. The 1300 m penetration results from the downwarping of the
isopycnals in the region of the Subtropical Convergence. Likewise,
the low anthropogenic CO, concentrations in the high-latitude
Southern Ocean result from the compression and shoaling of
isopycnal surfaces in that region. Although the complex oceanog-
raphy of the Southern Ocean may call into question some of the
assumptions regarding mixing and nutrient uptake ratios with these
techniques, both the time series excess CO, and the AC* anthropo-
genic CO, calculations clearly indicate that the anthropogenic CO,
concentrations south of approximately 50°S are relatively small.

The distribution of anthropogenic CO, determined in this study
is similar to the distribution presented by Chen and Chen [1989]
based on GEOSECS and INDIGO data. Although the penetration
depth at 40°S was slightly deeper than observed with this study
(1400-1600 m for the 5 pmol kg™! isoline), Chen and Chen also
observed a significant shoaling of the anthropogenic CO, isolines
toward the south. They suggest that anthropogenic CO, has only
penetrated a few hundred meters into the high-latitude (>50°S)

Southern Ocean.
There has been debate in the literature over recent years as to

the importance of the Southern Ocean as a sink for anthropogenic
CO, [e.g., Sarmiento and Sundquist, 1992; Keeling et al., 1989;
Tans et al., 1990]. Most of the recent data-based estimates, how-
ever, indicate a relatively small Southern Ocean sink [Poisson and
Chen, 1987; Murphy et al., 1991; Gruber, 1998; this study]. The
lack of observed anthropogenic CO, in the Southern Ocean is also
qualitatively consistent with AMC estimates which show no mea-
surable storage of bomb 14C in the Southern Ocean since GEO-
SECS [Leboucher et al., 1998; R. Key, unpublished data, 1998].
Recent studies by Bullister et al. [1998], which show evidence of
deep CFC penetration in the Southern Ocean, may appear to con-
tradict these low anthropogenic CO, estimates, but we believe it is
further evidence that one must be careful when inferring anthropo-
genic carbon distributions from other tracers. One possible expla-
nation of this apparent discrepancy may be the CFC equilibration
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Figure 7. Sections of excess CO, along (a) ~57°E and (b) ~92°E. Dots indicate sample locations used in sec-
tions. Note that I6S data along 30°E were brought into the line of section for contours south of 40°S in Figure

7a.

rate of days which is significantly faster than the CO, equilibration
time of months [e.g., England, 1995, Warner and Weiss, 1985;
Tans et al., 1990]. This can become an issue in the Southern Ocean
where upwelling and convection may allow the CFCs to equili-
brate to a greater extent than the CO,. Again, we acknowledge the
limitations of the methods used in the Southern Ocean, and it is
possible that the apparent discrepancy in the CFC penetration ver-
sus the CO, penetration may also be an issue of detection limits.
With a detection limit that is approximately 6 pmol kg'l, it is not
possible to say with this technique that the concentration of anthro-
pogenic CO, below 500 m at 60°S is zero. However, we can say
with some confidence that the concentration is not 10 pmol kg'1 or
greater. Since there is no natural oceanic source of CFCs and these
compounds are not biologically utilized, the ability to detect them
is much greater. If mixing has diluted the anthropogenic signal to
concentrations just below detection limits, it is possible that carbon
measurement based techniques would underestimate the Southern
Ocean sink.

The total anthropogenic CO, inventory for the main Indian
Ocean basin (north of 35°S) was 13.632 Pg C in 1995. The
increase in CO, inventory since GEOSECS was 4.1+1 Pg C for the
same area. This represents a nearly 30% increase in the past 18
years relative to the total accumulation since preindustrial times.
The relative oceanic increase is very similar to the 31% increase
observed in atmospheric concentrations over the same time period
[Keeling and Whorf, 1996]. This similarity suggests that the
oceans, at least for now, are keeping pace with the rise in atmo-
spheric CO,. Approximately 6.7+1 Pg C are stored in the Indian
sector of the Southern Ocean giving a total Indian Ocean inventory
(between 20° and 120°E) of 20.313 Pg C in 1995.

To put these results in a global perspective, the total inventory
for the Indian Ocean is only half that of the Atlantic (40+6 Pg C
[Gruber, 1998]), but it contains an ocean volume that is nearly
80% of the Atlantic. The main difference between the two oceans,
of course, is that the Indian Ocean does not have the high northern
latitude sink that the Atlantic has. The big unknown at this point is
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the anthropogenic inventory of the Pacific. With nearly 50% of the
total ocean volume the Pacific has the potential to be the largest
oceanic reservoir for anthropogenic CO,.

4. Comparison With Princeton Ocean
Biogeochemistry Model

Current IPCC anthropogenic estimates are primarily based on
global carbon models. Ultimately, these models are necessary to
predict the oceanic response to future climate scenarios. It is
important, however, to validate these models. One way to compare
results is to examine profiles of the average anthropogenic concen-
trations such as those shown in Figure 9. The model presented here
is the Princeton Ocean Biogeochemistry Model (OBM). The Prin-
ceton OBM is based on the circulation of Toggweiler et al. [1989]
with explicit parameterization for the biological and solubility car-
bon pumps [Sarmiento et al., 1995; Murnane et al., 1998]. On this
scale the model-based concentrations for both the total anthropo-
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genic CO, and the increase since GEOSECS appear to be reason-
ably consistent with the data. The primary difference is slightly
higher values at middepths in the data-based estimates. A more
detailed examination, however, indicates that the regional distribu-
tion of the model-based estimates is significantly different than the
data-based distribution. Figure 10 presents maps of the vertically
integrated excess CO, normalized to a unit area. The model shows
a consistent decrease in column inventory toward the north. The
lowest inventories in the data-based map are in a narrow band just
south of the equator. The highest values are found in the southeast-
ern Indian Ocean. Relatively high values are also observed in the
Arabian Sea in the regions near the Red Sea and the Persian Gulf.
The small patch of lower values immediately outside the Gulf of
Aden does not result from low concentrations but rather results
from the shallow water depth associated with the mid-ocean ridge
in that area. The low values east of there, however, do result from
lower concentrations near the southern tip of India. The total
model-based inventory for the region north of 35°S is approxi-
mately 0.61 times the data-based inventory (Table 4).

Depth (m)
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8

Depth (m)
g

60°S 40

20 0
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Figure 8. Sections of anthropogenic CO, along (a) ~57°E and (b) ~92°E. Dots indicate sample locations used

in sections.
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Figure 9. Profile of area weighted mean anthropogenic CO, concentrations for model (solid symbols) and

data-based (open symbols) estimates for main Indian Ocean basin (north of 35°S). Circles show increase since
GEOSECS (1978-1995). Triangles show total increase since preindustrial times.

Figure 11 shows maps of total anthropogenic CO, column
inventory. As with the excess CO,, the model predicts decreasing
anthropogenic concentrations north of 35°S. The data-based distri-
bution pattern is similar to the data-based excess CO, pattern with
a minimum inventory band south of the equator and higher values
toward the north and south. Similar to the findings with excess
CO,, the model-based anthropogenic inventory north of 35°S is
approximately 0.68 times the data-based inventory (Table 4). The
largest difference between the data-based results and the model is
evident, however, in the Southern Ocean (south of 35°S). In this
region the model anthropogenic inventory is nearly 2.6 times the
data-based inventory (Table 4). The primary reason for this differ-
ence is the presence of a large convective cell in the model at
approximately 55°S and 90°E in the Southern Ocean. This is a
region of intense, unrealistic convection which pumps relatively
high concentrations of anthropogenic CO, down in excess of 4000
m. This problem is a known shortcoming with the mixing scheme
used in several GCMs [e.g., England, 1995] but has never before
been quantified in terms of its direct effect on anthropogenic CO,
storage by the models. It is beyond the scope of this paper to exam-
ine the details of the model physics; however, this same general
trend of getting too much anthropogenic CO, into the Southern
Ocean has been observed in comparisons with three other global

carbon models with a range of mixing and advective schemes [C.
Sabine, unpublished results, 1998]. This cursory comparison with
the Princeton OBM clearly demonstrates the diagnostic usefulness
of comparing the data distributions with models.

5. Conclusions

Although the general techniques proposed by Gruber et al.
[1996] and Wallace [1995] can be important tools for estimating
global anthropogenic CO,, careful consideration must be used
when applying these techniques to new regions. Complicating fac-
tors such as those found in the Arabian Sea can influence the qual-
ity of the estimates if not properly addressed. An additional term
had to be added to the basic AC* calculation to account for denitri-
fication in the Arabian basin. For the excess CO, calculations a
categorical variable was used to remove regional biases in the
GEOSECS fit.

With the above mentioned modifications the anthropogenic
inventory of the Indian Ocean was shown to be relatively small,
approximately half of that found in the Atlantic. This study pro-
vides an important baseline for future studies of the Indian Ocean.
The calculations presented here suggest that the oceanic increase
in carbon storage (30%) has roughly kept pace with the atmo-
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Table 4. Summary of Data Based and Model Based Inventory
Estimates

Total Southern Main Basin Main Basin Increase
Anthro- Ocean Anthro- Excess since
pogenic  Anthro-  pogenic CO,X GEOSECS,
CO,%  pogenic CO,,x Pz C %
PgC co,P PgC
Pg C
Data 20.313 6.7%1 13.612 4.1%1 299
based
Model 26.7 17.4 9.3 2.5 26.7
based
*Area between 20°-120°E.
atitude is < 35°S.

XLatitude is > 35°S.

spheric increase (31%) over the past 18 years. Models predict that
this trend is likely to change as atmospheric CO, concentrations
continue to rise in the future [Sarmiento et al., 1995]. As more
CO; enters the ocean, the carbonate ion concentration will become
depleted. This will decrease the buffering capacity of the ocean
and its ability to continue carbon uptake at the current rate. Com-
parison of future survey cruises in the Indian Ocean with the
anthropogenic and total carbon values from this study will allow us
to document future changes in ocean chemistry and better under-
stand the oceanic response to global change.

Finally, comparison of the spatial distribution of the anthropo-
genic carbon can be a powerful tool for understanding the carbon
uptake of the models. The methods presented here provide a two-
point calibration for examining the response of the models to
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Figure 11. Maps of vertically integrated anthropogenic
CO, based on (a) data and (b) model estimates. Contours are
in mol m™2. Solid regions indicate land mask used for inven-
tory estimates. Thin lines in Figure 11b indicate land regions
used in Figure 11a.

observed atmospheric CO, increases. The anthropogenic CO, data
can also be subtracted from the TCO, measurements to provide an
estimate of the preindustrial TCO, distribution. Comparing these
estimates with the steady state model distributions can provide
insight into whether differences in the model and data-based
anthropogenic inventories result from problems with the uptake
parameterization or the basic physics and initialization parameters
of the model. This paper is just the first step in the interpretation of
the WOCE/JGOFS data set. Subsequent papers will analyze addi-
tional cruise data as they become available. Together, these analy-
ses will significantly improve our understanding of the global
carbon cycle.
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U.S. Woce Indian Ocean Survey:
Final Report for Radiocarbon

Robert M. Key and Paul D. Quay
July 12,2002

1.0 General Information

The U.S. WOCE Indian Ocean Survey consisted of 9 cruises covering the period Decem-
ber 1, 1994 to January 22, 1996. All of the cruises used the R/V Knorr operated by the Woods
Hole Oceanographic Institute. A total of 1244 hydrographic stations were occupied with radiocar-
bon sampling on 366 stations. The radiocarbon stations are shown as black dots in Figure 1. To
give an indication of the total radiocarbon coverage for the Indian Ocean, the figure includes
radiocarbon stations from WOCE sections S4I (Key, 1999; red dots) and 16S (Leboucher, et al.,
1999; white dots) and from the earlier GEOSECS (Stuiver and Ostlund, 1983; brown dots) and
INDIGO (Bard, et al., 1988; yellow dots) expeditions. Specific summary information on the 9

30°E 60° E 90° E 120° E

30°E 60°E 90°E 120°E

Figure 1: AMS '*C station map for WOCE S41.
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WOCE survey cruises is given in Table 1.

TABLE 1. Summary for Survey Sectiions

. Chief 14 14
Cruise L. Start End A . C|A°C
Scientist Stations|Samples
I8SI9S [M. McCartney|[12/01/94 [01/19/95 26 662
T. Whitworth |Fremantle |Fremantle
Australia [Australia
I9N A. Gordon 01/24/95 03/05/95 22 364
D. Olson Fremantle |Colombo
Australia |Sri Lanka
I8NISE |L. Talley 03/10/95 |04/15/95 20 414
M. Baringer |Colombo |Fremantle
Sri Lanka |Australia
13 W. Nowlin 04/20/95 |06/07/95 20 462
B. Warren Fremantle [Port Louis
Australia |Mauritius
I5WI4 [J. Toole 06/11/95 |07/11/95 15 361
Port Louis |[Port Louis
Mauritius |Mauritius
17N D. Olson 07/15/95 |08/24/95 22 373
S. Doney Port Louis |Muscat
D. Musgrave |Mauritius |Oman
11 J. Morrison  [08/29/95 |10/16/95 24 426
H. Bryden Muscat Singapore
Oman
110 N. Bray 11/11/95 |11/28/95 6 127
J. Toole Dampier |Singapore
Australia
12 G. Johnson 12/02/95 101/22/96 28 651
B. Warren Singapore |Mombasa
China Kenya

2.0 Personnel

Al*C sampling for cruise I8SI9S was carried out by Melinda Brockington (University of
Washington). Personnel for the remainder of the cruises came from the Ocean Tracer Lab (OTL

Princeton University) and included G. McDonald, A. Doerty, R. Key, T. Key, and R. Rotter. AC

(and accompanying 513 C) analyses were performed at the National Ocean Sciences AMS Facility
(NOSAMS) at Woods Hole Oceanographic Institution. R. Key collected the data from NOSAMS,

merged the files with hydrographic data, assigned quality control flags to the AC and submitted

the results to the WOCE office (4/02). R. Key is P.I. for the 14C data. P. Quay (U.W.) and A.

McNichol (WHOI/NOSAMS) are P.Ls for the 13C data. In addition to collecting samples the ship-

board 4C person was also responsible for operation of the underway pCO, system provided by

the OTL (Sabine and Key, 1997; Sabine, et al., 2000).
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3.0 Results

This A!*C data set and any changes or additions supersedes any prior release.

3.1 Hydrography

Hydrographic data from these cruises were submitted to the WOCE office by the chief sci-
entists and are described in various reports which are available from the web site
(http://whpo.ucsd.edu/data/tables/onetime/1tim_ind.htm).

3.2 Al4C

The A!*C values described here were originally distributed in the NOSAMS data reports
listed in Table 2 and given in full in the References . Those reports included results which had not
been through the WOCE quality control procedures. For WOCE applications, this report super-
sedes the NOSAMS reports.

TABLE 2. NOSAMS Data Report Summary

Cruise |Report
I8SI9S [99-089
I7N  |99-144
I9N

I1 99-199
I8N |00-218
I3 01-013
I5WI4

12 02-001

All of the AMS samples from these cruise have been measured using the AMS methods
outlined in Key et al., 1996 and citations therein (especially Mcnichol et al., 1994; Osborne et al.
1994; and Scheideret al. 1995). Table 3 summarizes the number of samples analyzed and the qual-
ity control flags assigned for each cruise. Approximately 98% of the samples collected were

deemed to be “good” (flagged 2 or 6). Quality flag values were assigned to all A'*C measure-
ments using the code defined in Table 0.2 of WHP Office Report WHPO 91-1 Rev. 2 section
4.5.2. (Joyce, et al., 1994). No measured values have been removed from this data set.

TABLE 3. Sample Analysis and QC Summary

Cruise | Samples QC Flag Totals
Analyzed 3 3 4 3 6

I8SI9S 662 636 6 8 0 12
I9N 368 354 4 3 4 3
ISNISE 416 401 6 0 2 7
I3 463 448 5 0 1 9
I5W14 366 342 3 1 5 15
I7N 383 370 3 0 10 0
I1 430 421 2 2 4 1
110 127 127 0 0 0 0
2 655 636 13 2 4 0
Total 3870( 3735 42 16 30 47
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4.0 Data Summary

Figures 2-6 summarize the AC data collected during the Indian Ocean survey. Only
A'¥C measurements with a quality flag value of 2 (“good”) or 6 (“replicate”) are included in the
figures. Figure 2 shows the A'C values with 20 error bars plotted as a function of pressure. The
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Figure 2: A¢ results shown with 20 error bars.

mid depth AC minimum which occurs around 2500 meters in the Pacific is not apparent in these
data. In fact, there is very little variation in the deep and bottom water other than the previously

reported decrease in A'C from south to north. All of the samples collected at a depth greater than

1000 meters have a mean A*C = -165.425%o (standard error = 0.5%o with n=2086). A substantial
fraction of this variability is due to the difference between the Southern Ocean and main basin
deep waters.

Figure 3 shows the deep (>1000m) AC values plotted against silicate. The black and red
points are from north and south of 35°S, respectively. The straight line shown in the figure is the
least squares regression relationship derived by Broecker et al. (1995) based on the GEOSECS

global data set. According to their analysis, this line (A*C = -70 - Si) represents the relationship

between naturally occurring radiocarbon and silicate for most of the ocean. They noted that the
technique could not be simply applied at high latitudes as confirmed by this data set.
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Figure 3: AC as a function of silicate for samples collected deeper than 1000m. The black points are from north
of 35°S and the red points south of 35°. The straight line shows the relationship proposed by Broecker, et al., 1995

(A14C = -70 - Si with radiocarbon in %o and silicate in [lmol/kg).
Figure 4 shows all of the radiocarbon values plotted against potential alkalinity (defined as

[alkalinity + nitrate]*35/salinity). The straight line is the regression fit (14C =-59-0.962(PALK -
2320) derived by Rubin and Key (2002) using GEOSECS measurements assumed to have no

bomb-produced A*C. The value 2320 is the estimated surface ocean mean potential alkalinity. As
with Figure 3 the black and red points in Figure 4 indicate measurements taken north and south of
35°8S, respectively. Unlike the silicate plot (Figure 3), there is no apparent difference in the rela-
tionship for Southern Ocean vs Indian Ocean deep waters. The distance a point falls above the
regression line is an estimate of the bomb radiocarbon contamination for the sample.

Figures 5-9 show gridded sections of the A'C data. In each figure the water column is
divided into upper (0-1000m) and lower (1000-bottom) portions. The data were gridded using the
loess method (Chambers et al., 1983; Chambers and Hastie, 1991; Cleveland,1979; Cleveland and
Devlin, 1988). The span for the fits was adjusted to be minimum and yet capture the large scale
features. The contour interval is 10%o for the upper water column and 20%o for intermediate and
deep water.

Figure 5 and Figure 6 show the meridional A'C distribution in the eastern and western
Indian Ocean. In both figures the distribution pattern is very similar to that seen in the Pacific
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Figure 4: Based on the potential alkalinity method (Rubin and Key, 2002), the samples which plot above the line

and have potential alkalinity values less than about 2400 lmole/kg are contaminated with bomb-produced l4c.

Ocean WOCE samples. In the Pacific the maximum AC values were frequently found in shal-
low water, but beneath the surface. In the Indian Ocean data a subsurface maximum is not so com-
mon. Both sections show intrusion of Circumpolar Deep Water from the south along the bottom
and return flow of deep water at 2000-3000m. As with the Pacifiic the middepth waters have the

lowest AC values, however the middepth Indian Ocean waters have significantly higher values
that corresponding Pacific waters. This pattern is consistent with a mean ageing of waters from
the Atlantic to Indian to Pacific.

Figure 7, Figure 8 and Figure 9 show zonal AC sections along the WOCE lines I1

(~10°N), I12(~8°S) and I3(~20°S). Except for the western ends, the A'™C contours in the upper
kilometer are relatively flat. In each section the deep waters of the western basins have somewhat

higher A*C than at the same depth in the eastern basins. The strength of this signal decreases
from south to north and is almost certainly due to the western basins having a higher fraction of
North Atlnatic Deep Water.

Figure 10 shows the meridional distribution of bomb produced Al4C (via Rubin and Key,
2002) in the eastern and western Indian Ocean. The eastern section used all WOCE samples col-
lected at depths less than 1000m and east of 85°E. The western section uses the same depth range,
but samples from west of 75°E. Both sections are contoured and colored in potential density space
rather against depth. One might expect a priori that the distributions would differ north of the
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Figure 6: A along 17 in the western Indian Ocean.

Ocean Tracer Laboratory; Technical Report 02-1



Depth (m
- 400 -200

- 600

- 800

-1000

50 60 70

Longi t ude

80

90

Depth (m
- 3000 - 2000 -1000

- 4000

-5000

Longi t ude

Figure 7: Al along I1 in the northern Indian Ocean.
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Figure 8: A along 12 in the southern tropical Indian Ocean.

Ocean Tracer Laboratory; Technical Report 02-1

B10



Depth (m
- 400 -200

- 600

- 800

-1000

50 60 70 80 90 100 110

Longi t ude

Depth (m
- 4000 - 3000 - 2000 -1000

- 5000

- 6000

50 60 70 80 90 100 110

Longi t ude

Figure 9: AMc along 13 in the southern subtropical Indian Ocean at approximately 20°S.
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equator due to the geography and difference in chemistry between the Bay of Bengal and Arabian
Sea. Perhaps unexpected is the fact that the distributions differ significantly as far as 40°S. In the

eastern section the maximum bomb A!*C values are found between 40°S and 20°S and more or
less uniformly from the surface down to the level where 0g~26.5. The western section has a max-

imum in the same latitude range but in this case the maximum occurs as a subsurface lens.
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Figure 10: Mean bomb-produced A sections in the eastern (A) and western (B) Indian Ocean, shown in
potential density space for samples from the upper 1000m.
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Figure 14: (A) AMC and (B) bomb-produced A"%Ccono 9=26.0
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Figure 17: (A) AMC and bomb-produced (B) AMc on 0g=27.1
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I01E * Morrison * R/V Knorr ¢ 1995

Data Processing Notes

Date Contact Data Type Action Summary
1998-02-04 | Anderson BTL/SUM Fixed line & expocode #s, & sta. dates
i0lesu.txt
Changed first header from R/V KNORR, 11, KN145, 11 to
R/V KNORR CR. KN145, LEG 12 WHP-ID I01E
Added time stamp
changed EXPOCODE from 316N145/11b to 316N145 12
changed WOCE SECT from I1 to I0O1E
latitude was not left justified, corrected this
deleted last record in file, it only had [
The following stations had the wrong date. The cast started before midnight and ended after
midnight according to the time but the date used was the same for the BE, BO, and EN event
codes.
Sta.# Event Original Changed to
Code Date Date
966 EN 093095 100195
987 EN 100795 100895
996 EN 100995 101095
1002 EN 101095 101195
ilb.sea
Changed first header EXPOCODE and WHP-ID to conform with .sum file.
EXPOCODE 31ka45 to 316N145 12, and WHP-ID WOCE to I01E.
Changed CRUISE DATES 082995-101695 to 093095-101695
Added time stamp
Deleted last record in file, in only had [
CHANGED FILE NAME TO i01ehy.txt
1999-08-02 Schwartz CTD Submitted for DQE
1999-08-02 | Schwartz Cruise Report Submitted
2002-01-08 | Mantyla BTL DQE Submitted
2000-06-19 | Kozyr CO2 Final Data Submitted
I have put the final/public CO2-related data files for the Indian Ocean WOCE Section [1W and I1E
to the WHPO ftp INCOMING area. There are two CO2 parameters in the files: Total CO2 and
Total Alkalinity with quality flags.
2000-08-03 | Bartolacci ‘ CTD ‘ ctd files for i0le and 101w split
Since the splitting of 101 into east and west lines, the ctd files for this cruise have remained as one
zip file containing all stations for both east and west lines. As per Lynne Talley, I have split the
east stations from the total zip file (stations 962-1014 according to the sumfile) and rezipped them.
They have replaced the original file which was renamed to indicate it contains all stations and
moved to the original directory.
2000-09-14 | Kappa Cruise Report cfc doc added to pdf file
2000-10-17 | Jenkins He/Tr Submitted ‘
Reformatting needed
2000-11-15 | Anderson ‘ HELIUM/NEON ‘ Converted to WOCE format
I have put the Jenkins helium and neon in WOCE format. There were no quality codes so I set the
HELIUM, DELHE3, and NEON to 2.
2001-01-04 | Anderson | CTDTMP/OXY/CTDOXY | Update Needed

Working on an updated copy of i0lehy.txt (ANDY ROSS.i0lehy.nut) from Andy Ross at OSU.
This is the same data as was previously on-line, but the nutrient data has been corrected for units
(previously uM/L, now uM/kg).

Before putting this file back on-line, need to fix a few other problems:
a) CTDTMP units are in ITS-68, should be ITS-90. All data need to be multiplied by 0.99976
to convert to ITS-90.




I101E « Morrison ¢ R/V Knorr ¢ 1995
Data Processing Notes

Need to update header.

b) OXYGEN and CTDOXY are in wrong units. Need to be converted from ml/l to uM/kg.
Need to update headers.
THIS NEEDS TO BE DONE FIRST, before converting CTDTMP to ITS-90.

¢) Formatting is incorrect for PO4, CFC11+12, OXYGEN and CTDOXY.

2001-01-22 | Anderson | TCARBN/ALKALI | Data reformatted

Converted CTDTMP from -68 to -90, changed header. Reformatted data columns in hyd file to
comply with WOCE specs. Removed FCO2 column and associated Quality code (was '1").

ALSO, changed the quality codes for previously merged ALKALI and TCARBN data from 'l' to
'2' where data is present.

Realized after making other conversions, also needed to convert Theta from ITPS-68 to ITS-90.
Used most up-to-date hyd file to make this conversion (multiplied all values by 0.99976).

2001-02-01 | Anderson ‘ HELIUM, DELHE3, NEON ‘ Data merged into BTL file

Merged TRITUM, TRITIER, HELIUM, HELIER, DELHE3, DELHER, NEON, NEONER from
Sarilee's reformateed data files into hyd file.

Data merged ok.

NOTE: There were two values submitted for 979/1/25 (sta/cst/samp)
TRITUM and TRITIER. Only merged first value into hyd file.

2001-02-01 | Anderson | TRITUM/TRITIER | Data merged into BTL file

Merged TRITUM, TRITIER, HELIUM, HELIER, DELHE3, DELHER, NEON, NEONER from
Sarilee's reformateed data files into hyd file.

Data merged ok.

NOTE: There were two values submitted for 979/1/25 (sta/cst/samp)
TRITUM and TRITIER. Only merged first value into hyd file.

2001-06-21 | Uribe | BTL | Exchange file online
Bottle exchange files was put online.

2001-06-27 | Uribe | CTD | Exchange file online
CTD exchange files were put online.

2001-09-18 | Wisegarver \ CFCs \ Submitted, update needed

This is information regarding line: I01E
ExpoCode: 316N145 12

Cruise Date: 1995/08/29 - 1995/09/28
From: WISEGARVER, DAVID

Email address: wise@pmel.noaa.gov
Institution: NOAA

Country: USA

The directory this information has been stored in is:
20010918.165552 WISEGARVER 101E

The format type is: ASCII

The data type is: BottleFile

The Bottle File has the following parameters:
CFC-11,CFC-12

The Bottle File contains:

CastNumber StationNumber BottleNumber SampleNumber
WISEGARVER, DAVID would like the data PUBLIC.

And would like the following done to the data: merge final dqe cfc's

Any additional notes are:
Submitted for D. Wyllie. CFC's on SIO98 Scale

2001-09-27 | Mantyla NUTs/S/O DQE Report Submitted

2001-12-26 | Uribe CTD Exchange file online

CTD has been converted to exchange using the new code and put online.




I101E « Morrison ¢ R/V Knorr ¢ 1995
Data Processing Notes

2002-01-08 | Hajrasuliha | CTD ' Internal DQE completed
created *check.txt file for the cruise created *.ps files for this cruise.

2002-01-08 | Anderson ‘ BTL ‘ Exchange file online
Made new exchange file and put online.

2002-01-08 | Anderson ‘ BTL/SUM ‘ DQ report online,

The .sea file with the results of Arnold Mantyla's data quality evaluation and QUALT?2 flags has
been put online.

Corrected a couple of error in the .sum file and put new file online.

Jerry Kappa has been sent the DQ report.

2002-02-28 | Bartolacci | CFCs | DQE'd data submitted

I have placed the updated dqe'd CFC data sent by Wisegarver in the following directory
...Jonetime/indian/i01/i01e/original/2001.09.18 101E CFC DQE WISEGARVER

included are data file and submission form README file. Data are in need of merging at this time.

2002-04-01 | Anderson | DELC13 _ Submitted

Date: Mon, 1 Apr 2002 09:49:35 -0800 (PST)

From: WHPO Website <http@odf.ucsd.edu>

To: dgerlach@whoi.edu, jrweir@whpo.ucsd.edu, whpo@ucsd.edu
Subject: WHPO DATA I01E: OTHER from GERLACH
This is information regarding line: I01E

ExpoCode:

Cruise Date: 1995/09/30 - 1995/10/16

From: GERLACH, DANA

Email address: dgerlach@whoi.edu

Institution: WHOI

Country: USA

The file: C:\My Documents\C13-project\whpo_indian_march02\whpo _i0le.txt - 2667 bytes
has been saved as: 20020401.094935 GERLACH I01E whpo i0le.txt
in the directory: 20020401.094935 GERLACH_IO1E

The data disposition is:

* Public

The file format is:

* Plain Text (ASCII)

The archive type is:

* NONE - Individual File

The data type(s) is:

* Other: flagged 13C data

The file contains these water sample identifiers:

* Cast Number (CASTNO)

« Station Number (STATNO)

* Bottle Number (BTLNBR)

GERLACH, DANA would like the following action(s) taken on the data:
* Merge Data

* Place Data Online

Any additional notes are:

* NOSAMS expocode affiliated with this line is: 316N145/11.

Any questions or concerns, please contact

* Dana Gerlach (dgerlach@whoi.edu) or

* Ann McNichol (amcnichol@whoi.edu).

2002-04-12 | Buck ' Cl4 | Submitted \

Moved data from /usr/export/ftp-incoming to i01/i01e/original/20020410 KEY I1 Cl4. It is a
CSV file and I added the following heading to it: #I01E/W,316N145 11-12,Key Data belongs to
both I0O1E and I01W.
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2002-08-13

Anderson | C13/C14/CO2/ALK/CFCs | Data Online \

Merged the DELC14 and C14ERR from Key, the DELC13 from Gerlach, the TCARBN and
ALKAL from Kozyr, and the CFCs from Wisegarver. Made new exchange file.

Merge notes for i01le:

Merged the DELC14 and CI4ERR from file 11.C14 found in /usr/export/ html-
public/data/onetime/indian/i01/i01e/original/20020410 KEY I1 C14 into the online file
20010927WHPOSIOSA.

Merged the DELCI3 from file 20020401.094935 GERLACH_IO1E whpo_i0le.txt found in
/usr/export/html-public/data/onetime/indian/i01/i01e/original/’20020401.094935 GERLACH _I01E
into the online file.

Merged the new TCARBN and ALKAKI from file ilecarb.dat found in /usr/export/ html-
public/data/onetime/indian/i01/i01e/original/2000.06.19 11 CARB_KOZYR into online file.

Merged the new CFC's from file:
20010918.165552 WISEGARVER 101E i0le CFC DQE.dat
found in /usr/export/html-public/data/onetime/indian/i01/i01e/original/’2001.09.18

I01E CFC DQE WISEGARVER into the online file.

2002-08-15

Anderson | He/Tr/Helium/Neon | Data Online |

Merged the DELHE3, DELHER, HELIUM, HELIER, NEON, NEONER, TRITIUM, and TRITER
from Jenkins. Made new exchange file.

Merge notes for i01le:

HE3, DELHER, HELIUM, HELIER, NEON, NEONER from file wihe.dat
found in
/usr/export/html-public/data/onetime/indian/i01/i01e/original/2000.10.17_I01E
TRITIUM_HELIUM_JENKINS into online file 20020813WHOPSIOSA.

Merged the TRITIUM and TRITER from file witrit.dat found in above directory into online file.
This merging had been done earlier by Stacey Anfuso but there is no rcs (at least I can't find it) and

the file she merged appears not to have been put online or somehow was replaced with a file that
did not have these parameters.

2002-10-05

Diggs \ BTL \ Units corrected

Fixed original WOCE formatted bottle file per Tim Boyer's (NODC/OCL) suggestions to me.

Units line:
This is the units line from i0le_hyl.csv:

DBAR,ITS-90,PSS-78,,PSS-78,,UMOL/KG,,UMOL/KG,,UMOL/KG,,UMOL/KG,,UMO
L/KG,, UMOL/KG,,PM/K,,G

PM/K,,G T,,U UMOL/K,,PERCNT,,G /MILL,,/MILLE, NMOL/KG,,E UMOL/K,,G
UMOL/K,,,/MILLE,;NMOL/KG,PERCNT,NMOL/KG,ITS-90, TU&#034;

Fixed units line, re-made HYD Exchange, NetCDF and inventories. Re-zipped all relevant files,
checked in JOA3.1 (OSX), copied files to DVD 3.0 online site as well. Tarballed inventory,
exchange, and NetCDF and sent to Shannon Niou of NODC for inclusion on the WOCE Version 3
DVD.
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2003-04-16 | Muus | CTDs/OXY/DELC13 | Data Online |

Merged DELCI13 decimal-2-data into bottle file. Merged new CTDPRS, CTDTMP, CTDSAL,
CTDOXY, THETA, SALNTY & OXYGEN from WHOI into bottle file.

Notes on IO1E merging  Apr 16, 2003 D. Muus

1. Changed all Helium and Tritium quality flag 1s associated with missing data to 9s.
2. Merged DELC13 from:
/usr/export/html-public/data/onetime/indian/i01/i01e/original/
20020401.094935 GERLACH_101E/20020401.094935 GERLACH I01E whpo i0le.txt

into current web bottle file (20021005SWHPOSIOSCD) to replace 1 decimal place data with 2
decimal place DELC13 data.

3. Merged CTDPRS, CTDTMP, CTDSAL, CTDOXY, THETA, SALNTY, & OXYGEN from:
Jane Dunworth, WHOI, email of March 24, 2004.
email data can be found in:
/usr/export/html-public/data/onetime/indian/i01/i01e/original/
2003.04.16.I01E_C13_CTDPTSO_SAL OXY_ MERGE MUUS/
dunworth.email030324.i01e.btldata

Prior to merging, ITS-68 CTDTMP and THETA were changed to ITS-90 using ITS-90 =
0.99976(1TS-68) and CTDOXY and OXYGEN changed from ml/l to UMOL/KG using cvuwoce
on minerva.ucsd.edu.

4.2001/01/23 ANFUSO, S. note in Data History. NUTRIENTS: Data was originally submitted in
uM/L units, PI recalculated and resubmitted in uM/kg units. Also, original submission of nitrate
data was actually nitrate nitrite. This error has been corrected in current data submission.

Nutrients unchanged this version since only small changes in CTD pressure, salinity and
temperature for samples with nutrient values.

5. Made new exchange file for Bottle data.
6. Checked new bottle file with Java Ocean Atlas.

2005-02-28 | Anderson | HELIUM/NEON | Data Online ‘

i0le and 101w

Found file ilhe.txt in .../indian/i01/i01/original/2000.10.04 11 BOTTLE. This file contains the
deep DELHE3, HELIUM, NEON, DELHER, HELIER, and NEONER for i01le and i01w.

I merged these parameters into the online files, and made new exchangeand netcdf files. There
were no Q1 or Q2 flags so I set them to 2.

2008-06-17 | Kappa \ Cruise Report \ Added C14 & CO2 reports & Data Processing Notes

Added 4 reports to pdf and text versions of cruise report:

1) Assessment of the quality of total inorganic carbon measurements

2) Assessment of the quality of the shipboard measurements of total alkalinity
3) Anthropogenic CO2 Inventory of the Indian Ocean

4) U.S. Woce Indian Ocean Survey: Final Report for Radiocarbon
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1998-02-04 | Anderson | BTL/SUM | Fixed line & expocode #s, & sta. dates

i01wsu.txt -

Changed first header from R/V KNORR, 11, KN145, 11 to:
R/V KNORR CR. KN145, LEG 11 WHP-ID I01W

Added time stamp

changed EXPOCODE from 316N145/11ato 316N145 11

changed WOCE SECT from I1 to I01W

latitude was not left justified, corrected this

The following records had the wrong date. The cast started before midnight and ended after
midnight according to the time but the date used was the same for the BE, BO, and EN event

codes.
Sta. # Event  Original Changed to
Code Date Date
857 BO 082995 083095
862 EN 083195 090195
880 EN 090695 090795
885 BO 090795 090895
885 EN 090795 090895
891 EN 090895 090995
897 EN 091095 091195
904 EN 091295 091395
911 BO 091495 091595
911 EN 091495 091595
915 BO 091595 091695
915 EN 091595 091695
927 EN 091895 091995
934 BO 092095 092195
934 EN 092095 092195
937 EN 092195 092295
944 EN 092395 092495
954 BO 092595 092695
954 EN 092595 902695
ila.sea

Changed first header EXPOCODE and WHP-ID to conform with .sum file.
EXPOCODE 31ka45 to 316N145 11, and WHP-ID WOCE to I01W.

Changed CRUISE DATES 082995-101695 to 082995-092895

Added time stamp

Deleted last record in file, it only had [

CHANGED FILE NAME TO i01why.txt

1998-09-16 | Morrison | CTD | Submitted \
Plots, unencrypt data for workshop, NO public distrib after workshop
1998-09-29 | Morrison | CTDOXY ' not yet submitted, \
50 stas have bad ctd 02. Bob Millard will take another look at them
1998-09-29 | Talley ‘ BTL ‘ Data Update: ‘

Following changes ftp'd to WHPO. Replace older HYD file with this one (OK'd by PI):

1. Combine i01e and i01w into one line: i01

2. Change expocode from 31ka45 to 316N145

3. Bottle flag for station 1005, 1, 23 at 349.7 dbar is 3 and salinity is 4.

It looks like all nutrients are bad here as well. 1 suggest that they all be flagged 4. Oxygen doesn't
look out of place, but maybe for consistency, it should be flagged 3.
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1998-12-22

Srinivasan | He/Tr Deep | Submitted  Preliminary, not for DQE

This is Ashwanth Srinivasan from Noble Gas Isotope Lab , RSMAS, Univ of Miami. We have
submitted four files, i7he.txt, i9he.txt and ilhe.txt and readme.he to the incoming directory at your
ftp site. These files contain tritium, helium and neon data from WOCE I7N, I9N and I1 cruises.
These data are preliminary and proprietary and the format is explained in the readme.he file. In
case of problems or questions please email to one of the following addresses:

Zafer Top: ztop@rsmas.miami.edu

Ashwanth Srinivasan: asrinivasan@rsmas.miami.edu

1999-04-06

Bartolacci SUM S.Anderson's (1998-02-04) updated files online

1999-05-25

Top He/Tr Deep Data are Public ‘

My helium-tritium data from IO legs I1-17N and I9N may now be made public . It should be kept
in mind though that we are working on the synthesis ; some modifications may occur. Also there

are some papers are in progress; interested parties should check with the tracer group (Schlosser,

Jenkins, Lupton, Top)

1999-06-30

Morrison | CTD/BTL/SUM | Submitted \

6/27/99

The WHOI processing programs could not handle 4 digit station numbers, therefore the processed
data as passed to me for final approval had files with station numbers 857 - 999 and 00 - 14. 1
changed the names of the CTD files and the stations numbers in the CTD, SEA and SUM files to
reflect the actual WOCE stations numbers: 857 - 1014.

John M. Morrison, Chief Scientist, WOCE 11

6/29/99

I have just placed the final, corrected data for WOCE Indian Ocean Leg I1 on your server. All of
the calibration documention is in the directory DOC. Sorry that this was not submitted sooner, but
I did not receive the data until last fall and was busy cleaning up JGOFS Indian Ocean and
Southern Ocean data for submission to the JGOFS database. As you can see, the WOCE I1 dataset
has some problems with the CTD data in that it was necessary to use Falmouth Scientific CTD's for
the cruise (all of the WOCE Neil Brown WHOI CTD's were not working when the ship left of the
WOCE Neil Brown WHOI CTD's were not working when the ship left Muscat, Oman.

Let me know if you have received this dataset.

1999-06-30

Morrison ‘ CTD ‘ Data are Final ‘

I have just placed the final, corrected data for WOCE Indian Ocean Leg I1 on your server. All of
the calibration documention is in the directory DOC.

As you can see, the WOCE 11 dataset has some problems with the CTD data in that it was
necessary to use Falmouth Scientific CTD's for the cruise (all of the WOCE Neil Brown WHOI
CTD's were not working when the ship left Muscat, Oman.

1999-07-26

Swartz CTD/DOC Data Update:

1999-09-29

Falkner BA Data Update:

The quality of the Ba data from most WOCE legs in the Indian Ocean turned out to be quite poor;
far worse than attainable analytical precision (+/-20% as opposed to 2%). We recorded many vials
which came back with loose caps and evaporation associated with that seems to be the primary
problem. The only hope I have of producing a decent data set is to run both Ba and a conservative
element simultaneously and then relating that to the original salinity of the sample. We will be
taking delivery on a high resolution ICPMS here at OSU sometime this winter which would make
the project analytically feasible and economical. I do not presently have the funds in hand to do
this and so have archived the samples for the time being. I don't think the WHPO would derive any
benefit from the present data set.

KKF

1999-12-22

Elder DELCl14 Radiocarbon Data Report Submitted

2002-01-08

Mantyla BTL DQE Submitted \ emailed by S. Anderson
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2000-03-27 | Morrison | CTD/BTL | Website Updated:  Status changed to Public

not hearing any decenting comments from my fellow PI's, I release the WOCE 11 data set to the
general public.

2000-05-01 | Warner | CFCs | Revised data to be merged, made public

I just uploaded the revised CFC data for WOCE I1. It should be made public once it is merged. I
have also included a report to be merged (eventually) into the metadata files.

2000-06-19 | Diggs | ALKALI/TCARBN | Submitted \

Bottle: (tcarbn, alkali) data file received in INCOMING. In perfect WHP format. Will be merged
asap. From Alex Kozyr I have put the final/public CO2-related data files for the Indian Ocean
WOCE Section I1W and I1E to the WHPO ftp INCOMING area. There are two CO2 parameters in
the files: Total CO2 and Total Alkalinity with quality flags. Please confirm the data submission.

2000-08-02 | Kappa Cruise Report pdf, txt docs online; need cfc report

2000-08-03 | Bartolacci CTD ctd files for i0le and 101w split

Since the splitting of 101 into east and west lines, the ctd files for this cruise have remained as one
zip file containing all stations for both east and west lines. As per Lynne Talley, I have split the
east stations from the total zip file (stations 962-1014 according to the sumfile) and rezipped them.
They have replaced the original file which was renamed to indicate it contains all stations and
moved to the original directory.

2000-08-12 | Ross | SAL/NUTS/NITRAT | Data Update: \

Per your request - I've attached i0why.nut and i01ehy.nut files containing nutrient data in the units
of umol/kg. The original I0O1WHY .txt and I01EHY .txt files that contained nutrient data in
umol/liter units were downloaded from the WOCE program office sites:
http://whpo.ucsd.edu/data/onetime/indian/i01/i01e/index.htm and
http://whpo.ucsd.edu/data/onetime/indian/i01/i01w/index.htm and were used as the data sources.
The attached files are in text format.

For your records, in the conversion process the bottle salinity values were used to determine
sample density along with the mean laboratory temperature for each leg as determined from our
nutrient analysis notes. When a bottle salinity value was unavailable, the corresponding CTD
salinity value was used. The mean lab temperature for [01W was 250C and 260C for I01E.

An important note:
We also realized that the nitrate in the original files was in fact nitrate+nitrite. This has also been
corrected in the new file versions that are attached.

2000-09-07 | Huynh Cruise Report cfc report added to txt version; pdf pending
2000-09-14 | Kappa Cruise Report cfc doc added to pdf file
2000-10-04 | Uribe BTL Found data newer than file online

Bottle Moved file i01hy.txt from incoming file in /usr/export/. Website indicated i01e was
equivalent to i01w. File stamp is WHPOSIO19980928LDT. Online stamp is
WHPOSI019980204SA. This indicates file data to be more recent than online version. Path is
i01/i01e/original/1998.09.28 HY LDT.

2000-10-17 | Jenkins ‘ TRITUM ‘ Preliminary Data Submitted

*Files for Tritium Data:

WOCE Indian Ocean = WITrit.dat Contains all legs

WOCE Pacific P10 = WP10Trit.dat

WOCE Pacific P13 = WP13Trit.dat

WOCE Pacific P14c = WP14cTrit.dat

WOCE Pacific P18 = WP18Trit.dat

WOCE Pacific P19 = WP19Trit.dat

WOCE Pacific P21 = WP21Trit.dat

SAVE South Atlnt = SAVETrit.dat
*Column Layout as follows: Station, Cast, Bottle, Pressure, Tritium, ErrTritium
*Units as follows: Tritium and ErrTritium in T.U.
*All data are unfortunately still preliminary until we have completed the laboratory
intercomparision and intercalibration that is still underway.
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2000-10-17 | Jenkins | HELIUM/DELHE3 | Preliminary Helium, DelHe3, Neon Submitted
*Files for Helium and Neon Data:
WOCE Indian Ocean = WIHe.dat Contains all legs
WOCE Pacific P10 = WP10He.dat
WOCE Pacific P18 = WP18He.dat
WOCE Pacific P19 = WP19He.dat
WOCE Pacific P21 = WP21He.dat
* Column Layout as follows:
Station, Cast, Bottle, Pressure, Delta3He, ErrDelta3He, ConcHelium, ErrConcHelium,
ConcNeon, ErrConcNeon
* Units as follows:
Delta3He and ErrDelta3He in %
ConcHelium, ErrConcHelium, ConcNeon, and ErrConcNeon in nmol/kg
* Null values (for ConcNeon and ErrConcNeon only ) =-9.000
* All data are unfortunately still preliminary until we have completed the laboratory
intercomparision and intercalibration that is still underway.
*Files for Helium and Neon Data:
WOCE Indian Ocean = WIHe.dat Contains all legs
WOCE Pacific P10 = WP10He.dat
WOCE Pacific P18 = WP18He.dat
WOCE Pacific P19 = WP19He.dat
WOCE Pacific P21 = WP21He.dat
* Column Layout as follows:
Station, Cast, Bottle, Pressure, Delta3He, ErrDelta3He, ConcHelium, ErrConcHelium,
ConcNeon, ErrConcNeon
* Units as follows:
Delta3He and ErrDelta3He in %
ConcHelium, ErrConcHelium, ConcNeon, and ErrConcNeon in nmol/kg
* Null values (for ConcNeon and ErrConcNeon only ) =-9.000
* All data are unfortunately still preliminary until we have completed the laboratory
intercomparision and intercalibration that is still underway.
2000-11-08 | Anderson | HELIUM/NEON | Reformatted by WHPO
I have put the Jenkins helium and neon in WOCE format. There were no quality codes so I set the
HELIUM, DELHE3, and NEON to 2.
2000-11-13 | Anderson | TRITUM " Reformatted by WHPO
I have put the Jenkins tritium data into WOCE format. There were no quality codes so I set the
TRITUM to 2.
2000-11-21 | Anfuso ' NUTs | Update Requested \
Dear Dr. Gordon, We are reviewing all data submitted to WHPO for the Indian Ocean WOCE
cruise lines and would like to request that you resubmit the nutrient data for I0O1E/I01W in uM/Kg
units. The current data submission indicates the nutrient values are in uM/L units.  All other
nutrient data submissions from you research group for the Indian Ocean WOCE lines indicate the
data have been submitted in uM/Kg units.
2000-11-27 | Uribe | He/Tr Shallow | Data Update: \

Files tritfrmt.txt, savetrit.dat, witrit.dat, heformat.txt and wihe.dat were moved from Jenkins'
original data directory. witrit.dat contians tritium data for the indian cruises. wihe.dat contains
helium data for indian cruises. These files contain original data that was later re-formatted by S.
Anderson. Files received by Jenkins on October 17th, 2000.
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2001-01-23

Anfuso ' BTL _ Website Updated: | BTL file reformatted

Bottle: (ctdtmp, ctdoxy, theta, oxygen, silcat, nitrat, nitrit, phspht, tcarbn, alkali)

NUTRIENTS: Data was originally submitted in uM/L units, PI recalculated and resubmitted in
uM/kg units. Also, original submission of nitrate data was actually nitrate nitrite. This error has
been corrected in current data submission.

CTDOXY & OXYGEN: Data was originally in ml/l, Sarilee converted to uM/kg.

FCO2: Removed this data column and associated quality flag. All data values were -9.0.
CTDTMP & Theta: Converted data from ITPS-68 to ITS-90.

TCARBN & ALKALI: Changed quality flag from 1 to 2 where data exists.

2001-02-01

Anfuso | He/Tr/Shallow . Website Updated: | Data Online

Bottle: (tritum, helium, delhe3, neon, triter, helier, delher, neoner)

Merged TRITUM, TRITER, HELIUM, HELIER, DELHE3, DELHER, NEON, NEONER data
into hyd file. Updated hyd file is on-line.

NOTE: The following NEON data (sta/cst/samp) had a -9.000 data value, with a -
0.045NMOL/KG NEONER value. This doesn't make sense. Assumed samples were never drawn,
NEONER value changed to -9.000.

866/1/28,26,24,22,21; 873/1/9; 874/1/2

Also, the following TRITUM and TRITIER had duplicate data values submitted, only merged first
value into hyd file: 880/1/9;885/1/1;945/1/1;951/1/21

2001-02-05

Anfuso | HE/TR/NEON _ Website Updated: | Data merged into BTL file

Merged TRITUM, TRITIER, HELIUM, HELIER, DELHE3, DELHER, NEON, NEONER from
Sarilee's reformateed data files into hyd file.

Data merged ok.

NOTE: The following NEON data (sta/cst/samp) had a -9.000 data value, with
a-0.045SNMOL/KG NEONER value. This doesn't make sense. Assumed
samples were never drawn, NEONER value changed to -9.000.

866/1/28, 26,24, 22,21; 873/1/9; 874/1/2
Also, the following TRITUM and TRITIER had duplicate data values submitted,

only merged first value into hyd file:
880/1/9;885/1/1;945/1/1;951/1/21

2001-02-06

Anfuso | ALKALI/TCARBN | Website Updated: | Data Online

Merged updated TCARBN and ALKALI data and quality codes into hyd file. Merged over
preliminary version of data. Updated hyd file is on-line. Merging notes are in original subdir
2000.06.19 101W_CARB _KOZYR/00_ Readme.

2001-02-07

Mantyla | NUTs/S/O ' DQE Begun \

Sure, I would be glad to look over the Indian Ocean data for you. Sarilee has started plotting up 101
for me to start on.

2001-06-21

Uribe ‘ BTL ‘ Website Updated: ‘ Exchange file online

Bottle exchange file was put online.

2001-06-22

Muus He/Tr Deep _ Submitted/not on web |

I01E,J01W Z. Top deep helium/tritium received May 25, 1999 not on web.
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Data Processing Notes

2001-08-23

Mantyla \ OXYGEN \ Decimal correction needed

I took another look at the exchange format for I 01E. The nutrient conversion back to UM/L appear
to be OK, I had misread one station. However, the O2 data, listed as ML/L, should carry two more
decimal places. The conversion is going from a 4 significant firure to only 2.

What is supposed to be listed under the depth column? Since it appears with each sample and is
next to the CTD pressure, I would assume that the sample depth would be listed there. However,
what is showing up is the bottom sounding for every sample.

At 08:55 AM 8/23/01 -0700, James H. Swift wrote: WHPO - Would someone kindly create a new
bottle exchange file for IO1E (316N145_12). There is a clear problem with the oxygens and
nutrients in the present exchange file on line for this cruise (i0le_hyl.csv) and I want to see if it
goes away when we create a new file.

2001-08-29

Top ' NEON _ Website Updated:  Status Changed to Public

Zafer - Is it safe to assume that all WOCE One-Time Survey neon data from you are now public?
Jim Yes they are. Zafer

2001-11-01

Mantyla NUTSs/S/O DQE Report Submitted

2001-12-17

Hajrasuliha | CTD/BTL Internal DQE completed

The following are results from the examminer.pl and plotter.pl code that were run on this cruise.
Not all of the errors are reported but rather a summery of what was found. For more information
you can go to the cruise directory, and look at the NEW file called CruiseLine check.txt. Two plot
files are also present. oxy.ps and sal.ps _oxy.ps and _sal.ps files created. Exchange CTD file
not created for this cruise.

2001-12-26

Uribe ‘ CTD ‘ Website Updated: ‘ Exchange file online

CTD has been converted to exchange using the new code and put online.

2002-01-08

Anderson ‘ BTL ‘ Website Updated: ‘ Exchange file online

Made new exchange file and put online.

2002-01-08

Anderson ‘ BTL/SUM ‘ Website Updated: ‘ DQ report online,

The .sea file with the results of Arnold Mantyla's data quality evaluation and QUALT? flags has
been put online.

Corrected a couple of error in the .sum file and put new file online.

Jerry Kappa has been sent the DQ report.

2002-02-28

Bartolacci \ CFC's \ DQE'd data submitted \ Data ready to be merged

I have placed the updated dqed CFC data sent by Wisegarver in the following

directory .../onetime/indian/i01/i01w/original/

2001.09.18 101W_CFC_DQE_WISEGARVER included are data file and submission form
README file. Data are in need of merging at this time.

2002-04-01

Gerlach | Submitted \

Date:  Mon, 1 Apr 2002 09:51:17 -0800 (PST)

From: WHPO Website <http@odf.ucsd.edu>

To: dgerlach@whoi.edu, jrweir@whpo.ucsd.edu, whpo@ucsd.edu
Subject: WHPO DATA I01W: OTHER from GERLACH

This is information regarding line: [01W

ExpoCode: 316N145/11

Cruise Date: 1995/08/29 - 1995/10/16
From: GERLACH, DANA
Email address:  dgerlach@whoi.edu
Institution: WHOI
Country: USA

The file: C:\My Documents\C13-project\whpo_indian_march02\whpo i01w.txt - 8503 bytes
has been saved as: 20020401.095117_GERLACH_I101W_whpo_i01w.txt

in the directory: 20020401.095117 GERLACH_I101W

The data disposition is: ~ Public

The file format is: Plain Text (ASCII)




101W « Morrison ¢ R/V Knorr ¢ 1995
Data Processing Notes

The archive type is: NONE - Individual File

The data type(s) is: Other: flagged 13C data

The file contains these water sample identifiers:
Cast Number (CASTNO)
Station Number (STATNO)
Bottle Number (BTLNBR)

GERLACH, DANA would like the following action(s) taken on the data:
Merge Data

Place Data Online
Any additional notes are:
Questions or concerns, please contact:
Dana Gerlach (dgerlach@whoi.edu) or
Ann McNichol (amcnichol@whoi.edu)

Date:  Mon, 1 Apr 2002 10:36:36 -0800 (PST)

From: WHPO Website <http@odf.ucsd.edu>

To: dgerlach@whoi.edu, jrweir@whpo.ucsd.edu, whpo@ucsd.edu
Subject: WHPO DATA 101W: DOC/OTHER from GERLACH

This is information regarding line: 101W

ExpoCode: 316N145/11

Cruise Date: 1995/08/29 - 1995/10/16
From: GERLACH, DANA
Email address:  dgerlach@whoi.edu
Institution: WHOI
Country: USA

The file: C:\My Documents\C13-project\whpo_indian march02\i0lw_desc.txt - 259 bytes
has been saved as: 20020401.103636_GERLACH_I01W _i01w_desc.txt

in the directory: 20020401.103636 GERLACH_I01W

The data disposition is: ~ Public

The file format is: Plain Text (ASCII)
The archive type is: NONE - Individual File
The data type(s) is: Documentation\n Other:

flagged 13C replicate data
The file contains these water sample identifiers:

Cast Number (CASTNO)

Station Number (STATNO)

Bottle Number (BTLNBR)
GERLACH, DANA would like the following action(s) taken on the data:

Other: use as reference
Any additional notes are:

This description file lists the individual flags for the
replicate values. \n It is a detailed listing of those
stations which have c13f = 6.

2002-04-10 | Key ' Cl4 | Submitted \

The file: 11.C14 - 87908 bytes has been saved as:
20020410.072032_KEY ALL&#x2020;INDIAN&#x2020;0CEAN 11.C14
in the directory: 20020410.072032 KEY ALL&#x2020;INDIAN&#x2020;0CEAN

The data disposition is: Public

The bottle file has the following parameters: STATION, CAST, BOTTLE, DELC14, C14ERR,
C14F

The file format is: Plain Text (ASCII)

The archive type is: NONE - Individual File

The data type(s) is: Bottle Data (hyd)
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The file contains these water sample identifiers: Cast Number (CASTNO), Station Number
(STATNO), Bottle Number (BTLNBR)

KEY, ROBERT would like the following action(s) taken on the data: Merge Data, Place Data
Online, Update Parameters

Any additional notes are: I've included the C14 from the French occupation of 16S. All files are
same format. Tool does not accept mput syntax

2002-08-14

Anderson | BTL | C13/C14/Data Online

Merged DELC14 and C14ERR from Key, DELC13 from Gerlach, TCARBN adn ALKALI from
Kozyr, and CFCs from Wisegarver. Made new exchange file.

Merge notes for i01w:

Merged the DELC14 and C14ERR from file I1.C14 found in /usr/export/ html-
public/data/onetime/indian/i01/i01w/original/20020410 KEY I1 C14 into the online file
20011026 WHPOSIOSA.

Merged the DELC13 from file 20020401.095117 GERLACH_I01W_whpo_i01w.txt found in
/usr/export/html-public/data/onetime/indian/i01/i01w/original/20020401.095117
GERLACH _I01W into the online file.

Merged the new TCARBN and ALKAKI from file ilwcarb.dat found in /usr/export/
html-public/data/onetime/indian/i01/i01w/original/2000.06.19 101W_CARB_KOZYR into online
file.

Merged the new CFC's from file

20010918.165933 WISEGARVER 101W _i0lw_CFC DQE.dat

found in /usr/export/html-public/data/onetime/indian/i01/i01w/original/2001.09.18
101W_CFC_DQE_WISEGARVER into the online file.

2002-08-15

Anderson ‘ He/Tr/Neon ‘ Website Updated: ‘ Data Online

Merged the DELHE3, DELHER, HELIUM, HELIER, NEON, NEONER, TRITIUM, and TRITER
from Jenkins. Made new exchange file.

Merge notes for i01w:

Merged the DELHE3, DELHER, HELIUM, HELIER, NEON, NEONER from file

wihe.dat found in

/usr/export/html-
public/data/onetime/indian/i01/i01w/original/2000.10.17_101w_TRITIUM_HELIUM _JENKINS
into online file 20020814WHOPSIOSA.

Merged the TRITIUM and TRITER from file witrit.dat found in above directory into online file.
This merging had been done earlier by Stacey Anfuso (2001/02/01) according to the rcs, but the

file she merged appears not to have been put online or somehow was replaced with a file that did
not have these parameters.
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2003-04-11

Muus ‘ CTD/C13 ‘ Website Updated: ‘ Data merged into BTL file

Merged DELC13 decimal-2-data into bottle file. Merged new CTDPRS, CTDTMP, CTDSAL,
CTDOXY, THETA, SALNTY & OXYGEN from WHOI into bottle file. Changed some quality
flags per WHOI notes and results of Java Ocean Atlas check. Notes file sent to Jerry with details.

Notes on I01W merging  Apr 11,2003  D. Muus

1. Merged DELC13 from:
/usr/export/html-public/data/onetime/indian/i01/i0 1w/original/
20020401.095117 GERLACH_101W/20020401.095117 GERLACH_101W _
whpo_i01w.txt
into current web bottle file (200208 15WHPOSIOSA)
to replace 1 decimal place data with 2 decimal place DELC13 data.
2. Changed all Helium and Tritium quality flag 1s associated with missing data to 1s.
3. Replaced all BTNNBR, CTDSAL & CTDOXY quality flags with new flags received
March 24, 2003, from Jane Dunworth, WHOI
4. Changed flag 1s for Station 863 to 4s per WHOI message:
From jdunworth@whoi.edu Tue Mar 25 06:21:13 2003 found this is in the cruise
summary info. it seems like this cruise had serious problems with calibration and
instrumentation issues. you might want to change the ctdsal & ctdoxy flags to 3
(questionable) or 4 (bad) for sta 863.

STATION 863 Made the internally recording (IR) backup CTD, CTD 1338, the primary data for
the station instead of CTD 9. CTD9's oxygen and salinity in the down profile were bad due to noisy
pressure requiring heavy interpolation. ICTD 1338 data was used to make the down 2-db file.

CTD 9's info was left with the bottle file. There were problems makeing the bottle file from the IR
CTD. Note, there are different up and down cals!, one for CTD1338, the other for CTD9.

Following note also found in Documentation: Station 863: CTD9 with ICTD1338 in Memory
mode. After Test station for CTD9, CTD 9 opened and found dessicant packs to be caught btw
boards, causing components on board to short out. Thought was fixed, but everything dropped out
twice during this station. -USE ICTD1338 DATA FOR THIS STATION

5. Merged CTDPRS, CTDTMP, CTDSAL, CTDOXY, THETA, SALNTY, & OXYGEN
from: Jane Dunworth, WHOI, email of March 24, 2004.
email data can be found in:
/usr/export/html-public/data/onetime/indian/i01/i01w/original/
2003.04.08.101W_C13_CTDPTS_SAL OXY_MERGE MUUS/
dunworth.email030324.i01w.btldata

Prior to merging, ITS-68 CTDTMP and THETA were changed to ITS-90 using ITS-90 =
0.99976(1TS-68) and CTDOXY and OXYGEN changed from ml/l to UMOL/KG using cvuwoce
on minerva.ucsd.edu.

6. Station 863 Sample 36 was deleted because CTDTMP & CTDSAL =0 at 16 N
Latitude surface.
STNNBR 863 CTDPRS 2.4 SALNTY 35.6305 NITRIT 0.63
Remaining parameters -9
CASTNO 1 CTDTMP 0.0029 OXYGEN 201.3 PHSPHT 1.24
SAMPNO 36 CTDSAL 0.0000 SILCAT 7.81 CFC-11 1.864
BTLNBR SIH024 CTDOXY 3584 NITRAT 14.10 CFC-12 1.055
7.2001/01/23 ANFUSO, S. note in Data History.
NUTRIENTS: Data was originally submitted in uM/L units, PI recalculated and
resubmitted in uM/kg units. Also, original submission of nitrate data was actually
nitrate nitrite. This error has been corrected in current data submission.
Nutrients unchanged this version since only small changes in CTD pressure, salinity
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and temperature for samples with nutrient values.
8. Following CTDSAL and CTDOXY values differ from bottle values. QUALT1 was 2.

Sta/Ca/Smp CTDPRS Bottle - CTD Changed QUALT2 to:
Salt Oxygen

890/1/1 2195.7db No Btl S, No Btl o2 CTDOXY 4

/2 2195.2 No CTD S, No CTD o2
Smpl - Smp?2 ok 51.8 UMOL/KG

900/1/10 298.9 2.93 PSU ok CTDSAL 4
/11 273.4 0.36 ok CTDSAL 4
/12 248.6 0.24 ok CTDSAL 4
/13 224.1 0.24 ok CTDSAL 4

901/1/6 1002.3 1.02 ok CTDSAL 4
/7 903.2 0.26 ok CTDSAL 4
/8 808.0 1.08 ok CTDSAL 4
/11 498.1 1.04 ok CTDSAL 4
/12 403.9 1.02 ok CTDSAL 4
/14 253.4 1.48 ok CTDSAL 4

902/1/4 1799.4 1.25 ok CTDSAL 4

No changes were made to quality flags of other parameters for these samples but conversions from
/liter to /kg are suspect.

9. Made new exchange file for Bottle data.
10. Checked new bottle file with Java Ocean Atlas.

2004-02-13

Anderson \ CTD \ CTD files updated/ WOCE formatted/Online

Sharon Escher noted that the value in the RECORDS= field was sometimes incorrect. In checking
this I discovered that almost every station had "Z as the last record. A few stations also had a
record at the end that just had zeros except for the QUALT] field, which had values. I deleted
these records and corrected the value in the RECORDS= field when necessary.

Station 899 data between 4583.0 and 4653.0db was repeated at the end. I deleted the
duplicate levels.

Station 941 had a date of 092295 in the ctd file, and 092395 in the.sum file. I changed
the ctd file to agree with the sum file.

Oxygen was in ml/l. I converted to umol/kg.
Station 870 and 871 had negative oxygens that I changed to 0.00 re J. Swift.
PRESS OXYGEN
Sta. 870 25.0  -0.407
27.0  -0.439

29.0 -0.236
Sta. 871 33.0  -0.260

Changed file names from xxx.CTD to i01wxxxx.wct.

Had to remove COR DEPTH from .sum header in order to get the exchange program to
work.

2005-01-10

Key ' DELC14 | Report Submitted covers 9 Indian Ocean cruises

The U.S. WOCE Indian Ocean Survey consisted of 9 cruises covering the period December 1,1994
to January 22,1996.All of the cruises used the R/V Knorr operated by the Woods Hole
Oceanographic Institute. A total of 1244 hydrographic stations were occupied with radiocarbon
sampling on 366 stations.
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2005-02-18

Anderson | HELIUM/NEON _ Website Updated: | Data online

i0le and 101w

Found file ilhe.txt in .../indian/i01/i01/0riginal/2000.10.04 11 _BOTTLE. This file contains the
deep DELHE3, HELIUM, NEON, DELHER, HELIER, and NEONER for i01e and i01w.

I merged these parameters into the online files, and made new exchangeand netcdf files. There
were no Q1 or Q2 flags so I set them to 2.

2005-05-06

Anderson \ CTD \ sta 882 O2 changed to umol/kg

As noted by Sharon Escher, sta. 882 was missing from the ctd stations. I converted the oxygen to
umol/kg on sta 882, added it to the ctd .zip file, made new exchange and netcdf files and put all
files online.

2005-05-11

Reid | NUTSs | Update Needed  various anomolies

I've finally had a chance to look at the Indian Ocean (I11W) data.

We noted in our cruise report that Niskin 7 at Stn 910 was an obvious leaker and that the nutrients
were flagged as 4. I'm pretty sure that's the 3793 dbar bottle.

I don't know why the nutrients aren't flagged, as my notes say they were.

Re the odd deep nutrients at Stn 859: The original at-sea calculation of those nutrients was made
incorrectly, using the wrong values for the standard concentrations. They were recalculated post-
cruise and look as though they will fit within the envelopes of the property plots from the other

Red Sea stations. Again, I don't know why the corrected version wasn't part of the final data set.

I will dig out or create a digital version of stn 859 and send it to you, hopefully before the end of
the week.

2005-05-11

Reid \ NUTs \ Follow-up on previous note

I found our Zipped data files and will attach a text file with the data from I1W Stn 859. The
nutrient data matches the paper listing of the recalculated version that I found yesterday.

Could you let us know if this version agrees with the other Red Sea data? (It looks like it will.)
Once I hear from you, I'll send the correct data to the WHPO and others.

2005-06-13

Anderson | NUTs | WOCE/Exchange/NetCDF files onlie

i0lw 316N145 11 Made changes to SILCAT, NITRAT, NITRIT, and PHSPHT on sta. 859 re
Joe Jennings. Put corrected file online, made new exchange and netcdf files.

2008-06-17

Kappa \ Cruise Report Added C14 & CO2 reports & Data Processing Notes

Added these WOCE/CCHDO Data Processing Notes

Added 4 reports to pdf and text versions of cruise report:

1) Assessment of the quality of total inorganic carbon measurements

2) Assessment of the quality of the shipboard measurements of total alkalinity
3) Anthropogenic CO2 Inventory of the Indian Ocean

4) U.S. Woce Indian Ocean Survey: Final Report for Radiocarbon





