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C e l e b r at i n g 5 0 Y e a r s o f t h e
In t e r g o v e r n m e n ta l Oc e a n o g r a p h i c C o m m i s s i o n

By An d r e w G . D i c k s o n

Standards for
Ocean Measurements
Abstr ac t. The Intergovernmental Oceanographic Commission (IOC) has
been involved for 50 years in promoting the close coordination needed to ensure
comparability of oceanographic measurements. In particular, IOC played a key role
in encouraging the development of chemical standards and reference materials for
oceanic measurements. This paper briefly reviews this history, and also the early work
of the author’s laboratory in producing reference materials for oceanic carbon dioxide
measurements. The success of the latter program in improving the state of the art of
such measurements encouraged others to develop, produce, and distribute additional
reference materials for dissolved organic carbon, trace metals, and nutrients. The
widespread use of these various reference materials is playing a significant role in
ensuring the comparability of ocean data from a variety of laboratories, thus enabling
the data to be put to use in global studies.
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Introduction
The earliest chemical standard for ocean measurements
was the so-called Copenhagen Normal Water (later to
become Copenhagen Standard Seawater) introduced
by Martin Knudsen working at the Hydrographic
Laboratory of the Danish Commission for Marine
Research under the auspices of the International Council
for the Exploration of the Sea (ICES). It was he who
proposed the idea of a single standard to be used by
all laboratories for salinity determination, and who
agreed in 1908 to accept responsibility for the production, analysis, and distribution of this standard, which
he did until his retirement in 1948 (Knudsen, 1925;
Culkin, 1978). Before retiring, Knudsen proposed that
the International Association for Physical Oceanography
(IAPO), which became the International Association for
the Physical Sciences of the Oceans (IAPSO) in 1967,
assume the responsibility for operating the Standard
Seawater Service. The organization agreed, and the
Service remained in Copenhagen under the leadership of
Frede Herman until he too retired in 1974. It continues
to this day in the United Kingdom where it was first
transferred to the Institute of Ocean Sciences (directed
by Fred Culkin), and subsequently in 1989 to a private
company, Ocean Scientific International Ltd, which
produces, analyzes, and distributes IAPSO Standard
Seawater (http://oceanscientific.com). It is experience
with this Standard Seawater that has influenced academic
oceanographers’ views of standards for ocean measurements. This article focuses on efforts to provide standards
for oceanic carbon dioxide measurements, initially for
expeditions aimed at documenting the role of the ocean
in taking up anthropogenic CO 2 from the atmosphere
(see also Sabine et al., 2010, in this volume).
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Role of the
Intergovernmental
Oceanogr aphic
Commission
The Intergovernmental Oceanographic
Commission (IOC) of the United
Nations Educational, Scientific and
Cultural Organization (UNESCO) was
founded, at least in part, upon the need
to understand ocean carbon and the
recognition that this was a project that
must be addressed at an international
and intergovernmental level. At a planning meeting in La Jolla, California,
in March 1960, Roger Revelle stated
(IOCCP, 2005):
Scientific problems that require nearly
simultaneous observations over a
wide area or over the entire ocean also
demand international co-operation
in taking the observations, and close
co-ordination to ensure comparability
of results. An example is the present
attempt to determine the total carbon
dioxide content in the atmosphere and
the change in this content with time
as a result of the input from fossil fuel
combustion and the loss to the ocean
and biosphere.
At its first meeting in 1961 (IOC,
1962), IOC members again stressed
the importance of standardization
and intercalibration of oceanographic
measurements and “felt that the task of
planning new steps in the programme
of standardization and intercalibration of methods and equipment should
Andrew G. Dickson (adickson@ucsd.edu)
is Professor of Marine Chemistry, Scripps
Institution of Oceanography, University of
California, San Diego, La Jolla, CA, USA.

36

Oceanography

Vol.23, No.3

be delegated to SCOR because of the
essentially scientific nature of this task.”
As one of the resolutions from this
meeting (Annexe V of IOC, 1962), the
Commission tasked SCOR (the Special
Committee on Oceanic Research, later to
be known as the Scientific Committee on
Oceanic Research) to:
Appoint as soon as possible working
groups for the purpose of examining,
summarizing, and criticizing the
present oceanographic methods
and equipment in common use to
determine where these methods or
equipment do not provide universally
usable, accurate data, or where such
data cannot presently be utilized to the
utmost, and to recommend by report
to the IOC appropriate steps whereby
these methods or equipment should
be made universally usable. This may
in some cases be accomplished by
standardization or by intercalibration,
or by such methods as these experts
may determine.
This action was taken. Perhaps the
most influential of these groups was
originally formed as SCOR Working
Group 10 on Oceanographic Tables and
Standards, reconstituted in 1962 as the
Joint Panel on Oceanographic Tables and
Standards (JPOTS). The Joint Panel was
seen as extremely important and was
sponsored jointly by UNESCO, ICES,
SCOR, and IAPO (later IAPSO). The
work of this group on the development
of the Practical Salinity Scale and the
associated equation of state for seawater,
as well as subsequent work done by
SCOR Working Group 127 on the
Thermodynamics and Equation of State
for Seawater, is the subject of another

article in this issue by Frank Millero
(Millero, 2010).
However, the Joint Panel did not
confine itself to salinity and to the
equation of state alone. In 1986, JPOTS
convened a subpanel on standards for
CO2 measurements with the following
terms of reference:
1. Co-ordination and assessment of work
done towards preparing CO2 standards
for oceanic measurements
2. Development of recommendations for the production and use of
such standards
At almost the same time, two other
groups were constituted in related
areas. In 1983, SCOR formed Working
Group 75 on the Methodology for
Carbon Dioxide Measurements, chaired
by Charles D. Keeling and C.-S. Wong.
In 1984, the Committee on Climatic
Changes and the Ocean (CCCO), originally formed in 1979 and sponsored by
IOC and SCOR, decided to establish
an Advisory Panel on Carbon Dioxide
under the chairmanship of Roger
Revelle. This panel recommended an
observation program and sampling
strategy to determine global ocean CO2
with an accuracy of 10–20 gigatons of
carbon, nearly one order of magnitude
better than the data collected by the
Geochemical Ocean Sections Study
(GEOSECS, a global study of the distribution of chemical tracers in the ocean
carried out between 1972 and 1978).
Each of these groups articulated a
similar need for standards (or reference
materials) for oceanic CO2 measurements. For example, members of the
CCCO Advisory Panel on CO2 at their
1986 meeting (CCCO, 1989) noted:

It is essential that the results obtained
be as accurate as possible so as to
ensure that data collected at different
times and by different investigators
are as comparable as possible. One
approach to assuring this would be
the certification and distribution of
standard reference materials (SRMs)
for alkalinity, dissolved inorganic
carbon, and nutrients based on natural
seawater samples.
At about the same time, Working
Group 75 was writing (UNESCO, 1992):
We recommend that standards
be prepared and distributed to all
organizations participating in the
proposed oceanic carbon program. The
constituents for which such standards
are needed include partial pressure of
CO2 (PCO2 ), dissolved inorganic carbon
(DIC), alkalinity, phosphate, nitrate,
silicate, and salinity. Salinity standards
have been used routinely at sea to calibrate salinometers for many years. We
need not further consider these except
to note that they serve as a model for
developing standards for carbon studies
where none presently exist.
Clearly, the work of the JPOTS
subpanel on standards for CO2 measurements was needed! This subpanel (which
I chaired) met on three occasions. At its
first meeting in Vancouver in 1987, it
endorsed a plan that had been formulated by the ICES Marine Chemistry
Working Group, and by SCOR Working
Group 75 on Methodology for Carbon
Dioxide Measurements, to carry out
an intercomparison exercise to assess
the quality of measurements of total
dissolved inorganic carbon and total

alkalinity in seawater (Poisson et al.,
1990; UNESCO, 1990). The results
from this intercomparison exercise
emphasized the need for standards
(UNESCO, 1990):
The present situation, therefore, is that
it is not yet possible for different laboratories, even those experienced in these
measurements, to produce comparable
and accurate data on TA, TCO2 , pH

and pCO2 in seawater. There is a clear
need for standard reference materials,
preferably certified by two laboratories,
to be made available for all workers
involved in global CO2 programmes.
This intercomparison exercise has
shown that it is possible to prepare
and store suitable standards which are
stable for at least 15 months but to
prepare them on a scale sufficient to
meet the needs of JGOFS and WOCE
necessitates long-term planning and
allocation of funds.

The Joint Global Ocean Flux
Study (JGOFS) and the World Ocean
Circulation Experiment (WOCE) were
large international ocean programs that
began in the 1980s. WOCE was initiated
by CCCO (WCRP, 1986), and JGOFS
was launched in 1987 at a planning
meeting in Paris under the auspices of
SCOR. Two years later, JGOFS became
one of the first core projects of the
International Geosphere-Biosphere
Programme (IGBP). Indeed, once
JGOFS was formed, the CCCO Advisory
Panel on CO2 was disbanded and a Joint
CCCO/JGOFS CO2 Panel was constituted. At the first meeting of this CO2
Panel in The Hague in1988, one of the
conclusions (CO2 Panel, 1989) underscored earlier recommendations:

The Panel took note of the recommendation of the SCOR WG for an oceanic
CO2 standard. It strongly endorsed this

recommendation and the steps being
taken in the US and Canada to provide
standards. The members believed
more work beyond that on-going now
was needed to develop, produce and
distribute working reference standards
on a worldwide basis.
The Joint CCCO/JGOFS CO2
Panel subsequently formed its own
Subpanel on Oceanic CO2 Standards,
Intercalibrations and Quality Assessment
to keep the Panel apprised of progress
in these areas.
Another important area in which
IOC has played a role in the promulgation of the use of standards in marine
science has been through the Global
Investigation of Pollution in the Marine
Environment (GIPME) program established in 1974. GIPME is co-sponsored
by IOC, the United Nations Environment Programme (UNEP), and the
International Maritime Organization
(IMO). Three scientific groups,
co-sponsored by UNEP and IOC,
conduct the work of this program. Of
these, the Group of Experts on Standards
and Reference Materials (GESREM),
also co-sponsored by the International
Atomic Energy Agency (IAEA), deals
with the assurance of data quality and
comparability of measurements (Calder
and Jamieson, 1990; Ibe and Kullenberg,
1995). At their second session in Halifax,
Canada, in January 1990, members of
GESREM (though largely emphasizing
reference materials needed for marine
pollution studies) made two recommendations related to oceanographic studies
such as JGOFS (IOC, 1991). The Group:
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v. recommended the development of
seawater reference materials for determinations of carbon dioxide, based on
principles stated by A. Dickson
vi. [agreed] there was strong support for
continuation of the very promising
work reported at GESREM-II on
seawater reference materials for nutrients, dissolved oxygen and pigments
The work on carbon dioxide is
detailed below; the work on nutrients
noted at this meeting was that of the
National Research Council of Canada.
This work was described further at a
1993 GESREM workshop in Miami
(IOC, 1993) and ultimately NRC Canada
prepared and marketed seawaterbased certified reference materials
(sold as MOOS-1).

Establishment of an
Oceanic CO 2 Reference
Material Labor atory
at Scripps
Funded by NSF
In 1989, the US National Science
Foundation (NSF) funded, as a preJGOFS activity, a proposal submitted
by Charles Keeling and I (at the Scripps
Institution of Oceanography) entitled:
“The carbon dioxide system in sea water:
The certification of standard reference
materials for the quality control of
oceanic measurements.” As noted above,
there was by this time a substantial
clamor for such standards, which our
work could potentially address. In our
proposal we wrote:
In this proposal we outline a plan to
establish the capacity to perform the
necessary chemical analyses required to
certify standard reference materials for
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the CO2 system in sea water. We shall

establish procedures which yield highly
precise and accurate determinations of
C T and AT ; we will also prepare such
standards and test them for long term
reliability. We shall lay particular stress
on the use of appropriate primary standards to control the various laboratory
procedures. In addition to determining
C T and AT for such standards, we shall
cross-check our estimates of accuracy
by examining the thermodynamic
consistency of measurements of C T , AT ,
P(CO2 ), and a measure of the hydrogen
ion concentration, pH. Our research
will thus provide standard reference
materials for CT and AT that can also
be used to check the performance of
sea-going instruments used to measure
P(CO2 ) and pH.
Once the necessary preliminary
work is complete, we propose to act as a
central laboratory to certify such standard reference materials. We believe
that the appropriate distribution
agency for such standards should be the
I.A.P.S.O. Standard Sea Water Service
in Wormley, England. We suggest
that our role, after developing suitable
calibrating procedures, will be to certify
batches of these standards which will
then be distributed by the Standard
Sea Water Service. Standard materials from other sources could also be
certified if the need arose. Procedures,
and reports of certification would
follow closely the general approach for
disseminating standard reference materials used by the U.S. National Bureau
of Standards with whom we plan to
consult closely.
Clearly, these goals have not yet
all been achieved—and might never

be! Nevertheless, the story of how we
proceeded, and of our successes and failures, may provide a useful tale.

First Batches
We began in 1989 by preparing our
first (prototype) batch of reference
material. This batch was based on lownutrient surface seawater collected about
100 miles (160 km) off the California
coast. This water was passed in sequence
through: a carbon filter intended to
reduce the amount of organics (however,
as I describe later, this step was not a
success), a 5 µm filter, a 0.2 µm filter,
and a flow-through UV sterilizer, into
a 200 L polythene drum. A saturated
mercuric chloride solution was added
(0.1 mL L–1) to kill microbes in the
water, and the contents of the drum were
recirculated through the 0.2-µm filter
and the UV sterilizer for about 48 hours,
so as to assure sterility and to equilibrate
the whole volume with atmospheric
CO2 levels. The water was bottled using
gravity feed to fill the various containers,
flow being controlled by a solenoid
valve operated from a foot switch. The
samples were bottled in borosilicate glass
bottles made from Schott Duran glass
with ground glass stoppers sealed with
Apiezon-L grease.
This approach benefited greatly from
prior experience within the oceanographic community, and especially
within Keeling’s laboratory at Scripps.
Wong (1970) first described the collection of samples in Pyrex glass bottles,
their preservation with mercuric chloride, and the use of Apiezon-L grease to
seal the stoppers. The Keeling laboratory
successfully used this approach over the
subsequent years. Also, tests performed
by Poisson et al. (1990) indicated that

Pyrex containers were suitable for the
storage of intercalibration samples.
Furthermore, the Carbon Dioxide
Research Group at Scripps under
Keeling’s direction had begun in 1978 to
effect a major improvement in measurements of dissolved inorganic carbon
by collecting samples at sea that were
analyzed later in a carefully controlled
shore laboratory environment. Samples
collected on the GEOSECS Indian
Ocean Expedition, the Atlantic Transient
Tracers in the Ocean Expedition, and
on subsequent cruises in selected areas
to create time series showed that the
dissolved inorganic carbon content of
a seawater sample could be measured
with an imprecision of 0.7 µmol kg –1.
The procedure used in the Keeling
laboratory, which was also used to
analyze our first batch or reference
materials, was ultimately used to analyze
numerous seawater samples as part
of the WOCE/JGOFS CO2 Program
(Guenther et al., 1994).
In this analysis, a weighed seawater
sample was acidified with phosphoric
acid, then the CO2 evolved was extracted
under vacuum and condensed in a trap
cooled by liquid nitrogen. The water
and CO2 were subsequently separated
by sublimation, and the CO2 was transferred into a mercury column manometer that had been developed originally
to calibrate gases for Keeling’s CO2 in
air program (Guenther and Keeling,
1986). There, its volume, temperature,
and pressure were controlled and
measured. The total amount of dissolved
inorganic carbon in the original sample
was calculated from the virial equation
of state for CO2 gas. Figure 1 shows the
results for Batch 1.
Some samples from this first batch of

prototype reference materials were also
sent in February 1990 to Richard Feely
of the Pacific Marine Environmental
Laboratory of the National Oceanic and
Atmospheric Administration (NOAA/
PMEL) to test on a cruise. The results
were encouraging (see Figure 2). The

shipboard analyses, made using an
extraction/coulometric method, showed
stable values over a period of more than
six weeks; however, they had a mean of
2012.6, a significant deviation from the
value of 2020.3 µmol kg –1 obtained at
Scripps. Buoyed by these successes, we

2023
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Jun 4, 1990
Sep 6, 1990
Nov 21, 1990

2022
2021
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2020
µmol kg –1
2019
2018
2017
30

40

50
60
70
Filling sequence number

80

90

Figure 1. Total dissolved inorganic carbon results measured using vacuum
extraction and mercury manometry on bottles from Batch 1 (bottled
January 29, 1990). The different symbols indicate different extraction dates
(noted on figure).

Figure 2. Control chart obtained by NOAA/PMEL during a cruise in 1990.
The annotations A and B refer to the use of different batches of coulometer
solution. The standard deviation sB (1.4 µmol kg –1) was calculated from the
results using solution B.
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prepared Batch 2 on October 1, 1990.
This batch was again monitored to
assess its stability and then distributed
to 14 laboratories, seven in the United
States and seven in Europe and Canada,
for use in a collaborative study of the
extraction/coulometric method for the
determination of total dissolved inorganic carbon (Dickson, 1992).
Figure 3 shows the results of this
first study, in which each laboratory calibrated its coulometer system
independently. The need for a reliable
calibration standard was clear. The
weighted mean from the results of the
12 laboratories shown (i.e., omitting
laboratories F and N whose data were
outside the scale of the graph) was
almost identical to the certified value
obtained by extraction/manometry, and
the individual sets of measurements were
mostly of good precision—the pooled

standard deviation for all 12 laboratories was 1.6 µmol kg –1 —suggesting
that this procedure showed promise.
(Indeed, it has since become the recommended approach for the high-quality
determination of dissolved inorganic
carbon in seawater [DOE, 1994;
Dickson et al., 2007].)

Problems!
Now, of course, things started to go
wrong. Batch 3 bottled at the beginning
of 1991 and sent almost immediately
for use on R/V Meteor (WOCE Section
A09) and on R/V Discoverer (WOCE
Section P16N) was not stable, despite
being filtered, preserved, and bottled
using methods similar to those used for
Batches 1 and 2. The CO2 analysts on
A09 (Doug Wallace and Ken Johnson)
reported that they measured high and
noisy values for total dissolved inorganic

Figure 3. Results obtained by the participating laboratories from the analysis of
reference material Batch 2. (The results for laboratories F and N lie off the graph
as drawn.) Open circles represent the mean values; the error bars represent
the 95% confidence interval for these mean values. The band across the graph
is the 95% confidence interval based on the mean value obtained by vacuum
extraction/manometry.
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carbon on this batch at sea, although
the few bottles they had remaining from
Batch 2 (bottled four months previously)
remained stable. In addition, the samples
also behaved strangely, foaming in the
stripping-cell of the extraction unit.
Furthermore, the partial pressure of
carbon dioxide (pCO2) in a gas sample in
equilibrium with the seawater, measured
in the reference material bottles, was
high (~ 700 µatm at 20°C). Our measurements on bottles stored at Scripps also
showed an increase in total dissolved
inorganic carbon of about 4.5 µmol kg –1
(over a seven-week period) together with
a simultaneous decrease in total alkalinity of about 8 µmol kg –1. The agreement between replicates also got worse.
Our initial conclusion (based on the
report of substantial bottle-to-bottle
variation observed at sea) was that the
bottles from Batch 3 had been contaminated in some way. We thus bottled
another batch (Batch 4) at the end of
March 1991 using more stringent bottlecleaning procedures. Furthermore, we
increased the mercury concentration
to about 14 ppm (0.025% saturated
mercuric chloride). Unfortunately,
these measures did not help. Initial
measurements on this batch showed a
similar trend with time (increasing total
dissolved inorganic carbon, decreasing
total alkalinity), but at three times the
rate that had been observed for Batch 3!
Another feature of this batch was
the presence of substantial systematic
residual patterns in data from total
alkalinity titrations performed in a
closed-cell titration system (see SOP 3 in
DOE, 1994). These residuals suggested
the probable presence of unidentified
organic acids, and it was clear that the
amount of these was increasing with

time. A small batch (Batch 5) bottled
in early May also showed the same
features; again, the rate of change had
increased so that now changes of about
10 µmol kg –1 occurred in total dissolved
inorganic carbon over a 10-day period,
and total alkalinity decreased by about
25 µmol kg–1 over the same period. We
initially suspected that these acids were
being produced by the bacterial decomposition of organic material present in
our initial seawater. (Later work implicated the carbon filter that was being
used ostensibly to remove organic material, and this filter was removed from the
system beginning with Batch 10.)
We also arranged to get our stored
bottles of seawater analyzed for mercury
by plasma emission spectroscopy at the
University of Arizona. These analyses
confirmed that we had indeed added
mercury to our batches in the quantities that we believed we had, and that
the mercury had not been removed to
the walls of our bottling apparatus. We
thus hypothesized that we had somehow
cultivated a colony of mercury-tolerant
bacteria that was now contaminating
every batch. It seemed likely that this
colony could be resident in our bottling
system, which was left with poisoned
seawater at all times in the tubing,
reservoir, and pump, and that it would
have had little opposition to getting
established, competing bacteria having
been killed by the mercury. Some
number of months later, David Karl of
the University of Hawaii examined a few
bottles from Batch 4 to assess whether
there were bacteria living in them. His
conclusion was that there were, indeed,
active bacteria present in the samples,
capable of breaking down 14C-labelled
glucose and producing 14CO2. At the

time of his experiments, however, their
metabolic rate was quite low.
As a result of our suspicions of a
bacterial infection in our bottling
apparatus, we disassembled the
bottling system completely, replaced

now received additional funds from
the US Department of Energy (DOE)
to provide reference materials to assist
with the quality control of measurements
on this survey.
In an almost desperate attempt to

“

The Intergovernmental Oceanographic
Commission (IOC) has been involved
for 50 years in promoting the close
coordination needed to ensure comparability
of oceanographic measurements.

all tubing, fittings, and even the pump
vane assembly, rinsed the remainder of
the system thoroughly with 6 mol L–1
hydrochloric acid (a suggestion of Peter
Williams here at Scripps) and deionized
water, and then reassembled a clean,
dry system. When we disassembled the
system, we discovered a small amount
of slime in some of the fittings, strengthening the case for biological contamination of the bottling apparatus. (This
cleaning practice is now followed for
every batch we prepare.)
By this time (April 1991), there
was significant urgency to find a way
to prepare stable materials for use in
conjunction with the carbon measurements that were to be made as part
of a joint WOCE/JGOFS Global CO2
Survey being carried out on cruises
of the WOCE Hydrographic Program
(the plan originally developed by the
CCCO Advisory Panel on CO2). In
addition to our grant from NSF, we

”

ensure that the reference materials were
stable, our next batch, Batch 6, was made
from inorganic salts: sodium chloride,
sodium bicarbonate, and deionized
water, and still higher mercury levels
(50 ppm) were added to help sterilize it.
This batch was prepared in some haste
in order to load crates of the reference
material on R/V Thomas Washington in
preparation for a series of cruises in the
Pacific (WOCE Sections P17C, P17S,
P16S, and P16C), and for shipping for
use on a NOAA cruise on R/V Baldridge
in the South Atlantic (WOCE Section
A16S). Our subsequent laboratory monitoring showed that this batch was stable,
and we prepared a further batch based
on sodium chloride a few weeks later
before returning to further experiments
with natural seawater, culminating in a
stable Batch 10. Indeed, with one unexplained exception—Batch 39—we have
had excellent results since that time.
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Development of a Suitable
Method for the Certification
of Alkalinity
From the beginning, the extraction/
manometric method developed in the
Keeling laboratory had all the hallmarks
of being suitable for consideration as a
primary method for the certification of
reference materials. “A primary method
of measurement is a method having the
highest metrological qualities, whose
operation can be completely described
and understood, for which a complete
uncertainty statement can be written
down in terms of SI units” (Milton and
Marschal, 2001). However, when we
started to prepare reference materials
in 1990, there was no equivalently wellunderstood procedure for the determination of total alkalinity, and this parameter was typically measured using the
awkward closed-cell approach described
by Bradshaw et al. (1981). A significant
amount of work in our laboratory in the
early 1990s thus went into addressing
this deficiency even while we continued
to produce and distribute seawater certified for total dissolved inorganic carbon.
Our work resulted in two independent
yet complementary analytical methods.
First, we developed a simpler, yet quicker
and more precise, method for the determination of alkalinity using a two-stage,
open-cell, potentiometric titration
approach. Second, we implemented in
our laboratory a highly accurate coulometric titration procedure for hydrochloric acid that had been developed at
the US National Bureau of Standards
(see Dickson et al., 2003). The combined
overall uncertainty for this determination is thus (when performed with due
attention to detail) about 1.2 µmol kg –1
(Dickson, 2007).
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As a result, all batches of reference
materials starting with Batch 33 (bottled
in February 1996) have been certified for total alkalinity as well for total
dissolved inorganic carbon. In 1996, we
also analyzed samples of stored materials
from earlier batches to provide information on their alkalinity. These results,
together with all the other results on our
reference materials, are available at http://
andrew.ucsd.edu/co2qc/batches.html.

Distribution and Use of
Reference Materials
Since the beginning, we have distributed
our oceanic carbon reference materials
widely. Our DOE funding enabled us to
provide materials to all laboratories that
were participating in the WOCE/JGOFS
Global CO2 Survey (free to US laboratories, for the cost of shipping alone to our
various international collaborators), and

“

and handling charge). Nevertheless,
the demand continued. After 10 years,
we had distributed over 23,500 bottles
and now, after 20 years, this number
has grown to more than 56,000 bottles
shipped to 33 countries Indeed, in
the past year alone, we shipped over
6,500 bottles all over the world!
Measurements made on reference
materials while at sea were used extensively to ascertain data quality on the
various cruises in the WOCE/JGOFS
Global CO2 Survey (see, for example,
Johnson et al., 1998, and Millero et al.,
1998) and are felt to have contributed
substantially to the overall high quality
of the resultant data set. A further indication that the use of reference materials
has improved oceanographic data
quality can be seen by examining the
degree of agreement between measurements for deep water masses obtained

The widespread use of these reference
materials is playing a significant role in
ensuring both the comparability of ocean
data collected by a variety of laboratories
and use of the reference materials in a
variety of global studies.

we did so. By the end of 1997 (when that
survey and the associated DOE funding
came to an end), we had distributed over
17,500 bottles of reference material to
scientists in 25 countries.
Starting in 1998, we began to charge
$30 per 500 mL bottle for the reference
materials (in addition to a shipping

”

where two separate cruises intersect.
For cruises where reference materials
are available, measurements of total
dissolved inorganic carbon in deep water
now often agree to within 2 µmol kg –1
(Sabine et al., 1999; Lamb et al., 2002;
Wanninkhof et al., 2003). This agreement is in sharp contrast to the problems

with earlier oceanic carbon data sets,
where ad hoc adjustments of as much
as 15–20 µmol kg –1 were sometimes
applied so as to attain reasonable data
compatibility (see, for example, Gruber
et al., 1996, and Gruber, 1998).
Such high-quality CO2 data sets
made possible the real science of JGOFS
by providing a resource for synthesis
and modeling that enables a coherent
global view of the oceanic carbon cycle.
Thus, high-quality, global pictures of
the ocean’s carbon cycle, such as those
of Sabine et al. (2004) and Feely et al.
(2004), are now practical, based on data
from a wide variety of laboratories.
Indeed, it is hoped that it will now be
possible to resolve changes on shorter
time periods as a result of the highquality data that are now almost routine
(Feely et al., 2005).

Problems Found and
Lessons Learned
Looking back at the ambitious goals
spelled out in our original proposal and
in later proposals (NSF has supported
us continually since the beginning),
it is humbling to see how slowly we
have achieved them despite continuous
activity over the past 20 years. For
example, we are only now (in 2010)
distributing pH reference materials on a
regular basis. These materials are based
on a tris buffer in synthetic seawater
(DelValls and Dickson, 1998; Nemzer
and Dickson, 2005), prepared in 40 L
quantities, and certified using hydrogen
electrodes. We have not yet managed
to certify our seawater-based reference
materials for pH, though we continue
to wrestle with achieving a sufficient
understanding of the spectrophotometric pH method (Clayton and Byrne,

1993) to assure us that we do indeed
have a calibration of this method for
which we understand the overall uncertainty. We have—as yet—done nothing
toward the calibration of seawater pCO2
measurements, though our reference
materials have been used to assess the
quality of discrete measurements of this
quantity (Neill et al., 1997). Nor have
we made progress in certifying reference materials for 13C levels in the total
dissolved carbon, although preliminary
work carried out about 15 years ago
indicated that these samples were ideal
for this purpose.
A careful study of CO2 thermodynamics carried out by Tim Leuker in
Keeling’s laboratory (Leuker et al., 2000)
showed that—at least at pCO2 values
less than 500 µatm—the techniques
used to certify our reference materials
for total dissolved inorganic carbon and
for total alkalinity were consistent with
the preferred equilibrium constants for
CO2 dissociation in seawater. However,
this was no longer true at higher pCO2
values, and to date these observations
have not been explained satisfactorily.
So, why are so many things left
undone? Ultimately, the reason has been
lack of time and/or of sufficiently trained
personnel. In some ways, we have
been victims of our own success. The
relentless need to produce and certify
new batches of reference materials in
order to supply the demands of the
oceanographic community has kept the
skilled personnel assigned to this task
busy, leaving little extra time for further
related projects. We are now producing
about eight batches of seawater reference
material (1100 bottles in each batch) per
year, as well as an additional two to three
batches of tris buffer.

Also, the skills required to develop
new approaches to certify these reference
materials at the accuracy desired take
time to acquire. I am fortunate in having
had some truly excellent and experienced technical staff involved with this
project over the years, but although some
were (and are) superb analysts, they
have not had formal training in either
chemical metrology or in formal qualitycontrol procedures.
An early ambition of this program
was to have the reference materials
themselves prepared outside the university, for example, at Ocean Scientific
International Ltd (OSIL), which prepares
and distributes IAPSO Standard
Seawater. OSIL prepared one test batch
(Batch 24) using clean bottles and shipping crates that we sent them together
with water they collected from the North
Atlantic. The overall cost was higher than
doing the work in house, and we did not
pursue this as a viable way forward at
that time. (Now that Europe is heavily
involved in ocean acidification research
activities, it may well be desirable to
revisit this.) We had also hoped to work
more with the US National Institute of
Standards and Technology (NIST) to
improve our approach to reference material production, and in particular certification. I met on a number of occasions
with staff from NIST. It was clear that,
although they could and did provide
good advice, it was not likely that NIST
would consider preparing reference
materials for what they considered a
niche market.
Another area we hope to address
as we move forward is to see if we can
package the reference materials differently. The use of glass bottles (which are
returned to our laboratory and cleaned

Oceanography

September 2010

43

for reuse) brings with it—in addition to
the undoubted advantage that it works—
additional shipping costs for such heavy
containers, and because the bottles are
rigid, requires containers significantly
larger than might be needed to provide
an adequate sample size for analysis. We
are therefore investigating the potential of flexible packaging made from a
trilaminate film.

Conclusions
The success of our reference material
program for ocean CO2 measurements
has led to a clear recognition within
the oceanographic community of both
the benefits and the costs of developing
chemical reference materials explicitly
for oceanographic science. Each of them
can be substantial (in our own case, NSF
has invested about $3.5M between 1989
and 2010). Nevertheless, the oceanographic community has come to appreciate the value of such reference materials as a way of ensuring comparability

“

acidification studies (Dickson, 2010).
An early companion program,
based at the University of Miami and
also supported by NSF since about
1998, produces reference materials for
dissolved organic carbon in seawater
(see http://www.rsmas.miami.edu/
groups/biogeochem/CRM.html). Dennis
Hansell leads this effort and—as with our
program—the demand for these materials has grown over the years.
In 2001, the National Research
Council (NRC) Ocean Studies Board
convened a Committee on Reference
Materials for Ocean Science. The
committee was charged with the
following tasks (National Research
Council, 2002):
• Compile from available sources a list
of important oceanographic research
questions that may benefit from
chemical reference standards
• Create a comprehensive list of reference materials currently available for
oceanic studies

…It is apparent that IOC continues,
50 years on, to have a keen interest in
enabling international standardization and
intercalibrations on into the future.

of ocean CO2 results in space and time
(see, for example, Key et al., 2004; Sabine
et al., 2005; Bates, 2007), and reference
materials are now used widely for ocean
CO2 measurements, as well as being
recommended to ensure interlaboratory comparability for a variety of ocean

44

Oceanography

Vol.23, No.3

”

• Identify and prioritize the reference

materials needed to study the identified research questions
• Determine for each priority analyte
whether reference materials and/
or analytic methods should be
standardized

• Determine the most appropriate

approaches for the development and
future production of reference materials for ocean sciences
A variety of recommendations
were made as to the need for reference
materials for ocean sciences (Box 1),
and since that time there have been a
number of significant developments.
NSF supported a multi-investigator
collaboration to follow up on recommendations 6 and 7 (Box 1) and develop
oceanic reference materials for trace
metals at natural concentration levels
(Johnson et al., 2007). As suggested
by the NRC committee, two large
samples—one of surface water and
one of deep water—were collected and
bottled. Consensus values have now
been assigned to these SAFe (Sampling
and Analysis of Fe) Reference Samples,
and additional samples are being
prepared (http://www.geotraces.org/
Intercalibration.html#Standards).
The lessons learned from this work
are being implemented in planning for
GEOTRACES, an international study
of the marine biogeochemical cycles of
trace elements and their isotopes. The
international GEOTRACES project
(GEOTRACES Planning Group, 2006),
learning from the experiences of earlier
projects such as WOCE and JGOFS,
formed a Standards and Intercalibration
Committee from the outset to ensure
appropriate quality control for the
project, including, if needed, the production and distribution of additional
reference materials.
In Japan, there has also been recent
work focused on the measurement of
nutrients and of ocean CO2 parameters. An International Workshop on
Chemical Reference Materials in Ocean

Science was held in Tsukuba, Japan,
from October 29–November 1, 2007, in
conjunction with the BERM-11 meeting
(Biological and Environmental Reference
Materials). A follow-up meeting was held
in Paris, France, from February 10–12,
2009 (UNESCO, 2009; Aoyama, 2010).
Ota et al. (2010) described a facility built
by Kanso Technos that is dedicated to
the production and bottling of sterile
seawater. This facility contains a “walkin” autoclave and a suite of clean rooms
for sample preparation. This facility
has been used to prepare large batches
(up to 6,000 bottles at a time) of sterilized natural seawater, which is being
investigated primarily for use as a reference material for nutrients in seawater.
In addition, this system is being used
to investigate whether it is practical
to prepare reference materials for the
oceanic CO2 system that have been sterilized by autoclaving, thus providing the
added benefit that they do not contain
mercuric chloride (Murata, 2010).
As a result of the positive discussions
and collaborations from these first two
workshops, the participants decided to
approach IOC and ICES to form a study
group with sponsorship from these two
organizations. This effort was successful,
and the study group held its first meeting
from March 23–24, 2010. In the coming
years, this group plans to continue
collaborative testing of the candidate
reference materials, as well as to work
with the National Metrology Institute
of Japan to certify these materials.
Thus, it is apparent that IOC continues,
50 years on, to have a keen interest in
enabling international standardization and intercalibrations on into the
future. Many thanks!

Box 1. Recommended Reference Materials
for Ocean Science
Reprinted with permission f rom the National Academies Press , Copyright
20 02, National Academy of Sciences | National Research Council (20 02)

Materials Recommended for Continued Availability
Currently Available Materials
1.	Standard Seawater (Ocean Scientific International Ltd.)
2.	Reference Materials for Ocean CO2 (NSF via Dr. A. Dickson)
3.	Reference Materials for Dissolved Organic Carbon (NSF via Dr. D. Hansell)
4. Various Standard Reference Materials from NIST
Materials Recommended for Development
Seawater-Based Reference Materials
5.	One certified for the nutrient elements: nitrogen (as NO3), phosphorus
(as PO4 ), and silicon (as Si(OH)4 ).
6.	One with concentrations of metals corresponding to oceanic deep water,
certified for total iron concentration.
7.	One with concentrations of metals corresponding to open-ocean surface
water with an information value for total iron concentration.
Certified Reference Materials for Radionuclides
8.	An acidic solution containing 238 U and 235 U with daughters in secular
equilibrium through 226 Ra and 223 Ra.
9.	An acidic solution containing 232 Th with daughters in secular equilibrium
through 224 Ra.
10	An acidic solution containing 210 Pb with daughters in secular equilibrium
through 210 Po.
Solid Matrix-Based Reference Materials*
11.	Freeze-dried culture of the diatom Thalassiosira pseudonana
12.	Freeze-dried culture of the dinoflagellate Scrippsiella trochoidea
13.	Freeze-dried culture of the haptophyte Emiliania huxleyi
14.	Open-ocean, carbonate-rich sediment
15.	Open-ocean, silicate-rich sediment
16.	Open-ocean, clay mineral-rich sediment
17. Coastal, carbonate-rich sediment
18. Coastal, silicate-rich sediment
19. Coastal, clay mineral-rich sediment
20.	Deltaic sediment (that has not contacted seawater)
* Each of these solid reference materials should be certified for both inorganic and organic carbon
concentrations, total nitrogen concentration, δ 13 C of both the inorganic and organic carbon
components, and δ 15 N for the total nitrogen component.

Oceanography

September 2010

45

Acknowledgements
A. Dickson is supported by the National
Science Foundation for his work on the
quality control of oceanic CO2 measurements (NSF OCE-0961242). I should like
also to acknowledge the early support
of Neil R. Andersen (then program
manager of the Chemical Oceanography
section at NSF) and of Charles Keeling
(Scripps Institution of Oceanography,
now deceased) who encouraged me to
work in this area.

References

Aoyama, M., ed. 2010. Comparability of Nutrients
in the World’s Ocean. INSS international workshop, Paris, France, February 10–12, 2009,
Mother Tank, Tsukuba, Japan, 148 pp.
Bates, N.R. 2007. Interannual variability of the
oceanic CO2 sink in the subtropical gyre of the
North Atlantic Ocean over the last 2 decades.
Journal of Geophysical Research 112, C09013,
doi:10.1029/2006JC003759.
Bradshaw, A.L., P.G. Brewer, D.K. Shafer, and
R.T. Williams. 1981. Measurements of total
carbon dioxide and alkalinity by potentiometric
titration in the GEOSECS program. Earth and
Planetary Science Letters 55:99–115.
Calder, J.A., and W.D. Jamieson. 1990. The
purpose and program of the IOC/UNEP/
IAEA group of experts on standards and reference materials. Fresenius Journal of Analytical
Chemistry 338:378–379.
CCCO (Committee on Climatic Changes and the
Ocean). 1989. Report of the Second meeting of
the CCCO Advisory Panel on Carbon Dioxide.
La Jolla, CA, October 6–8,1986. SCOR-IOC/
CCCO-CO2-II/3, 25 pp.
Clayton, T.D., and R.H. Byrne. 1993. Spectrophotometric seawater pH measurements: Total
hydrogen ion concentration scale calibration
of m-cresol purple and at-sea results. Deep-Sea
Research Part I 40:2,115–2,129.
CO2 Panel. 1989. Report of the First Meeting of the
Joint JGOFS/CCCO CO2 Panel. The Hague,
Netherlands, September 16–17, 1988, SCOR/
IOC/JGOFS.CO2.I/3, 28 pp.
Culkin, F. 1978. Obituary: Frede Evan Hermann,
1917–1977. Deep-Sea Research 25:429–430.
DelValls, T.A., and A.G. Dickson. 1998. The pH of
buffers based on 2-amino-2-hydroxymethyl1,3-propanediol (‘tris’) in synthetic sea water.
Deep-Sea Research Part I 45:1,541–1,554.

46

Oceanography

Vol.23, No.3

Dickson, A.G. 1992. The Determination of Total
Dissolved Inorganic Carbon in Sea Water Using
Extraction/Coulometry: The First Stage of a
Collaborative Study. US Department of Energy,
Report No. DOE/RL/01830T–H14, 43 pp.
Dickson, A.G. 2007. Oceanic reference materials:
Assigning uncertainty. Oral presentation at
the BERM-11 meeting in Tsukuba, Japan,
October 30, 2007.
Dickson, A.G. 2010. The carbon dioxide system in
seawater: Equilibrium chemistry and measurements. Pp. 17–40 in Guide to Best Practices
for Ocean Acidification Research and Data
Reporting. U. Riebesell, V.J. Fabry, L. Hansson,
and J.P. Gattuso, eds, Chapter 1, EUR 24328 EN,
European Commission, Brussels, Belgium.
Dickson, A.G., J.D. Afghan, and G.C. Anderson.
2003. Reference materials for oceanic CO2
analysis: A method for the certification of total
alkalinity. Marine Chemistry 80:185–197.
Dickson, A.G., C.L. Sabine, and J.R. Christian, eds.
2007. Guide to Best Practices for Ocean CO2
Measurements. PICES Special Publication 3,
191 pp.
DOE (US Department of Energy). 1994. Handbook
of Methods for the Analysis of the Various
Parameters of the Carbon Dioxide System in Sea
Water, version 2. A.G. Dickson and C. Goyet,
eds, ORNL/CDIAC-74, 189 pp.
Feely, R.A., C.L. Sabine, K. Lee, W. Berelson,
J. Kleypas, V.J. Fabry, and F.J. Millero. 2004.
Impact of anthropogenic CO2 on the CaCO3
system in the oceans. Science 305:362–366.
Feely, R.A., L.D. Talley, G.C. Johnson, C.L. Sabine,
and R. Wanninkhof. 2005. Repeat hydrography cruises reveal chemical changes in the
North Atlantic. Eos, Transactions, American
Geophysical Union 86(42):18.
GEOTRACES Planning Group. 2006. GEOTRACES
Science Plan. Scientific Committee on Oceanic
Research, Baltimore, MD, 79 pp.
Guenther, P., and C.D. Keeling. 1986. Scripps
Reference Gas Calibration System for Carbon
Dioxide-in-Nitrogen and Carbon Dioxide-in-Air
Standards: Results of the Manometric Volume
Reanalysis of 1986. A report prepared for the
environmental monitoring program of the
World Meteorological Organization.
Guenther, P.R., C.D. Keeling, and G. Emanuele III.
1994. Oceanic CO2 Measurements for the WOCE
Hydrographic Survey in the Pacific Ocean, 1990–
1991: Shore Based Analyses. SIO Reference
Series Data Report, 129 pp.
Gruber, N. 1998. Anthropogenic CO2 in the
Atlantic Ocean. Global Biogeochemical Cycles
12:165–191.
Gruber, N., J.L. Sarmiento, and T.F. Stocker. 1996.
An improved method for detecting anthropogenic CO2 in the oceans. Global Biogeochemical
Cycles 10:809–837.

Ibe, A.C., and G. Kullenberg. 1995. Quality assurance/quality control (QA/QC) regime in
marine pollution monitoring programmes:
The GIPME perspective. Marine Pollution
Bulletin 31:209–213.
IOC (Intergovernmental Oceanographic
Commission). 1962. Report on the First Session
of the Commission. UNESCO, Paris, October
19–27, 1961. UNESCO/UNS/176, 45 pp.
IOC. 1991. Report of the Second Session of the IOC/
IAEA/UNEP Group of Experts on Standards and
Reference Materials (GESREM). January 22–15,
1990, Halifax, Canada.
IOC. 1993. IOC-IAEA-UNEP Group of Experts on
Standards and References Material (GESREM)
Workshop. Miami, Florida, December 7–8,
1993, Intergovernmental Oceanographic
Commission Workshop Report No. 112, 11 pp.
IOCCP (International Ocean Carbon Coordination
Project). 2005. History of Ocean Carbon
Programs of IOC and SCOR. 2 pp. Available
online at: http://www.ioccp.org/Docs/
AboutIOCCP/HISTORY OF OCEAN
CARBON PROGRAMS OF IOC and SCOR.pdf
(accessed August 5, 2010).
Johnson, K.S., E. Boyle, K. Bruland, K. Coale,
C. Measures, J. Moffett, A. Aguilar-Islas,
K. Barbeau, B. Bergquist, A. Bowie, and others.
2007. Developing standards for dissolved
iron in seawater. Eos, Transactions, American
Geophysical Union 88(11):131–132.
Johnson, K.M., A.G. Dickson, G. Eischeid,
C. Goyet, P. Guenther, R.M. Key, F.J. Millero,
D. Purkerson, C.L. Sabine, R.G. Schottle, and
others. 1998. Coulometric total carbon dioxide
analysis for marine studies: Assessment of the
quality of total inorganic carbon measurements
made during the US Indian Ocean CO2 survey
1994–1996. Marine Chemistry 63:21–37.
Key, R.M., A. Kozyr, C.L. Sabine, K. Lee,
R. Wanninkhof, J.L. Bullister, R.A. Feely,
F.J. Millero, C. Mordy, and T.-H. Peng. 2004.
A global ocean carbon climatology: Results
from Global Data Analysis Project (GLODAP).
Global Biogeochemical Cycles 18, GB4031,
doi:10.1029/2004GB002247.
Knudsen, M. 1925. L’emploi de l’eau normale dans
I’océanographie. Journal du Conseil, Conseil
permanent international pour l’exploration de
la mer 87:1-11.
Lamb, M.F., C.L. Sabine, R.A. Feely,
R. Wanninkhof, R.M. Key, G.C. Johnson,
F.J. Millero, K. Lee, T.-H. Peng, A. Kozyr,
and others. 2002. Consistency and synthesis
of Pacific Ocean CO2 Survey data. Deep-Sea
Research Part II 49:21–58.
Lueker, T.J., A.G. Dickson, and C.D. Keeling.
2000. Ocean pCO2 calculated from dissolved
inorganic carbon, alkalinity, and equations
for K1 and K2 : Validation based on laboratory
measurements of CO2 in gas and seawater at
equilibrium. Marine Chemistry 70:105–119.

Millero, F.J. 2010. History of the equation of state of
seawater. Oceanography 23(3):18–33.
Millero, F.J., A.G. Dickson, G. Eischeid, C. Goyet,
P. Guenther, K.M. Johnson, R.M. Key, K. Lee,
D. Purkerson, C.L. Sabine, and others. 1998.
Total alkalinity measurements in the Indian
Ocean during the WOCE Hydrographic
Program CO2 Survey Cruises 1994–1996.
Marine Chemistry 63:9–20.
Milton, J.T.M., and A. Marschal. 2001.
Frequently-asked questions about primary
methods of measurement in chemical
analysis. Accreditation and Quality Assurance
6(6):270–271
Murata, A. 2010. The development of non-toxic
reference materials for oceanic CO2 measurements: Current status and future plans.
Pp. 11–30 in Comparability of Nutrients in the
World’s Ocean. INSS international workshop,
Paris, France, February 10–12, 2009M. Aoyama,
ed., Mother Tank, Tsukuba, Japan.
National Research Council. 2002. Chemical
Reference Materials: Setting the Standards
for Ocean Science. National Academy Press,
Washington, DC, 132 pp.
Neill, C., K.M. Johnson, E. Lewis, and
D.W.R. Wallace. 1997. Accurate headspace
analysis of fCO2 in discrete water samples using
batch equilibrium. Limnology & Oceanography
42:1,774–1,783.
Nemzer, B.V., and A.G. Dickson. 2005. The stability
and reproducibility of Tris buffers in synthetic
seawater. Marine Chemistry 96:237–242.
Ota, H., H. Mitsuda, M. Kimura, and T. Kitao.
2010. Reference materials for nutrients in
seawater: Their development and present
homogeneity and stability. Pp. 11–30 in
Comparability of Nutrients in the World’s Ocean.
INSS international workshop February 10–12,
2009, Paris, M. Aoyama, ed., Mother Tank,
Tsukuba, Japan.
Poisson, A., F. Culkin, and P. Ridout. 1990.
Intercomparison of CO measurements.
2
Deep-Sea Research 37:1,647–1,650.
Sabine, C.L., H. Ducklow, and M. Hood. 2010.
International carbon coordination: Roger
Revelle’s legacy in the Intergovernmental
Oceanographic Commission. Oceanography
23(3):48–61.
Sabine, C.L., R.M. Key, K.M. Johnson, F.J. Millero,
A. Poisson, J.L. Sarmiento, D.W.R. Wallace, and
C.D. Winn. 1999. Anthropogenic CO2 inventory of the Indian Ocean. Global Biogeochemical
Cycles 13:179–198.
Sabine, C.L., R.A. Feely, N. Gruber, R.M. Key,
K. Lee, J.L. Bullister, R. Wanninkhof, C.S. Wong,
D.W.R. Wallace, B. Tilbrook, and others. 2004.
The oceanic sink for anthropogenic CO2.
Science 305:367–371.

Sabine, C.L., R.M. Key, A. Kozyr, R.A. Feely,
R. Wanninkhof, F.J. Millero, T.-H. Peng,
J.L. Bullister, and K. Lee. 2005. Global Ocean
Data Analysis Project (GLODAP): Results and
Data. ORNL/CDIAC-145, NDP-083, 110 pp.
UNESCO (United Nations Educational,
Scientific and Cultural Organization). 1983.
Carbon Dioxide Sub-group of Joint Panel on
Oceanographic Tables and Standards. Report of
meeting in Miami, Florida, September 21–23,
1981. UNESCO Technical Papers in Marine
Science No. 42, 25 pp.
UNESCO. 1990. Intercomparison of Total Alkalinity
and Total Inorganic Carbon Determinations in
Seawater. UNESCO Technical Papers in Marine
Science No. 59, 69 pp.
UNESCO. 1992. Methodology for Oceanic CO2
Measurements. Final report of SCOR Working
Group 75. Woods Hole, USA, October 1988.
UNESCO Technical Papers in Marine Science
No, 65, 37 pp.
UNESCO. 2009. 2009 International Nutrients
Scale System (INSS) Workshop Report.
Intergovernmental Oceanographic Commission
Workshop Report No. 224, 53 pp.
WCRP (World Climate Research Programme).
1986. Scientific Plan for the World Ocean
Circulation Experiment. WCRP Publications
Series No. 6, WMO-TD No. 122, 83 pp.
Wanninkhof, R., T.-H. Peng, B. Huss, C.L. Sabine,
K. Lee, K. Azetsu-Scott, J.L. Bullister, R.A. Feely,
M. Hoppema, R.M. Key, and others. 2003.
Comparison of Inorganic Carbon System
Parameters Measured in the Atlantic Ocean from
1990 to 1998 and Recommended Adjustments.
ORNL/CDIAC-140.
Wong, C.S. 1970. Quantitative analysis of total
carbon dioxide in sea water: A new extraction
method. Deep-Sea Research 17:9–17.

Oceanography

September 2010

47

