LIMNOLOGY

and

OCEANOGRAPHY: METHODS

Limnol. Oceanogr.: Methods 2, 2004, 356-364
© 2004, by the American Society of Limnology and Oceanography, Inc.

High-frequency measurement of partial pressure and total
concentration of carbon dioxide in seawater using microporous
hydrophobic membrane contactors

Burke Hales'", David Chipman?, and Taro Takahashi?

ICollege of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, OR 97331, USA
2Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA

Abstract

To investigate CO, chemistry in ocean water with greater time-space resolutions, we developed measurement
systems, which have state-of-the-art precision but an order of magnitude or better increase in the frequency of
analysis, for carbon dioxide partial pressures (P..,) and total carbon dioxide concentrations (T ,) in seawater. The
P, system was based on equilibration of a CO,-free carrier gas stream with aqueous carbon dioxide in a flowing
seawater sample stream using a commercially available membrane contactor unit normally employed in industri-
al applications followed by nondispersive infrared (NDIR) absorbance detection of the CO, in the exit carrier gas.
The T, system was based on injection of a small-volume seawater sample loop (~1 mL) into an acid (0.1 N HCI)
liquid carrier stream to convert all carbonate and bicarbonate ions to aqueous carbon dioxide; this acidified sam-
ple was then passed through a custom-made small-volume membrane contactor unit where the sample’s P, was
determined by equilibration of a CO,-free carrier gas followed by NDIR detection. Results from lab tests and a field
experiment in the Ross Sea polynya, Antarctica, are presented. The P, system was determined to have a response

time of about 3 s and precision of better than 1 patm. The T, system had a maximum analysis rate of one sam-

ple per 36 s, and reproducibility was determined to be better than 0.2% for a period of hours.

As a result of various industrial activities, the CO, concen-
tration in the earth’s atmosphere increased by as much as
30% from the pre-industrial value of about 280 ppm (mole
fraction in dry air) to about 375 ppm today. Presently, about
7 Petagrams (that is, 10" g) of carbon are emitted into the
earth’s atmosphere annually. The rates of change in CO, and
oxygen observed in the atmosphere in 1990s indicate that an
amount of CO, equivalent to about one half of the annual
CO, emissions is absorbed by the oceans and land ecosystems
in nearly equal proportions (Keeling et al. 1996; Battle et al.
2000; Plattner et al. 2002; Keeling and Garcia 2002). The
remaining half stays in the atmosphere. Thus, the global
oceans play a major role in regulating the atmospheric CO,
concentration, which affects the global heat balance and cli-
mate. Because the exchange of CO, between the atmosphere
and the oceans occurs through the upper layers of the oceans
and the CO, chemistry in seawater depends primarily on tem-
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perature and biological processes, it is important to under-
stand regulatory mechanisms. Although the ocean as a whole
is a net sink for atmospheric CO,, the distribution of the
ocean’s sink and source areas varies in time and space as a
result of complex interactions between photosynthetic fixa-
tion of CO,, which consumes CO, in the photic zone, and
vertical mixing, which supplies CO, and nutrients to the
photic zone (Takahashi et al. 2002).

In seawater, CO, molecules react with water and are disso-
ciated to three species: unhydrolized dissolved CO, (CO,,);
bicarbonate ion (HCO3-); and carbonate ion (CO,%). The total
concentration of CO, dissolved in seawater (T,,) is the sum of
the concentrations of all these species. In seawater, T, ranges
from 1800 umol kg! in warm surface waters to 2400 pmol kg™
in deep waters. About 1% of it is in the form of (COZ(aq)), 2.5%
is CO,=, and the remaining 96% is HCO,~; and the proportions
change with temperature and pH. The partial pressure of CO,
in seawater (P.,,), which represents thermodynamic driving
potential for CO, gas exchange across the sea-air interface, is
simply proportional to the concentration of (CO,)aq. When
P.,, and T, in a parcel of water are measured, the CO, sys-
tem in seawater is determined using known solubility of CO,
(Weiss 1974) and the dissociation constants of carbonic acid
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in seawater (e.g., Millero et al. 2002). One of the unique fea-
tures of CO, chemistry in seawater is that P_,, is a sensitive
function of T ,: dIn P,/d In T, called the Revelle factor, is
8 for warm waters and 15 for cold polar waters with high T
concentrations. That is, a 1% change in T, causes an 8% to
15% change in P_,. Accordingly, small changes in T, may
be detected by sensing the amplified changes in P,. In this
paper, we report rapid and high-precision measurement meth-
ods for P, and T, in seawater. These methods have been
employed to investigate the sub-meso and mesoscale distribu-
tions of CO, chemistry in the upper layers of the oceans.

co2

Materials and procedures

Objectives—To investigate the time-space distribution of
CO, and nutrients in the upper layers of the oceans, we devel-
oped a hybrid towed undulating vehicle/continuous sampling
system called the Lamont Pumping SeaSoar (LPS) (Hales and
Takahashi 2002). The LPS is towed from a research vessel at
speeds of 6 to 8 kts and undulates between the surface and
ca 200 m depth at vertical ascent/descent rates of ca 20 m min-,
all the while pumping a seawater flow of 8 linters min~! back
to the shipboard laboratory. In order to capture the rapid
chemical changes present in the sample stream generated in
this manner, the frequencies of chemical analyses needed to
be increased dramatically from state of the art. We simultane-
ously developed a system for rapid nitrate, silicate, and phos-
phate analyses (Hales et al. 2004). Now our goal was to
develop complementary P, and T, analyses that can attain
vertical resolution equivalent to or better than that obtainable
by hydrocast Niskin-bottle samples. This means that to main-
tain a vertical spacing of 10 m or less, we needed to develop
systems that could perform at least two analyses per minute,
all while maintaining the best possible accuracy and precision.

Principle of the systems—The systems we describe in subse-
quent sections are centrally dependent on equilibration of
acidified and unperturbed seawater samples with carrier gases,
via exchange of CO, across microporous hydrophobic mem-
branes, which are then analyzed for their CO, content by
NDIR absorbance. Gas-permeable membranes have been
used in measurement of seawater P, (e.g., Cai et al. 2000;
DeGrandpre 1993; DeGrandpre et al. 1995, 1997, 1998, 2004;
Hales et al. 1997; Ishiji et al. 2001; LeFevre et al. 1993; Wang et
al. 2003; Zhao and Cai 1997). In these applications, (CO,)aq in
sample seawater was equilibrated across the membrane with a
sensing aqueous solution, whose pH changed with changing
(CO,)aq or P,. Because the equilibration took place via dif-
fusion through aqueous media on both sides of solid gas-
permeable membranes, the equilibration rate was on the order
of min or longer. As a result, such systems have been deployed
on moorings and on the seafloor in the deep ocean for sedi-
ment porewater measurement where the rapid response we
seek is not as important. In contrast, in our application, the
sensing medium was a gas and, hence, the transport-based
response time would be about three orders of magnitude
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shorter because of the similarly higher diffusion coefficient in
gases than in liquids.

Our search for raw membrane material led us to discover
a newly formed branch of Hoechst (which has since become
its own entity, Liqui-Cel; www.liquicel.com) specializing in
gas-liquid contactor units for industrial applications. Many
of their products are designed for much larger volume
throughputs than we expected to use, however the smallest
unit (LiquiCel 2.5 x 8) was about right for our P, measure-
ments made on the full 8 L min! LPS sample stream. This
unit, which constituted the equilibrator for our P, system,
contains a bundle of approximately 10* X50® polypropylene
tubes (220 micron inner diameter, 300 micron outer diame-
ter, 50% porosity; see www.liquicel.com for more details)
through which the carrier gas flows (the “lumenside”),
while the seawater sample flows over the outside the tubes
(the “shellside”).

In contrast, our acidification approach to T.,, measure-
ment required a water flow rate of about 10 mL min-!. Rather
than optimizing our T_,, measurement for higher flow rates,
we took raw sample X50 tubing material (provided by T. Whis-
nant of Liqui-Cel) and constructed small-volume contactor
units using bundles of about 10 of these tubes. In this system,
a low-volume flow of acidified seawater sample was passed
through the lumenside of the contactor unit and equilibrated
with a carrier gas, which flowed through the shellside and was
then analyzed for its CO, content by NDIR.

Hydrophobic membrane contactors similar to these have
been used in measurement of SF, during deliberate tracer
release experiments (e.g., Ho et al. 2002) and for lower tem-
poral resolution surface P, measurements (G. Friederich,
Monterey Bay Aquarium Research Institution (MBARI), pers.
comm. unref.), but their application to high-frequency meas-
urement of P, and T, has not been discussed previously.

Analytical description—The two systems are schematically
depicted in Fig. 1. The P, system (Fig. 1A) is the simpler of
the two, as the liquid flow path consists only of the main sam-
ple stream flowing through the shellside of Liqui-Cel 2.5 x 8
contactor unit. The carrier gas, dry N, in this case, flowed at a
constant rate of about 150 mL min-! through the lumenside of
the contactor, opposite to the direction of seawater sample
stream flow (“counter-flow”). After exiting the contactor, the
now-equilibrated gas passed through a multi-position valve
and then entered a 48-inch PermaPure (www.permapure.com)
drying column where water vapor picked up in the contactor
was removed, and finally flowed to a LI-COR 6251 NDIR
absorbance unit (www.licor-env.com) for detection. Also
plumbed to the multi-position valve was a set of five cylinders
of known CO, content for regular, automated calibration of
the LI-COR’s nonlinear absorbance signal. The CO, concen-
tration for each reference gas mixture is tied to the manomet-
ric measurements of C.D. Keeling (Scripps Institution of
Oceanography). In addition to the output from the LI-COR
unit, the temperature of the water flowing through the con-
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Fig. 1. Schematics of the (A) P, and (B) T, systems. The P, system

equilibrates a carrier gas with the entire, unmodified flow of the LPS
(nominally 8 L min~") in a LiquiCel 2.5 x 8 membrane contactor unit. This
equilibrated gas is then dried with dry N, contacted via a Nafion mem-
brane and continuously analyzed with a LI-COR 6251 NDIR analyzer. The
NDIR analyzer is calibrated with a suite of standard gases with known CO,

content. The T, analyzer, in contrast, draws a small split from the main

LPS sample line, which flows through the sample loop of an injection
valve. This sample is then injected into an acidified liquid carrier stream,
which flows through a small, custom-made contactor unit consisting of a
small bundle of the same hydrophobic microporous tubes as used in the
commercial contactor. A carrier gas stream equilibrates with this acidified
carrier/sample and is subsequently dried and then analyzed with a second
calibrated LI-COR 6251 NDIR unit.

tactor, the shellside (carrier gas) pressure of the equilibrator
(kept as low as possible), and the flow rate of the carrier gas are
monitored and recorded. The sample’s P, at the sampling
temperature is calculated from a second-order polynomial fit
of the LI-COR output to the known standard gas concentra-
tions for the three gases nearest the sample. Data were col-
lected at the maximum frequency of the LI-COR unit, 0.5 Hz.

While the T, system’s gas flow path is virtually identical
to that of the P, carrier gas, the liquid flow is more com-
plicated (Fig. 1B). Sample is driven by line pressure at a flow
rate of about 50 mL/min from the main sample line, first
through a multi-position valve and then to a two-position
injection valve. When this second valve is in the “load” posi-
tion, sample flows through an approximately 1-mL sample
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loop (made of a heavy-walled stainless steel tubing) on the
valve and then to waste. When the injection valve was
switched to the “inject” position, the sample loop was swept
with an acidic (0.1 N HCI) carrier solution flowing at a rate
of about 10 mL min-. The carrier/sample stream flowed
through a 5-mL mixing coil to ensure complete acidification
of the seawater sample loop, and then through the lumen-
side of the custom small-volume contactor, and finally on to
waste. Carrier gas (again, dry N,) flows through the shellside
of the contactor at 30 mL min™ and, similar to the P, sys-
tem, through a drying column and multiposition standardi-
zation valve before entering a second LI-COR 6251 NDIR
analyzer for analysis. As with the P, system, liquid temper-
ature, carrier gas pressure, and flow rate are monitored and
recorded. While the NDIR system is calibrated in exactly the
same manner as described above for P, the data analysis
for T, is different. Because the sample loop mixes axially
with the carrier stream, the signal associated with each
injected sample is an individual peak. Although we collected
data at 0.5 Hz, and integration of the peaks was possible, we
found that the best statistical representation of the data (as
quantified by repeatability or linearity of calibration curves)
came when the maximum peak height was used as the rep-
resentation of the sample T_,,. Liquid standardization was
performed with 3 mixtures of known T, concentration—
prepared using NaHCO, solutions tied to pure Icelandic spar
calcite solid standards—plumbed to the liquid multi-position
valve and delivered by hydrostatic pressure because of the
standards’ elevation above the injection valve.

Results

Laboratory tests—We veritied with laboratory tests that the
two systems had acceptable analytical precision based on
repeated analyses of the same test seawater sample: the P,
measurements were repeatable to 1 patm or about 0.3% at
atmospheric conditions. We verified absolute accuracy of the
P, system by comparison with standard large-volume equili-
brator measurements of surface seawater in the field; this is dis-
cussed in detail in this section. We demonstrated by modeling
the output signal response to a step-function change in inlet-
water P, that the P, system had a response (e-folding) time
of about 3 s, which we believe to be largely due to flushing of the
LI-COR cell. The extent of equilibration of the P, carrier gas
stream with the liquid sample stream was verified by the equiva-
lence, within our measurement precision, of P_,, in the exit car-
rier gas whether the inlet gas P, was significantly below (0 patm
N, carrier) or above (1000 uatm) the P_,, of the test seawater sam-
ple stream. This is consistent with the expected millisecond-
order gas transfer rates through the thin porous walls of the tub-
ing. It is also consistent with the notion that the carrier gas
stream does not significantly strip CO, from the seawater: at the
gas and liquid flow rates used and extreme hypothetical combi-
nations of low-CO, carrier and high-P., seawater, less than
0.01% of the seawater T, is removed by the carrier gas.
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co2
and T_,, measurements, made with the analytical systems described here

in the shipboard end of the LPS sample stream, were synchronized with
the in situ measurements by comparing in situ and shipboard-measured
salinity, as described by Hales and Takahashi (2002). Salinity and chloro-
phyll measurements were made with in situ sensors aboard the LPS.

Like the P, system, laboratory tests showed that the T,
system’s precision was adequate. Repeat measurements of
the same seawater sample gave the same result to within 3 to
4 umol kg™ or < 0.2%. Also like the P, system, we attempted
to verity the absolute accuracy with field tests. Unfortunately
this proved problematic, and this is discussed in detail in sub-
sequent sections. Axial smearing of the injected sample and
the slower flushing rate of the LI-COR cell caused by the lower
gas flow rate limited T_,, sampling frequency to one analysis
every 36 s. Samples injected more frequently were compro-
mised by overlap of leading and trailing peak edges. Samples
forced through the system faster, either by increased acid-
carrier flow rates or decreased acid mixing coil volumes, did
not completely and reproducibly acidify. Increased gas flow
rates appeared to strip CO, from the acidified sample, thus
invalidating the equilibration approach. Sample loops were
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flushed rapidly with respect to sampling period (flushing time
of about 1 s) however, so the system’s e-folding response time
could well be shorter than the sampling period. At 36-s sepa-
ration between injections there was no discernible “memory”
of previous samples on current sample peak height. As a result,
we cannot accurately quantify the system’s response time. We
know only that it must be several times shorter than the sam-
ple temporal separation. It is difficult to constrain the extent
of equilibration of the acidified sample in the T_,, system. It
is acidified, and thus no longer possesses the buffering capac-
ity of seawater. The gas:liquid flow ratios are substantially
higher for the T, system, and a simple mass-balance calcula-
tion shows that the carrier gas stream could potentially strip
several percent of the acidified T ,,. We tested for this by vary-
ing gas flow rates. At flows below 40 mL min-!, we saw no sen-
sitivity to further reductions in flow and felt that the 30 mL
min-! flow rate was safely within this limit.

Field data: Oceanographic results—We took these two sys-
tems to sea during the Joint Global Ocean Flux Survey
(JGOFS) Antarctic Environment and Southern Ocean Process
Study (AESOPS) Ross Sea Process IV cruise. The major objec-
tive of this expedition was to observe variability of biogeo-
chemical properties in upper layers of water during the early
stages of phytoplankton blooms in the highly productive
Ross Sea shelf waters in the austral spring of 1997. The sys-
tems were operated during four 24-h surveys with the LPS. An
example of the consistency between P, and T, measure-
ments is shown in Fig. 2, along with the in situ measured
physical and bio-optical parameters (salinity and fluores-
cence-based chlorophyll, respectively). The data were obtained
during an approximately 20-h deployment between 170°E
and 180°E longitude along 76.5°S latitude on 7 December
1997. The dominant temporal variability in all signals is due
to the up-down cycling of the LPS from about 15 m to 190 m
depths, with lower P, and T, coincident with lower salin-
ity (and thus lower density) surface waters. These also have
highest chlorophyll content. Other temporal structure is due
to variable biological uptake of dissolved CO,, as evidenced
by the coherence between lowest values of surface P, and
T, and highest values of surface chlorophyll.

Further illustrating the impact of physical and biological
processes on these properties are the relationships between
Teon Pooy,y temperature, and salinity shown in Fig. 3. High
chlorophyll waters (orange dots) have low P, and T, val-
ues, as expected from the photosynthetic use of CO,. The low
chlorophyll (purple dots) waters contain high P, and T,
and represent the subsurface intrusion of Modified Circum-
polar Deep Water, which is warmer than other water masses
in the Ross Sea. As expected from the coherence between the
patterns of T, and P, both with respect to time and tem-
perature and from the early phytoplankton bloom in the Ross
Sea (which is largely devoid of calcifying organisms), P, and
T, are tightly correlated (Fig. 4). The slope of the near-linear
relationship between the two variables corresponds to a
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Revelle factor of about 15, consistent with 14.8 obtained on
the basis of large-volume, coarse-resolution, discrete analyses
of P, and T_,, in near surface waters south of 65°S (Morri-
son et al. 2001).

An example of the spatial variability present in distribu-
tions of such chemical parameters is the section of T_,, con-
centrations given in Fig. 5. The well-resolved representation of
the T, distribution (Fig. 5a) shows striking finger-like verti-
cal structures with horizontal scales so narrow that they are
captured by only a few LPS tracks (spanning ca 20 km or less).
It follows from the tight correlation of P, and T, shown
above that corresponding P, distributions are similarly spa-
tially variable as Hales and Takahashi (in press) showed. Not
only is the length scale of this variability short, its magnitude
is large. They showed that the magnitude of the P, variabil-
ity at these short length-scales is tens of patm. This is sup-
ported by the time-series data shown in Fig. 2, where it is clear
that surface P, has a range of 100 patm, which is sometimes
experienced in the space of only ca 10 km. The similarly large
amplitude of T, variability expected from tight coupling
between P, and T, is borne out by the time series distribu-
tions of Fig. 2 and the highly-resolved section of Fig. 5A. T,
at a given depth can vary by up to 50 umol kg, and, again,
this entire range can be experienced in lateral distances of
only ca 10 km.
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In dramatic contrast to the picture provided by the high-
resolution LPS-based sampling and high frequency analyses
described here is the distribution of T.,, that would be
assumed based on T, measurements of samples collected
from typical 50 km-resolution hydrostation Niskin-bottle sam-
pling (Fig. 5B). This representation misses most of the vari-
ability in the distribution and imposes lateral connections
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Fig. 6. (A) Field-study ground-truthing of P_,, based on comparison of
LPS-based surface P ., (large blue symbols/lines) with more traditional
large-volume showerhead-style equilibration of surface water drawn by the
ship’s uncontaminated seawater (USW) intake. Comparisons are made for
a transect completed early in the bloom initiation period shortly after a
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expression of phytoplankton growth (LPS mimimum depth = 15 £ 2 m).

P .o, Measured by the two methods is, in general, in good agreement; the

few instances of large deviation come when the deviation between ship’s
USW-based and LPS-based temperature and salinity is greatest (B). The fre-
quency of these water-mass property deviations is greatest for the latter
transect, despite the shallower minimum LPS depths achieved then, lead-
ing us to believe that the establishment of very shallow surface mixed lay-
ers has become more important over time.

between widely separated samples that simply do not exist in
the well-resolved distributions.

Field data: Verification of system accuracies—P_,,. Performing
these measurements within the context of a larger program
where traditional sampling and analyses were being per-
formed aboard the same ship gave us the ability to rigorously
verify the accuracy of these new approaches with direct com-
parisons to analyses by established procedures. We compared
P.,, measured on near-surface LPS samples with that mea-
sured at the same time and place by a large-volume shower-
head equilibrator (Broecker and Takahashi 1966; Takahashi et
al. 1998) inline with the ship’s continuous underway uncont-
aminated surface-water (USW) sample intake (Fig. 6a). With a
few exceptions, the agreement between these two independ-
ent measures of a highly variable P, distribution is extremely
good. The variability implied by the LPS-based membrane
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equilibrator measurements is supported by the USW-based
large-volume equilibrator data, and the two sets of measure-
ments are generally in phase.

There are some exceptions to this positive result, all of
which are characterized by the LPS-based measurement sub-
stantially exceeding the USW-based result. This is sometimes
by an amount in excess of 80 patm and occurs more fre-
quently in the later transect. We believe this is a result of
establishment of very shallow mixed layers, which the LPS
could not effectively sample with its nominal 15 to 20 m min-
imum depth. This is supported by Fig. 6B, which shows that
the largest deviations between the two P_,, measurements
always come when the difference between temperature and/or
salinity measured in the ship’s surface intake line and those
measured by the LPS was largest. Formation of such shallow
mixed layers could be possible in this setting: these surveys
took place during austral spring when the Ross Sea polynya
was widening due to ice-melt caused by increasing insulation,
so input of low-salinity, buoyant water at the surface could
cause shallow stratification. In addition, the first of these two
transects immediately followed a large wind event, while the
second followed the ensuing 2 weeks of very calm weather.
Despite the fact that the LPS reached shallower minimum
depths during the second transect (15 + 2 m) than on the first
(20 £ 2 m), the frequency of disagreement between USW- and
LPS-based T, S, and P, is greater for the second transect. This
supports the notion that formation of very shallow surface
mixed layers had increased over this time period. Sampling
such shallow mixed layers with vehicles that are, in all likeli-
hood within the wake of the towing ship while near the sur-
face, is of course impossible with ship’s hull drafts approach-
ing 10 m. These scenarios demonstrate the importance of
incorporating data from surface USW intake lines when the
very near-surface water properties are of interest.

The magnitude of these disagreements is greatly reduced
when accounting for the offset between physical properties of
LPS and USW samples. When limiting the comparison to USW
and LPS sampled waters whose temperatures are within 0.3%
and salinities are within 0.1 of each other, P_,, measured by the
methods presented here is 5.3 £ 7 (n=44) and 4.4+ 5 (n = 25)
patm higher than that measured by the large-volume equili-
brator for the 25 November and 7 December 1997 transects,
respectively. Further limiting the comparison to samples with
better temperature agreement reduces this difference to 4.6 £ 6
(n=42) and 3.5 £ 5 (n = 18) patm for samples within 0.1°C of
each other on the two transects, respectively, and to 2.4 + 7
(n=10) and 2.4 + 6 (n = 8) patm for samples within 0.05°C.
We are unsure of the implication of the nonzero differences
attained, even when the T and S characteristics of the water
masses were significantly limited. This is clearly a setting with
extreme spatial variability, and expectation of perfect agree-
ment may be unjustified—the deviations between the two sys-
tems are certainly not statistically significantly different from
zero, even in fairly permissive T and S agreement restrictions.
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Fig. 7. Time-series of (A) T.,, measured by two supposedly identical sys-
tems (red trace is the same as plotted in Fig. 2B) and (B) the difference

between the two systems’ measurements. (C) Comparison of the two T,

estimates as a function of P_,,. Both show similar Revelle factor relative
dependences on P, (overlain light solid lines correspond to a Revelle fac-
tor of 715, as in Fig. 2) but the RMS deviation of the second system about
its mean trend is larger than for the first.

Alternatively, disagreements of this magnitude may be
accounted for by calibration errors of only about 0.2°C
between the USW and LPS temperature sensors. We cannot,
with this data, further resolve the agreement, or lack thereof,
between the two systems and simply state that the rapid
membrane-contactor-based analysis of P, in LPS samples
agrees with traditional approaches to within a couple of patm;
even this difference may not be significant.

T, Discussion of T, data to this point has been based on
measurements made with one system as described -earlier,
which yielded T, values consistent with the values obtained
using a coulometric system (Chipman et al. 1993). The
coulometer system was calibrated using a known number of
moles of 99.98% purity CO, gas, and yielded TCO, values con-
sistent with reference solutions provided by A.G. Dickson of
the Scripps Institution of Oceanography. Because the T, val-
ues in these reference solutions were determined using the
manometric method of C.D. Keeling (Scripps Institution of
Oceanography), our P, and T, values are both tied to his
manometric measurements.
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Unfortunately we built a second system, which was used
along with the first to double the analysis frequency. Here, we
encountered difficulties. We calibrated this supposedly iden-
tical system in exactly the same manner as the first, using the
same standard solutions and gases, and operated them in par-
allel during the transect discussed earlier. Comparison of T,
measured with the two systems is shown in Fig. 7. The offset
between the two is large. T.,, measured with the second sys-
tem was on average 35 + 8 umol kg! lower than that meas-
ured with the first. This difference, about 1.6%, far exceeds
precisions and is inconsistent with the accuracy required to
make meaningful comparisons of our data with those of
other researchers.

It is tempting to simply ignore the results of the second
system—they are noisier with respect to P, (RMS deviations
from Revelle lines shown in Fig. 7C are 9 and 17 umol kg for
the first and second systems, respectively), and the second sys-
tem appears to be in greater disagreement with hydrographic
data than the first. The fact remains, however, that the two
systems were intended to be identical and were calibrated in
exactly the same way. Their internal disagreement suggests a
fundamental difference in the ways we treat standards and
samples and casts doubt on any claims we might make about
absolute accuracy. We must therefore be satisfied with the
internal consistency between the relative variability recorded
by the T_,, system and other independent measures of bio-
geochemical variability in the Ross Sea. Attaining acceptable
absolute accuracy is left for further development.

Comments and recommendations

The obvious shortcoming of the analytical results presented
here lies in the internal inconsistency of the T, data col-
lected by two supposedly identical systems. We can postulate
reasons that a single system might be in error. For example,
CO, in the seawater sample loop, diluted with and acidified by
the carrier solution, is not well buffered (as in seawater), and
the higher gas:liquid flow ratios in the T , contactor unit
may act to strip CO, from the liquid stream rather than sim-
ply equilibrating with it. This introduces the potential for ele-
vated sensitivity to flow rates and mixing ratios. Alternatively,
there may be uncertainties that are unaccounted for in the
temperature measurements of the carrier/sample stream.
Because the sample is completely acidified, there is no Revelle-
factor damping of the sensitivity to CO, solubility. The 1.6%
offset could be due to a temperature inaccuracy of less than
0.4°C. Whereas these might explain deviation from theoreti-
cal performance, none can explain how two supposedly iden-
tical analyses calibrated with the same standards can give sys-
tematically different answers. This problem must be resolved
before the methods presented here can aspire to state-of-the-
art T.,, measurement accuracy.

Despite these problems, we do believe that the relative
variability determined by both systems is correct. Therefore,
this approach could be used in situations where the relative
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variability is large compared to the order 1% accuracy uncer-
tainty, such as estuaries, river plumes, or stratified lakes. In
addition, the approach of injecting small volumes has appli-
cation to measurement of samples such as those collected in
porewaters or benthic flux-chamber incubation experiments
where sample sizes are small, variability is large, and relative
changes are important.

Conclusions

We have developed systems for rapid, precise, and accurate
measurement of P_,,, and rapid and precise measurement of
T.,- We validated these systems, interfaced with the sample
stream generated by the Lamont Pumping SeaSoar, during
fieldwork in the Ross Sea polynya during austral summer of
1997. High-resolution measurements of these systems show
very short horizontal-scale variability that could not be
observed with traditional hydrostation sample spacing. Field
accuracy for P_,, was verified by comparison of surface sam-
ples measured in the manner described above with traditional
large-volume showerhead-style equilibration of surface waters
sampled by the ship’s surface water intake. Accuracy of T,
was unsatisfactory, given the 1.6% disagreement between two
supposedly identical T, rapid-analysis systems.
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