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4.2 Perturbation of pHy caused by addition of saturated HgCl, solution

The pHr measurements of 27 bottle samples collected from various depths at a given station took
about 8 hours. If a sample is not sterilized, its pHt and its TCO, could change owing to biological activity
occurring prior to measurement. Therefore, bottle samples must be sterilized with saturated HgCl, solution.
However, the addition of saturated HgCl, solution may affect pHt because of hydrolysis of HgCl, and
dilution of the sample. To evaluate the perturbation of pHt caused by the addition of HgCl, solution and to
correct for this perturbation empirically, we compared the pHr values of 14 pairs of samples taken from
several ocean layers ranging from the surface to a depth of 794 m in the equatorial Pacific Ocean (from
170° W to 165° W) during the cruise MR02-K06. Duplicate samples were collected at each depth, and
different volumes of saturated HgCl, solution (0.2 and 0.4 cm’) were added to each of a given pair of
samples.

The injection of additional 0.2 cm® saturated HgCl, solution to each sample already containing
0.2 cm’ saturated HgCl, caused pHy changes (pHr(0.4) — pH1(0.2)) ranging from —0.0024 to —0.0003 (Fig.
8, closed circles). These changes appeared larger for samples with higher pHr values, but the correlation
was insignificant (y° = 0.17, p > 0.1). Therefore, we corrected for perturbation caused by HgCL, addition by
adding a constant value of 0.0012; (average of pHr(0.4) — pH1(0.2)) to measured pHr values. The cause of

this perturbation is discussed later in Section 7.2.

4.3 Storage of samples

We investigated whether it was possible to store seawater samples for pHr analysis for a period
of a few months. To monitor the change in pHrt of seawater samples stored in borosilicate glass bottles, we
collected approximately 20 litters of surface water at 4° 10’ N, 156° 40’ E during the cruise MR02-K06.
This large sample was subsampled into 30 borosilicate glass bottles 250 cm® each and then sterilized with
0.2 cm’ of saturated HgCl, solution before being plugged with a greased ground-glass stopper. The sealed
samples were stored at room temperature. The mean pHr for samples stored for 50 days was 8.1252 +
0.0011 (1o, n = 21; Fig. 9). There was no significant temporal change (y* = 0.06, p > 0.2). This result
suggests that surface water samples can be stored for pHy analysis with a precision that is comparable to
the repeatability of pHt measurements of samples without HgCl, addition (£0.0011).

For deep-water samples, 42 pairs of duplicate samples were collected at layers ranging from the

surface to a depth of 5104 m at 0°, 160° W during the cruise MR02-K06. One of the duplicate samples was
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analysed within 15 hours after bottling (referred to as
“asap”), and another was analysed 50 days later at a
laboratory on land (referred to as “stored”). The
changes in pHt ranged from —0.001 to +0.007 after 50
days of storage (Fig. 10). The change in pHt was larger
at 400-1500 m, where pHr was lower than 7.5. The
negative correlation between the change in pHy (=
pHr(stored) — pHr(asap)) and pHr(asap) (Fig. 10b) and
the positive correlation between the change in pHt and
pCO, (Fig. 10c) suggest the possibility of CO, gas
exchange between ambient air and samples taken at
depth, where pHt was lower than 7.5. A change in pHy
of +0.005 corresponds to a change in TCO, of -4 pumol
kg at constant TA. However, TCO, values previously
have been observed to remain unchanged when
samples are stored by the method described here (Ishii
et al., 2000). Since pCO, is high in deep-water samples
with lower pHr and higher TCO, than those in
near-surface seawater, CO, could escape from
deep-water samples during sampling and measuring
processes. Further studies are needed regarding the

storage of seawater for pHt analysis.
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Fig. 9 Time course of pHr of surface water samples
stored in glass bottles with HgCl,. The mean (solid line)
and the standard deviation (broken line) were 8.1252
and 0.0011, respectively.
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Fig. 10 Difference between the pHr values measured on
board as soon as possible after water samples arrived on
deck, pHr(asap), and after 50-day storage, pHr(stored),
versus a) depth, b) pHr(asap) and c) pCO, calculated
from TCO, and pHr(asap). 0.2 cm?® of saturated HgCl,
solution was injected into each sample.
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4.4 Uncertainty in pHr measurements of bottle samples

The pHr values of bottle samples agreed reasonably with the values measured onboard. The
precision of bottle sample measurements as estimated from duplicate sample measurements was 0.0011
(Fig. 5 in Section 4). Taking into account the perturbation due to storage, the uncertainty of bottle sample
measurements was 0.001 for surface waters (Fig. 9 in Section 4.3) and a maximum of 0.006 for deep waters

(Fig. 10 in Section 4.3) over a period of 50 days.

5. Consistency of measured and calculated pHy values for CRMs and
comparability of pHt data among several cruises

We measured pHrt values of several batches of CRMs used as standards for TCO, and TA
analyses to investigate the consistency of pHt measurements obtained by means of our system with the
calculated pHr values of CRMs certified for TCO, and TA. Although the CRMs were not certified for pHr,
their pHr values could be calculated from the certified TCO, and TA values because these values are stable.
We compared our measured pHt values with the values calculated from the certified TCO, and TA values
of the CRMs using the dissociation constants of carbonic acid in seawater reported by Lueker et al. (2000).
We adopted the dissociation constants of Lueker et al. (2000) for the following reasons:

a) The fugacity of CO, (fCO,) calculated from TCO, and TA using these dissociation constants agreed
well with measured values in the range up to 500 patm (Lueker et al., 2000).

b) The dissociation constants of Lueker et al. (2000) are based on the data of Mehrbach et al. (1973). Lee
et al. (2000) reported that fCO, calculated from pHt and TCO, using dissociation constants based on
the data of Mehrbach et al. (1973) agreed well with measured fCO, values.

The pHrt values of CRMs measured during several cruises agreed well with pHr values calculated
from the certified values of TCO, and TA (Table 2). Although the difference between the measured and
calculated pHr values for batch 65 was larger than for any other batch, this difference was within the range
of experimental error (mean +26). We concluded that the pHr values obtained by our measurement system
were consistent with certified TCO, and TA values and that the pH measurements we obtained during the

different cruises (in which different dye solutions and working standards were used) were comparable.
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Table 2 pHr of CRMs.
Mean =+ standard deviation (bottles, measurements) during individual cruises
Experiment Apparatus  Dye soln. WS Batch 58 Batch 62 Batch 65 Batch 72
periods batch batch
(ddmmyy)
140103-190303 1 784C \ 7.9118 + 0.0007
2,4
301003-111103 1 826C w 7.8760 +0.0011
(3.8
170304-210404 1 826C W 7.8740 + 0.0007
(3,6)
270804-100904 2 837C W, X 7.8747 + 0.0007 *
1,2)
241004-271204 1 837C X 7.8709 + 0.0014
(3.6)
180805-180805 2 957C XY 7.8747 +0.0005 *
1,2)
091105-290306 2 957C Y 7.8712+£0.0016 7.9155 £ 0.0006 7.9009 + 0.0001 *
(3,6) 2,4 1,2)
130706-140806 2 957C Y,Z 7.8690 +0.0001 " 7.9079 +0.0001 *  7.8962 + 0.0006 *
1,2) 1,2) 1,2)
131206-200107 2 957C, 27 7.8949 + 0.0022
1058C 3.7
Whole period 7.9118 +0.0007 7.8731 £ 0.0025 7.9129 £ 0.0039 7.8956 + 0.0027
2.4 (16, 34) (3.6) (7. 15)
Calculated from TCO, and TA® 7.9119 +0.0010 7.8735+0.0014 7.9189 +0.0015 7.8986 + 0.0017
Measured — Calculated —0.0001 —0.0005 —0.0059 —0.0029

* Mean = standard deviation for the difference in analytical results between duplicate measurements.
® Means =+ standard deviations of pHr calculated from certified values of TCO, and TA using dissociation
constants for carbonic acid in seawater reported by Lueker et al. (2000).

6. Procedure to measure pHy with high comparability and precision

On the basis of our experimental results, we recommend the following experimental procedure
for pHt measurements at sea and on land. CRMs should be measured at the beginning and the end of a
cruise or a series of experiments. Working standards should be measured at the beginning and the end of
each day of pHr measurements during a cruise. Prior to data collection during a cruise, we recommend
making a property control chart of measured pHr values (SOP 22 in DOE (1994)) and calculating the mean
and standard deviation from at least 12 data points obtained from working standards measurements. If a
newly measured value is out of the range of mean = 2, an additional bottle of working standard should be
analysed. If a couple of measured values are out of the range of mean + 3o, another batch of working
standards or CRMs should be analysed. If the results are out of the range of each mean + 3, the apparatus
or reagents should be checked to determine the reason for discrepancy. The mean and standard deviation
are updated by adding newly accepted data.

The following data processing method is recommended:
1) pHr is calculated from spectrophotometric data by means of Egs. (4) and (5).
2) pHr should be corrected for the perturbation induced by the addition of dye and saturated HgCl,

solutions to the sample. Dye correction is expressed by the term AR and expressed as a quadratic

function of R; (Egs. (7) and (8)). The coefficients in equation (8) should be determined for each batch
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of indicator solution. To correct for the perturbation caused by the addition of saturated HgCl, solution,
the constant value of 0.0012; is added to the pHt data of a sample that has been sterilized with HgCl,.

3) pHr measured at temperature ¢ (°C) is normalized at temperature of 25.00 °C by means of Eq. (9).

7. Discussion
7.1 Standard deviation of pHry in reference materials

The averages and standard deviations of the pHr values of CRMs and working standards for a
single cruise and for several cruises are listed in Tables 2 and 3, respectively. The standard deviations for
working standards (0.0004—0.0059) during each cruise were on the whole larger than those for CRMs
(0.0006-0.0022), except the values from duplicate measurements. The standard deviations were somewhat
larger than the repeatability of bottle sample measurements described in Section 4.3 (0.0011). This result
indicates that the CRMs and, in particular, working standards were somewhat inhomogeneous. Working
standard batch W is likely to be more inhomogeneous than others, because the standard deviation of pHy
for working standard W was larger than that for working standard V and X, which was measured in the
same periods of experiments with same apparatus (Table 3). If we exclude the results of working standard
batch W, we can conclude that the repeatability of our measurements within a cruise or a series of
experiments was better than 0.002.

Table 3 pHr of working standards.
Mean =+ standard deviation (bottles, measurements) during individual cruises

Experiment Apparatus  Dye soln. Batch V Batch W Batch X Batch Y Batch Z
periods batch
(ddmmyy)
140103 -190303 1, 784C 7.7776 £ 0.0011
(43, 43)
171003 —221003 1 826C 7.7756 £ 0.0015  7.8613 + 0.0059
(7,9) (7,9
301003 -111103 1 826C 7.7810 +0.0025  7.8704 + 0.0057
4,4) (40, 41)
170304 —210404 1 826C 7.8640 + 0.0038
(45, 45)
270804 —100904 2 837C 7.8718 £0.0040  7.9576 + 0.0020
3,5 (23,27)
300904 -011004 1 837C 7.9494 +0.0013
(6,6)
041004 081004 2 837C 7.9550 + 0.0020
(8, 11)
241004 -271204 1 837C 7.9504 +0.0015
(31, 32)
180805 —180805 2 957C 7.9550 + 0.0004
@7
091105 —290306 2 957C 7.9177+0.0021  7.8356 +0.0013
(93, 101) (7,7)
130706 —140806 2 957C 7.9187+£0.0010  7.8348 +0.0021
(5,5) (40, 40)
131206 -200107 2 957C, 7.9169 +£0.0001 *  7.8358 +0.0021
1058C (2,2) (6, 6)
Whole period 7.7776 £0.0017  7.8667 £ 0.0061  7.9537+£0.0037  7.9177+£0.0021  7.8330 + 0.0024
(54, 56) (95, 100) (75, 83) (101, 109) (54, 54)

2 Mean + standard deviation for the difference in analytical results between duplicate measurements.
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In contrast, cruise-to-cruise differences were observed in the pHr measurements. The standard
deviations in pHt measurements of CRMs for the whole period (0.0007-0.0039) were larger than those for
each cruise (0.0006—0.0022) (Table 2). For example, the standard deviations of the pHr values in CRM
batch 62 and in working standard batch X measured during the same cruises were 0.0025 and 0.0037,
respectively. When we analysed the CRMs and working standards at the same time, both pHr values tended
to change similarly. This result suggests that the variations of pHt were caused not by changes in the
quality of the CRMs or working standards but by changes in the conditions of apparatus or indicator
solutions. If we corrected the pHt values to reflect the amount of change we commonly observed for the
CRM and working standard measurements, the standard deviation of the measured pHr values of working
standard batch X decreased from 0.0037 to 0.0023; therefore we can expect to obtain more precise
measurements than present measurements. However, there is no guarantee that we can apply this correction
to the whole pHr range in seawater, because the pHr range of the CRMs or working standards was limited
between 7.8 and 7.9. We would be able to confirm the possibility to correct for the cruise-to-cruise
difference by measuring several sets of working standards with different pHrt values.

For precise pHr measurements, it is important to satisfy the requirements for analyses of
reference materials before measuring a series of samples, as described in Section 6. Our experimental
results suggest that the procedure described here for analysing reference materials effectively enables us to

obtain pHt measurements with an uncertainty of less than 0.003 during different cruises.

7.2 Origin of the pHt perturbation caused by the addition of HgCl,

To determine the reasons for the pHt decrease of —0.0024 to —0.0003 caused by the addition of
HgCl, solution (see Section 4.2), we calculated pHt from TCO, and TA before and after addition of the
HgCl, solution. In this calculation, we took into account the effect of dilution and the effect of
complexation of Hg*" with OH™ and with CO5> ions (see Appendix B for details).

The result of this calculation supports the experimental results that the addition of HgCl, solution
reduced the pHy in seawater. The change in pHy calculated for the addition of 0.2 cm® of saturated HgCl,
solution to 250 cm’ of seawater ranged from —0.0039 to —0.0015, depending on the combination of the
values of TCO, and TA of seawater (Fig. 8). These calculated results of the negative differences and the
negative correlation to pHt were consistent with experimental results. Although the calculated results
differed significantly from the experimental results at a 99% confidence level (p = 6 x 10°%), the magnitude

of the calculated change in pHr was within the same order as that of the experimental data. A change in TA
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(-3.8 umol/kg) due to hydrolysis of Hg*" and HgCO; formation corresponded to a change in pHy of
—0.0025. Most of the experimentally observed changes in pHt caused by HgCl, addition could be
accounted for by the change in TA and dilution. The difference between experimental and calculated values

might be derived from uncertainty in the stability constants of Hg*" complexes.

7.3 Internal consistency of CO, system parameters

When we measure three of four parameters controlling the CO, system (TCO,, TA, pHt and
pCO,), we can examine each data point by comparing measured values and the one parameter calculated
from the other two parameters (e.g., Lee and Millero, 1995; McElligott et al., 1998; Lee et al., 2000). We
calculated pCO, from measured pHt and TCO, and compared the results with measured pCO, using the
calculation procedure described in DOE (1994). Various dissociation constants for carbonic acid, including
those reported by Lueker et al. (2000), Mojica Prieto and Millero (2002), Roy et al. (1993), Dickson and
Millero (1987), Goyet and Poisson (1989), Mehrbach et al. (1973) and Hansson (1973), were used for these
calculations and were compared on the scale of pHr,

The pHt, TCO, and pCO, values in

surface water were measured simultaneously

during the cruise MRO02-K06. Seawater 20 ' ' ' '
samples for onboard measurements of these E .
3
three parameters were obtained from the same ~
onboard pumping system. TCO, was K .
o &
determined by the coulometric method <]
| @
described by Ishii et al. (1998) and calibrated g -
1=
with the same CRMs described above. pCO, %
was measured by the method described by ‘0
- 1 1 1 1
Inoue (2000) and was calibrated by the MRIS7 340 360 380 400 420 440
meas
scale that is traceable to the WMO scale. AC0,™ / patm
The difference between measured Fig. 11 Comparison of pCO, values observed and
meas calculated from measured pHr and TCO, using dissociation
and calculated pCO,, ApCO, = pCO, - constants for carbonic acid given by Mehrbach et al.
cale (1973; diamond), Hansson (1973; bar), Dickson and
pCO,™", ranged from —6 to +18 patm (< 4%), Millero (1987; plus), Goyet and Poisson (1989; circle),
) ) o Roy et al. (1973; triangle), Lueker et al. (2000; box) and
depending on the dissociation constants used Mojica Prieto and Millero (2002; cross).

(Fig. 11). The ApCO, value calculated with
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dissociation constants reported by Lueker et al. (2000) was in the middle of these differences. Taking into

meas

account the uncertainties of +2 patm for pCO,™ and +2 patm for pCO,™ derived from onboard

measurements of pHy (+0.0002) and TCO, (+2 pmol kg "), pCO,™™ calculated with dissociation constants
reported by Lueker et al. (2000) was approximately equivalent to pCO,™*,

Lee et al. (2000) reported that pCO, and TA calculated from measured TCO, and pHt showed the
best agreement with measured values when the dissociation constants of Mehrbach (1973), which were
given as functions of temperature and salinity by Dickson and Millero (1987), were used. In the study of
Lee et al. (2000), the difference in fugacity, ACO, = fCO,™™ — fCO,™, was +1.4 + 1.4 (16) % (+5.2 £ 5.2
patm at 370 patm) for seawater collected at the 170° W meridian. For our pHr results, the calculation with
dissociation constants of Mehrbach (1973) gave ApCO, of +2.3 + 0.4 (15) % (+8.7 = 1.4 patm). This value
of ApCQO, differed insignificantly from the value described by Lee et al. (2000).

Although further consideration may be required to the comparability of pHt measurements and to
the variability of calculation caused by the uncertainty of dissociation constants of carbonic acid, the pCO,

values measured in the equatorial Pacific Ocean were reproduced within the range of +11 patm by

calculation from our measured pHt and TCO, values.

8. Summary

We developed an automated, precise pHr measurement system based on a spectrophotometric
technique with the indicator dye m-cresol purple. We proposed a procedure for precise pHt measurement
involving the analysis of reference materials, and we evaluated the uncertainty of the pHr values obtained
with our analytical procedure. We also examined the effects of bottling and storage, as well as the effect of
the addition of HgCl, solution, on the pH measurements obtained from bottle samples.

The standard deviations of pHr measurements obtained with our system were 0.0002 for onboard
measurements, 0.002 for bottle samples of surface waters and 0.006 for deep waters after 50 days of
storage. Our measured pHr values for CRMs were consistent with those calculated from certified TCO, and
TA values with the dissociation constants of carbonic acid reported by Lueker et al. (2000). The onboard
pHt measurements were consistent with those derived from TCO, and pCO, measurements in the field

study.
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Appendix A: Calculation of change in pHy due to CO, gas exchange
between headspace and seawater sample in a bottle.

Initial pHr and TCO, values (pHr; and TCO,;) in the seawater samples without CO, gas
exchange were chosen arbitrarily so as to reproduce the variety of seawater conditions that were observed
during cruise MR02-K06. Then, initial pCO, and TA values in the seawater (pCOz,iSW and TA;) were
calculated from pHr; and TCO,; using the equilibrium relations for carbonates (DOE, 1994). The initial
pCO; in the headspace of the sealed bottle (pCOzy,-HS) was chosen from the values between 350 patm
(uncontaminated atmosphere) and 1000 patm (room air). The final pCO; in the headspace (pCOzszS) was
assumed to be close to pCOz,[SW. From the initial and final pCO, values in the headspace, the change in the
number of micromoles of CO, (Ancey) in the headspace with a volume of V' was calculated with the

following equation of state (Eq. A.1), assuming that CO, behaved as an ideal gas:

(pCOY; — pCOLE )r, -7 1y
AnCOz = RT . (Al)

Variables in Eq. A.1 that have not been defined are as follows:

Jo : Factor to convert pressure unit (101325 Pa atm ).
pHs : Volume of the headspace in a bottle (2 cm®).

fv : Factor to convert volume unit (1076 m’ cm*3).

R : Gas constant (8.31451 I mol ' K™).

T : Temperature in K.

The change in TCO, in the seawater sample (in pmol kg ') was calculated with the following equation:

A”coz

ATCO, =TCO, , —~TCO,, =~ (A2)

pV SW ’

where p and W are the sample density (in kg dm™) and volume (0.250 dm?®), respectively. Then, the
perturbed pHr was calculated from the equilibrium relationship for carbonates from perturbed TCO, s and

initial TA;, which does not change during CO, gas exchange.
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Appendix B: Calculation of the pHy change derived from the addition of
saturated HgCl, solution.

The Hg®" ion reacts with various inorganic ligands to form metal complexes. The stability
constants of major Hg*" complexes are given in Table B.1 (Stumm and Morgan, 1996). The formation of
complexes with hydroxide and carbonate affects TA (Eq. B.1) and TCO, (Eq. B.2) in seawater and hence
perturbs pHr.

Table B.1 Stability constants for various Hg** complexes®.

Ligands

_ _ 2 -
Complexes OH Cl CO; 80,
HgL 10.6 7.2 16.1 2.5
Hgl, 21.8 14.0 3.6
Hgl; 15.1
Hgl4 154
HgOHL 18.1

 Constants are given by the logarithms of the overall formation constants, f, at 25 °C and an ionic strength of
zero. The stability constants were corrected to an ionic strength of 0.7 mol kg™ with activity coefficients (—log )
of 0.146 and 0.584 for charges of +1 and +2, respectively.

TA™* = [HCO; ] + 2[CO5>] + [B(OH)s ] + [OH ] - [H']r — [HSO4 ]
+ [Hg(OH)'] + 2[Hg(OH),] + [Hg(OH)CI] + 2[Hg(CO3)] (B.1)

TCO,™ = [CO, ] + [HCO; ] + [COs* ] + [Hg(CO3)] (B.2)

The basic algorithm for calculating the pHt change caused by the addition of saturated HgCl, solution
involves correcting for the consumption of hydroxide and carbonate ions caused by the formation of Hg
complexes in the calculation of pHt from TCO, and TA.

To use the stability constants in Table B.1, which are given at an ionic strength /= 0 mol kg ', we
corrected for the activity coefficient to obtain the constants at the ionic strength of seawater (0.7 mol kg ).

The thermodynamic stability constant § of complex HgL, is expressed by Eq. B.3:

g, _ [HEL(m")* Vhgr,
ﬂHng = Hng = g 2+ V—1X ) Hng (B3)
Aygdy, He I[IL T ruerr -
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Variables in Eq. B.3 are as follows:

am : Activity of an ion M (dimensionless).

[M] : Concentration of an ion M in mol kg1

m" : Standard value of concentration (1 mol kg ).
M : Activity coefficient of ion M (dimensionless).

Eq. B.3 can be rearranged to Eq. B.4 to give the stability constant X

[HgL2™ J(m°)* ]

log X =1
o8 ety Og( [Hg* J[L"" I*
( '4)

=log g, —logype, +logyy, +x-logy,

The values of log Sugi« in Eq. B.4 are given in Table B.1. The values of —log y in Eq. B.4 are substituted by

0.584 or 0.146 depending on the charge of the ionic species (Stumm and Morgan, 1996). For example, log

Xugrx for HgCl427 is calculated as follows: log Brgcis = 15.4; — log yrgcis = 0.584; + log yy = — 0.584; + log

yc1 = — 0.146. Then, log Xjecis = 15.4 + 0.584 — 0.584 — 4 x 0.146 = 14.8.

We used the following procedure to calculate the pHrt in seawater that contained HgCl,:

a) First, TA was calculated from pHr, TCO,, temperature and salinity measured for seawater obtained in
the equatorial Pacific Ocean during the cruise MR02-K06 with the dissociation constants for carbonic
acid reported by Lueker et al. (2000). Because the samples were diluted with saturated HgCl, solution
by the ratio of volume V5V: /!¢ the diluted values of TCO, (TCO,™), TA (TA™) and salinity (S™*)

were calculated with the following equations:

TCO,™ = TCO, - ¥V / (1¥V + 1'e) |
TA™ =TA - P> (PV + 1)
ST =g SV AV 4 ey

b) The effect of dilution on pHy was then calculated by iterative methods from TCO,™ and TA™ to give

pHTmix after the addition of HgCl, solution without considering the effect of Hg*" complexes.

c) Concentrations of hydroxide ion [OH ] and carbonate ion [CO327] were calculated from pHTmix and
TCO,™. The concentrations of chloride and sulphate ions were calculated from salinity S™ (DOE,

1994).



d)

g)

h)

Technical Reports of the MRI, No. 57 2008

The concentration of each Hg”" complex was calculated from Eqs. B.5 and B.6, using the result of

procedure c):
[HeL," ™] = Xigrx [HE T [L' T, (B.5)
Crg = [Hg" ']+ = [HgLy" ™1 = [Hg" 1 (1 + = X [LV T . (B.6)

Perturbations of TA by HgOH', Hg(OH),, Hg(OH)Cl and HgCO; from TA™ in Eq. B.l were
calculated to give a corrected TA value, TA’. This procedure corresponds to the correction for the
consumption of OH ™ and CO;”" caused by HgCl, addition.
The concentration of HgCO; was subtracted from TCOZmix in Eq. B.2 to give a corrected TCO, value,
TCO,’. This procedure corresponds to the correction for the consumption of CO5”".

A corrected pHr value, pHt’, was calculated from TCO,’ and TA’ by the same method described in
procedure b).

If the difference between pHt” and pHTmix was larger than 0.00001, pHTmix was substituted by pHr’.

Then procedures c¢) through h) were repeated. The value of pHr’ converged after two or three

iterations.



Technical Reports of the MRI, No. 57 2008

References

Byrne, R. H., G. Robert-Baldo, S. W. Thompson and C. T. A. Chen, 1988: Seawater pH measurements: an
at-sea comparison of spectrometric and potentiometric methods. Deep-Sea Res. Part A, 35,
1405-1410.

Caldeira, K. and M. E. Wickett, 2003: Anthropogenic carbon and ocean pH. Nature, 425, 365-365.

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 Res. I, 40, 2115-2129.

DelValls, T. A and A. G Dickson, 1998: The ©pH of Dbuffers based on
2-amino-2-hydroxymethyl-1,3-propanediol (‘tris’) in synthetic sea water. Deep-Sea Res. I, 45,
1541-1554.

Dickson, A. G, 1990: Standard potential of the reaction: AgCl(s) + 1/2 Hy(g) = Ag(s) +HCl(aq), and the
standard acidity constant of the ion HSO,4 in synthetic sea water from 273.15 to 318.15 K. J. Chem.
Thermodynamics, 22, 113-127.

Dickson, A. G, 1991: Work in progress at the Scripps Institution of Oceanography, USA. In: Unesco
Technical Papers in Marine Science 60; Reference Materials for Oceanic Carbon dioxide
Measurements, Reports of the Sub-Panel on Standards for CO, measurements of the Joint Panel on
Oceanographic Tables and Standards. UNESCO, Paris, pp. 34-38.

Dickson, A. G, 1993: The measurement of sea water pH. Marine Chem., 44, 131-142.

Dickson, A. G. and F. J. Millero, 1987: A comparison of the equilibrium constants for the dissociation of
carbonic acid in seawater media. Deep-Sea Res. Part A, 34, 1733-1743.

DOE, 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, editors, ORNL/CDIAC-74.

Goyet, C., and A. Poisson, 1989: New determination of carbonic acid dissociation constants in seawater as
a function of temperature and salinity. Deep-Sea Res. Part A, 36, 1635-1654.

Grasshoff, 1976: Methods of Seawater Analysis, Verlag Chemie, Weinheim, 317p.

Hansson, 1., 1973: A new set of acidity constants for carbonic acid and boric acid in sea water. Deep-Sea
Res. and Oceano. Abst., 20, 461-478.

Hunter, K. A. and Macaskill, B., 1999: Temperature and dye corrections in the spectrophotometric

measurement of pH in surface water. Proceedings of the 2" International Symposium CO; in the



Technical Reports of the MRI, No. 57 2008

Oceans, Tsukuba, Jan. 1999, 471-479.

Inoue, H. Y., 1995: Long-term trend of partial pressure of carbon dioxide (pCO;) in surface waters of the
western North Pacific, 1984-1993. Tellus B, 47, 391-413.

Inoue, H. Y., 2000: CO, Exchange between the Atmosphere and the Ocean: Carbon Cycle Studies of the
Meteorological Research Institute Since 1968. In: Dynamics and Characterization of Marine Organic
Matter, N. Handa, E. Tanoue and T. Hama, editors, TERRAPUB / Kluwer, pp. 509-531.

IPCC, 2007a: Palacoclimate. In: Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L.
Miller editors, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

IPCC, 2007b: Couplings Between Changes in the Climate System and Biogeochemistry. In: Climate
Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, Solomon, S., D. Qin, M.
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller, editors, Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA., pp. 501-588.

Ishii, M., H. Y. Inoue, H. Matsueda, and E. Tanoue, 1998: Close coupling between seasonal biological
production and dynamics of dissolved inorganic carbon in the Indian Ocean sector and the western
Pacific Ocean sector of the Antarctic Ocean. Deep-Sea Res. I, 45, 1187-1209.

Ishii, M., H. Y. Inoue, and H. Matsueda, 2000: Coulometric precise Analysis of Total Inorganic Carbon in
Seawater and Measurements of Radiocarbon for the Carbon Dioxide in the Atmosphere and for the
Total Inorganic Carbon in Seawater. Technical Reports of the Meteorological Research Institute, 41,
1-46.

Ishii, M., H. Y. Inoue, H. Matsueda, S. Saito, K. Fushimi, K. Nemoto, T. Yano, H.  Nagai, and T.
Midorikawa, 2001: Seasonal variation in total inorganic carbon and its controlling processes in
surface waters of the western North Pacific subtropical gyre. Marine Chem., 75, 17-32.

Lee, K. and F. J. Millero, 1995: Thermodynamic studies of the carbonate system in seawater. Deep-Sea Res.
1, 42,2035-2061.

Lee, K., F. J. Millero, R. H. Byrne, R. A. Feely, and R. Wanninkhof, 2000: The recommended dissociation
constants for carbonic acid in seawater. Geophys. Res. Lett., 27, 229-232.

Lueker, T. J., A. G. Dickson, and C. D. Keeling, 2000: Ocean pCO, calculated from dissolved inorganic



Technical Reports of the MRI, No. 57 2008

carbon, alkalinity, and equations for K; and K5: validation based on laboratory measurements of CO,
in gas and seawater at equilibrium. Marine Chem., 70, 105-119.

McElligott, S. R. H. Byrne, K. Lee, R. Wanninkhof, F. J. Millero, and R. A. Feely, 1998: Discrete water
column measurements of CO, fugacity and pHr in seawater: A comparison of direct measurements
and thermodynamic calculations. Marine Chem., 60, 63-73.

Mehrbach, C., C. H. Culberson, J. E. Hawley, and R. M. Pytkowicz, 1973: Measurement of the apparent
dissociation constants of carbonic acid in seawater at atmospheric pressure. Limnology and
Oceanography, (18, 6), 897-907.

Midorikawa, T., K. Nemoto, H. Kamiya, M. Ishii and H. Inoue, 2005: Persistently strong oceanic CO2 sink
in the western subtropical North Pacific. Geophys. Res. Lett., 32, L05612.

Mojica Prieto, F. J. and F. J. Millero, 2002: The values of pK; + pK, for the dissociation of carbonic acid in
seawater. Geochim. Cosmochim. Acta, 66, 2529-2540.

Orr, J. C,, et al., 2005: Anthropogenic ocean acidification over the twenty-first century and its impact on
calcifying organisms. Nature, (437, 29), 681-686.

Roy, R. N., L. N. Roy, K. M. Vogel, C. Porter-Moore, T. Pearson, C. E. Good, F. J. Millero, and D. M.
Campbell, 1993: The dissociation constants of carbonic acid in seawater at salinities 5 to 45 and
temperatures 0 to 45 °C. Marine Chem., 44, 249-267.

Sabine et al., 2004: The Oceanic sink for Anthropogenic CO,. SCIENCE, 305, 367-371.

Stumm, W. and J. J. Morgan, 1996: Aquatic Chemistry, John Wiley & Sons, Inc., New York, 1022 p.

WDCGG, 2007: WMO WDCGG DATA SUMMARY, WDCGG No. 31, Japan Meteorological Agency in

co-operation with World Meteorological Organization, 92p.





