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Abstract

The aqueous carbon dioxide (CO2) system stoichiometric dissociation constants K1 and K2 express the relative concentra-
tions of CO2, HCO3

� (bicarbonate), and CO3
2� (carbonate) in terms of pH. These constants are critical in the study of seawater

and the oceans because any mathematical expression that relates the four major CO2 system parameters (pH, here expressed
on the total hydrogen ion concentration scale, pHT; total dissolved inorganic carbon, CT; total alkalinity, AT; and CO2 fugac-
ity, fCO2) requires the use of K1 and K2. Uncertainties associated with current characterizations of pK1 and pK2 (where
pK = �log K), on the order of 0.01 and 0.02, limit the accuracy of marine CO2 system calculations. This work reports the
results of a spectrophotometric method to experimentally determine the product K1K2 over environmentally relevant ranges
of temperature (288.15 � T � 308.15 K) and salinity (19.6 � Sp � 41) where Sp denotes the practical salinity scale. Using pre-
viously published parameterizations of K1, values of pK2 could then be calculated from the new K1K2 values. The resulting set
of pK2 values was fitted as a function of Sp and T to obtain a new pK2 parameterization (denoted as SWpK2) calculated with
the K1 of Waters and Millero (2013) as revised by Waters et al. (2014): SWpK2 = 116.8067 � 3655.02 T �1 � 16.45817 ln T

+ 0.04523 Sp � 0.615 Sp
0.5 � 0.0002799 Sp

2 + 4.969 (Sp/T)
The average root mean square deviation between the equation and the observed data is 0.003. Residuals of this pK2 fitting

function (i.e., measured pK2 minus parameterized pK2) are substantially smaller than the residuals obtained in previous
works. Similarly, the total standard uncertainty in pK2 is reduced from 0.015 (previous characterizations) to 0.010 (this work).
Internal consistency assessments (comparisons of measured versus calculated values of AT, CT, pHT, and fCO2) were used to
evaluate the computational utility of the new K2 parameterization. Assessments from both laboratory and shipboard data
indicate that the internal consistency of CO2 system calculations is improved using the K2 parameterization of this work. This
new K2 parameterization provides the most precise, and potentially the most accurate, bicarbonate dissociation constant char-
acterization presently available for open ocean conditions.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Throughout the industrial era (1750s–present), approxi-
mately 30% of anthropogenic carbon dioxide (CO2) emis-

sions has been absorbed by the world’s oceans (Le Quéré
et al., 2018; Gruber et al., 2019). The resulting increase of
CO2 in ocean seawater has changed its chemical composi-
tion by decreasing pH by approximately 0.1 over this time
period and lowering carbonate ion concentration (Caldeira
and Wickett, 2003; Bates et al., 2014; Byrne, 2014). Consis-
tent with this extent of ocean acidification, decreases in the
calcium carbonate (CaCO3) saturation states of seawater
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(Xcalcite and Xaragonite) have begun to negatively affect calci-
fying organisms (Riebesell et al., 2000; Feely et al., 2004;
Doney et al., 2012; Wittmann and Pörtner, 2013). Changes
in the CO2 system have also led to regional variations in the
buffer capacity of seawater (Carter et al., 2017; Woosley,
2018). Additionally, increased warming and changing ocean
circulation have caused fluctuations in the oceanic uptake
of atmospheric CO2 over time, with the magnitude of
CO2 fluxes in or out of the ocean varying not only through
time but also by oceanic region (Gruber et al., 2019).

The CO2 system in seawater includes dissolved carbon
dioxide (CO2*=CO2(aq) + H2CO3), bicarbonate (HCO3

�),
and carbonate (CO3

2�). Constituent equilibria that involve
the exchange of H+ ions are:

CO2
�þH2O $ HCO3

� þHþ ð1Þ

HCO3
� $ CO3

2� þHþ ð2Þ

These equilibria constitute the ocean’s principal pH buffer-
ing mechanism.

The seawater CO2 system can be described using four
measurable parameters: total alkalinity (AT), total dissolved
inorganic carbon (CT), pH, and CO2 fugacity (fCO2). The
first three are defined as follows:

AT ¼ HCO3
�½ �T þ 2 CO3

2�
� �

T
þ B OHð Þ4

�� �

T

þ OH�½ �T � Hþ½ �T þ 2 PO4
3�

� �

T
þ HPO4

2�
� �

T

þ ::: ð3Þ

CT ¼ CO3
2�

� �

T
þ HCO3

�½ �T þ CO2
�½ � ð4Þ

pHT ¼ � log Hþ½ �T ð5Þ

The subscripted brackets ([ ]T) generally denote free plus
ion-paired concentrations (where concentration is mea-
sured in mol kg-soln�1), whereas [H+]T denotes the sum
of free hydrogen and bisulfate ions, pHT denotes pH on
the total hydrogen ion concentration scale, and the ellipses
in Eq. (3) and throughout indicate additional terms of gen-
erally smaller quantitative importance. For Eq. (3), these
excluded species may add uncertainty in the accuracy of
calculated carbonate alkalinity.

Measurement of any two of the four parameters allows
for calculation of all other CO2 system parameters via ther-
modynamic relationships. Essentially all descriptions of
CO2 system parameters at in-situ conditions require ther-
modynamic models. For example, pHT at in-situ conditions
can be calculated through an iterative approach from CT

and AT:

AT ¼ CT

2K1K2þK1 H
þ½ �T

K1K2þK1 H
þ½ �Tþ Hþ½ �T

2

 !

þBT

KB

KBþ Hþ½ �T

� �

þKw Hþ½ �T
�1

� Hþ½ �T þ ::: ð6Þ

where additional terms of minor importance are omitted for
simplicity. BT is the total boron concentration, KB and KW

are equilibrium constants that describe the dissociation of
boric acid and water, and K1 and K2 are stoichiometric
equilibrium constants appropriate to the equilibria shown
in Eqs. (1) and (2), defined as follows:

K1 ¼
HCO3

�½ �T Hþ½ �T
CO2

�½ �
ð7Þ

K2 ¼
CO3

2�
� �

T
Hþ½ �T

HCO3
�½ �T

ð8Þ

where [H+]T is expressed on the total hydrogen ion concen-
tration scale. The use of Eq. (6) to accurately derive in-situ
[CO3

2�]T and other CO2 system parameters (e.g., Xcalcite,
Xaragonite, fCO2, or pHT) requires an accurate account of
the dependencies of relevant dissociation constants (K1,
K2, KB, and KW) on salinity (S), temperature (t in �C or
T in K), and pressure (P) (Fong and Dickson, 2019).

Over-determination of the system (i.e., where three or
more CO2 system parameters are measured for a single sea-
water sample) allows for comparisons of measured and cal-
culated values of the same parameter and, as such,
evaluations of its internal consistency. Current models that
relate AT, CT, pHT, and fCO2 are not internally consistent
(e.g., AT (measured) – AT (calculated) from CT and pHT)
(Patsavas et al., 2015; Fong and Dickson, 2019). Further-
more, the differences between calculated and measured
parameters are larger than what would be expected based
on previously reported measurement accuracies and preci-
sions (Mojica Prieto and Millero, 2002; Millero et al.,
2006). Accurate characterizations of the dissociation con-
stants K1 and K2 are arguably the most critically important
elements for obtaining internal consistency and, thereby,
accurate predictions of in-situ parameters.

Throughout the past several decades, extensive effort has
been devoted to experimentally determine stoichiometric
carbonic acid dissociation constants over ranges of S and
T (Hansson, 1973; Mehrbach et al., 1973; Goyet and
Poisson, 1989; Roy et al., 1993; Millero et al., 2002, 2006;
Mojica Prieto and Millero, 2002; Papadimitriou et al.,
2018). Still, the K1 and K2 parameterizations obtained in
these studies produced calculated values of CO2 system
parameters that do not agree within the estimated parame-
ter uncertainties (Dickson and Millero, 1987; Lee et al.,
2000). Uncertainties for pK1 and pK2 (where pK = �log
K) have been recently estimated as 0.0075 and 0.015, respec-
tively (Orr et al., 2018). Based on internal consistency
checks, several publications have concluded that the K1

and K2 values of Mehrbach et al. (1973), as refit by
Dickson and Millero (1987) on the seawater pH scale
(SWS) and refit by Lueker et al. (2000) on the total hydro-
gen ion concentration pH scale (pHT), provide the most
internally consistent characterizations to date (Lee et al.,
1996, 2000; Wanninkhof et al., 1999; Lueker et al., 2000;
Patsavas et al., 2015). Notably, however, the study of
Sulpis et al. (2020) found that the parameterizations of
Lueker et al. (2000) overestimate K1 and K2 at low temper-
atures, and an overall lack of agreement between sets of
constants led Naviaux et al. (2019) to recommend that
new values of K1 and K2 be evaluated. Waters and
Millero (2013), as revised by Waters et al. (2014), used a
Pitzer model to refit data from Mehrbach et al. (1973),
Mojica Prieto and Millero (2002), and Millero et al.
(2006) to provide an updated set of K1 and K2 parameteri-
zations, but a thorough assessment of internal consistency
with these parameterizations has not been carried out.

Most previous characterizations of K1 and K2 have
relied on acid titrations and, consequently, are dependent
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on accurate assessments of several additional chemical
parameters. These parameters include the boron/salinity
ratio (BT/S) (which currently has a relative uncertainty on
the order of 2–3% (Orr et al., 2018; Fong and Dickson,
2019)), as well as KB, KW, and the concentrations and dis-
sociation characteristics of all minor acid/base pairs in solu-
tion. Experimental determinations of the product K1K2,
used by Mehrbach et al. (1973) and Mojica Prieto and
Millero (2002), do not require acid titrations and further-
more are largely independent of several chemical parameter
characteristics (BT/S, KB, KW, minor acid/base pairs). This
method is dependent on measured pH (as described below
in Section 4) and, notably, has previously involved the
use of either potentiometric methods or spectrophotometric
measurements with unpurified pH indicators (Mehrbach
et al., 1973; Mojica Prieto and Millero, 2002) — methods
that can now be improved upon. Spectrophotometric pH
measurements have a precision of approximately ±0.001
pH units or better (Yao and Byrne, 2001) and do not
require periodic calibrations. The enhanced simplicity of
spectrophotometric methods, compared to potentiometric
methods, removes many systematic errors and is thereby
conducive to improved accuracy.

In the present work, spectrophotometric procedures for
measuring pHT with a purified pH indicator are used to
experimentally determine K2 following the general proce-
dures of Mehrbach et al. (1973). Use of the same proce-
dures for measuring pHT in field studies and for
characterizing pK2 (as in this work) enables improved
CO2 system assessments throughout the world’s oceanic,
estuarine, and riverine environments.

2. THEORY

The fundamental CO2 system relationship that expresses
AT in terms of CT and [H+]T is shown in Eq. (6). Addition
of a carbonate/bicarbonate salt to a mixture of seawater
and added indicator dye at constant pH without diluting
the solution is then appropriately described by:

ATþAT

0

¼ ðCTþCT

0

Þ
2K1K2þK1 H

þ½ �T

K1K2þK1 H
þ½ �Tþ Hþ½ �T

2

 !

þW ð9Þ

where A 0
T

and C 0
T are the AT and CT added via the salt. The

term W gives the non-carbonate alkalinity terms:

W ¼ BT

KB

KBþ Hþ½ �T

� �

þKw Hþ½ �T
�1

� Hþ½ �Tþ ::: ð10Þ

where the ellipsis denotes terms of less importance (phos-
phate, silicate, indicator dye, etc.).
When addition of the salt leads to negligible change in
[H+]T without significant modification of the solution, the
non-carbonate alkalinity terms (Eq. (10)) remain constant
as well.

The difference between Eqs. (6) and (9) before and after
a salt addition at constant [H+]T is given by:

AT

0

¼ CT

0 2K1K2 þK1 H
þ½ �T

K1K2þK1 H
þ½ �Tþ Hþ½ �T

2

 !

ð11Þ

The C 0
T /A0

T
ratio of added salt is termed as U:

U ¼
CT

0

AT
0 ¼

K1K2þK1 H
þ½ �Tþ Hþ½ �T

2

2K1K2þK1 H
þ½ �T

 !

ð12Þ

This term can be experimentally determined via laboratory
procedures (Mehrbach et al., 1973).

Eq. (12) can be rearranged (Mehrbach et al., 1973) to
provide a relationship in which the product of K1 and K2

is expressed in terms of U and pH:

K1K2 ¼
10�2pHþð1� UÞK110

�pH

2U� 1
ð13Þ

This equation provides the basis for the experimental mea-
surements in this study. A salt with an experimentally
defined value of U is added to seawater to determine pH
values at which pH remains constant within the precision
of the measurement. Eq. (13) is used to determine K2 from
spectrophotometric measurements of pH and U in conjunc-
tion with independent experimental determinations of K1.

A pure bicarbonate salt contributes equally to added C 0
T

and A0
T
, whereby U = 1 (AT/CT = 1 in both the initial and

the final solution). In this case, Eq. (13) reduces to the fol-
lowing expression:

pH0
U¼1ð Þ ¼ 1=2 pK1 þ pK2ð Þ ð14Þ

where pH0 denotes a pH at which no pH change occurs
with the addition of a specified salt (i.e., a salt with a spec-
ified U value). In Eq. (14), pH0

(U=1) is the arithmetic average
of pK1 and pK2, and this value, like all pK values, depends
on S, T, and P (Mehrbach et al., 1973). At pH0

(U=1),
approximately 95% of the CT in seawater exists as HCO3

�,
and the minor forms, CO2* and CO3

2�, have identical con-
centrations. Hence, the addition of pure sodium bicarbon-
ate salt (NaHCO3) to a solution at pH0

(U=1) will not
change the pH of the solution (Mehrbach et al., 1973).

3. MATERIALS

3.1. Chemicals and reagents

Natural seawater was periodically collected offshore in
the Gulf of Mexico and stored in sealed flint glass carboy
containers to prevent evaporation. Chemicals used in the
experiments included NaHCO3 (Alfa Aesar PuratronicTM,
99.998% metal basis, CAS 144-55-8, Lots 25312B,
T03F021, and T18F042), KHCO3 (Honeywell, �99.95%
trace metals basis, 99.7–100.5% dry basis, CAS 298-14-6,
Lot MKBT3696V), and pure CO2 gas (Air Products, anaer-
obe grade). Adjustments to seawater pH were made using
1 N HCl (Fisher Chemical, CAS 7647-01-0) and/or 1 N
NaOH (Fisher Chemical, CAS 1310-73-2). The sulfoneph-
thalein indicator, meta-cresol purple (mCP) (10 mM in
0.7 M NaCl), purified at the University of South Florida,
was used for the spectrophotometric pH measurements
(Liu et al., 2011).

3.2. Equipment

All pH measurements were carried out spectrophoto-
metrically using a diode array spectrophotometer (Agilent
8453) with the UV lamp turned off. Sample absorbances
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were measured in two-port 10 cm-cylindrical optical glass
spectrophotometric cells that were periodically cleaned with
HCl to prevent buildup of residue. Acid and base additions
were made using Research grade PhysioCare concept pip-
ettes (10 mL or 2.5 mL) obtained from Eppendorf Research.
mCP was added with a 2 mL Gilmont micrometer buret
(GS-1200). Salinity measurements were performed conduc-
tometrically with a Guildline Portasal salinometer (Model
8410) on the practical salinity scale (Sp).

A recirculating water bath (Fisher Scientific Isotemp
3013) connected to a water-jacketed cell holder inside the
spectrophotometer was used to control the temperature of
the spectrophotometric cells during measurements. An
additional recirculating water bath (Lauda Model E100)
connected to a custom-made cell warmer was used to pre-
equilibrate samples in the spectrophotometric cells before
measurements in the spectrophotometer. A digital hand-
held thermometer (Ertco-Eutechnics Model 4400) was used
to measure the temperature of the cell contents (±0.025 �C)
for all experiments. This handheld thermometer was cali-
brated against a quartz thermometer (Hewlett Packard
Model 2804 A) throughout the duration of the experiments
(approximately two years).

4. METHODS

4.1. Purification of solids

Following the guidelines of Kolthoff and Stenger (1964),
NaHCO3 and KHCO3 solids were purified by bubbling a
slurry of each salt (approximately 0.5–1 g) in Milli-Q water
(18.2 X) under an atmosphere of pure CO2 gas for several
hours at room temperature. The purified solid was dried
under an atmosphere of pure CO2 gas prior to use on the
same day, producing one batch of the solid. Each batch
of purified solid was individually produced from the origi-
nal salt Lots (provided in Section 3.1).

4.2. Spectrophotometric determinations of pH changes

The procedure for measuring pH0 values was developed
and modified from the original methods of Mehrbach et al.
(1973); the major difference was our use of spectrophoto-
metric pH measurements rather than potentiometric pH
methods. The spectrophotometric measurements were
made following the guidelines of Clayton and Byrne
(1993) and Dickson et al. (2007). Baseline absorbance mea-
surements were first obtained at 578 and 434 nm (ab-
sorbance maxima of the basic and acidic forms of mCP)
as well as at 730 nm (a non-absorbing wavelength of
mCP). After the addition of purified mCP indicator stock
solution (10 mL) to the spectrophotometric cell, the cell
was returned to the spectrophotometer and allowed to equi-
librate for at least 30 seconds before absorbance measure-
ments were taken again at the same three wavelengths.
After small baseline corrections were made using the non-
absorbing wavelength (Byrne, 1987; Clayton and Byrne,
1993; Liu et al., 2011), the ratios of absorbances at 578
and 434 nm were used to calculate seawater pH on the total
scale via the mCP parameterization of Müller and Rehder

(2018). The use of this mCP-based pH parameterization
(rather than that of Liu et al. (2011)) facilitates future
extension of the pK2 parameterization/characterization to
salinities as low as 0. It should be noted, however, that
the pH0 results obtained in our work can be used to pro-
duce pK2 parameterizations using alternative characteriza-
tions of the physical/chemical behavior of mCP.
Additionally, no dye perturbation corrections were used
in this work because, for the experiments detailed in Sec-
tion 4.3, it was necessary to determine the pH of the pH-
adjusted seawater (using mCP) at which NaHCO3 addition
caused no pH change rather than characterizing the pH of
the original indicator-free seawater.

The salinities of the original seawater batches (i.e., sea-
water periodically collected offshore) were adjusted (by
evaporation or addition of Milli-Q water) to yield nine
batches with salinities within the range of 19.6 � Sp � 41.
These ‘‘modified” seawater batches were prepared through-
out the duration of experiments (approximately two years)
immediately prior to use. Each morning, seawater from a
specified ‘‘modified” seawater batch was siphoned into
spectrophotometric cells (approximately 8–15 cells each
day) and then pre-equilibrated for at least 30 minutes in
the custom-made cell warmer to achieve a final temperature
within the range of 15 � t � 35 �C. After a preliminary pH
measurement (the process of which is described in the para-
graph above), the pH of each sample was iteratively
adjusted with small additions of HCl or NaOH as guided
by repeated spectrophotometric measurements of pH (using
the same initial background absorbance values), to achieve
a pH near the expected equilibrium pH0 appropriate to the
sample’s Sp and T. At this point, five replicate pH measure-
ments were made, and the average was termed pHinitial (i.e.,
the pH prior to addition of NaHCO3). (Because Na+ and
Cl� are major constituents of seawater, the additions of
acid and base do not significantly alter the composition of
seawater, and potential impurities such as bicarbonate or
carbonate in the NaOH are inconsequential because they
were already present at significantly higher natural levels
in the seawater samples.) Purified NaHCO3 solid (approxi-
mately 0.075 g) was then added to the sample and the pH
was measured again (five replicate samples), with the aver-
age providing pHfinal. Only a small percentage of the added
solid actually dissolved, and the remaining portion was
allowed to quickly fall to the bottom of the spectrophoto-
metric cell below the light path of the instrument. The tem-
perature of the cell contents was then measured with the
digital thermometer. Comparison of pHinitial and pHfinal

established whether the sample pH increased, decreased,
or did not change upon addition of NaHCO3. The entire
process for one sample typically took less than 30 minutes.

This procedure was then repeated using the remaining
spectrophotometric cells in the cell-warmer by adjusting
the pHinitial value to be incrementally closer to the specific
pH0 value at which NaHCO3 addition causes no pH change
(i.e., the pH at which pHfinal = pHinitial). The entire daily
process (i.e., one set of spectrophotometric cells filled with
a specific ‘‘modified” seawater batch and pH changes
observed using one batch of purified NaHCO3) was
performed at least five times for each specified seawater
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(Sp, T) pair. This process resulted in approximately 1,400
NaHCO3 additions for 26 pairs of Sp and T conditions
between 19.6 � Sp � 41 and 288.15 � T � 308.15 K.

4.3. Calculation of pH0

When pH > pH0, addition of NaHCO3 would be
expected to lower the sample pH. When pH < pH0, that
addition would be expected to increase sample pH. Values
of pH0 could thus be calculated for each of the 26 (Sp, T)
pairs by determining (a) the lowest pHinitial for which the
NaHCO3 addition lowered the pH (this is the lowest pH
value for which pHinitial > pH0) and (b) the highest pHinitial

for which the NaHCO3 addition increased the pH (this is
the highest pH value for which pHinitial < pH0). As such,
this process identified pH values very slightly greater than
pH0 and very slightly smaller than pH0. Measurements of
pHinitial were performed with five or more batches of
NaHCO3 for each (Sp, T) pair until the difference between
(a) and (b) was within 0.005 pH units (this process typically
took around 30 samples). The average of these two pHinitial

values (which were not required to be from the same batch
of NaHCO3) is referred to as pH0

i(avg). A second pH0 value
was also calculated for each (Sp, T) pair by averaging the
pHfinal associated with observation (a) and the pHfinal asso-
ciated with observation (b). This pHfinal average is referred
to as pH0

f(avg). As a quality check, pH0
i(avg) and pH0

f(avg) were
required to be within ±0.001; otherwise additional mea-
surements (i.e., using an additional set of spectrophotomet-
ric cells filled with seawater and an additional batch of
purified NaHCO3) were carried out until this was achieved.
Finally, the overall average of the four measurements was
calculated and denoted as pH0. Thus, the calculation of
each pH0 was based on two separate sets of pH measure-
ments (one before and one after NaHCO3 addition). This
pH0 value is, as noted previously, functionally dependent
on Sp and T. The resulting 26 sets of pHinitial, pHfinal, pH

0
i

(avg), and pH0
f(avg) values are provided in Table A 1.1 of

Appendix 1.

4.4. Assessment of NaHCO3 purity (U)

NaHCO3 (rather than the primary standard, potassium
bicarbonate (KHCO3)) was used in the pH0 experiments
because NaHCO3 dries more rapidly than KHCO3 under
an atmosphere of CO2(g) and is therefore more convenient
for daily use. Purity of the NaHCO3 solid was assessed
by comparison with KHCO3, according to principles
described in Kolthoff and Stenger (1964). Because KHCO3

is a primary standard, the U value for this solid is, by def-
inition, 1. Therefore, a comparison of pH0 values obtained
with NaHCO3 and this primary standard will indicate any
contamination of NaHCO3 that needs to be accounted
for. The method for assessing the purity of NaHCO3 was
modified from experiments described in Mehrbach et al.
(1973), with these primary differences: we used natural sea-
water (instead of 0.72 molal NaCl) and we obtained five
replicates of the purity experiments to span the salinity
range between 19.6 � Sp � 41 (rather than a single set of
experiments at one salinity). A key point for the determina-

tions of NaHCO3 purity is that the same medium is used for
both the NaHCO3- and KHCO3-based determinations of
pH0, so that the influence of the medium is removed. We
used natural seawater for both.

The experiments detailed in Sections 4.2 and 4.3 were
repeated with identical batches of seawater at approxi-
mately 25 �C but with added purified KHCO3 rather than
NaHCO3. The resulting values of pH0

i(avg) and pH0
f(avg) (re-

quired to be within ±0.001 as specified in Section 4.3) were
averaged to obtain five equilibrium pH values denoted as
pH0

(K). These five equilibrium pH0
(K) values were then used

to calculate five pK2 values for the KHCO3 experiments,
denoted as pK2(K), using Eq. (14). Details regarding these
calculations are provided in Appendix 2, and the data are
provided in Table A 2.1.

Comparisons between the experimental determinations
of pH0 (obtained via NaHCO3 additions as described in
Section 4.3) and pH0

(K) (obtained via KHCO3 additions)
at each specified (Sp, T) pair were used to calculate U (de-
tails provided in Appendix 2). Values of pH0 were consis-
tently larger than pH0

(K) (for a specified Sp, T condition),
indicating the presence of Na2CO3 (sodium carbonate) con-
taminant in the NaHCO3 solid, whereupon U will be less
than 1. Salinity was identical for the corresponding pH0

and pH0
(K) measurements (because a single seawater batch

was used for both). The temperatures of the samples dif-
fered by no more than 0.1 �C, and T was taken as the aver-
age of the two temperature measurements. Each value of U
was calculated via Eq. (12), using the equilibrium pH0 val-
ues of this work, K1 of Lueker et al. (2000), and K2(K) of this
work. (Additional calculations of U using alternative K1

parameterizations are provided in Appendix 2.)

4.5. Calculation of K2

Eq. (13) was used to calculate stoichiometric K2 values
for bicarbonate dissociation (Mehrbach et al., 1973) at each
specific (Sp, T) condition. For the required input of pH to
the equation, the experimentally determined values of pH0

were used. For the required input of K1, two different values
were used, thus generating two independent values of out-
put K2: one based on the K1 parameterization of Lueker
et al. (2000) (with the output here termed SLK2) and one
based on the K1 parameterization of Waters and Millero
(2013) as revised by Waters et al. (2014) on the total pH
scale (further referenced as Waters et al. (2013, 2014)) (with
the output here termed SWK2). Calculating two independent
sets of K2 values was done to allow us to determine how the
uncertainty in K1 contributes to the calculation of K2. This
is discussed further in Section 5.2.

4.6. Deviations from K1K2 methods of previous works

The procedures used in the present study are in certain
respects distinct from the procedures of Mehrbach et al.
(1973) and of Mojica Prieto and Millero (2002). One differ-
ence is our use of purified NaHCO3 in pH0 experiments (as
described in Section 4.1). In the experiments of Mehrbach
et al. (1973), the KHCO3 solid was purified in a similar
manner as described in Section 4.1. However, as no
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mention was made of purification techniques for NaHCO3,
we infer that the sodium bicarbonate used in their work
(Mehrbach et al., 1973) was not purified. The NaHCO3

solid used by Mojica Prieto and Millero (2002) was likewise
unpurified. To determine the purity of the NaHCO3 solid,
Mojica Prieto and Millero (2002) directly measured the
CT and AT of a 0.7 M NaCl solution to which NaHCO3

had been added. The background NaCl solution likely
had non-zero AT and CT, and the KHCO3 reference
method of Mehrbach et al. (1973) was not utilized.

Another major deviation from the procedures of
Mehrbach et al. (1973) and Mojica Prieto and Millero
(2002) was our use of single NaHCO3 additions to deter-
mine pH0. Mehrbach et al. (1973) used multiple NaHCO3

additions to alkalinity-free seawater to reach a potentio-
metrically measured steady-state pH. We opted not to use
multiple additions because these additions alter the seawa-
ter composition, changing the sodium concentration and
ionic strength and potentially titrating acid/base species.
Furthermore, we chose to work with solution compositions
as close as possible to natural seawater and therefore we did
not drive off CO2(g) to create alkalinity-free waters before-
hand. (Whether this methodological difference is conse-
quential is difficult to assess.) Mehrbach et al. (1973)
made additions of NaHCO3 from both the acidic and basic
sides of pH0, whereas Mojica Prieto and Millero (2002)
approached the final steady-state pH only from the acidic
side. In our work, pHinitial and pHfinal values obtained
before and after single NaHCO3 additions were used to
identify the equilibrium pH for a given (Sp, T) condition
(as described in Section 4.3).

Mehrbach et al. (1973) and Mojica Prieto and Millero
(2002) both determined steady-state pH by potentiometric
measurements. The latter authors additionally measured
the final steady-state pH values spectrophotometrically,
but unpurified mCP was used because purified indicator
was not available at the time. The present work used puri-
fied mCP and state-of-the-art spectrophotometric
techniques.

4.7. CO2 system calculations

Internal consistency was assessed by comparing mea-
sured and calculated values of CO2 system parameters
(i.e., calculated using different sets of dissociation con-
stants). Differences between measured and calculated val-
ues of X are referred to as residuals of X (e.g., AT

residuals = AT measured – AT calculated). The CO2 sys-
tem calculations were made using the CO2SYS-
MATLAB software, version 2.0 (Lewis and Wallace,
1998; van Heuven et al., 2011). All pH calculations were
carried out on the total hydrogen ion concentration
scale unless otherwise specified. Values for KHSO4 from
Dickson (1990) and BT/S from Lee et al. (2010) were
used. The CO2 dissociation constants for each calcula-
tion were explicitly specified using the following nota-
tion: constants of Lueker et al. (2000) are denoted as
‘‘LK”, and constants of Waters et al. (2013, 2014) on

the total pH scale are denoted as ‘‘WK”. The K2 param-
eterization produced in this work is denoted as ‘‘SWK2”.
This K2 parameterization will be discussed further in
Section 5.1. CO2SYSv3 in MATLAB, developed by
Sharp et al. (2020), includes the SWK2 parameterization
of this work as an option for calculations (for details
see Appendix 3).

4.8. Data sets for internal consistency assessments

Internal consistency of the CO2 system calculations was
assessed by using the newly obtained K2 parameterization
to generate calculated parameters that were then compared
to measured parameters in two high-quality data sets: (1)
the original experimental data set of Lueker et al. (2000)
and (2) a compilation of nine large oceanic data sets in
which three or more CO2 system parameters had been mea-
sured using state-of-the-art techniques.

The data from Lueker et al. (2000) consisted of paired
measurements of fCO2, AT, and CT made on the same sea-
water sample over a range of fCO2. The fCO2 measure-
ments were largely obtained over the ranges of
34.966 � Sp � 36.643 and 15 � t � 25 �C (n = 51). Five
additional measurements made at 5 �C were excluded from
our analysis because this temperature is well below the
range investigated in our work.

The field data were obtained from a suite of repeat
hydrography cruises (n = 21,475). These data sets were cho-
sen to represent a wide range of oceanographic conditions
throughout the major ocean basins. The National Oceano-
graphic Data Center expedition codes (EXPOCODES) for
these cruises are as follows: 32WC20110812 (West Coast
Ocean Acidification Cruise (WCOA) 2011) (Feely et al.,
2016), 33AT20120419 (A20 2012) (Wanninkhof et al.,
2013), 33RO20120721 (Gulf of Mexico and East Coast Car-
bon Cruise 2 (GOMECC-2) 2012) (Wanninkhof et al.,
2016), 318M20130321 (P02 2013) (Swift et al., 2014),
320620140320 (P16S 2014) (Talley et al., 2016),
33RO20150410 and 33RO20150525 (P16N 2015) (Cross
et al., 2017), 33RR20160208 (I08S 2016) (Macdonald
et al., 2018), 33RR20160321 (I09N 2016) (Barbero et al.,
2018), and 33RO20161119 (P18 2016) (Carter et al.,
2018). Full profiles of AT, CT, pH, T, S, P, silicate, and sol-
uble reactive phosphate were measured for all data sets.
Data records with flags indicating poor quality were
removed prior to analysis. In most cases, pH was measured
spectrophotometrically onboard using purified mCP, on the
total hydrogen ion concentration scale, at temperatures of
approximately 25 �C. Exceptions were P18 2016 (where
pH was measured on the SWS scale) and P16S 2014 (where
pH was measured at 20 �C). For all cruises, accuracies of
the onboard AT and CT measurements were assessed using
certified reference materials (CRMs) provided by the labo-
ratory of Dr. Andrew Dickson at Scripps Institution of
Oceanography. All of the cruise data can be found online
at the website of the NOAA National Centers for Environ-

mental Information (https://www.nodc.noaa.gov/ocads/

oceans/RepeatSections/).
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5. RESULTS

5.1. Stoichiometric pK2 parameterizations and residuals

The purity of the NaHCO3 used in the K2 determina-
tions was determined as described in Section 4.4, using
the experimental values of pH0

i(avg) and pH0
f(avg) in Eq.

(12). These values of U, as well as the average U for each
set of calculations, are provided in Table A 2.2 of Appendix
2. The purity of the NaHCO3 used in this work is given by
U = 0.9996 ± 0.0003. This value compares well to the value
reported in Mehrbach et al. (1973), U = 0.9991 ± 0.0002.

Two sets of pK2 values were determined as described in
Section 4.5, using the experimentally derived pH0 values
and either the K1 of Lueker et al. (2000) or the K1 of
Waters et al. (2013, 2014). The two sets of values, denoted
as SLpK2 and SWpK2, are provided in Table 1. These two
sets of pK2 values agree remarkably well with one another.
The largest difference between SLpK2 and SWpK2 values is
0.007, which is less than the uncertainty associated with
the determinations of K2.

Because the Waters K1 results are appropriate over a
wider range of salinity and temperature than Lueker et al.
(2000), we elected to rely primarily on the K1 description

of Waters et al. (2013, 2014) for our parameterization of
K2. The Sp and T dependences of the resulting SWpK2 values
are shown in Fig. 1 as a function of T �1. The SWpK2 values
given in Table 1 were parameterized using Eq. (15):

pK2¼ e1þe2T
-1þe3lnTþe4Spþe5Sp

0:5þe6Sp
2þe7ðSp=T Þ

ð15Þ

The en coefficients for this parameterization are given in
Table 2. Eq. (15) is based on the original pK2 parameteriza-
tion of Lueker et al. (2000), with additional terms (Sp

0.5 and
Sp/T) included based on an F-test to more appropriately
represent the data. The root mean square error (RMSE)
of SWpK2 is 0.0029.

Residuals for the SWpK2 parameterization (i.e., parame-
terized minus experimental values) are shown in Fig. 2. The
standard deviation of the residuals is 0.0029, and all resid-
uals are randomly distributed with respect to both Sp and
T.

The set of SLpK2 values calculated using the K1 of
Lueker et al. (2000), also parameterized as described in this
section (Section 5.1), is given in Appendix 4 along with the
corresponding en coefficients. Differences between the
parameterizations of SLpK2 and SWpK2 and, as well, the clo-
sely linked pK1 characterizations of Lueker et al. (2000) and
Waters et al. (2013, 2014) are shown in Fig. 3 in terms of Sp

and T.

5.2. Estimating uncertainties

The pooled standard deviation in measurements of pH0

was calculated to be 0.0013 (individual standard deviations

Table 1

Experimentally derived pH0 values and associated standard devi-

ations for a range of salinity and temperature conditions. The

uncertainty of the listed temperatures is ± 0.02 �C. The pH0 values

for each (Sp, T) pair were averaged from the two pHintial and two

pHfinal values (provided in Table A 1.1). Also shown are the two

sets of pK2 values calculated using the K1 parameterizations of

Lueker et al. (2000) (denoted as SLpK2) and Waters et al. (2013,

2014) (denoted as SWpK2).

Sp t (�C) pH0 (±stdev) (n = 4) SLpK2 SWpK2

19.62 15.19 7.6605 ± 0.0024 9.2938 9.3000

19.62 20.03 7.6045 ± 0.0012 9.2289 9.2354

19.62 25.05 7.5443 ± 0.0015 9.1532 9.1596

19.62 29.93 7.4857 ± 0.0011 9.0754 9.0817

19.62 34.81 7.4297 ± 0.0008 8.9992 9.0053

24.70 15.24 7.6096 ± 0.0018 9.2257 9.2258

24.70 20.11 7.5477 ± 0.0014 9.1494 9.1502

24.70 25.07 7.4869 ± 0.0009 9.0718 9.0734

26.51 29.65 7.4145 ± 0.0009 8.9743 8.9754

26.51 34.65 7.3583 ± 0.0007 8.8987 8.9013

29.11 20.07 7.5154 ± 0.0007 9.1082 9.1048

29.11 24.99 7.4528 ± 0.0009 9.0266 9.0246

29.11 29.95 7.3932 ± 0.0015 8.9475 8.9471

31.70 15.35 7.5511 ± 0.0015 9.1456 9.1397

31.70 34.69 7.3125 ± 0.0013 8.8327 8.8336

35.50 15.43 7.5269 ± 0.0018 9.1126 9.1061

35.50 20.36 7.4627 ± 0.0010 9.0321 9.0266

36.33 25.10 7.3979 ± 0.0007 8.9472 8.9437

36.33 30.08 7.3374 ± 0.0011 8.8662 8.8653

36.33 35.02 7.2778 ± 0.0012 8.7831 8.7853

36.80 25.00 7.3992 ± 0.0010 8.9503 8.9470

40.98 15.05 7.5007 ± 0.0029 9.0717 9.0685

40.98 20.05 7.4319 ± 0.0009 8.9829 8.9808

40.98 25.09 7.3697 ± 0.0009 8.9032 8.9031

40.98 29.89 7.3101 ± 0.0009 8.8228 8.8255

40.98 34.88 7.2471 ± 0.0013 8.7332 8.7397

Fig. 1. Experimentally derived SWpK2 values as a function of

inverse temperature (K�1), with colors indicating approximate

salinity. The dashed lines show the SWpK2 parameterization of Eq.

(15).
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are provided in Table 1). To further assess the uncertainty
in our original measurements of pH0 and associated p
(K1K2) values (calculated with the K1 of Waters et al.
(2013, 2014)) (provided in Table A 4.1 of Appendix 4), both
were fitted using Eq. (15). The en coefficients are given in
Table A 4.2 of Appendix 4. The root mean square error
for pH0 is 0.0014 and for p(K1K2) is 0.0028. Because our
method requires the use of previous K1 parameterizations,
any estimated uncertainty in K1 will influence the uncer-
tainty in our K2 parameterization. The uncertainty in pK1

is 0.0075 according to Orr et al. (2018) which, as shown
in Fig. 3b, is the approximate magnitude of the difference
between our pK2 parameterizations (SLpK2 and SWpK2).
Notably, as shown in Fig. 3, systematic overestimates in a
utilized K1 parameterization will produce underestimates
in the conjugate K2 parameterization. Our estimates of K2

are also influenced by the assumption that KHCO3 is com-

pletely pure (i.e., U = 1). Any systematic deviation from
this assumption will, of course, lead to systematic errors
in calculations of K1K2. It is not possible, at present, to
quantify this potential source of error.

Estimates of uncertainty in pK2 were assessed by a
method similar to that of Orr et al. (2018). Based on the
pK2 parameterizations obtained (a) in this work (SWpK2),
(b) by Lueker et al. (2000), and (c) by Waters et al. (2013,
2014), estimates of systematic uncertainty in pK2 were
assessed to be on the order of ±0.01. Random uncertainty
in pK2 was estimated based on the standard deviation of
the pK2 residuals. For this work, the estimated random
uncertainty is 0.003, which is less than a third of the 0.01
uncertainty estimated by Orr et al. (2018) for the pK2

parameterization of Lueker et al. (2000). The total standard
uncertainty for pK2 (based on the combined random and
systematic components of uncertainty) for this work is
0.010. The total standard uncertainty estimated by Orr
et al. (2018) for previous parameterizations of pK2 is 0.015.

6. DISCUSSION

6.1. Comparison with other pK2 parameterizations

In Fig. 4, the pK2 residuals for this work (i.e., SWpK2 –
pK2 experimental) are compared to the residuals of other
recent parameterizations. The pK2 residuals of this work
(Fig. 4a) are more tightly and evenly distributed about zero
than are the residuals of Lueker et al. (2000) and Millero
et al. (2006) (Fig. 4b and c). This result affirms the
improved pK2 precision that can be obtained using the
methods described in Section 4. Notably, Fig. 4b and 4c
show that the residuals of Lueker et al. (2000) and
Millero et al. (2006) are not randomly distributed with
respect to Sp and T. In an attempt to obtain improved
residuals, we refit the original data from these two studies
to parameterizations with fewer terms and additional terms,
but the uneven distributions of residuals remained.

The SWpK2 parameterization obtained in this work was
compared to the pK2 parameterizations of Lueker et al.
(2000) and Waters et al. (2013, 2014). Fig. 5 shows differ-
ences in terms of DpK2 = SWpK2 (this work) – pK2 (Lueker
or Waters). For 25 � Sp � 41, the best agreement between

SWpK2 and the pK2 of Lueker et al. (2000) or Waters
et al. (2013, 2014) is generally seen within the temperature
range of 20 � t � 30 �C, where the range of DpK2

is � 0.02, with a slight negative offset. At higher and lower
temperatures, the range of DpK2 has a slightly larger nega-
tive offset. At the lowest salinity (Sp = 20), DpK2 is typically
positive over the entire range of temperatures, with the lar-
gest DpK2 being observed between 25 � t � 30 �C. Overall,
although SWpK2 is based in part on the pK1 of Waters et al.
(2013, 2014), better agreement is observed with the pK2

parameterization of Lueker et al. (2000) over the range of
temperatures considered in this work.

Differences between SLpK2 and the pK2 parameteriza-
tions of Lueker et al. (2000) and Waters et al. (2013,
2014) are similar to those described above for SWpK2.
Agreement is best within the range 20 � t � 30 �C with lar-
ger differences being observed at higher and lower temper-

Table 2

Coefficients for the SWpK2 parameterization of Eq. (15) calculated

using the K1 of Waters et al. (2013, 2014). As a check, the value at

Sp = 35 and T = 298.15 K is SWpK2 = 8.9608.

pK2¼ e1þe2T
�1þe3lnTþe4Spþe5Sp

0:5þe6Sp
2þe7ðSp=T Þ

SWpK2

e1 116.8067

e2 –3655.02

e3 –16.45817

e4 0.04523

e5 –0.615

e6 –0.0002799

e7 4.969

Fig. 2. SWpK2 residuals (i.e., parameterized pK2 minus experimen-

tal pK2) as a function of temperature (K), with colors indicating

approximate salinity.
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atures (not shown). The agreement of SLK2 and SWK2 with
both Lueker et al. (2000) and Waters et al. (2013, 2014) is
significant because SLK2 and SWK2 are derived from differ-
ent K1 parameterizations. Because, as noted previously,
the pK1 parameterization of Waters et al. (2013, 2014)
extends to much lower salinities than the pK1 of Lueker
et al. (2000), the Waters parameterization can be used in
future K1K2 determinations to extend SWpK2 to a much
wider range of salinity conditions.

6.2. Assessments of internal consistency

6.2.1. Lueker et al. (2000) data set: fCO2, AT, and CT

One assessment of internal consistency was conducted
using the original experimental data of Lueker et al.
(2000) (n = 47), in combination with the sets of dissociation
constants introduced in Section 4.7: set A = LK1 and LK2

(the constants of Lueker et al. (2000)), set B = WK1 and

WK2 (the constants of Waters et al. (2013, 2014)), and set
C = WK1 and SWK2 of this work. Summary statistics of
the resulting relative residuals of fCO2 (i.e., (fCO2 measured
– fCO2 calculated), expressed as a percentage of the calcu-
lated fCO2 value) are listed in Table 3. (All residuals are
provided in Table A 5.1 of Appendix 5.)

For all sets of dissociation constants, the mean relative
residuals for fCO2 < 500 matm (characterized as ‘‘low-
fCO2 conditions”) are negative. For fCO2 > 500 matm
(characterized as ‘‘high-fCO2 conditions”), the mean rela-
tive residuals calculated using set C are internally consistent
within the uncertainty of measurements, while those calcu-
lated using sets A and B are both positive. For both low-
and high-fCO2 conditions, these two sets of mean relative
residuals are not significantly different from one another
at the 95% confidence level. In contrast, for both low-
and high-fCO2 conditions, the mean relative residuals of

set C (i.e., SWpK2 of this work) are significantly different
from those of sets A and B at the 95% confidence level.
Overall, the mean relative fCO2 residuals for all constants
at low-fCO2 conditions show that observations and predic-
tions (calculated values) are not internally consistent within
the uncertainty of measurements (i.e., the mean ±95% con-
fidence intervals do not include zero for any sets of con-
stants). Thus, there are clear differences in the degree of
internal consistency based on the choice of CO2 system dis-
sociation constants. Under high-fCO2 conditions, only the
parameterization of the set C constants provides internally
consistent observations and predictions.

Calculations of fCO2 were also made using the BT/S of
Uppström (1974). In this case, compared to residuals calcu-
lated using the BT/S of Lee et al. (2010), the mean residuals
for low-fCO2 conditions are increased by approximately 5
matm while the mean residuals for high-fCO2 conditions
are increased by approximately 11 matm for calculations
with all three sets of K1 and K2 constants. Mean residuals
calculated with the BT/S of Uppström (1974) therefore
prompt different interpretations with respect to which sets
of dissociation constants provide the most internally consis-
tent results. The mean residuals at low-fCO2 become closer
to zero (i.e., more internally consistent) for sets A and C,
while the mean residuals at high-fCO2 move farther from
zero (i.e., less internally consistent) for all sets of constants.
The choice of parameterization for BT/S will clearly influ-
ence interpretations regarding which calculations are inter-
nally consistent.

6.2.2. Cruise data sets: AT, CT, and pHT

A second assessment of internal consistency was con-
ducted using the cruise data described in Section 4.8
(n = 21,475) in combination with the three sets of dissocia-
tion constants listed in Section 6.2.1. The measured param-

Fig. 3. Differences between pK parameterizations as a function of temperature (K), color-coded by salinity for (a): DpK1 = pK1 of Lueker

et al. (2000) minus pK1 of Waters et al. (2013, 2014) and (b) DpK2 = SLpK2 minus SWpK2.
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eters used were AT, CT, and pHT (pHSWS was used only for
P18 2016). The mean residuals of AT for all cruises (Fig. 6)
are generally within the ±10 mmol kg�1 measurement
uncertainty (95% confidence interval) of a single at-sea AT

measurement (McLaughlin et al., 2015). When the set A
(Lueker) or set C (this work) characterizations are used,
the mean residuals generally provide internally consistent
results. When the set B (Waters) constants are used, how-
ever, the mean residuals for five of the nine cruises are offset
from zero by more than one standard deviation, with an
average mean AT residual (nine cruises) of approximately
4 mmol kg�1 (Table A 5.2 of Appendix 5). For the P16N
2015 cruise, only the mean AT residuals calculated using

SWpK2 (i.e., Set C) provide internally consistent results,
whereas the mean AT residuals calculated with both
Lueker et al. (2000) and Waters et al. (2013, 2014) are offset
from zero by more than one standard deviation. The mean
residuals of CT (not shown) displayed similar patterns to
the mean AT residuals but with opposite sign, as would
be expected. For pH assessments, when the set A (Lueker)
or set C (this work) characterizations are used, the mean
residuals generally provide internally consistent results,
whereas mean residuals calculated with set B (Waters) are
generally offset from zero by more than one standard devi-
ation (Table A 5.3 of Appendix 5). The KHSO4 of Waters
et al. (2013, 2014) was also used in CO2 system calculations
and produced no meaningful changes in the internal consis-
tency assessments described in this section (which uses the
KHSO4 of Dickson (1990)).

Whereas this type of analysis (i.e., comparisons of mean
residuals) provides a simple way to assess the degree of inter-
nal consistency across sets of dissociation constants (with all
other parameter uncertainties being held constant), it is rec-
ognized that such comparisons provide only limited insight
into the accuracy. As a note of caution, although the Lueker
et al. (2000) K1 and K2 parameterizations appear to yield
better internal consistency than the parameterizations of
Waters et al. (2013, 2014), it must be noted that the AT mea-
surements in Fig. 6 likely include contributions from organic
bases (Kim and Lee, 2009; Sharp and Byrne, 2020). If these
contributions were appropriately accounted for, the calcu-
lated values of AT would be increased, thus potentially
reducing the mean offsets calculated here. If organic contri-
butions were sufficiently large, the most positive residuals in
Fig. 6 could become considerably smaller and the residuals
now near zero could become negative. As such, with
improved accounts of organic alkalinity distributions in

Fig. 4. pK2 residuals (i.e., parameterized pK2 minus experimental

pK2) as a function of temperature (within the range of

288.15 � T � 308.15 K), color-coded by salinity for: (a) this work’s

SWpK2, (b) Lueker et al. (2000), and (c) Millero et al. (2006) (which

provide the experimental basis for the Waters constants). For ease

of comparison, the gray shaded region shows ± two standard

deviations for the residuals of this work (±0.0068). Data were

grouped by Sp in increments of five and therefore color indicates

approximate salinity. Thus, for example, Sp of 30 denotes data

obtained within the range of 30 ± 2.5.

3
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the ocean, the internal consistency evaluation shown in
Fig. 6 could be significantly revised.

7. CONCLUSIONS AND IMPLICATIONS

This study provides significant improvements in the
characterization of K2, the stoichiometric dissociation con-
stant of bicarbonate. As shown in Fig. 4, the calculated
residuals for SWpK2 are randomly distributed and are sub-
stantially smaller than those obtained in previous studies.
This result indicates that our new method reduces the like-
lihood of systematic errors in pK2 that vary with tempera-
ture and salinity. Furthermore, if future studies improve
the characterization of K1, the original experimental pH0

data summarized in Table 1 (and parameterized in
Table A 4.2 of Appendix 4) can be used to recalculate K2.
The SWpK2 parameterization developed in this work (using
the K1 parameterization of Waters et al. (2013, 2014))
agrees well with the pK2 dissociation constant parameteri-

zations of both Lueker et al. (2000) and Waters et al.
(2013, 2014) within the ranges of 25 � Sp � 41 and
20 � t � 30 �C. Nevertheless, there are pronounced differ-
ences at low salinities and at higher and lower
temperatures.

In previous determinations of CO2 system dissociation
constants, assessments of the quality of the experimental
K1 and K2 results have typically been limited to direct com-
parisons with earlier K1 and K2 parameterizations. In this
work, we evaluated our new pK2 parameterization by mak-
ing similar historical comparisons and, in addition, by con-
ducting internal consistency assessments that relied on two
independent and extensive data sets: (a) the fCO2, AT, and
CT data set of Lueker et al. (2000) and (b) the AT, CT, and
pH data sets from nine ocean research cruises. Assessments
based on the Lueker data set show that calculations made
with the SWK2 parameterization of this work perform as
well as or better than calculations carried out with the con-
stants of Lueker et al. (2000) or Waters et al. (2013, 2014).

Fig. 5. Differences between the SWpK2 parameterization of this work and the pK2 parameterizations of (a) Lueker et al. (2000) (LpK2) and (b)

Waters et al. (2013, 2014) (WpK2) as a function of temperature (K), color-coded by salinity.

Table 3

Mean relative fCO2 residuals ((fCO2 measured – fCO2 calculated)/fCO2 calculated) calculated using the different sets of K1 and K2 listed in the

left column with the experimental fCO2, AT, and CT data of Lueker et al. (2000) (excluding their data collected at 5 �C*). Uncertainty is given

as the 95% confidence interval on the mean.

Constants Mean relative fCO2 residuals ± uncertainty (%)

fCO2 < 500 matm (n = 28) fCO2 > 500 matm (n = 19)

Set A = Lueker LK1 and LK2 �1.27 ± 0.33 1.37 ± 0.93

Set B = Waters WK1 and WK2 �0.64 ± 0.36 1.97 ± 0.89

Set C =Waters WK1 and this work SWK2 –2.93 ± 0.35 0.01 ± 0.86

*Data also excludes four points that were excluded from Fig. 4b of Lueker et al. (2000).
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Assessments based on the large oceanographic data sets
show that AT residuals calculated using SWK2 compared
well with calculations that used the Lueker et al. (2000) dis-
sociation constants. Based on these results we recommend,
for the salinity and temperature ranges of 19.6 � Sp � 41
and 15 � t � 35 �C, the use of SWpK2 (Eq. (15) and Table 2)
paired with the pK1 of Waters et al. (2013, 2014) on the
total pH scale.

Internal consistency assessments constitute an important
tool for comparing K2 parameterizations, but the available
data cover only a small range of environmentally relevant S
and T. Most of the Lueker et al. (2000) laboratory data
encompass a small range of temperature (approximately
15–25 �C), all at salinities near 36. The oceanographic
(cruise) data cover a wider range of salinities, but nearly
all at 25 �C. Additional internal consistency comparisons
should be obtained over wider ranges of S and T. It would
be very useful, for example, if measurements of AT and CT

could be combined with pHT and high quality fCO2 mea-
surements obtained over a wide range of temperatures to
better identify likely causes of calculated discrepancies. This
extension is important because the internal consistency
assessments in this work are largely made at a temperature
(25 �C) where SWpK2 and the pK2 parameterizations of
Lueker et al. (2000) and Waters et al. (2013, 2014) most clo-
sely agree. At lower temperatures, where the pK2 parame-
terizations show larger differences (see Fig. 5), less
agreement in internal consistency assessments would be
expected. An expanded range of temperatures in evalua-
tions of AT, CT, and pHT internal consistency could also

help to address discrepancies between in-situ measurements
and calculated in-situ CO2 system parameters, including
calcium carbonate saturation states (X) (Naviaux et al.,
2019).

Experimental determinations of K1K2 should be
expanded to extend the K2 parameterization to estuarine
conditions. Notably, the K1 of Lueker et al. (2000) is valid
only within the range 19 � Sp � 43, but the K1 of Waters
et al. (2013, 2014) is appropriate for 0 � Sp � 45. As noted
in Section 6.1, the two pK2 parameterizations obtained in
the present work (one based on the pK1 parameterization
of Lueker et al. (2000) and the other based on that of
Waters et al. (2013, 2014)) are in good agreement. There-
fore, it is expected that future determinations of K1K2 for
estuarine conditions, in conjunction with the K1 of
Waters et al. (2013, 2014), could be directly combined with
the results of this work to obtain an accurate pK2 parame-
terization that encompasses both estuarine and marine
conditions.

The accuracy of pK determinations is most reliably
assessed through comparisons of results obtained by inde-
pendent investigators who, ideally, used dissimilar measure-
ment procedures. Based on such criteria, it is difficult to
quantitatively assess the absolute accuracy of the pK char-
acterizations obtained in the present study. As noted above,
evaluations of internal consistency are useful but are nar-
row in scope. Assessments of accuracy are currently limited
by uncertainties such as (unknown) organic base contribu-
tions to AT and uncertainty in the BT/S ratio. Nevertheless,
it is possible to make useful statements about what does
and does not contribute to systematic errors in determina-
tions of pK and characterizations of the marine carbonate
system.

Because the pK2 parameterization obtained in our work
was derived using the pK1 parameterization of Waters et al.
(2013, 2014), any errors inherent in this parameterization
will be propagated to SWpK2. It should be noted that, via
Eq. (14), K1 and K2 are anti-correlated (i.e., overestimates
of WK1 will produce underestimates of SWK2 and vice
versa). The quantitative relationship between pK1 and
pK2 given in Eq. (14) can be used to explore the influence
of pK1 perturbations on internal consistency evaluations
(e.g., Table 3 and Fig. 6).

The determinations of pH in this work are based on the
mCP parameterization of Müller and Rehder (2018).
Examination of Eq. (14) shows that the accuracy of the
log(K1K2) characterizations is intimately (directly) related
to the accuracy of the pH characterizations. For example,
if the pH parameterization of Müller and Rehder (2018)
is in error by + 0.01 then 1/2log(K1K2) will be in error by
an identical offset. Nevertheless, as an important point,
the combination of these directly correlated errors should
provide an accurate depiction of [CO3

2�]T/[CO2*] ratios
(i.e., [CO3

2�]T/[CO2*] = K1K2/[H
+]T

2 with offsetting errors
in K1K2 and [H+]T

2 ). Thus, whereas errors in spectrophoto-
metric pH parameterizations will produce corresponding
errors in log(K1K2), the accuracy of carbonate system char-
acterizations will not be affected. In this sense, the accuracy
of CO2 system calculations is maintained even in the pres-
ence of some types of systematic errors. An important point

Fig. 6. Average residuals (measured – calculated) of AT (mmol

kg�1) for the nine cruise data sets calculated using the three sets of

dissociation constants (shown in colors). Standard deviations are

shown by the colored bars.
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here is that, due to correlation of errors in measured pH
and parameterized pK, the pK results in this work should
best be paired with the mCP (pH) parameterization of
Müller and Rehder (2018). Other pH parameterizations
could be used, but only after the pK results in the present
work are recalculated and made compatible with the alter-
native pH model (e.g., Liu et al., 2011).
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Achterberg E. P., Dickson A. G., Mowlem M. and Kennedy H.

(2018) The stoichiometric dissociation constants of carbonic

acid in seawater brines from 298 to 267 K. Geochim.

Cosmochim. Acta 220, 55–70. https://doi.org/10.1016/j.

gca.2017.09.037.

Patsavas M. C., Byrne R. H., Wanninkhof R., Feely R. A. and Cai

W.-J. (2015) Internal consistency of marine carbonate system

measurements and assessments of aragonite saturation state:

Insights from two US coastal cruises. Mar. Chem. 176, 9–20.

https://doi.org/10.1016/j.marchem.2015.06.022.

Riebesell U., Zondervan I., Rost B., Tortell P. D., Zeebe R. E. and

Morel F. M. (2000) Reduced calcification of marine plankton in

response to increased atmospheric CO2. Nature 407, 364–367.

https://doi.org/10.1038/35030078.

Roy R. N., Roy L. N., Vogel K. M., Porter-Moore C., Pearson T.,

Good C. E., Millero F. J. and Campbell D. M. (1993) The

dissociation constants of carbonic acid in seawater at salinities 5

to 45 and temperatures 0 to 45 �C. Mar. Chem. 44, 249–267.

https://doi.org/10.1016/0304-4203(93)90207-5.

Sharp J. D. and Byrne R. H. (2020) Interpreting measurements of

total alkalinity in marine and estuarine waters in the presence of

proton-binding organic matter. Deep Sea Res. Part I. Oceanogr.

Res. Papers 103338. https://doi.org/10.1016/j.dsr.2020.103338.

Sharp, J. D., Pierrot, D., Humphreys, M. P., Epitalon, J.-M., Orr,

J. C., Lewis, E. R., & Wallace, D. W.R. (2020). CO2SYSv3 for

MATLAB (Version v3.0.1). Zenodo. http://doi.org/10.5281/

zenodo.3952803.

Sulpis O., Lauvset S. K. and Hagens M. (2020) Current estimates

of K1* and K2* appear inconsistent with measured CO2 system

parameters in cold oceanic regions. Ocean Sci. 16, 847–862.

https://doi.org/10.5194/os-16-847-2020.

Swift J. H., Mecking S., Feely R. A., Dickson A. G., Carlson C. A.,

Jenkins W. J., McNichol A., Key R. M., Ho D. T., Sigman D.,

Macdonald A. M., Buesseler K. and Martz T. R. (2014)

Dissolved inorganic carbon, pH, alkalinity, temperature, salin-

ity and other variables collected from discrete sample and

profile observations using CTD, bottle and other instruments

from MELVILLE in the North Pacific Ocean and Philippine

Sea from 2013–03-21 to 2013–05-01 (NCEI Accession 0117338).

NOAA National Centers for Environmental Information,

Dataset. https://doi.org/10.3334/cdiac/otg.goship_p02_

318m20130321.

Talley L. D., Feely R. A., Dickson A. G., Swift J. H., Carlson C.

A., Warner M. J., McNichol A., Key R. M. and Schlosser P.

(2016) Dissolved inorganic carbon (DIC), total alkalinity, pH

on total scale, dissolved organic carbon (DOC), chlorofluoro-

carbons, temperature, salinity and other hydrographic and

chemical variables collected from discrete samples and profile

observations during the R/V Nathaniel B. Palmer cruise GO-

SHIP_P16S_2014 (EXPOCODE 320620140320) in the South

Pacific Ocean from 2014–03-20 to 2014–05-05 (NCEI Accession

0157621). NOAA National Centers for Environmental Infor-

mation, Dataset. https://doi.org/10.3334/cdiac/otg.go_ship_

p16s_2014.

Uppström L. R. (1974) The boron/chlorinity ratio of deep-sea

water from the Pacific Ocean. Deep Sea Res. Oceanogr. Abstr.

21, 161–162. https://doi.org/10.1016/0011-7471(74)90074-6.

van Heuven S., Pierrot D., Rae J., Lewis E. and Wallace D. (2011)

MATLAB program developed for CO2 system calculations.

ORNL/CDIAC-105b. Carbon Dioxide Inf. Anal. Cent., Oak

Ridge Natl. Lab., US Dept. of Energy, Oak Ridge, Tenn..

Wanninkhof R., Feely R. A., Dickson A. G., Hansell D. A., Key

R. M., Swift J. H., Smethie, Jr., W. M., Fine R. A., Jenkins W.

J., McNichol A., McCartney M. S. and Druffel E. R. M. (2013)

Partial pressure (or fugacity) of carbon dioxide, dissolved

inorganic carbon, pH, alkalinity, temperature, salinity and other

variables collected from discrete sample and profile observations

using Alkalinity titrator, CTD and other instruments from

ATLANTIS in the North Atlantic Ocean from 2012–04-19 to

2012–05-15 (NCEI Accession 0108160). NOAA National

Centers for Environmental Information, Dataset. https://doi.

org/10.3334/cdiac/otg.clivar_a20_2012.

Wanninkhof R., Lewis E., Feely R. A. and Millero F. J. (1999) The

optimal carbonate dissociation constants for determining sur-

face water pCO2 from alkalinity and total inorganic carbon.

Mar. Chem. 65, 291–301. https://doi.org/10.1016/S0304-4203

(99)00021-3.

Wanninkhof R., Zhang J.-Z., Baringer M. O., Langdon C., Cai W.-

J., Salisbury J. E. and Byrne R. H. (2016) Partial pressure (or

fugacity) of carbon dioxide, dissolved inorganic carbon, pH,

alkalinity, temperature, salinity and other variables collected

from discrete sample and profile observations using CTD, bottle

and other instruments from NOAA Ship RONALD H. BROWN

in the Gray’s Reef National Marine Sanctuary, Gulf of Mexico

and North Atlantic Ocean from 2012-07-21 to 2012-08-13 (NCEI

Accession 0157619). NOAA National Centers for Environmen-

tal Information, Dataset. https://doi.org/10.3334/cdiac/

otg.coastal_gomecc2.

Waters J. F. and Millero F. J. (2013) The free proton concentration

scale for seawater pH. Mar. Chem. 149, 8–22. https://doi.org/

10.1016/j.marchem.2012.11.003.

Waters J., Millero F. J. and Woosley R. J. (2014) Corrigendum to

‘‘The free proton concentration scale for seawater pH”,

[MARCHE: 149 (2013) 8–22]. Mar. Chem. 165, 66–67.

https://doi.org/10.1016/j.marchem.2012.11.003.
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