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Abstract
An open question in marine carbon chemistry is if organic alkalinity (or some other unidentified species) is

present in non-negligible quantities in the open ocean. If organic alkalinity is indeed present, different methods
for total alkalinity (TA) analysis with different titration endpoints could titrate different amounts depending on
the dissociation constants (pKa) of the acids present, resulting in meaningful differences or offsets between
methods. Two commonly used methods, open-cell titration with non-linear least squares fitting and single-step
titration with spectrophotometric endpoint detection, might titrate different amounts of organic alkalinity, if
present, depending on their pKa. We test this hypothesis using paired samples collected on two cruises, one in
the northwest Pacific and one in the western Arctic, and analyze the TA using both methods. We found the dif-
ferences to be statistically indistinguishable (ΔTA[Open-Cell�Single-Step] = 0.5 � 3.9 μmol kg�1

sw mean and standard
deviation N = 206). Adjustment of the single-step TA to certified reference material could be obscuring a differ-
ence in the methods. The good agreement between methods indicated that the analytical method is not the
cause of offsets in Pacific TA identified by the Global Ocean Data Analysis Project version 2. From these results,
the presence of organic alkalinity in open ocean waters remains inconclusive but suggests that if present, the
concentration is either very low or both methods titrate similar amounts.

Precise and accurate measurements of the marine carbon
system are crucial for monitoring the carbon cycle, quantify-
ing the uptake of carbon dioxide (CO2) from the atmosphere,
rates of ocean acidification, and increasingly, determining
impacts of potential geoengineering strategies such as ocean
alkalinity enhancements (Oschlies et al. 2023). Of the four
commonly measured inorganic carbon system parameters (dis-
solved inorganic carbon (DIC), pHT (on the total scale), total

alkalinity (TA), and fugacity of CO2 (fCO2), accurate measure-
ment of TA presents unique challenges. The marine chemistry
community typically uses the titration alkalinity definition as
laid out by Dickson (1981):

TA¼ HCO�
3

� �þ2 CO2�
3

� �þ B OHð Þ�4
� �þ OH�½ �þ HPO2�

4

� �

þ2 PO3�
4

� �þ SiO OHð Þ�3
� �þ NH3½ �þ HS�½ �� � �� Hþ� �

F
� HSO�

4

� �� HF½ �� H3PO4½ �� �� � ð1Þ

Brackets denote total ion concentrations, [H+]F is the free
hydrogen ion concentration, and ellipses denote either uni-
dentified or negligible acids or bases. Conventional wisdom
has long held that for open ocean seawater, the concentra-
tions of acids or bases not explicitly accounted for in Eq. 1
were either zero or so low as to be negligible for most pur-
poses. Although the presence of organic acids/bases has long
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been known to be significant in many coastal waters (Cai
et al. 1998; Hammer et al. 2017; Hunt 2021; Hunt et al. 2024;
Kerr et al. 2021; Song et al. 2020; Wang and Cai 2025).

Several studies have hypothesized that organic alkalinity
may be present in open ocean seawater at low (� 4–
8 μmol kg�1

sw), but non-negligible concentrations (Fong and
Dickson 2019; C. H. Lee et al. 2024; Lueker et al. 2000; Millero
et al. 2002) and should therefore be explicitly accounted for in
Eq. 1. However, attempts to test this hypothesis are often

inconclusive (Álvarez et al. 2020; Sharp and Byrne 2021, 2020;
Woosley and Moon 2023). The three main reasons testing this
hypothesis is difficult are that organic alkalinity is a class of
chemicals with a spectrum of properties rather than a single
acid/base system, uncertainties in the concentration of boron
present in seawater manifest in a similar manner to an uni-
dentified species (Fong and Dickson 2019; K. Lee
et al. 2010; Woosley and Moon 2023), and concentrations
are near detection limits. Existing methodologies allow for
techniques that can directly determine the concentration of
organic (or unidentified) alkalinity (Cai et al. 1998; C. H.
Lee et al. 2024; Song et al. 2020) in a sample, but they are
extremely time-consuming to perform and require special
setups that are not commonly available. The technique also
relies on knowing the concentration of other non-CO2

acid/base systems accurately (Sharp and Byrne 2021). The
choice of which of the two commonly used values for the
boron to salinity relationship (K. Lee et al. 2010;
Uppström 1974) introduces a potential uncertainty of
around 5 μmol kg�1

sw near a practical salinity (Sp) of 35, a
value comparable to the amount of organic alkalinity that
may be present in open ocean water.

There are two potential practical impacts if organic or other
acid/base species are present but not accounted for. The
importance of such impacts will vary depending on the pur-
pose of a given study. If the analytical methods used are able
to fully titrate the organic alkalinity (i.e., the TA is accurate)
calculations of carbonate alkalinity will be overestimated. In
such a scenario, calculations of other carbon system parame-
ters (e.g., fCO2, carbonate) as well as derived values such as
saturation state and CO2 fluxes will be inaccurate despite an
accurate value of TA. If the analytical methods are not capable
of detecting organic alkalinity, then the TA measured would
be inaccurate, but inorganic carbon system calculations
would not be adversely affected. Calculated pHT is an excep-
tion as the impacts for either scenario would be more compli-
cated and condition specific. Recent work has shown that the
type of titration employed and the endpoint detection
method can indeed impact the accuracy of TA when organic
alkalinity is present (Hunt 2021; Sharp and Byrne 2020; Song
et al. 2023). The cause, as well as how significant the inaccura-
cies are, depends on the specific properties and amounts of
the organic matter present. Specifically, errors in accuracy will
be higher when the organic acids have a low dissociation

constant (pKa < � 6; Sharp and Byrne 2020), and methods
that employ a lower endpoint pH for fitting will better
(although not necessarily completely) titrate organic
alkalinity.

The main reason different methods could produce different
values of TA in the presence of organic alkalinity is differences
in the endpoint pH of the titration. For an open-cell titration
with nonlinear least squares fitting (NLSF) titration data from
a pHT range of � 3.0–3.5 is used (Dickson et al. 2003). In a
single-step titration with purging of CO2 an approximate final
pHT value of � 4.2 is obtained (Yao and Byrne 1998) although
the exact value will vary. Such differences in endpoints do not
impact titrations of inorganic alkalinity because in the defini-
tion of Dickson (1981) proton donors and proton acceptors
are separated by three orders of magnitude, resulting in an
unambiguous separation of acids and bases. However, for
organic acids/bases, some functional groups with dissociation
constants near the conventionally assigned proton condition
(pKa ≤ 4.5 at 25�C, zero ionic strength, and atmospheric pres-
sure) defined by Dickson (1981) make their role as proton
donors or acceptors ambiguous. In the single-step method, the
higher pH of the endpoint (i.e., earlier termination of the titra-
tion) would cause less low pKa organic matter to be titrated,
resulting in a lower measured TA if the pKa were < � 6 (Sharp
and Byrne 2020). For organic matter with high pKa values, the
two methods would produce nearly identical TA values.
The methods and theory underlying the ambiguous and com-
plicated contribution of organic acids and bases are discussed
extensively in Sharp and Byrne (2020) and references therein.

The implications of a method-dependent quantification of
organic alkalinity pose a significant challenge for detecting
long-term changes in TA or when comparing measurements
made by different laboratories. Although different analyti-
cal techniques could potentially produce slightly different
values for TA, the data reported are often treated and ana-
lyzed without regard to method. The Global Ocean Data
Analysis Project (GLODAP) version 2 (Olsen et al. 2016)
noted a � 6 μmol kg�1

sw offset in the TA in the north Pacific
Ocean between several cruises led by Japanese laboratories
and United States laboratories, although the offset has been
less clear in recent updates (Olsen et al. 2020, 2019). The
cause of this offset could not be identified, but one hypoth-
esis is the presence of organic alkalinity and differences in
analytical methodology. In addition, other differences such
as the use (or not) of certified reference materials (CRMs)
could also explain the results. Even though the GLODAPv2
covers many decades and methods, and laboratories and
methods likely changed over time, in general U.S. laborato-
ries use a Gran titration with either a modified Gran func-
tion or NLSF for end-point detection (Dickson et al. 2003),
while Japanese laboratories tend to use the single-step titra-
tion method with spectrophotometric endpoint detection
(Yao and Byrne 1998). If organic acids with pKa values less
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than � 6 are present in the northwest Pacific, an offset
between the two countries laboratories could occur and
explain at least part of the offset. Modeling of different
titration methods and fitting procedures indicate that the
open-cell NLSF titrations will titrate more organic alkalin-
ity than single-step titrations when the pKa is less than � 6
(Sharp and Byrne 2020) which could lead to a lower mea-
sured TA when using the single-step method. However,
crossover and inversion analyses such as that done by
GLODAP provide no information on the causes of any off-
sets found between cruises. The best way to test for meth-
odological differences is a direct intercomparison.

Materials and procedure
Sample locations and collection

In order to test if differences in methods lead to offsets in
open water TA measurements, samples were collected on two
research cruises aboard the R/V Mirai in 2023, and MR23-07
(EXPOCODE 49NZ20231006; WOCE/CLIVAR P14 Line) and
MR23-06C (EXPOCODE 49NZ20230825; Arctic Challenge for
Sustainability II) in the western Arctic Ocean (Watanabe
et al. 2025). For simplicity, the northwest Pacific cruise will be
referred to as P14 and the Arctic cruise will be referred to as Arc-
tic. The location of the cruises allows for testing of a wide range
of TA (1800–2400 μmol kg�1

sw) and (potentially) organic
alkalinity.

At selected stations (Fig. 1) and depths, 207 pairs of samples
were collected for TA, DIC, and pHT analysis onboard by the
Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) and analysis in the laboratory onshore at the Massa-
chusetts Institute of Technology (MIT), Cambridge, Massachu-
setts, USA. Samples for inorganic carbon parameter analysis were
collected in standard borosilicate glass bottles, except for pHT

onboard during P14 where samples were collected in 100-mL alu-
minum bottles (Mini Bottle Can, Daiwa Can Company). The
pHT was not measured onboard for the Arctic. For P14, 17–28
paired bottles were collected at 6 stations, allowing for a full
depth profile and a wide range of TA values. For the Arctic, 3–12
paired bottles were collected at 14 stations.

The borosilicate glass bottles were filled following standard
operating procedures (Dickson et al. 2007). A precise � 1%
headspace was created by using a pipette to remove an exact
volume after the bottle was filled to overflowing. Bottles were
sealed using Apiezon L vacuum grease, and stoppers were kept
in place by a rubber band and plastic hose clamp. All samples
to be analyzed on land and the DIC and TA samples analyzed
on board for the Arctic had 120 μL of saturated HgCl2 added,
resulting in a total concentration of 0.04% (vol.) HgCl2.
Samples collected for ship-based TA analysis for P14 were not
poisoned. All samples were stored in the dark until analysis.
Ship-analyzed samples were stored in the refrigerator (4�C)
until analysis, and land-analyzed samples were stored at room
temperature.

On P14, samples for shipboard pHT at 25�C were rinsed
three times and filled by allowing approximately twice the
volume to overflow and then closed without a headspace.
Samples were stored refrigerated (4�C) until analysis, which
occurred within 12 h of sampling.

The land-based measurements of DIC and pHT were used
for internal consistency calculations and to verify that any dif-
ferences found between samples could not be attributed to
changes during storage. The different types of samples col-
lected and methods used are summarized in Table 1. Full ana-
lytical methods are described in the following sections.

Total alkalinity analysis
Single-step titration (TASS)
Samples for TA were measured on board using the single-

step titration method (Yao and Byrne 1998). These samples
will be denoted as TA single step (TAss). Measurement of TA
was made based on spectrophotometry with a single acid addi-
tion procedure using a custom-made system (Nippon ANS,
Inc.). The system comprised a water dispensing unit, an auto-
syringe (Hamilton) for hydrochloric acid, a spectrophotometer
(TM-UV/VIS C10082CAH, Hamamatsu Photonics), and a light
source (Mikropack), which were automatically controlled by a
computer. The water dispensing unit had a water-jacketed
pipette (� 40 mL at 25�C) and a titration cell, which was also
controlled to 25�C � 0.1�C.

A seawater sample of approximately 40 mL was transferred
from a sample bottle (DURAN® glass bottle, 100 mL) into the
pipette by pressurizing the sample bottle (nitrogen gas) and
was introduced into the titration cell. The seawater was used
to rinse the titration cell. Then, Milli-Q water was introduced
into the titration cell, also as a rinse. Approximately 40 mL of
sample was dispensed again by the pipette and transferred
into the titration cell. Then, absorbances were measured at
three wavelengths (730, 616, and 444 nm) as a seawater blank.
After the blank measurement, an acid titrant with bromocresol
green indicator dye was added into the titration cell. The vol-
ume of the acid titrant added varied between �1.6 and
� 2.1 mL according to estimated values of TA. The seawater
plus acid titrant solution was stirred for over 9 min with bub-
bling by nitrogen gas in the titration cell to drive off evolved
CO2 gas. Then, absorbances at the three wavelengths were
measured. Calculation of TA in μmol L�1 was made by the fol-
lowing equation:

TA¼ – Hþ� �
TVSAþMAVA

� �
=VS ð2Þ

where MA is the molarity of the acid titrant added to the sea-
water sample, [H+]T is the final total hydrogen ion concentra-
tion in the seawater plus titrant, and VS, VA, and VSA are the
initial seawater volume, the added acid titrant volume, and
the combined seawater plus acid titrant volume, respectively.
[H+]T is calculated from the measured absorbances based on
the following equation (Yao and Byrne 1998):
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pHT ¼ 4:2699þ0:002578 35 – Sp
� �

þ log R –0:00131ð Þ= 2:3148 –0:1299� Rð Þð Þ – log 1 –0:001005� SPð Þ
ð3Þ

where R is the absorbance ratio calculated as:

R¼ A616 –A730ð Þ= A444 –A730ð Þ ð4Þ

where Ai is the absorbance at wavelength i nm. The final pHT

ranged from 3.5–4.1, with all but one sample in the range 3.8–
4.1. The TA was converted to units of μmol kg�1

sw using den-
sity determined from Sp and pipette temperature.

The repeatability calculated from replicate seawater samples
was 0.7 � 0.6 μmol kg�1

sw (N = 76). The acid was prepared by
JAMSTEC through dilution of 0.5 mol L�1 HCl of known

concentration to 0.05 mol L�1 in a 5-L volumetric flask with a
background concentration of 0.65 mol L�1 NaCl and
38 μmol L�1 bromocresol indicator. The concentration was
calculated from the dilution factor. HCl acid titrant batches
230620-1 and 230620-2 were used for P14 and 230615-1 for
the Arctic. Batch numbers are assigned by JAMSTEC when pre-
paring the acid. Certified reference materials from batch
209 provided by Andrew G. Dickson (University of California,
San Diego) were used as a standard and were measured at
every other station. The difference between the measured and
certified value (ΔCRM = Measured � Certified) was �7.0 � 1.8
(N = 24), and –9.7 � 1.5 μmol kg�1

sw (N = 10) for P14, and
–2.7 � 3.5 (N = 21) μmol kg�1

sw for the Arctic. Measured sam-
ple TASS was adjusted at the end of the cruise using the ratio
of the mean measured CRM value and the certified value for

Fig. 1. Location of stations where samples were collected with their respective cruise station numbers. Purple circles are from P14 and teal diamonds are
from the Arctic.
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each batch of acid. The ratio was 0.99683315 and 0.99561165
for P14 and 0.99828085 for the Arctic. Samples for P14 were
analyzed within 24 h of collection, and samples for the Arctic
were analyzed in port at the end of the cruise (within 60 d of
collection).

Open-cell titration (TAOC)
Total alkalinity samples for land-based analysis were carried

out in the laboratory based at MIT at 20�C � 0.1�C approxi-
mately 15–16 months after collection. Samples were analyzed
using a custom-built open-cell titrator designed and built by
the laboratory of Andrew G. Dickson (University of California,
San Diego) and described in Dickson et al. (2007, 2003). These
samples will be referred to as open-cell TA (TAOC). The instru-
ment used an open-cell Gran titration with a NLSF approach
that accounts for reactions with sulfate and fluoride ions. The
acid titrant was � 0.1 mol kg�1 HCl in � 0.6 mol kg�1 NaCl.
The exact concentration of the acid was calibrated by borax
titration with methyl red indicator (Klothoff, 1926). Certified
reference materials from batch 216 provided by Andrew
Dickson (University of California, San Diego) were analyzed at
the beginning and end of each day. The mean ΔCRM and
standard deviation were 0.71 � 0.88 (N = 28). No adjustment
was made to samples based on the ΔCRM value because all
components of the instrument are independently calibrated
and the measured value is within the 95% confidence interval
of the certified value. Analysis of replicate samples was not
possible due to water budget limitation preventing an estimate
of repeatability.

Dissolved inorganic carbon

Ship-board DIC (DICShip)
The DIC was measured onboard using an automated TCO2

analyzer (Nippon ANS, Inc.) with coulometric detection and
will be denoted as DICShip. Samples were analyzed at
20�C � 0.1�C. Approximately 15 mL of sample is dispensed
via a six-port autosampler into a stripping chamber where DIC
is converted to CO2(g) by adding 10% (v/v) phosphoric acid
solution. Pure nitrogen gas (99.9999%) is used as a carrier gas
to pass the evolved CO2(g) through an electric dehumidifier
and chemical desiccant (Mg(ClO4)2) and finally to a coulomet-
ric detector. An in-house made JAMSTEC DIC reference mate-
rial was used to account for coulometer drift as well as CRMs
provided by Andrew Dickson (University of California, San
Diego). The repeatability of DICShip analysis determined from
replicate samples was 0.7 � 0.6 μmol kg�1

sw (N = 78) and
1.5 � 1.3 (N = 52) for P14 and Arctic, respectively.

Lab-based DIC (DICLab)
The DIC was measured on land by a custom DICE analyzer

built by the National Oceanic and Atmospheric Administra-
tion Pacific Marine Environmental Laboratory (Seattle,
Washington), which is a modern version of the original
Single-Operator Multiparameter Metabolic Analyzer system
(Johnson 1992). These samples will be denoted as DICLab. The

procedure is very similar to DICShip. A calibrated pipette
thermostated to 20�C � 0.1�C is used to measure approxi-
mately 25 mL of sample, which is released into a stripping
chamber containing � 1 mL of 8.5% (v/v) phosphoric acid,
converting all DIC to CO2(g). A pure nitrogen (99.999%) car-
rier gas is then used to flow the evolved CO2(g) through a 5�C
condensing chamber followed by a Mg(ClO4)2 desiccant and
an Orbo53® (Millipore Sigma) silica gel before flowing into the
coulometer detection cell. CO2 is determined coulometrically
using a CM5017-O coulometer (UIC., Inc.). Two pure CO2

(99.999%) gas loops are used to calibrate the coulometer. Cer-
tified reference materials from batch 216 were measured for
laboratory DIC with a mean ΔMeasured-Certified and standard
deviation of �2.36 � 1.21 (N = 16). Sample values were
adjusted to the CRM value analyzed on the same day using a
constant offset from the certified value. Replicate samples were
not collected for land-based analysis due to water budget
limitations.

pHT

Ship pHT (pHTShip)
The pHT (on the total scale) at 25�C was measured onboard

during the P14 cruise by potentiometer using a pH meter
(model F-72 Horiba; serial number A23C0014) with a long
glass electrode (Model number 9680S, Horiba; serial number
9Z3A0104) following standard operating procedure 6a from
(Dickson et al. 2007). Samples were thermostated to
25�C � 0.1�C during analysis, and voltages were corrected
to exactly 25�C based on the temperature dependence of the
buffers. The electrode was calibrated daily using
2-aminophyridine and 2-amino-2-hydrox-1,3-propanediol
(TRIS) buffers and multiparametric standard seawater
(Uchida et al. 2025, 2020). Due to large uncertainties in the
TRIS measurements, only 2-aminophyridine and multi-
parametric standard seawater were used for electrode calibra-
tion. Additionally, Dickson CRMs were measured for
comparison. Uncertainty is estimated to be � 0.0028 based
on buffer measurements and repeatability � 0.0009 (N = 66)
based on duplicate measurements.

Lab pHT (pHTLab)
The pHT at 20�C was measured on land using purified

meta-cresol purple (Woosley Lab batch 4) and a custom-
designed spectrophotometric pH system similar to Carter et al.
(2013) which used an Agilent 8454 UV/Vis spectrophotome-
ter. The indicator perturbation was found to be insignificant
(R2 = 0.17), and no adjustment was applied. Ignoring the indi-
cator perturbation does increase the uncertainty in the pHT

accuracy but is not significant enough to impact the results,
particularly given the good internal consistency, as discussed
below. Temperature was controlled to 20�C � 0.1�C. The pHT

was calculated using the equations of Liu et al. (2011). The
accuracy was assessed using TRIS buffers prepared in the labo-
ratory according to Paulsen and Dickson (2020). Four bottles
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from Woosley Lab TRIS batch 5 were used and had a mean
and standard deviation of 8.2412 � 0.0021 (N = 12). The
expected TRIS pHT at 20�C is 8.2517 (DelValls and
Dickson 1998).

Internal consistency calculations
Internal consistency calculations were conducted as a qual-

ity control check. Calculations were done using CO2sys (Van
Heuven et al. 2011) MATLAB version 3.01 (Sharp et al. 2020)
with the carbonate dissociation constants of Lueker et al.
(2000), bisulfate constant of Dickson (1990), fluoride constant
of Perez and Fraga (1987), and total Boron of K. Lee et al.
(2010). The internal consistency of the TASS was
ΔTA(Measured�Calculated) = 3.3 � 3.2 μmol kg�1

sw (N = 124) and
for TAOC was 4.2 � 3.8 μmol kg�1

sw (N = 186), where
TACalculated is calculated from DIC and pHT. The smaller N for
TASS is due to pHT only being measured onboard on P14. A
positive ΔTA(Measured�Calculated) could be due to the presence of
organic alkalinity but could also be due to other uncertainties
in the calculations. Cross comparisons of internal consistency
between laboratory and ship analysis were used to confirm a
loss/gain of DIC for some samples between collection and
analysis in the laboratory.

Data analysis
The difference between the two TA measurements was cal-

culated as:

ΔTA OC – SSð Þ ¼TAOC –TASS ð5Þ

A positive value would suggest the presence of unidentified
acid/base species with a low pKa, likely organic acids, that are
detected by the TAOC but not by TASS. Estimating uncertainty
in ΔTA(OC–SS) is difficult since replicate samples could not be
analyzed for TAOC. Random uncertainties in TA and DIC in all
data in the GLODAP database was recently assessed to be
� 2.4 μmol kg�1

sw (Carter et al. 2024). As this value is a more
robust uncertainty estimate than could be determined from
these experiments, it is used here as the overall uncertainty.
Using this value as the overall uncertainty in the measure-
ments, we designate any sample with a jΔTAj or
jΔDICj > 4.8 μmol kg�1

sw to be significantly different with
95% confidence. It is important to note that, if present, both
methods would detect some amount of organic alkalinity
(Sharp and Byrne 2020); thus, the lack of a statistically signifi-
cant difference between the two methods does not prove that
organic alkalinity is not present. Conversely, a statistically sig-
nificant difference would be a conservative estimate of the
total amount of organic alkalinity that may be present.

Assessment
The mean and standard deviation for ΔTA(OC–SS) was

0.5 � 3.9 μmol kg�1
sw (n = 206) and for ΔDIC(Lab–Ship) was

�0.0 � 4.8 μmol kg�1
sw (n = 206). One sample was lost due to

analytical instrument error. Neither is statistically different
from zero using a single-pair t-test (p-values 0.0926 and
0.9803 for ΔTA(OC–SS) and ΔDIC(Lab–Ship) respectively).
Although, in general, there was no significant difference in
DIC (Fig. 2), some samples measured in the lab had lower
(higher) DIC suggesting loss (gain) of CO2 either during sam-
ple collection, storage, or analysis. Such loss or gain of CO2

would not impact the TA (Millero 2007). Internal consistency
comparisons and station profile plots were used to confirm a
loss/gain of CO2 for most samples with significantly different
DIC. The overall good agreement with DIC indicates the sam-
ples as a whole were stable and did not change during storage,
with some exceptions. Although 23 samples did have statisti-
cally different DIC, no correlation was found between ΔDIC
and ΔTA (Fig. 2). Only 42 samples had statistically different
TA, and only 8 of those also had statistically different DIC.
The lack of corresponding changes in DIC and TA indicated
CaCO3 precipitation/dissolution or biological activity did not
occur during sample storage.

ΔTA(OC–SS) vs. TASS (Fig. 3) and depth (Fig. 4) show gener-
ally excellent agreement both with TA and depth and no sig-
nificant trend. There is more scatter in the surface where
dissolved organic matter (DOM) is higher and organic alkalin-
ity is hypothesized to be larger. There are also a few samples
with high TA (deep depths) with significantly positive values.
Some work has suggested that deep water dissolved organic
matter has more carboxyl groups (Hertkorn et al. 2006) which
typically have pKas around 4.5. Some samples had signifi-
cantly negative ΔTA(OC–SS), which are difficult to explain
under the organic alkalinity hypothesis.

Considering only samples deeper than 1500 dbar, which is
the cutoff GLODAP generally used for crossover analysis
(Olsen et al. 2016), the ΔTA(OC–SS) was 1.0 � 3.5 μmol kg�1

sw

(n = 70). This is statistically significant (p-value = 0.0169), but

FIG. 2. Comparison of ΔTA(OC–SS) with ΔDIC(Lab–Ship) both in units of
μmol kg�1

sw. Purple circles are P14, and teal diamonds are the Arctic.
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notably less than the offset suggested in GLODAPv2 between
Japanese and United States cruises, and within the analytical
uncertainty. Care should be taken in interpreting t-test results
for such a small offset as they only consider the standard devi-
ation of the measurements and do not indicate practical
significance.

There were 42 samples (� 20% of the total) that had signifi-
cant ΔTAOC–SS values (> j4.8j μmol kg�1

sw); 22 from P14 and
20 from the Arctic. Of the 22 from P14, 11 were from station
3, which was located in the Bering Sea (Fig. 1). With only one
station in the Bering Sea, it is hard to draw any firm conclu-
sions on whether the Bering Sea has unique chemical charac-
teristics or if there was an issue with the collection, storage, or
analysis of these samples. However, all but one of those sam-
ples had negative ΔTAOC–SS. Modeling of organic alkalinity
(Sharp and Byrne 2020) indicates that regardless of the pKa,
ΔTAOC–SS would only result in positive values. Most explana-
tions for a loss of alkalinity, such as precipitation of CaCO3 or
biological activity, would result in a proportional change in
DIC, which did not occur (Fig. 2).

Of the other 31 samples with high jΔTAOC–SSj that were not
located in the Bering Sea, they were roughly evenly split
between positive and negative values. The majority of samples
were within the analytical uncertainty, with 61% falling
within 2 μmol kg�1

sw of zero (Fig. 5). The distributions of all
ΔTAOC–SS for the two cruises are very similar with the Arctic
tending to be skewed slightly more negative. However, given
the low number of samples, the differences are not statistically
significant.

Discussion
On average, the mean delta of the two methods agrees

remarkably well (ΔTAOC–SS = 0.5 � 3.9 μmol kg�1
sw [n = 206])

not only within our globally defined uncertainty of
� 4.8 μmol kg�1

sw, but within the typical analytical random
uncertainty of � 2 μmol kg�1

sw. Even when considering only
samples below 1500 db, or excluding outliers, the means are
all less than 2 μmol kg�1

sw. The histogram (Fig. 5) suggests a
small positive systematic offset, which could be indicative of

FIG. 3. Measured TASS versus ΔTA(OC–SS) both in μmol kg�1
sw. Purple circles are P14, and teal diamonds are the Arctic. Solid horizontal line represents

zero, and dashed lines represent the � 95% confidence interval (4.8 μmol kg�1
sw).

FIG. 4. ΔTA(OC–SS) in μmol kg�1
sw versus pressure (dbar). Purple circles

are P14, and teal diamonds are the Arctic. Solid vertical line represents
zero, and dashed lines represent the � 95% confidence interval (4.8 μmol
kg�1

sw).

8

Woosley et al. Total alkalinity methods intercomparison

 15415856, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lom

3.70002 by R
yan J. W

oosley - M
assachusetts Institute of Technolo , W

iley O
nline Library on [17/09/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



organic alkalinity. Any systematic offset between the methods
appears to be on the order of 1–1.5 μmol kg�1

sw based on the
distribution of ΔTA(OC–SS) (Fig. 5) and deep waters (> 1500
dbar) which had a statistically significant 1.0 μmol kg�1

sw off-
set (t-test, p-value 0.0169). The positive offset could be due to
organic alkalinity, but it could also be due to other small
uncertainties. The TAOC values were not adjusted to the certi-
fied CRM because all components were independently cali-
brated, and the method is identical to that used to certify the
CRMs. The ΔCRM for TAOC (0.7 � 0.9 μmol kg�1

sw) was also
within the � 95% confidence interval of the certified value
(defined as two times the standard deviation of the certified
value of 0.67 μmol kg�1

sw [obtained from the batch certificate]
or � 1.34 μmol kg�1

sw). Such a small offset in the ΔTAOC–SS

could be caused by small systematic uncertainties in the analy-
sis such as in the concentration of the HCl, the mass of sam-
ple titrated, or the amount of HCl added. This small offset is
within the estimated accuracy of TA measurements (Dickson
et al. 2003). Applying an adjustment to TAOC as was done
with TASS would shift the distribution closer to zero. However,
given the way the TAOC instrument was calibrated, such an
adjustment is not metrologically justified. As such, the small
positive skew in the data distribution could be indicative of a
systematic offset between the methods, which could be due to
organic alkalinity or some other systematic uncertainty. The
results demonstrate that different titration methods are not
large enough to explain the offsets between Japanese and US
cruises found by GLODAPv2 (Olsen et al. 2016), although
more recent cruises have already suggested that the offset is
not present in cruises from approximately 2010 onward
(Olsen et al. 2020). Other potential causes, such as method
calibration or how/when CRM adjustments are applied,

should be investigated. The results indicate that any methodo-
logical offset between TAOC and TASS is less than
2 μmol kg�1

sw, and likely on the order of � 1 μmol kg�1
sw if

these samples are representative of the global open ocean.
As mentioned in the introduction, the main reason the dif-

ferent methods might produce different values for TA is
because of differences in the endpoint pHT of the titration
leading to different amounts of organic matter being titrated.
In practice, the endpoint pHT of TASS varies with each sample,
which could result in the ΔTA(OC–SS) varying in relation to the
endpoint pHT of the TASS and indicate that differences are due
to organic alkalinity rather than some other source of uncer-
tainty. We found no such correlation (R2 = 0.006, p-
value = 0.268). The modeling work of (Sharp and Byrne 2020)
used endpoints of 3.0–3.5 for TAOC and 4.2 for TASS. For the
experiments here, the actual endpoint pHT of the TASS ranged
from 3.5 to 4.1 (mean = 4.0), which is closer to our TAOC end-
point (� 3.0–3.5) and would result in smaller differences
between the two methods than if TASS endpoint pHT was
closer to 4.2. Adjusting the endpoint pHT in the code provided
by (Sharp and Byrne 2020) does indeed reduce, but not elimi-
nate the differences between the two methods.

For P14, the measured dissolved organic carbon (DOC) and
the TITRATE.m MATLAB) code of Sharp and Byrne (2020)
were used to estimate the potential impact of organic alkalin-
ity on the two methods. The amount of a hypothetical organic
acid was estimated as DOC * 0.14 (Kuli�nski et al. 2014), which
results in total organic acid concentrations of 4.8–
10.8 μmol kg�1

sw, with a mean value of 5.8 μmol kg�1
sw.

Assuming a pKa of 4.5, the mean predicted difference between
the methods, ΔTAOC–SS = 3.0 μmol kg�1

sw, with a maximum
of 4.9 μmol kg�1

sw. The mean value is three times larger than
the measured ΔTAOC–SS of 1.0 μmol kg�1

sw for samples > 1500
dbar. Adjusting the endpoint pHT of the TASS to 4.0 (the mean
value for the TASS measurements) would reduce the
mean predicted offset to 1.2 μmol kg�1

sw. However, while this
is similar to the mean value for deep samples, it is also similar
to the ΔCRM of the TAOC, and therefore the cause is inconclu-
sive. Dissolved organic carbon was not measured on the Arctic
cruise preventing similar comparisons; however, the DOC in
the Arctic surface is significantly higher (Millero et al. 2011)
and would therefore produce larger predicted ΔTAOC–SS, which
is not found in these measurements (Fig. 5) where the value
was lower on average for the Arctic vs. P14.

An explanation for the negative values is hard to come up
with and warrants further study. If samples with significantly
negative (> �4.8 μmol kg�1

sw) ΔTA(OC–SS) are considered con-
taminated and excluded, the mean and standard deviation
become 1.5 � 2.6 (N = 181) μmol kg�1

sw and is statistically
significant (t-test, p-value 	 0.05). The most plausible
causes would be precipitation of CaCO3 or biological activity
in the sample during storage. However, comparisons to
ΔDIC(Lab–Ship) (Fig. 2) do not support such a loss of alkalinity

FIG. 5. Histogram of ΔTA(OC–SS) in μmol kg�1
sw in 1 μmol kg�1

sw bins
separated by cruise (P14 in purple and Arctic in teal). Solid vertical line
represents zero and dashed lines are � 95% confidence intervals.
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during storage (i.e., no proportional change in DIC). One
hypothesis is that the Arctic and Bering Sea stations occurred
near the typical seasonal timing of a phytoplankton bloom
(Murata 2006) and the samples may have contained particles
which were unstable during storage leading to small changes
in TA. Another possibility could be loss of labile dissolved
organic matter during storage. Testing these hypotheses would
be difficult, but measuring duplicate samples with both
methods simultaneously shipboard, perhaps using the same
batch of acid would likely reduce uncertainties and minimize
other potential sources of variability. Although quality control
checks indicate no significant change in the samples during
storage, a small undetectable change is still possible, leading
to increased noise.

The results demonstrate that organic alkalinity is either not
present in significant quantities in the northwest Pacific and
western Arctic, or that the two methods detect comparable
amounts of organic alkalinity (within � 1–1.5 μmol kg�1

sw).
One potential complicating factor in interpreting the results
for organic alkalinity is that the single-step method adjusts
values for differences between the measured and certified TA
values of CRMs. Such adjustments are a common method of
instrument calibration but are not universally applied. Some
work has shown that CRMs may contain organic alkalinity
(C. H. Lee et al. 2024; Sharp and Byrne 2021). If that is indeed
the case, then adjusting any measured TA values to the CRM
would be correcting the measured single-step values towards
the open-cell values because open-cell with NLSF fitting is
how the CRM values are determined (Dickson et al. 2003). If
the amount of organic alkalinity in a given sample is approxi-
mately the same as that in the CRM, then it would remove
(at least partially) any methodological artifact and could
explain the excellent agreement found here. However, it is
highly unlikely that organic alkalinity is roughly constant in
the open ocean, which could make adjusting measured values
to the CRM problematic. Differences may have also been
smaller than predicted because the actual endpoint pHT for
TASS was closer to that of the TAOC than the value used in
modeling titrations Sharp and Byrne (2020). The Arctic cruise
was chosen for this comparison in part because the high river-
ine input to the Arctic (Dittmar and Kattner 2003) would
make it a hot spot for organic alkalinity if it were significant.
Many of those stations are also quite coastal (Fig. 1) and are
areas of potentially high organic alkalinity. The results from
the Arctic suggest otherwise, because the lowest TA samples
would be expected to have the most riverine input and the
highest organic alkalinity, thus the largest +ΔTA(OC–SS). How-
ever, nearly the opposite was the case (Fig. 3). This result could
potentially be explained by the composition of organic alka-
linity in the region. Arctic rivers are known to be high in
humic compounds (Dittmar and Kattner 2003) which have a
higher pKa and would therefore be titrated similarly for both
methods. Additionally, sea ice melt could contribute to low
TA and dilute the organic alkalinity signal. Splitting the Arctic

samples into subgroups of shelf and open ocean did not show
any patterns, and the number of samples became too small for
robust comparisons.

The ΔCRM for the TASS was negative (i.e., low) for both
cruises, which could be indicative of organic alkalinity in the
CRM (Sharp and Byrne 2021), but despite being from the same
batch of CRMs, the deltas were significantly different between
P14 and the Arctic. The ΔCRM of the TASS varied with the
batch of acid used, indicating that differences in ΔCRM for
TASS were mainly due to uncertainties in the acid concentra-
tion and, therefore, cannot be used to infer organic alkalinity
in the CRMs, if present. Although it is possible that some of
the TASS ΔCRM is due to organic alkalinity, and the adjust-
ment is compensating for it. An independent calibration of
the acid titrant or use of the same batch of acid to measure
the same batch of CRM using single-step and open-cell titra-
tions could provide insight into the presence of organic alka-
linity in CRMs. Varying the endpoint of TASS on the same
sample could also provide further insight. A direct measure-
ment of organic alkalinity could provide more insights, but
such measurements are difficult to make (Cai et al. 1998; C. H.
Lee et al. 2024; Song et al. 2020) particularly for the low con-
centrations expected. If adjusting measured values to the CRM
does in fact correct for organic alkalinity in the CRM, doing so
could be potentially problematic if the sample does not con-
tain similar amounts and types of organic alkalinity as the
CRM. Such a possibility warrants further research.

If organic alkalinity were present, ΔTA(OC–SS) would likely
correlate with other biogeochemical parameters, particularly
DOC. No such correlation was found with any co-measured
parameters (DOC, florescent dissolved organic matter, nutri-
ents, temperature, salinity, oxygen, or apparent oxygen utili-
zation). Although given such a small mean offset, any
correlation could be obscured by noise. At best, the presence
of meaningful amounts of organic alkalinity in the open
ocean remains inconclusive. Systematic differences between
the two methods were not found to be significant, although a
statistically significant difference of 1.0–1.5 μmol kg�1

sw was
found for a subset of samples. We therefore contend that any
methodical differences resulted in a maximum offset of
< 2 μmol kg�1

sw.

Conclusions and recommendations
A direct comparison of TA titration methods was under-

taken on two cruises in the northwest Pacific and western Arc-
tic Ocean in 2023. The single-step method conducted on
board was compared to paired samples using the open-cell
method with the NLSF method conducted in the laboratory.
Agreement between the two methods was found to be excel-
lent on average and within the uncertainty of the measure-
ments. Although about 20% of samples did have statistically
significant different TA, the differences appear to be random
and no correlation with other biogeochemical parameters
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could be determined. There was a very small but statistically
significant offset of � 1 μmol kg�1

sw for deep samples
(> 1500 dbar) but it is within the accuracy of the methods.
The results indicate no meaningful systematic offsets
between the two methods, and current methodological dif-
ferences cannot explain apparent offsets between
United States and Japanese led cruises found in GLODAPv2
(Olsen et al. 2016). These results should add confidence that
the two methods produce comparable results in the open
ocean (within �2 μmol kg�1

sw), although differences may
still occur in coastal systems, and a small systematic offset
less than the analytical random uncertainties may exist.
One important caveat is that an adjustment was applied to
TAss for offsets in the measured CRM values. We attribute
most of this offset to uncertainties in the acid concentra-
tion, although it is possible some of the offset is due to
organic alkalinity. Additionally, the lower endpoint pHT for
the TASS in these samples may have lessened the impact of
organic alkalinity on ΔTAOC–SS. Further investigation into
differences in measurements of CRMs using the two
methods and how CRM adjustments impact the results
(including development of recommendations for when and
how to make such adjustments), and how to calibrate acid
concentrations is warranted.

Presence of detectable amounts of organic alkalinity in the
open ocean remains inconclusive. Non-negligible amounts of
organic alkalinity could not be inferred from the ΔTA(OC–SS)

and even in the small number of samples where deltas were
statistically different, about half of them were negative and
thus not indicative of organic alkalinity. No satisfactory expla-
nation could be found, but we hypothesize it could be related
to particles being unstable or changes in labile organic matter
during storage. Further investigation is needed to explain
these negative values. These results should add confidence
that these two different methods for TA analysis produce
values that are comparable within the typical analytical uncer-
tainty (2 μmol kg�1

sw). Such good agreement indicates
GLODAP may not need to consider analytical TA methods in
their interconsistency determinations, although comparisons
of more regions and different method protocols are warranted.
Finally, some questions still remain. Further comparisons that
reduce other potential sources of uncertainty (calibration, stor-
age time, use of CRMs) should be carried out. Additionally,
the importance of the exact endpoint pHT used for TASS

should be evaluated.
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