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Abstract
Seawater carbonate chemistry observations are increasingly necessary to study a broad array of oceanographic

challenges such as ocean acidification, carbon inventory tracking, and assessment of marine carbon dioxide removal
strategies. The uncertainty in a seawater carbonate chemistry observation comes from unknown random variations
and systematic offsets. Here, we estimate the magnitudes of these random and systematic components of uncertainty
for the discrete open-ocean carbonate chemistry measurements in the Global Ocean Data Analysis Project 2022
update (GLODAPv2.2022). We use both an uncertainty propagation approach and a carbonate chemistry measure-
ment “inter-consistency” approach that quantifies the disagreement between measured carbonate chemistry variables
and calculations of the same variables from other carbonate chemistry measurements. Our inter-consistency analysis
reveals that the seawater carbonate chemistry measurement community has collected and released data with a ran-
dom uncertainty that averages about 1.7 times the uncertainty estimated by propagating the desired “climate-qual-
ity” random uncertainties. However, we obtain differing random uncertainty estimates for subsets of the available
data, with some subsets seemingly meeting the climate-quality criteria. We find that seawater pH measurements on
the total scale do not meet the climate-quality criteria, though the inter-consistency of these measurements improves
(by 38%) when limited to the subset of measurements made using purified indicator dyes. We show that GLODAPv2
adjustments improve inter-consistency for some subsets of the measurements while worsening it for others. Finally,
we provide general guidance for quantifying the random uncertainty that applies for common combinations of mea-
sured and calculated values.

*Correspondence: brendan.carter@noaa.gov

Additional Supporting Information may be found in the online version of
this article.

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Author Contribution Statement: BRC led project administration, for-
mal analysis, and investigation. BRC led visualization with contributions
from JDS. BRC led conceptualization, writing, and editing with contribu-
tions from all authors. JDS, MIGI, RJW, and MBF provided extensive contri-
butions to investigation, editing, and review. Each author supplied their
own funding and resources.

1

https://orcid.org/0000-0003-2445-0711
https://orcid.org/0000-0001-5218-0064
https://orcid.org/0000-0002-2008-7751
https://orcid.org/0000-0002-4387-8986
https://orcid.org/0000-0002-8858-5247
https://orcid.org/0000-0002-2225-8622
https://orcid.org/0000-0002-0540-662X
mailto:brendan.carter@noaa.gov
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.12674&domain=pdf&date_stamp=2024-09-08


Motivation and background
It is more important than ever to quantify the carbonate

chemistry in seawater with well-characterized uncertainty
given ongoing and intensifying global ocean carbon accumu-
lation (Gruber et al. 2019; Friedlingstein et al. 2023; Müller
et al. 2023), ocean acidification (Doney et al. 2009, 2020), and
interest in using and assessing marine carbon dioxide removal
strategies (Doney et al. 2022). Well-constrained uncertainties
are fundamental for all scientific analyses, and this is espe-
cially the case for seawater carbonate chemistry, for which
decadal or shorter timescale climate signals are small—often
close to analytical detection limits—yet nevertheless quantita-
tively meaningful for the planetary carbon cycle because they
span immense volumes of the ocean.

Uncertainties inherent in seawater carbonate chemistry mea-
surements and calculations have become more quantifiable
over time largely due to two developments. First is the increas-
ingly common practice of overdetermining seawater carbonate
chemistry with at least three carbonate chemistry variables
measured on a single seawater sample, allowing scientists to
scrutinize disagreements between measurements and calcula-
tions of the variables (McElligott et al. 1998; Kuli�nski
et al. 2014; Chen et al. 2015; Patsavas et al. 2015; Williams
et al. 2017; Woosley et al. 2017; Carter et al. 2018; Fong and
Dickson 2019; Álvarez et al. 2020; Sulpis et al. 2020; Takeshita
et al. 2021; García-Ib�añez et al. 2022; Guallart et al. 2022). Sec-
ond are the continued improvements in measurement quality;
this includes developing and adopting best practices for carbon-
ate chemistry analysis and reporting (Dickson and Goyet 1994;
Dickson et al. 2007; Riebesell et al. 2011), the general use of ref-
erence materials (RMs; Dickson 2010; Dickson et al. 2003) for
total titration seawater alkalinity (AT) and total dissolved inor-
ganic carbon (CT) measurements, and improvements in com-
munity measurement practices and equipment (e.g., the
production of purified spectrophotometric indicator dyes for
seawater pH measurements on the total hydrogen ion scale, or
pHT). Because of these developments, consistent patterns in dis-
agreements between measured and calculated values have
emerged from the noise of random methodological uncer-
tainties. Importantly, the magnitudes of the disagreements
between measured and calculated values rival the magnitudes
of contemporary decadal changes in carbonate chemistry from
ongoing ocean acidification and other climate change impacts
in the open ocean.

Monitoring global change often requires making inferences
based on carbonate chemistry calculations, mixing carbonate
chemistry measurements with calculations, linking modern mea-
surements to historical measurements (e.g., Carter et al. 2018),
and evaluating confidence in measurements and calculations
from novel measurement technologies (e.g., Bushinsky
et al. 2019). Contending with the uncertainties inherent to car-
bonate chemistry measurements and calculations is therefore an
urgent and perhaps underappreciated challenge for chemical

oceanography and metrology. In Supporting Information
Text S1, we provide an example of a monitoring challenge where
carbonate chemistry uncertainties are a central and urgent
challenge.

Definitions for random, systematic, and combined
standard uncertainty

As articulated by Newton et al. (2015) (or earlier: Ellison
and Williams 2012), uncertainty can be thought of as “a
parameter associated with the result of a measurement that
permits a statement of the dispersion (interval) of reasonable
values of the quantity measured, together with a statement of
the confidence that the (true) value lies within the stated
interval.” Uncertainty is not the same as measurement error,
which is the difference between the true and measured values.
For this effort, we use the definition of Newton et al. (2015)
and further follow precedent and community recommenda-
tions to express our uncertainties as standard deviations
(BIPM et al. 2008; Ellison and Williams 2012; Newton
et al. 2015; Orr et al. 2018). Thus, if we simplistically assume
that the sources of uncertainty result in normally distributed
errors, then the 95% confidence interval for the true value
would be approximately two standard uncertainties around
the reported value (i.e., within � 2u). We define the terms
used to describe aspects of uncertainty in Supporting Informa-
tion Text S2, where possible using the definitions provided by
BIPM et al. (2008) (see also Taylor and Kuyatt 1994). We use u
to refer to the combined standard uncertainty or total uncer-
tainty and append subscripts when referring to individual
components of the combined standard uncertainty. All terms
are represented as standard uncertainties (i.e., the probability
distribution of the true error resulting from this contribution
to uncertainty can be approximated as a normal distribution
with a standard deviation equal to u).

The chemical complexity and variability of seawater solu-
tions makes overall uncertainty estimation challenging, and
analysts and data curators often instead report mean offsets
between their measurements of a seawater RM and the
reported value (i.e., bias) or statistics from replicate measure-
ments made on a single cruise (i.e., precision). These statistics
unfortunately do not capture all sources of variability that
contribute to uncertainty (e.g., cruises with different instru-
mentation, procedures, locations, analysts, etc.). Fortunately,
the true value of a variable is not the most critical piece of
information for many oceanographic analyses. For example,
in a time series of fCO2 calculated from CT and AT, errors in
the carbonate chemistry constants may have a meaningful
impact on the uncertainty of calculated fCO2 and therefore
the air–sea fCO2 difference, but a small impact on the uncer-
tainty of the computed fCO2 trend (this claim is demonstrated
with an example calculation in Supporting Information
Text S3).
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Given this complexity, it is useful to separately quantify
“random” components of uncertainty, which result from
effects that vary unpredictably within a set of measurements,
from the “systematic” components of uncertainty, which are
consistent over a set of measurements and lead to offsets rela-
tive to the true value or a reference value. The combined stan-
dard uncertainty (u) then equals the random uncertainty (uR)
and systematic uncertainty (uS) components, expressed as
standard deviations, added in quadrature (i.e., the square root
of the sum of squares). While the combined standard uncer-
tainty of a parameter ideally accounts for all uncertainty con-
tributions (uR and uS), some contributions may cancel for an
analysis (e.g., Supporting Information Text S3).

Systematic uncertainty is not the same as bias. A bias is a
known systematic offset relative to a reference value that
should be corrected; however, the uncertainty in the bias cor-
rection (e.g., the uncertainty in the mean value of several mea-
surements of a RM used to derive a bias correction) represents
a form of systematic uncertainty that should be included in
the calculation of u. It can be challenging to distinguish
which offsets between measured and calculated or reference
values are biases that should be corrected and which should
be treated as the symptoms of quantifiable systematic
uncertainties.

The dividing line between random and systematic uncer-
tainties can be unclear. As an example, the sources of
uncertainty that we consider to be random between cruises
(e.g., day-to-day instrument calibration variations, tempera-
ture control errors, sample handling errors) can persist over a
set of measurements and contribute to the apparent offset
and, thus, to uS. In our analysis, we rely on many different
cruises considered collectively, and, with enough randomly
distributed cruise offsets, the impact of these offsets should
mostly cancel when computing an average offset. We there-
fore treat these cruise-specific offsets herein as contributions
to random uncertainty, but we distinguish between random
uncertainty contributions related to the short-term repeatabil-
ity of measurements (uRepeatability) and contributions that vary
on longer timescales between cruises uCruiseð Þ, thus allowing
the cruise-specific variations to be considered as systematic
uncertainties when data from a smaller number of cruises are
considered. Similarly, the sources of uncertainty that we con-
sider to be systematic (including uncertainties from calibrating
a method to an uncertain traceable standard measurement,
uCalibration, or incomplete knowledge of seawater acid–base spe-
cies substance content and thermodynamic constants,
uConstants) can vary with seawater composition and properties
and can therefore contribute to the estimated uR in a set of
measurements. However, we later show also that these contri-
butions to the random variations are secondary to the mea-
surement and cruise-specific variations for our analysis. The
simplifications and terms we use to separate interwoven ran-
dom and systematic uncertainty components are therefore
imperfect, but nevertheless give us a foothold to begin

considering how components of uncertainty might affect the
full range of possible analyses.

In summary, the combined standard uncertainties u can be
computed in two ways:

u2 ¼ u2Rþu2S ð1Þ
u2 ¼ u2Repeatabilityþu2Cruiseþu2Constantsþu2Calibration ð2Þ

We consider uRepeatability to be a component of uR; uCruise to
be a component of uR when considering many cruises collec-
tively, as we do here, and a component of uS when consider-
ing measurements from a single cruise; and uConstants and
uCalibration to be primarily contributors to uS. In Supporting
Information Text S4, we generate a synthetic dataset visually
illustrating each of these uncertainties and showing how
uCruise can act variably as a random or systematic component
depending on the data collection considered.

In this paper, we aim to quantify random and systematic
uncertainties in the collection of readily available (primarily)
open-ocean carbonate chemistry measurements and in calcu-
lations made using these measurements. We further explore
how the uncertainties we estimate vary between measure-
ments and measurement combinations and how they change
when different sets of constants are used for seawater carbon-
ate chemistry calculations. Finally, we propose some guide-
lines by which one might estimate the combination of
random and systematic uncertainties that is most applicable
to their analysis.

Methods
Data

Our analysis uses discrete ship-based AT, CT, pHT, and fCO2

measurements and calculations from measurements in
GLODAPv2.2022 (Lauvset et al. 2022). This data product is a
compilation of datasets from 1085 mostly open-ocean cruises
adjusted to improve consistency between cruises. However, we
are interested in the data being produced by the community
before efforts are taken to improve the coherence of measure-
ments between various cruises, so the first step in our analysis
is to reverse the adjustments given in the GLODAPv2.2022
adjustment table (both the data product and the adjustment
table are available from www.glodap.info). This step produces
the “GLODAPv2.2022_unadjusted” data product.

Seawater carbonate chemistry variables are calculated for all
combinations of input pairs for the overdetermined carbonate
chemistry measurements in the GLODAPv2.2022_unadjusted
data product. Except where noted, these calculations are made
using the CO2SYSv3 code for MATLAB® (van Heuven
et al. 2011; Orr et al. 2018; Sharp et al. 2021) with carbonic
acid dissociation constant parameterizations from Lueker et al.
(2000), hydrogen fluoride (HF) thermodynamic constant
parameterization from Perez and Fraga (1987), the total boron
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(BT) to practical salinity (Sp) ratio (BT/SP) from Lee et al.
(2010), and the KHSO�

4
from Dickson et al. (1990). As pHT and

fCO2 are often reported at different temperatures, we follow
GLODAPv2 practices and re-compute all measurements and
calculations at a standard temperature and pressure of 25�C
and 101,325 Pa (i.e., 1 atm, or 0 applied pressure in CO2S-
YSv3), respectively. The choice of the assumed temperature
and pressure has minor impact on the disagreements between
measured and calculated values because the conversion affects
the measured and calculated values nearly identically. How-
ever, the choice does meaningfully impact the propagated
uncertainty values because an assumed uncertainty, for exam-
ple, 0.003 in pHT, can correspond to a different impact on cal-
culated variables at low temperature and high pressure than it
does at standard conditions. We rely on standard conditions
for our calculations because most prior measurement uncer-
tainty estimates and benchmarks have been obtained from
measurements at standard or near-standard conditions. How-
ever, we note that uncertainties at in situ conditions are often
of greater interest than uncertainties at standard laboratory
conditions and urge consideration of how uncertainties might
vary at the conditions of interest for an analysis. Despite this
relationship between seawater conditions and carbonate
chemistry uncertainties, the findings from this study are quali-
tatively unchanged for calculations at in situ conditions
(i.e., the numbers vary, but the claims we make regarding rela-
tive uncertainties remain true).

Uncertainty estimates
We use two approaches to quantify both systematic and

random uncertainty: uncertainty propagation and inter-
consistency comparisons (Fig. 1). The uncertainty propagation
estimates are derived by propagating estimates of individual
uncertainties in the many measurements and constants used
in carbonate chemistry calculations (Orr et al. 2018), whereas
inter-consistency estimates are made by comparing measure-
ments of a variable to calculations of the same variable from
other measurements. A third approach that we do not con-
sider uses “inter-laboratory comparisons” of measurements
from an identical batch of seawater that are made across mul-
tiple laboratories (Bockmon and Dickson 2015; Olsen
et al. 2019). This approach quantifies uncertainties from meth-
odological variations that exist across the research commu-
nity, providing bounds on inter-laboratory measurement
consistency. However, it only reflects community precision in
laboratory measurements and only for a limited number of
seawater compositions and laboratories and does not distin-
guish between labs that do and do not contribute to open-
ocean seawater carbonate chemistry data products, and thus
does not directly reveal the combined standard uncertainty
for open-ocean ship-based discrete carbonate chemistry mea-
surement data products.

Due to the variety of uncertainty terms discussed and the
need for specificity, we refer to uncertainties using several

subscripts given in Table 1, for example, uS,C,UP,AT, where u
with a subscript indicates an uncertainty contribution, “S”
indicates the u is systematic, “C” indicates a calculated vari-
able, “UP” indicates estimation through uncertainty propaga-
tion, and “AT” means the uncertainty is specific to AT.

Uncertainty propagation
Significant progress has been made in recent years toward

estimating reasonable uncertainties for the measurements and
constants used in seawater carbonate chemistry calculations
(Table 2, with references therein) and propagating these
uncertainties to compute uncertainty in calculated quantities.
Notably, Orr et al. (2018) released code that propagates user-
provided uncertainties, which has been incorporated into
recent releases of carbonate chemistry software (Orr
et al. 2018; Sharp et al. 2021; Humphreys et al. 2022). Like-
wise, inter-consistency has long been used for estimating car-
bonate chemistry uncertainty, and the GLODAPv2.2022 data
product update includes discrete fCO2 measurements (Lauvset
et al. 2022) providing new opportunities for these compari-
sons (e.g., García-Ib�añez et al. 2022).

We use the CO2SYSv3 uncertainty propagation code (Sharp
et al. 2021; adapted from Orr et al. 2018) to quantify how
input uncertainties in the carbonate chemistry calculations
impact the calculated outputs (Fig. 1). For the systematic
uncertainty propagation calculations (uS,C,UP), we use the car-
bonate chemistry and other constant uncertainties suggested
by Orr et al. (2018) (i.e., the bolded terms in Table 2). For the
random uncertainty propagation calculations (uR,C,UP), we use
the random uncertainty estimates (i.e., random measurement
terms in Table 2 associated with “climate-quality” measure-
ments from Newton et al. (2015)). Newton et al. (2015)
defined climate-quality measurements as those capable of
resolving changes in carbonate ion contents with a relative
standard uncertainty of less than 1% and suggest this trans-
lates to standard uncertainties of 2 μmol kg�1 in CT and AT,
0.003 in pHT, and a relative uncertainty of 0.5% in fCO2. Crit-
ically, this “climate-quality” definition implicitly omits the
contribution of systematic uncertainty in measurements
because it is based on resolving changes rather than quantify-
ing true values. It is therefore a metric for random uncer-
tainty (uR).

We calculate random uncertainties for the differences
(uR,Δ,UP) between measurements (M) and calculations (C),
assuming the measurement also meets climate-quality (CQ)
criteria, by taking the positive square root of the sum of the
squared uncertainties:

uR,Δ,UP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uR,C,UPð Þ2þ uR,M,CQð Þ2

q
ð3Þ

This equation applies equally to terms later calculated for
inter-consistency calculations (IC), and allows uR,Δ,UP estimates
to be compared to random uncertainties from the inter-
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consistency analysis that—by necessity—include uncertainties
from both measurements and calculations. As we do not sepa-
rately account for systematic uncertainty in the measure-
ments, uS,Δ,UP equals uS,C,UP.

Uncertainty propagation estimates themselves vary with
sample composition (see Woosley and Moon 2023). We
propagate uncertainties for all measurements individually,
but, for simplicity, present the means of these propagated
uncertainties (and, in one instance, their statistics) for col-
lections of measurements in our figures and tables. We
justify the omission of uConstants from uR,C,UP and note
three nuances that are important for interpreting our
uncertainty propagation estimates in Supporting Information
Text S5.

Inter-consistency comparisons
We estimate random and systematic contributions to com-

bined uncertainty with an “inter-consistency” analysis using
collections of overdetermined carbonate chemistry measure-
ments (Fig. 1). There are several steps for these calculations,
and all of them are repeated for all combinations of four vari-
ables of interest “V” (AT, CT, pHT, and fCO2) and for each of
the three combinations of choices for variables “X” and “Y”

that can be used to calculate each V (for 12 total combinations
of V, X, and Y).

1. For each measurement of V (VM), we calculate values of
V (VC) from X and Y.

2. Residuals (ΔV) are computed between the measured and
calculated values:

ΔV ¼VM�VC ð4Þ

3. The inter-consistency-based estimate of the systematic
component of uncertainty in ΔV (i.e., uS,Δ,IC,V ) is computed
as the mean ΔV across all samples in the data product.
These inter-consistency-based estimates of systematic
uncertainty do not distinguish between systematic uncer-
tainty in measurements (uS,M,IC,V ) and calculations
(uS,C,IC,V ) of V and only reflect their apparent offset.
Supporting Information Text S6 offers discussion of the
implications of calculating uS,IC in this fashion.

4. The inter-consistency-based estimate of the random com-
ponent of uncertainty in ΔV (i.e., uR,Δ,IC,V ) is a measure of
how much spread in ΔV values exists around the mean ΔV
(i.e., around uS,Δ,IC,V ). It is estimated as the 68th percentile
of absolute deviations between ΔV values and uS,Δ,IC,V . We

Fig. 1. Conceptual schematic illustrating the process by which random (subscripted as R) and systematic (S) uncertainty (u) estimates are obtained for
variable V (V) when calculated (C) from variables X (X) and Y (Y). The process is different when the uncertainty is estimated using uncertainty propagation
(warm colors, UP) and inter-consistency (cool colors, IC). In the uncertainty propagation approach, a priori estimates of “climate-quality” (Newton
et al. 2015) uncertainties in measured (M) values (i.e., uR,M,CQ) and uncertainties in carbonate chemistry constants (uConstants) are propagated to generate
random (light orange outline) and systematic (dark orange outline) u estimates in the calculations, respectively. The random uncertainties are then added
in quadrature to the climate-quality uncertainty of the measured value for V to estimate the expected random u for the difference between the measured
and calculated values of V (i.e., ΔV or Δ). In the inter-consistency approach, measurements of X and Y (i.e., XM and YM) are used along with carbonate
chemistry constants (constants) to compute a calculated value of V (VC), which is compared to the associated measured value of V (VM). The average off-
set between the two is the inter-consistency (IC) estimate of the systematic uncertainty (uS,Δ,IC,V ) in this difference. The 68th percentile of the spread in
the residuals (uR,Δ,IC,V ) around the uS,Δ,IC,V is the result of the random measurement uncertainty in V (i.e., uR,M,V ) and the random uncertainty in the calcu-
lated value of V (uR,C,IC,V ) added in quadrature.

Carter et al. Seawater carbonate chemistry uncertainty
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use the 68th percentile in place of the standard deviation
here because the ΔV differences are not normally distrib-
uted. We justify this choice and briefly discuss its implica-
tions in Supporting Information Text S7.

5. For discussion purposes, we repeat these calculations using
variations and subsets of the full collection of overdeter-
mined measurements (mapped in Supporting Information
Fig. S1) including:
a. the GLODAPv2.2022 data product with the secondary

quality control (QC) adjustments included,
b. three subsets where spectrophotometric pHT measure-

ments were made using purified indicator dyes, using
indicator dyes that have not been purified, and
using potentiometric or unknown pHT measurement
methods,

c. and the subset of GLODAPv2.2022 with a QC flag of
0 indicating secondary QC was not attempted.

Quantifying measurement uncertainties
So far, we have used inter-consistency comparisons only to

quantify uncertainties in the differences between measured
and calculated seawater carbonate chemistry variables, but we
are also interested in using inter-consistency to estimate

uncertainties in the measured and calculated values
individually. In principle, we can leverage our 12 sets of inter-
consistency calculations to go beyond our simplistic assump-
tion of climate-quality measurements: we can rewrite Eq. 3 for
the IC terms and expand the uR,C,IC,V term to reflect contribu-
tions from random uncertainties in measurements of the vari-
ables “X” and “Y” used to calculate “V” multiplied by
sensitivity terms for the calculated value (i.e., ∂VC

∂X and ∂VC
∂Y ),

and a term uOther that reflects the contributions of random
uncertainties in all other inputs to carbonate chemistry calcu-
lations (e.g., temperature, salinity, and dissolved inorganic
nutrient contents. Note: this uOther term is also specific to the
combination of V, X, and Y and the sample composition
despite the absence of detailed subscripts in our notation).
The sensitivity terms are calculated for each overdetermined
sample individually by perturbing the input value for the cal-
culation by (adding) the random uncertainty values in Table 2
and recalculating V. These sensitivities are then averaged
across all measurements to obtain mean values used to calcu-
late uR,Δ,IC,V :

u2R,Δ,IC,V ¼u2R,M,V þ ∂VC

∂X
uR,M,X

� �2

þ ∂VC

∂X
uR,M,Y

� �2

þu2Other ð5Þ

Equation 5 can be written for each of the 12 combinations of
V, X, and Y considered and the resulting system of 12 equations
can be solved for four unique random measurement uncer-
tainties uR,M for each of the four variables (the sensitivity
terms and uOther,V can be calculated using uncertainty propaga-
tion and averaged across the measurements in the
GLODAPv2.2022_unadjusted product). However, in practice,
these calculations are not well conditioned despite the 12 con-
straining equations and only 4 unknowns. This is because the
impacts of uncertainties in AT and CT measurements are nearly
colinear, and a similar statement can be made for the impacts of
uncertainties in pHT and fCO2 measurements. Also, disagree-
ments between pHT measurements and pHT calculated from CT

and AT provide similar information to the disagreements
between CT measurements and CT calculated from pHT and AT.
Similar statements can be made for other combinations.

To compare the quality of the measurements of a value
V to the desired quality, we introduce dimensionless ratios
between the estimated (uR,M,V ) and the desired climate-quality
(uR,CQ,V) uncertainties:

rV ¼ uR,M,V

uR,CQ,V
ð6Þ

We solve for the rV ratios that minimize the apparent dis-
agreement between the observed uR,Δ,IC using methods
detailed in Supporting Information Text S8. Due to the diffi-
culty of distinguishing the effects of uncertainty in CT from
uncertainty in AT, we require the simplifying assumption that
the rCT and rAT values approximately equal each other.

Table 1. Subscripts used herein for u and their explanations.

Position
(u1,2,3,4) Subscript Meaning

1 R Random

1 S Systematic

2 M Specific to a measurement

2 C Specific to a calculation

2 Δ Specific to a difference between a

measurement and a calculation

3 UP Estimated using uncertainty propagation

3 IC Estimated using inter-consistency

calculations

3 CQ Assumed to be “climate-quality”
4 V Applies to variable of interest “V”
4 X Applies to variable “X” used with variable

“Y” to calculate variable of interest V

4 Y Applies to variable “Y” used with variable

“X” to calculate variable of interest V

4 AT Applies to total titration seawater

alkalinity (AT)

4 CT Applies to total dissolved inorganic

carbon (CT)

4 pHT Applies to seawater pH on the total

hydrogen ion scale (pHT)

4 fCO2 Applies to the fugacity of CO2 in a

headspace in gas-exchange

equilibrium with the seawater (fCO2)

Carter et al. Seawater carbonate chemistry uncertainty
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Results and discussion
Random uncertainty in calculations (uR,C)

Figure 2 shows distributions of residuals for GLODAPv2.
2022_unadjusted data product (gray histograms) between
measured and calculated values (i.e., ΔV) along with
Gaussians representing random uncertainty distributions
determined from inter-consistency (�uR,Δ,IC, blue lines) and
from uncertainty propagation (�uR,Δ,UP, Eq. 3, orange lines),
both centered on systematic uncertainties determined from
inter-consistency (uS,Δ,IC). These figures are also provided for
the GLODAPv2.2022 data product with adjustments
(Supporting Information Fig. S2). The uncertainty propagation
estimates (orange lines) imply a tighter distribution of resid-
uals between measured and calculated values than is found in
practice through inter-consistency comparisons (blue lines). It
can also be seen that most of the residual distributions are not
well-approximated as a normal distribution, implying that the
data from the GLODAPv2.2022_unadjusted data product are
heterogeneous with respect to random uncertainties.

Figure 3 shows “random uncertainty” estimates for calcula-
tions obtained from both inter-consistency (blue bars, uR,Δ,IC)

and uncertainty propagation (orange bars, uR,C,UP), equivalent
to the 68th percentile widths of the Gaussians in Fig. 2.
Figure 3 reaffirms that some combinations of measurements
are better for calculating a given seawater carbonate chemistry
variable (i.e., have shorter bars) than others. Calculations that
use the pHT and fCO2 pair together are particularly problem-
atic, and calculations that pair either AT or CT with either pHT

or fCO2 are generally best. This is consistent with long-
established principles regarding whether two measurements
provide similar or independent information for constraining
the seawater carbonate chemistry (e.g., Dickson and
Riley 1979; Millero 2007; Cullison Gray et al. 2011;
McLaughlin et al. 2015).

As noted, the uR,Δ,IC estimates are always worse than the
uR,Δ,UP estimates, ranging from �1.5 to �2.3 times (average
2.0 times) as large across the various calculations (Fig. 3). This
implies at least one of two unfortunate possibilities: (1) these
measurements within GLODAPv2.2022, considered collec-
tively, are not attaining the stringent climate-quality precision
standard or (2) there are unknown gaps in our understanding
of the seawater carbonate chemistry and other seawater acid–

Table 2. Literature-estimated values of the combined standard uncertainty (or the total relative uncertainty expressed as a percentage)
of the indicated constraints for the carbonate chemistry in oxygenated seawater. Combined standard uncertainty and other terms used
herein are defined in the glossary. Where no estimate of combined uncertainty is yet available, random uncertainty has been given. Ran-
dom uncertainty is given in addition to the uncertainty in several instances in which both have been assessed. These estimates are most
appropriate for a salinity of � 35, a temperature of � 25�C, and a total pressure of 1 atm. For a comparison in this study, terms in bold
are propagated to obtain systematic uncertainty estimates while the other quantities, as given in the random uncertainty column, are
propagated for random uncertainty estimates. We consider all uncertainties in these constants as contributors to systematic uncertainty
in our calculations.

Parameter Combined standard uncertainty Random uncertainty Reference(s)

AT 2 μmol kg�1 2 μmol kg�1 Orr et al. (2018); Newton et al. (2015)

CT 2 μmol kg�1 2 μmol kg�1 Orr et al. (2018); Newton et al. (2015)

pHT 0.01 0.003 Orr et al. (2018); Newton et al. (2015)

fCO2 1% 0.5% García-Ib�añez et al. (2022); Newton et al. (2015)

PhosphateT * 2% Lauvset et al. (2022)

SilicateT * 2% Lauvset et al. (2022)

ST 0.16% 0.005 g kg�1 Morris and Riley (1966); Lauvset et al. (2022)

BT 2% * Orr et al. (2018)

FT 0.15% * Warner (1971)

pKW 0.01 * Orr et al. (2018)

pK1C 0.0075 0.0055 Orr et al. (2018)

pK2C 0.015 0.010 Orr et al. (2018)

pKB 0.005 * Dickson et al. (1990)

pK1P 0.034 * Dickson and Riley (1979)

pK2P 0.015 * Dickson and Riley (1979)

pK3P 0.17 * Dickson and Riley (1979)

pKSi * 0.02 Millero (1995)

pKS * 0.01 Dickson et al. (1990)

pKF * 0.02 Dickson and Riley (1979)

pK0 0.002 * Orr et al. (2018)

*Value unknown.

Carter et al. Seawater carbonate chemistry uncertainty
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base systems. One known gap in our understanding of carbon-
ate chemistry relates to the presence of organic or other uni-
dentified contributions to AT (see Carter et al. (2024) for further
discussion) and it is likely that these species contribute both to
systematic and (through spatial or temporal variations in their
amount contents in seawater) random uncertainties. When pro-
vided in cruise reports, most hydrographic cruise data QC met-
rics (e.g., from replicates and measurements of RMs) do not give
clear evidence—nor do they typically give any reason to doubt—
that the measurements provided are climate-quality, so we con-
tend that both options are possible.

For discrete fCO2, the comparison comes from only 14 cruises
(with a 15th eligible cruise omitted, GLODAPv2.2022 cruise num-
ber 695, because it appears to be an outlier and including it
nearly doubles the standard deviation of the measurement and
calculation residuals). These comparisons therefore should be
given lower confidence relative to comparisons that do not
involve fCO2, which are compiled from far more cruise datasets.

Like García-Ib�añez et al. (2022), we note that random
uncertainty estimates from inter-consistency improve by an

average of 22% for combinations of pHT, CT, and AT when the
GLODAPv2.2022 secondary QC adjustments are included
(Supporting Information Fig. S3), while random uncertainty
estimates involving both fCO2 and pHT worsen by an average
of 58% when the adjustments are included. The adjustments
improved inter-consistency between AT, CT, and fCO2 by an
average of 7%. While the fCO2 data could not be adjusted dur-
ing secondary QC due to sparse data, for some cruises, the
data that they are compared to (i.e., AT, CT, and pHT) are
adjusted. Our results therefore reinforce the idea that GLODAP
data product consistency adjustments are making the pHT and
fCO2 measurements less inter-consistent (see García-Ib�añez
et al. 2022 and Supporting Information Fig. S3).

The subset of pHT measured on 47 cruises that used the
spectrophotometric method with purified m-cresol purple
indicator dyes has unusually strong inter-consistency, with
38% smaller average uR,Δ,IC,pHT values than the data product at
large (Supporting Information Fig. S4 compared to Fig. 3). The
uR,Δ,IC,pHT estimate from the CT and AT combination is only
20% greater than the uR,Δ,UP,pHT estimate. In Supporting

Fig. 2. Uncertainty estimates represented as equal area Gaussian distributions plotted over a histogram (also of equal area to the Gaussians) of residuals
between the indicated measurements and calculations from the GLODAPv2.2022_unadjusted data product (i.e., after removing the GLODAPv2 inter-
cruise consistency adjustments). The blue Gaussian lines are centered on the mean inter-consistency residual (i.e., the uS,Δ,IC) and have widths set to
match the 68th percentiles of these residuals around the mean residuals (i.e., uR,Δ,IC as in Fig. 1). The orange Gaussians are also centered on the mean
residual and have a width set equal to the uncertainty propagation based random uncertainty estimates for calculations uR,C,UP (Eq. 3) after adding the
climate-quality measurement uncertainty uR,M,CQ in quadrature to account for the added uncertainty in the measurement used to compute the residual.
See the text for a discussion regarding the comparative widths of the blue and orange lines. A dotted vertical line at 0 is provided for reference. All com-
parisons are made at 1 atm and 25�C. Note the different number of measurements (N) for each pair.

Carter et al. Seawater carbonate chemistry uncertainty

8

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12674 by R

yan J. W
oosley - M

assachusetts Institute of Technolo , W
iley O

nline Library on [09/09/2024]. 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



Information Text S9, we discuss a subset of the
GLODAPv2.2022 data product that was not subjected to the
secondary QC with higher than average uR,Δ,IC values.

Systematic uncertainty in calculations (uS,C)
In our companion paper (Carter et al. 2024), we discuss many

sources of uncertainty that collectively give rise to systematic off-
sets. However, in contrast to the estimates of random uncer-
tainties, the inter-consistency based systematic discrepancies
between measurements and calculations (uS,Δ,IC) for seawater
carbonate chemistry variables in GLODAPv2.2022_unadjusted
data product fall within the interval defined by the standard
uncertainties that would be expected to result solely from
assumed uncertainties in carbonate chemistry and other con-
stants (uS,Δ,UP). Supporting this, the orange whiskers in all
uncertainties reflecting �uS,Δ,UP contain the uS,Δ,IC estimates in
all instances in Fig. 4. This is also true for many but not all the
uS,Δ,IC estimates obtained when using alternative constant sets
(Supporting Information Text S10). Systematic uncertainty

from carbonate chemistry constant sets therefore warrants fur-
ther quantitative consideration.

Carbonate chemistry constant set comparisons
In recent years, a community consensus has emerged favor-

ing the use of the carbonic acid dissociation constants mea-
sured by Mehrbach et al. (1973) and re-parameterized by
Dickson and Millero (1987) on the seawater pH scale or
by Lueker et al. (2000) on the total pH scale (Raimondi
et al. 2019 and many references cited; Woosley 2021; Jiang
et al. 2022), though the community consensus is less
established for polar (Sulpis et al. 2020; Gattuso et al. 2023
and references therein) and coastal waters. Our calculations
allow us to build upon this discussion by comparing the car-
bonate chemistry constants across multiple variables and cal-
culations for the body of oceanographic measurements
available in GLODAPv2.2022_unadjusted data product, as
Woosley (2021) and Woosley and Moon (2023) did recently
for AT, CT, and pHT measurements from their laboratory. We
provide some insights from our comparisons in Supporting

Fig. 3. Bar plots of estimated random standard uncertainties for residuals between measurements and calculations estimated from inter-consistency cal-
culations (uR,Δ,IC, blue bars) and uncertainty propagation (uR,Δ,UP, orange bars) for the seawater carbonate chemistry variables listed on the y-axes (in the
indicated units) when calculated using the pairs of measurements listed on the x-axes on either side of the bars. Of note, the blue bars are always greater
than the associated orange bars. The whiskers on the orange bars indicate 1 standard deviation of the range of uR,Δ,UP values obtained from the measure-
ments in the GLODAPv2.2022_unadjusted data product, with the variability being attributable to the varying sensitivity of the calculations to assumed
uncertainties in the input measurements as the seawater composition changes across the various measurements in the data product. In keeping with
others (Newton et al. 2015; García-Ib�añez et al. 2022), fCO2 is quantified as a relative precision (percentage of the measured value). Seawater pHT is sea-
water pH on the total hydrogen ion scale. All comparisons are made at 1 atm and 25�C. Calculations use the default carbonate chemistry constants for
this analysis (Lueker et al. 2000; Lee et al. 2010).

Carter et al. Seawater carbonate chemistry uncertainty
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Information Text S10. However, it is important to state that
inter-consistency is not a measure of accuracy and having a
small uS,Δ,IC or uR,Δ,IC does not guarantee a better value. This is
because unidentified systematic uncertainties can significantly
impact the results (Fong and Dickson 2019; Woosley and
Moon 2023). For this reason—and because our findings vary
with the data used, inter-consistency comparison variables
considered, and the inclusion or omission of adjustments—we
refrain from recommending a single carbonate chemistry con-
stant set on the basis of this analysis and instead note that
many community recommendations (by, e.g., Lee et al. 2000;
Jiang et al. 2022; Sutton et al. 2022; Woosley and Moon 2023)
advocate for constant sets that we find to be comparably
inter-consistent (Supporting Information Text S10).

Random uncertainties in measurements in
GLODAPv2.2022_unadjusted data product

Until now, we have only been able to say that the disagree-
ments between measured and calculated values are larger than
we would expect if all seawater carbonate chemistry measure-
ments were being consistently measured at climate-quality by
the community contributing to the GLODAPv2 data product.
The various rV ratio calculations allow us to go further and

estimate the random uncertainties for measurements of indi-
vidual variables (uR,M), which can then be propagated to esti-
mate the random uncertainties for calculated values (uR,C), in
the GLODAPv2.2022_unadjusted data product (Table 3). We
recommend the uR,M values in Table 3 as more realistic
community-level random measurement uncertainty estimates
than the climate-quality values. Users can adopt these uR,M
values for uncertainty propagation with their specific measure-
ments and seawater compositions of interest.

If we solve for a single r—or ratio of the true random uncer-
tainty to the climate-quality uncertainty that best aligns the
uncertainty propagation and inter-consistency random
uncertainties—for all equations and all variables then we
would obtain a value of 1.7 for all data in the
GLODAPv2.2022_unadjusted data product. This is a quantitative
restatement that the apparent scatter in the differences between
measurements and calculations is greater than expected from
uncertainty propagation. The same is true when the r is derived
after excluding the comparisons that use fCO2 information
(r¼1:8). This suggests that the issue is not limited to the com-
paratively few new-to-GLODAP cruises with discrete fCO2

measurements. Interestingly, the GLODAPv2.2022 adjust-
ments would improve the r calculated for the system of

Fig. 4. uS,Δ,IC Estimates obtained from the GLODAPv2.2022_unadjusted data product plotted as blue bars for the indicated combinations of variables
used to calculate the variable of interest. The adjacent orange lines indicate the range of �uS,Δ,UP (1σ) around the x-axis (black line). Seawater pHT is sea-
water pH on the total hydrogen ion scale. All comparisons are made at 1 atm and 25�C. Calculations use the default carbonate chemistry constants for
this analysis (Lueker et al. 2000; Lee et al. 2010).

Carter et al. Seawater carbonate chemistry uncertainty
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equations relating AT, CT, and pHT (which decreases from 1.8
to 1.5 when adjustments are included) but worsen the r calcu-
lated for the system of equations that relates all variables
(which increases from 1.7 to 2.0). This implies that the adjust-
ments are indeed improving internal consistency between AT,
CT, and pHT, but they are also moving the carbonate chemis-
try data further from the constraint provided by the
fCO2 data.

The rAT, rCT, and rpHT ratios are calculated to attribute the
uncertainty to AT and CT collectively or to pHT separately. In
Table 3, we see that the uncertainty propagation and inter-
consistency estimates are best aligned for all AT, CT, and pHT

when pHT is assigned an uncertainty that is a larger multiple
of the climate-quality uncertainty (rpHT ¼3:6) than the other
two variables (rCT ¼ rAT ¼1:2). This is not surprising given that
pHT has been measured in the absence of a seawater RM using
varied techniques that have evolved methodologically over the
decades covered by the GLODAPv2.2022 data product (see
Supporting Information Text S1), and the development of a RM
for seawater pH remains a noted priority (Capitaine et al. 2023).
By contrast, AT and CT measurements have comparative method-
ological consistency and the benefit of a widely-used seawater
RM. We can go further by examining the rpHT values obtained
for subsets of the seawater pHT measurements. The ratio is
largest (rpHT ¼4:7) for non-spectrophotometric seawater pHT

measurements (e.g., potentiometric measurements or where
the method used is unspecified in the metadata data product
of Carter et al. (2024)). Considering only spectrophotometric
seawater pHT measurements made using unpurified indicator
dyes improves the ratio (rpHT ¼3:3). Limiting the comparison

to those made only using purified indicator dyes improves the
ratio even more (rpHT ¼1:9). Interestingly, the combination of
both spectrophotometric measurement types (rpHT ¼3:5) is
worse than either individually, implying that unpurified indi-
cator dye measurements, while more variable than purified
indicator dye measurements, are more consistent with each
other than they are with purified indicator dye measurements.

The rCT and rAT value (1.0�0.2) is indistinguishable from
1 for the subset of measurements paired with spectrophoto-
metric pHT measurements, implying that the associated AT or
CT measurements have random uncertainties comparable to
the climate-quality thresholds. By contrast, the rpHT value of
1.9 implies a random uncertainty of �0.006 for spectrophoto-
metric seawater pHT measurements made with purified indica-
tor dyes, and the rfCO2 value of 3.9 implies a random
uncertainty of 2% in fCO2 measurements, both of which are
greater than the climate-quality thresholds (Table 3). However,
we contend that values of the climate-quality thresholds for
pHT and fCO2 could be plausibly quantified as �0.005 for pHT

and �1.5% for fCO2 (instead of the nominal values of 0.003
for pHT and 0.5% for fCO2). This is because changes of these
magnitudes result in the ≈1% carbonate ion content change
used to define climate-quality measurement criteria except
when pairing pHT with fCO2 in the carbonate ion content cal-
culation (which is not recommended when an alternative
measurement combination is available). Unfortunately, for all
subsets, the random uncertainties from any two measure-
ments used in a calculation invariably result in random calcu-
lation uncertainties that are greater than the climate-quality
thresholds (Table 3).

Table 3. Random and systematic uncertainties in the GLODAPv2.2022_unadjusted data product and subsets thereof, estimated as
indicated in the text. Values in italicized text are assumed whereas values in plain text are calculated. A dash indicates an estimation that
is not attempted. uR,M stands for random measurement uncertainty and uR,C stands for random calculation uncertainty. uR,C varies with
seawater composition and should be recalculated for seawater conditions of interest in an analysis. Units for AT and CT are μmol kg�1,
pHT is unitless, and fCO2 uncertainties are expressed as a percentage.

Estimate for rAT ¼ rCT rpHT r fCO2 u AT CT pHT fCO2

Estimates of random uncertainty for measurements in GLODAPv2.2022

Assumed climate-quality 1 1 1 uR,M,CQ 2 2 0.003 0.50

All data 1.2 3.6 3.9 uR,M 2.4 2.4 0.011 1.9

Subset: spec. pHT 1.0 3.5 – uR,M 2.0 2.0 0.010 –

Subset: pure dye spec. pHT – 1.9 – uR,M – – 0.006 –

Subset: impure dye spec. pHT – 3.3 – uR,M – – 0.010 –

Subset: potentiometric pHT 2.1 4.7 – uR,M 4.2 4.2 0.014 –

Estimates of random uncertainties in calculations from GLODAPv2.2022_unadjusted

calcs. from AT and CT using values from the “all”
category above

uR,C – – 0.008 1.8

calcs. from AT and pHT uR,C – 3.2 – 1.5

calcs. from AT and fCO2 uR,C – 2.2 0.003 –

calcs. from CT and pHT uR,C 3.3 – – 1.4

calcs. from CT and fCO2 uR,C 2.7 – 0.003 –

calcs. from pHT and fCO2 uR,C 38.8 34.6 - –

Carter et al. Seawater carbonate chemistry uncertainty
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Random uncertainties and the adjusted GLODAPv2.2022
data product

Given the mixed impact of GLODAPv2.2022 adjustments
on the inter-consistency of different carbonate chemistry vari-
able pairings, we do not separately estimate random uncer-
tainties for the adjusted data product and suggest using the
uncertainty estimates in Table 3 regardless of whether adjust-
ments are retained. We recommend that the GLODAPv2.2022
adjustments be retained when consistency between measure-
ments of individual carbonate chemistry variables across mul-
tiple cruises (which is quantifiably improved by the
adjustments; Lauvset et al. 2022) or inter-consistency between
AT, CT, and pHT are of primary interest.

We contend our random uncertainty estimates largely reflect
semi-random cruise-specific offsets rather than simple random
variations that are unique to each measurement (compare
Supporting Information Fig. S5c,d). Despite this, our random
uncertainty estimates are smaller than the adjustment limits used
by the GLODAPv2 reference team for deciding when to apply
adjustments to eliminate cruise-specific offsets and thereby
improve internal data product consistency. This is because a
cruise can only be said to be significantly different from the exis-
ting collection when it differs by a statistically significant
amount. If we use the approximation of normally distributed
variations between cruises, a cruise could be considered different
with meaningful confidence when its mean offset is > 2σ, or
> 2uR,M,IC, from the mean of multiple other cruises. Thus, this
study supports the current adjustment limits of 4 μmol kg�1 in
AT and CT, which are approximately double the uR,M estimates
(Lauvset et al. 2022), but indicates that the pHT adjustment
limit of 0.01 is low relative to the uR,M,pHT (2σ=0.014–0.030).

Determining the standard uncertainty to use for an
analysis

As some systematic uncertainty contributions to the com-
bined standard uncertainty can cancel for an analysis explor-
ing temporal or spatial changes, it can be challenging to know
when to include various uncertainty contributions in an anal-
ysis. In Table 4, we provide general guidelines for how these
decisions might be made for several common types of analy-
sis. An added complexity in this table, noted earlier, is that
the uR,M reflects a combination of random variations that are
specific to each measurement (uRepeatability) and random varia-
tions that are specific to a cruise but uniform across the mea-
surements from the cruise (uCruise). It can be important to
distinguish between these contributions to uR,M for some ana-
lyses. Examples include observing system simulation tests of
how well a given analysis can extract an exactly-known
modeled signal from model output that has been perturbed
with simulated measurement uncertainties, or any analysis
that uses a Monte Carlo perturbation to assess the likely
impacts of measurement uncertainties. An example calcula-
tion using this approach that also demonstrates the impor-
tance of considering cruise-wide offsets (i.e., uCruise) separately

from measurement repeatability (i.e., uRepeatability) is provided
as Supporting Information Text S11.

As we do not, from this analysis, have a reason to favor any
set of carbonate chemistry constants to the exclusion of the
others, and the choice of carbonate chemistry constant sets has a
large impact on the calculated uS,C,IC (Supporting Information
Text S10), we do not believe our uS,C,IC estimates are robust.
We therefore recommend the use of uS,C,UP instead of uS,C,IC in
Table 4.

Conclusions
Uncertainty quantification in seawater carbonate chemistry

variables is complicated due to the large variety of variables
that are measured, calculated, and estimated to constrain sea-
water carbonate chemistry; evolving measurement protocols
for each carbonate chemistry variable; and analyses that are
commonly applied to carbonate chemistry information. Here,
we quantify the uncertainties that are theoretically expected
for measurements and calculations based on literature uncer-
tainty estimates and that appear in practice in a large compila-
tion of open-ocean carbonate chemistry measurements. We
argue for the importance of quantifying both the random and
systematic uncertainty contributions that collectively give rise
to the combined uncertainties.

Table 4. Guidelines for estimation of random uncertainty (uR)
for analyses that rely on various collections of measured and cal-
culated values. Subscripts for u values are given in Table 1. Values
for various terms are given in Figs. 3, 4 and Table 3. These uncer-
tainties should be propagated through calculations used by the
analyst. The uS,Δ,UP should also be considered as a source of sys-
tematic uncertainty even when it is included below.

Information used uR

Measurements made on a single

cruise

See cruise report for uRepeatability
estimate or conservatively use

uR,M (Table 3)

Measurements within a region

measured by multiple cruises

uR,M (Table 3)

Calculations within a region

measured by multiple cruises

uR,C (Table 3)

Combination of measurements and

calculations

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uR,M2þuR,C2þuS,Δ,UP2

p
(Fig. 4; Table 3)

Calculations of differences relative

to a threshold value (e.g., air–sea

ΔfCO2 or time spent with an

Ω > 1), here uThresh refers to

uncertainty in the threshold value

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uR,M2þuS,Δ,UP2þuThresh2

p
(Fig. 4; Table 3)

Non-discrete measurements, or

calculations from such

measurements (e.g.,

autonomous sensors)

As in associated rows above, but

with different u values than

those estimated herein.

Carter et al. Seawater carbonate chemistry uncertainty
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We propagate random and systematic contributions to
uncertainty through carbonate chemistry calculations for the
collection of measurements in the GLODAPv2.2022 data prod-
uct, after removing secondary QC adjustments, and compare
these propagated uncertainties to similar estimates obtained
by comparing measured values with and calculated values
from this data product. This analysis reveals:

1. The variability in the residuals between measured and calcu-
lated carbonate chemistry variables is greater than we would
expect from propagation of climate-quality measurement
uncertainties. This implies that the measurements in the
GLODAPv2.2022 data product (with or without adjustments)
do not collectively meet the “climate-quality” standards.

2. Some of this greater than expected discrepancy between mea-
sured and calculated carbonate chemistry variables could be
due to measurements of pHT that predate the use of purified
spectrophotometric indicator dyes, and we show that
the subset of measurements of AT and CT in the
GLODAPv.2022_unadjusted data product that are accompa-
nied by spectrophotometric seawater pHT measurements are
consistent with the climate-quality criteria (i.e., have r values
≤1 in Table 3). We find the subset of measurements with pHT

obtained using purified spectrophotometric indicator dyes to
have a particularly low random uncertainty estimate for pHT.

3. The systematic offsets between measured and calculated
carbonate chemistry values in this data product are consis-
tent with systematic uncertainties inferred from literature
estimates of uncertainties in both the thermodynamic car-
bonate chemistry constants and in the substance contents
of non-carbonate molecules that contribute to seawater
acid–base chemistry.

4. The large uncertainties in carbonate chemistry constant
sets, at present, prevent us from using inter-consistency cal-
culations to assert that any one set of carbonate chemistry
constants is superior to all others. However, this analysis
supports several earlier constant set recommendations. We
suggest (in Supporting Information Text S5) that explora-
tion of correlations between uncertainties in constant
values could be a productive topic of future research that
might reduce propagated calculation uncertainty estimates.

5. As García-Ib�añez et al. (2022) did before us, we show that
the secondary QC adjustments applied to the
GLODAPv2.2022 data product improve the consistency of
the AT, CT, and pHT, but at the cost of making the seawater
pHT measurements less consistent with the (relatively few)
discrete measurements of seawater fCO2.

We contend that the overall uncertainty applicable to an
analysis depends upon the input data and type of analysis
(e.g., the number of distinct cruises that provided the data
considered; whether measured or calculated values or both
were used; and whether the analysis is concerned with overall
values vs. differences regionally, over time, or from a reference
value). We provide some guidelines for how a study can

determine an appropriate uncertainty estimate based on the
particulars of its analysis.

Data availability statement
The GLODAPv2.2022 data product is available at https://

glodap.info/index.php/merged-and-adjusted-data-product-v2-
2022/, with the associated adjustment table located at
https://glodapv2-2022.geomar.de/. The metadata data prod-
uct used to distinguish between various types of pH measure-
ments is available as Supporting Information Materials for
the companion paper (Carter et al. 2024).
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