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Abstract

The Global Ocean Data Analysis Project (GLODAP) is a synthesis effort providing surface-to-bottom ocean
biogeochemical observations determined through chemical analysis of discrete bottle samples, with an emphasis
on seawater inorganic carbon chemistry and related variables. Version 3 of GLODAP comprises data from 1181
cruises, spanning more than 50 years of observations (1972 - 2023). It includes all data from the previous
GLODAPv2.2023 (Lauvset et al., 2024) together with newly added data from 57 cruises. For all cruises, 13 core
variables (temperature, salinity, oxygen, nitrate, silicate, phosphate, dissolved inorganic carbon, total alkalinity,
CFC-11, CFC-12, CFC-113, CCls, and SF¢) have undergone extensive quality control with particular focus on the
identification and removal of systematic differences between cruises. The data are available in two formats: (i) as
submitted by the data originators, converted to World Ocean Circulation Experiment (WOCE) exchange format,
and (ii) as a merged data product in which adjustments have been applied. These adjustments were determined
using crossover analyses in combination with a newly developed global inversion method, the furthest-first routine.
The applied adjustments are intended to remove systematic differences arising from differences in measurement
methods, calibration, and/or data-handling practices, while preserving known or likely temporal trends and natural
variability. The consistency of the adjusted data product is estimated to be 0.0013 for salinity, 0.7% for oxygen,
0.4% for nitrate, 0.5% for silicate, 0.5% for phosphate, 1.2 umol kg™* for dissolved inorganic carbon, and 1.4 pmol
kg™ for total alkalinity. Consistency estimates could not be derived for transient tracers, but they are believed to
be consistent to better than 5% (10% for SFs). The enhanced consistency enables different datasets to be used
together with greater confidence. Newly introduced cruise-specific uncertainty estimates for all core variables
provide more granular quantifications of remaining cruise-to-cruise inconsistencies. Additional variables,
including pH, discrete CO: fugacity (fCO-), isotopic tracers, and others, were not subjected to secondary quality
control but are included in the data product.

The original data, their documentation (metadata), and DOIs are available through the Ocean Carbon and
Acidification Data System (OCADS) of NOAA’s National Centers for Environmental Information (NCEI), which
also hosts the merged data product. All secondary quality control decisions and supporting information can be
found in the online adjustment table (https://glodapv3.geomar.de, last accesses 26.06.2026). The product is
distributed as a single global file and as four regional subsets (Arctic, Atlantic, Indian, and Pacific Oceans) under
https://doi.org/10.25921/m6tp-mj50 (Lange et al., 2026). These adjusted files also include ancillary and
approximated data obtained through interpolation or calculation from measured data.
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1. Introduction

The global ocean plays a central role in Earth’s climate system by absorbing most of the excess heat due to the
increased greenhouse effect and about 30% of human carbon dioxide (CO) emissions, thereby moderating the
pace of global warming (Friedlingstein et al., 2026). At the same time, this climate mitigation service comes at a
cost: uptake of atmospheric CO, alters seawater carbonate chemistry and drives ocean acidification with
consequences for marine ecosystems, biogeochemical cycling, and the long-term functioning of the ocean carbon
sink (Doney et al., 2009; IPCC, 2021). Long-term observational data traceable to the highest metrological quality
are required to document and understand these changes, and such data primarily comes from ship-based
campaigns. Notable examples of such campaigns during the last decades include the Joint Global Ocean Flux
Study (JGOFS; Fasham et al., 2001), the World Ocean Circulation Experiment (WOCE; Joyce, 1991), the Climate
Variability and Predictability programme (CLIVAR; e.g., Smith et al., 2019), and the Global Ocean Ship-based
Hydrographic Investigations Program (GO-SHIP; Talley et al., 2016; McDonagh et al., in press). While an
expanding suite of autonomous platforms, such as Argo (Wong et al., 2020), has advanced our capacity to observe
the ocean, such platforms have serious limitations which implies that full-depth ship-based observation campaigns
are essential for calibrating and validating the data they produce

The objective of the Global Ocean Data Analysis Project (GLODAP) is to synthesize these ship-based, carbon
relevant biogeochemical and hydrographic surface-to-bottom observations into a global, internally consistent,
high-quality data product (Key et al., 2004; Olsen et al., 2016; Lauvset et al., 2024). By aggregating, quality
controlling, and harmonizing data from many nations, expeditions, programs, and laboratories over the past 50
years, GLODAP increases accessibility, interoperability and scientific reproducibility for these data. A defining
feature of the GLODAP synthesis is its focus on secondary quality-control where, when warranted, adjustments
are applied to core variables (i.e., temperature, salinity, dissolved oxygen, macronutrients (phosphate, nitrate,
silicate), dissolved inorganic carbon, total alkalinity, and halogenated transient tracers) in order to remove
systematic measurement differences between cruises (Key et al., 2010; Olsen et al., 2016). Such differences
between cruises may arise from a range of sources, such as preservation artifacts, changes in instrumentation,
reference materials, or analytical calibration. By removing such systematic differences, GLODAP therefore helps
ensure comparability among datasets and allows different data sets to be used together with greater confidence.
As such, GLODAP is an open access, FAIR (Findable, Accessible, Interoperable, and Reusable; Wilkinson et al.,
2016) data product that enables the study of global phenomena that cannot be robustly investigated from isolated
datasets alone (Tanhua et al., 2021), such as quantification of the oceanic inventories of anthropogenic and natural
carbon (e.g., Gruber et al., 2019; Keppler et al., 2023; Muller et al., 2023); ocean acidification (e.g., Carter et al.,
2017; Miiller et al., 2024); ventilation rates (e.g., Jeansson et al., 2021); oxygen levels (Stendardo and Gruber,
2012); and nutrient distributions (e.g., Carter et al., 2021). As independent evidence to the utility and value of the
GLODAP effort, GLODAPv2 (Olsen et al., 2016) and its subsequent annual updates (e.g., Lauvset et al., 2024)
have over 1000 citations combined (according to ESSD publication metrics) and GLODAPv1.1 (Key et al., 2004)
has more than 1200 citations (according to AGU publication metrics).

Here we present GLODAPvV3, the third full reevaluation of GLODAP cruises. International ship-based observation
programs typically operate on decadal or longer timescales, but new data are made available for GLODAP
annually. While GLODAPv2 was updated annually between2019 and 2023 by using the original product as a
reference for additional cruises, an approximately decadal re-evaluation of all cruises and adjustments is warranted,
in particular as data quality tends to increase with time (Lauvset et al., 2024). As planned, this release of
GLODAPvV3 coincides with the completion of the second GO-SHIP decade (2014-2023, McDonagh et al., in
press). In addition, there is a strong user-driven demand for more robust quantification of the uncertainty of these
data. Finally, there is a need to amend known issues in earlier versions. Here, we describe the data product, the
underlying data assembly, and the revised secondary quality control (QC) framework. Further, we provide robust
uncertainty and consistency estimates, granular information about the applied adjustments, and a brief comparison
between GLODAPv2 and GLODAPv3.
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2. Data and Methods

2.1. Data Sources

The GLODAPv3 synthesis is based on 1181 discrete cruise files, comprising all data included in GLODAPv2.2023
together with 57 newly submitted cruises. In addition to newly added cruises, several previously included datasets
were updated and/or revised. Relevant information can also be found in the World Ocean Database (Garcia et al.,
2026). We note that during data assembly, differences in file versions in different archives were identified for
cruises already included in earlier GLODAP releases. In all cases the version at the Ocean Carbon and
Acidification Data System (OCADS) at the National Oceanographic and Atmospheric Administration (NOAA)
National Centers for Environmental Information (NCEI) was used as the source file for GLODAPv3. This ensures
consistency in the assembly workflow for GLODAP, but the issue reflects the ongoing challenge of maintaining
synchronized holdings across multiple public archives. While not in the scope of GLODAP we recommend that
alignment between various data repositories be improved.

In line with the GLODAP objectives, all cruises must include either (i) data for at least one of the inorganic carbon
variables, (ii) data for halogenated transient tracers, or (iii) data on a carbon isotope. The cruises in GLODAPv3
span all major ocean basins and five decades (1972-2023). Figure 1, Fig. 2, and Table 1 give an overview of the
spatial and temporal distribution of the included cruises, including the number of cruises per basin and decade,
and the number of samples available for each core variable. As in earlier versions, due to the nature of open ocean
ship-based observations, a summer bias is present in the data (Lauvset et al., 2024, Fig. 10).
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Figure 1: Decadal distribution of GLODAPv3 cruises and sample density per region. (Top row) Total number of cruises
(1,181) conducted per decade. (Rows 2—5) Stacked decadal sample counts (x10"5) sorted by variable group. Colored bars
differentiate regional contributions across the Atlantic, Pacific, Indian, and Arctic Oceans. Cumulative variable sample sizes
(in millions) across the entire product are as follows: SAL (1.4), O2 (1.2), NOs (1.1), SIL (1.1), PO4 (1.1), TCO2 (0.6), TAlk
(0.5), pH (0.3), fCO2 (0.05), CFC-11 (0.4), CFC-12 (0.4), CFC-113 (0.1), SFs (0.1), and CCL4 (0.05).
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Figure 2: Spatial distribution of cruises in GLODAPv3, divided into the (a) pre-1990s, (b) 1990s, (c) 2000s, (d) 2010s, and
(e) 2020s.

Table 1: Table listing the number of data points in GLODAPv3, as well as the number of data with various combinations of

variables.
Variables Number of
records
All original core (salinity, oxygen, nitrate, silicate, phosphate, TCO,, TAlk, pH, CFC-11, CFC-12, CFC-113, 174
CCly, and SFe)
All original core except SFq 2037
Salinity, oxygen, nitrate, silicate, phosphate, CFC-11, CFC-12, CFC-113, CCly, and SF plus two of TCO,, 635
TAIk, and pH
Salinity, oxygen, nitrate, silicate, phosphate, TCO,, TAlk, pH 200 549
CFC-11, CFC-12, CFC-113, CCly, and SF¢ 925
At least one halogenated transient tracer species or SFq 442 785
SFs 110 950
Two out of the three CO, chemistry original core variables (TCO,, TAlk, pH) 495 738
Measured fCO, 53981
Salinity, oxygen, nitrate, silicate, and phosphate 938 660
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Salinity and oxygen 1261235

No salinity 55333

Total in GLODAPv3 1498 120
2.2 Methods

2.2.1 Format conversion and primary QC

Before archival at OCADS, all newly submitted data were converted to the WHP (WOCE Hydrographic Program)
exchange bottle format and the associated WOCE flagging scheme was checked or introduced whenever needed.
WHP-exchange is a comma-delimited ASCII (American Standard Code for Information Interchange) format for
data from hydrographic cruises (Swift and Diggs, 2008). GLODAP only includes WHP-exchange in the bottle
format with discrete data and CTD data at bottle trip depths. Within the WHP-exchange format the ‘(EXPOCODE”,
a combination of the ship’s country and platform codes and the date of departure in the ISO8601 format
(YYYYMMDD), is used as the unique identifier of each individual cruise. The country and platform codes were
taken from the ICES (International Council for the Exploration of the Sea) library (https://vocab.ices.dk/, last
access: 19 March 2026). The semantics (e.g., standardized variable names and units) are provided in Table 2 for
the variables included in GLODAP. More detailed information about the WHP-exchange format can be found at
https://exchange-format.readthedocs.io/ (v1.2.2 as of 2024, last access: 19 March 2026) and in the most recent
GLODAPv2.2023 data description paper (Lauvset et al., 2024). Exchange file preparation required unit conversion
in some cases for oxygen, from concentrations expressed as milliliters per liter (mL L") to amount content
expressed as micromoles per kilogram of seawater (umol kg ™). The factor 44.66 pmol O, mL ™' was used for the
“milliliters of oxygen” to “micromoles of oxygen” conversion, while the density required for the “per liter” to “per
kilogram” conversion was calculated from the reported salinity and draw temperatures whenever possible
(following Jiang et al. (2022), otherwise potential density based on CTD data was used. Each data column, except
pressure, which are assumed to be “good” if they exist, has an associated column of WOCE data flags (Joyce and
Corry, 1994) as listed in Table 3. Missing numbers are indicated by —999, with an accompanied WOCE quality
flag of 9. Lastly, for GLODAP’s workflow, station and bottle numbers are required to be numeric, which led to
conversions in some cases.

Because a meaningful secondary QC requires precise measurements, an additional primary QC was performed
prior to the crossover analysis. This step was performed in addition to any primary QC performed by the data
providers/generators. The primary QC itself relies upon inspection of property—property plots (Sabine et al., 2005;
Tanhua et al., 2010) with outliers showing up in two or more different plots generally being considered suspicious.
For this purpose, the AtlantOS QC software (Velo et al., 2021) was used, with inspection restricted to deep samples
(>1000 m), where previously undetected outliers can challenge the secondary QC. Suspicious samples identified
during this process were, where possible, communicated to the data originator for confirmation before being
flagged in the original cruise file. Any data flagged 3 (“questionable") or 4 (“bad”) were neglected during the
secondary QC analyses and are excluded from the final product.

Table 2: Variables in the GLODAPv3 product files, their units, short and flag names, and corresponding names in the individual
cruise exchange files.

Variable Units Product file WOC’E flag Seconhdary QC flag | WHP-exchange
name name name name

Expocode expocode EXPOCODE

Digital Object Identifier doi

Assigned sequential cruise

GLODAPV3 cruise

number
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Variable Units Product file WOC’E flag Seconbdary QC flag | WHP-exchange
name name name name

GLODAPv2.2023 cruise cruisev2

number

Basin identifier® region

Station station STNNBR

Cast cast CASTNO

Year year DATE

Month month DATE

Day day DATE

Hour hour TIME

Minute minute TIME

Latitude latitude LATITUDE

Longitude longitude LONGITUDE

Bottom depth m bottomdepth

Pressure of the deepest dbar maxsampdepth DEPTH

sample

Niskin bottle number bottle BTLNBR

Sampling pressure dbar pressure CTDPRS

Sampling depth m depth

Temperature °C temperature temperaturef temperatureqc CTDTMP

Potential temperature °C theta THETA

Conservative °C constemperature CTDCT

temperature?

Practical Salinity® salinity salinityf salinityqc CTDSAL/SALNTY

Absolute salinity gkg! abssalinity (salinityf) (salinityqc) DNSSAL

Potential density kg m? sigma( (salinityf)

anomaly

Potential density kg m? sigmal (salinityf)

anomaly, ref 1000 dbar

Potential density kg m™ sigma2 (salinityf)

anomaly, ref 2000 dbar

Potential density kg m? sigma3 (salinityf)

anomaly, ref 3000 dbar

Potential density kg m? sigma4 (salinityf)

anomaly, ref 4000 dbar

Neutral density anomaly | kg m? gamma (salinityf)

Oxygen umol kg! | oxygen oxygenf oxygenqc CTDOXY/OXYGEN

Apparent oxygen umol kg | aou aouf

utilization

Nitrate umol kg! | nitrate nitratef nitrateqc NITRAT

Nitrite pmol kg | nitrite nitritef NITRIT

Silicate pmol kg | silicate silicatef silicateqc SILCAT

Phosphate pmol kg | phosphate phosphatef phosphateqc PHSPHT
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Variable Units Product file WOC’E flag Seconbdary QC flag | WHP-exchange
name name name name

Total dissolved umol kg! | tco2 tco2f tco2qc TCARBN
inorganic carbon (TCO,)

(measured)®

Total dissolved umol kg! | tco2calc

inorganic carbon

(calculated)

Total titration seawater umol kg | talk talkf talkqe ALKALI
alkalinity (TAlk)®

Total titration seawater umol kg | talkcale

alkalinity (calculated)

pH on total scale, 25° C phts25p0 phts25p0f PH_TOT
and 0 dbar of pressure

pH on total scale, in situ phtsinsitutp phtsinsitutpf PH_INSITU
temperature and

pressure

pH original scale phorscale

pH original temperature °C phortemperature PH_TMP
pH on total scale, 25° C phts25p0_calc

and 0 dbar of pressure

(calculated)

fCO,at 20° C and 0 dbar | patm feco2 feo2f FCO2/PCO2
of pressure

fCO; original °C fco2temp (fco2f) FCO2_TMP/PCO2_TMP
temperature

fCO, at 20° C and 0 patm fco2cale

dbar of pressure

(calculated)

CFC-11 pmol kg | cfell cfellf cfellqe CFC-11
Partial pressure of CFC- | ppt pefell (cfellf)

11

CFC-12 pmol kg | cfcl2 cfcl2f cfcl2qe CFC-12
Partial pressure of CFC- | ppt pefel2 (cfc12f)

12

CFC-113 pmol kg | cfcl13 cfel13f cfcll3qe CFC-113
Partial pressure of CFC- | ppt pefell3 (cfcl13f)

113

CCly pmol kg™ | ccl4 ccldf celdqe CCL4
Partial pressure of CCly ppt pecl4 (ccl4f)

SFg fmol kg | sf6 sfof sfoqe SF6
Partial pressure of SF¢ ppt psf6 (sfof)

B¢ %o cl3 cl3f cl3qe DELC13
AC %o cl4 claf DELC14
A™C counting error %o clderr CI4ERR
H TU h3 h3f TRITIUM
*H counting error TU h3err TRITER
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Variable Units Product file WOC’E flag Seconhdary QC flag | WHP-exchange
name name name name

&8°He % he3 he3f DELHE3
He counting error % he3err DELHER
He nmol kg? | he hef HELIUM
He counting error nmol kg | heerr HELIER
Ne nmol kg | neon neonf NEON
Ne counting error nmol kg | neonerr NEONER
80 %o ol8 ol8f DELOI18
Total organic carbon pmol L™ toc tocf TOC

g
Dissolved organic umol L™! doc docf DOC
carbon e
Dissolved organic umol L™! don donf DON
nitrogen g
Dissolved total nitrogen pmol L™ tdn tdnf TDN

g
Chlorophyll a pugkg'e chla chlaf CHLORA

“The only derived variable assigned a separate WOCE flag is AOU as it depends strongly on both temperature and oxygen (and less strongly
on salinity). For the other derived variables, the applicable WOCE flag is given in parentheses. "Secondary QC flags indicate whether data
have been subjected to full secondary QC (1) or not (0), as described in Sect. 2.2.1. °1 is the Atlantic Ocean, 4 is the Arctic Mediterranean Sea
(i.e., the Arctic Ocean plus the Nordic Seas), 8 is the Pacific Ocean, and 16 is the Indian Ocean. Calculated using TEOS-10. °For consistency
with GLODAP legacy we are using TCO, and TAlk for total dissolved inorganic carbon and total titration seawater alkalinity, respectively.
‘Included for clarity, is 20 °C for all occurrences. #Units have not been checked; some values in micromoles per kilogram (for TOC, DOC,
DON, TDN) or microgram per liter (for Chl a) are probable.

Table 3: WOCE flags in GLODAPv3 exchange-format original data files (briefly; for full details see Swift, 2010) and the
simplified scheme used in the merged product files.

WOCE flag value Interpretation
Original data exchange files Merged product files
0 Flag not used Interpolated value
1 Data not received Flag not used*
2 Acceptable Good data
3 Questionable Flag not used®
4 Bad Flag not used®
5 Value not reported Flag not used®
6 Average of replicate Flag set to 2¢
7 Manual chromatographic peak measurement Flag set to 2¢
8 Irregular digital peak measurement Flag not used®
9 Sample not drawn No data

Flag set to 9 in product files *Data are not included in the GLODAPvV3 product files and their flags reassigned to 9. “Data are included, but
flag set to 2

2.2.2 Merging of sensor and bottle data for salinity and oxygen

Salinity and oxygen data can be obtained by analysis of water samples (discrete bottle data) and by using sensor
technology. Salinity is measured using the conductivity cell of the CTD sensor, and oxygen is measured using
either electrochemical or optical sensors. For GLODAPv3, bottle and sensor data were merged prior to the
secondary QC, ensuring that as many data points as possible include these variables. Ideally, both data types are
present in all data files, and the sensor data have been calibrated using the water samples, such that the sensor data
can easily be merged in to fill gaps in the bottle data. However, experience from GLODAPv2 shows that this is
not always the case (Olsen et al., 2016).

The merging procedures in GLODAPv3 were identical with the methodology applied in GLODAPv2, which
accounted for seven possible scenarios (Action-IDs, Table 4). All datasets were reevaluated by visually inspecting
the linear fit between the discrete bottle and CTD data, and the coefficient of determination (r?) and root-mean
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squared error for data deeper than 1000 m. Compared to GLODAPv2.2023, 66 cruises have a different salinity
Action-ID and 64 cruises have a different oxygen Action-ID in GLODAPv3. In all cases, this is because the
Action-ID in GLODAPvV2 appeared incorrect (e.g., an Action-ID ‘3’ was given to cruises where no bottle data are
available). As in previous versions, the extent to which the bottle data are mislabeled sensor data is uncertain.

Table 4: Summary of salinity and oxygen calibration needs and actions. The number of cruises within each of the scenarios is
identified.

Action-ID Description Salinity Oxygen
1 No data are available: no action needed. 1 93
2 No bottle values are available: use CTD values. 198 77
3 No CTD values are available: use bottle values. 254 660
4 Too few data of both types are available for comparison and >80% of

the records have bottle values: use bottle values. 0 0
5 The CTD values do not deviate significantly from bottle values:

replace missing bottle values with CTD values. 623 284
6 The CTD values deviate significantly from bottle values: calibrate

CTD values using linear fit and replace missing bottle values with

calibrated CTD values. 141 74
7 The CTD values deviate significantly from bottle values, and no good

linear fit can be obtained for the cruise: use bottle values and discard

CTD values. 8 37

2.2.3 pH and fCO2

Although great efforts were made and many discussions were held on possible alternative methods for applying
secondary QC to pH, it was decided that the best course of action at the present time was to not apply secondary
QC (Sect. 4.1). Instead, pH measurements are provided with only primary QC and all values being converted to
the total pH scale, pHr, at both standard (25 °C and surface (0 dbar) pressure) and in situ (temperature and pressure)
conditions. The scale conversion followed the methods described in Olsen et al. (2019) with the exception that
CO2SYSv3 (Sharp et al., 2020) was used instead of CO2SYSv2 (Humphreys et al., 2022). The carbonate system
was parameterized using the carbonic acid dissociation constants of Lueker et al. (2000), the total boron to salinity
ratio of Lee et al. (2010), the hydrogen fluoride dissociation constant of Perez and Frage (1987), and the hydrogen
sulfate dissociation constant of Dickson (1990). For traceability and reproducibility of the carbonate system
calculations, ancillary columns indicate the measurement scale and temperature reported in the original datasets.

Based on assessments of random and systematic uncertainties using GLODAPv2.2022 spectrophotometric pH
data, the total uncertainty in pHr is thought to be ~0.011, although some sub-sets have lower (e.g.,
spectrophotometric measurements using purified indicator dye) or higher (e.g., potentiometric measurements)
uncertainties (Carter et al., 2024a). This uncertainty value is slightly higher than the minimum adjustment value
0f 0.010 used for GLODAPV?2 starting in v2.2019 and subsequent updates (Olsen et al., 2019) and twice that used
(0.005) in the original GLODAPv2 (Olsen et al., 2016). The cruises flagged as poor quality (-777) and excluded
from the dataset in prior versions were re-evaluated in light of our increased uncertainty understanding. As a result,
nine previously excluded cruises are now retained in the product.

Separate to observed pHr, the data product includes pHr values calculated from dissolved inorganic carbon (TCO,)
and total alkalinity (TAlk) at standard conditions. These calculations were performed using CO2SYSv3 with the
same constants as described above. The random uncertainties in these calculated values (using v2.2022) have been
assessed to be ~0.008 (Carter et al., 2024a). Systematic uncertainties such as from the choice of constants used in
the calculations have not been evaluated and should be considered when using these values.

Following analogous reasoning, no secondary QC was applied to discrete fugacity of CO, (fCO,) data, fCO,
measurements are provided with only primary QC. All values were converted to 20 °C and 0 dbar pressure using
CO2SYSv3. Similarly, CO2SYSv3 was also used for the conversion of partial pressure of CO (pCO) to fCO; for
the 52 cruises where pCO, was reported. The procedures for these conversions were the same as for the pH
conversions. For 10 cruises no temperature information could be obtained, and the corresponding fCO, values
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were not included in the product. As for pHr, the data product includes separate fCO; values calculated from TCO,
and TAlk at standard conditions (20 °C and 0 dbar). For traceability and reproducibility of the carbonate system
calculations, ancillary columns indicate the temperature reported in the original datasets. Based on assessments of
random and systematic uncertainties using GLODAPv2.2022 fCO; data, the total uncertainty in fCO, is thought
to be ~2% (Carter et al., 2024a).

2.2.4 Secondary QC Procedure: Crossover Analysis and Inversion

The secondary QC of temperature, salinity, oxygen, macronutrients, TCO», andTAlk was carried out as a multi-
step procedure inspired by the routines used for GLODAPv2 (Olsen et al., 2016). First, a crossover analysis in the
deep ocean (Sect. 2.2.4.1) was used to determine differences (cruise-pair offsets’) between cruises by comparing
data where two different cruises overlap within a radius of 300 km, and both have data deeper than 1500 dbar.
Second, the cruise-pair offsets were evaluated by the group of experts who determined pre-inversion adjustments
which were subsequently applied to update the cruise-pair offsets. Pre-inversion adjustments are used either for
very large individual cruise-pair offsets or for collections of cruises which are offset compared to (almost)
everything else. In both cases a pre-inversion adjustment is only applied when there is consensus in the group of
experts as to the cause of the bias (e.g., when different measurement or calibration procedures were used and
resulted in consistently different offsets). Third, the inversion step (Sect. 2.2.4.2) organizes all cruise-pair offsets
into a system of linear equations which is solved for the set of adjustments that, when applied to each cruise and
variable, minimizes their average offset. Here, a statistical analysis informed by oceanographic knowledge (e.g.,
about properties or regions where deep ocean variability is expected) was included to decide on a subset of the
inversion-derived adjustments to apply. Note that the final adjustments are only applied to the data in the product,
not to the original cruise files. The possible outcomes of this multi-step procedure are detailed in Table 5.

Figure 3 describes the implementation of the above three steps to GLODAPv3. After primary QC all cruises are
subjected to a crossover analysis. The resulting cruise-pair offsets are then organized into three different systems
of equations (‘matrices’): one for the northern North Atlantic (‘NNATL’), one for the Arctic Mediterranean Seas
(‘Arctic’, i.e., the Nordic Seas, Nansen Basin, Amundsen Basin, Canada Basin, Makarov Basin, Baffin Bay, and
Davis Strait), and one for the remaining ocean (‘Global’). The ‘Arctic’ is separated out as the sparsity of cruises
and crossovers between these cruises makes it impossible to find a solution to the matrix of equations. Thus,
instead of inversion step, final adjustments were determined based on the existing cruise-pair offsets, multilinear
regressions, and deep water averages following Becker et al. (2016). Each sub-basin was evaluated separately.

The reasons for separating out the ‘NNATL’ are more complex than for the Arctic: The cruises in GLODAP are
not evenly distributed in space, but rather clustered. There is a relatively large cluster of data in the ‘NNATL’,
particularly in the Labrador Sea, which is poorly connected to the rest of the Atlantic Ocean. In addition, the
‘NNATL’ is a region exhibiting strong natural variability and deep winter ocean convection which means that
there are quite strong anthropogenic trends in our core variables in the entire water column. As a result, the cruise-
pair offsets here are often large, but also often uncertain. To avoid this region unnecessarily biasing the result of
the inversion step, a sequential inversion approach is applied. First, the ‘Global” matrix is solved to obtain a set of
adjustments. These adjustments are then applied to cruises in the ‘NNATL’ subset that are also present in the
‘Global’ domain. In the subsequent solution of the ‘NNATL’ equation matrix, these previously adjusted cruises
are included as fixed observations; that is, they contribute to the NNATL inversion but are not permitted to receive
additional adjustments. This procedure ensures that the NNATL solution is constrained by the ‘Global’
adjustments, enforcing consistency between the two domains.
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Figure 3: Flowchart displaying the general secondary QC procedure. Numbers in brackets correspond to the mentioned steps
in the secondary QC procedure.

Table 5: Possible outcomes of the secondary QC and their codes in the online adjustment table and in the product.

Secondary QC result Code Product QC flag

The data are of good quality, are consistent with the rest of the dataset and should 01° 1

not be adjusted.

The data are of good quality but are offset: adjust by adding (for salinity, TCO,, Adiustment val 1
men

TAIk, pHT) or by multiplying (for oxygen, nutrients, CFCs) the adjustment value Justment vaiue

The data are of poor quality and excluded from the data product. =777 NA

The data appear of good quality, but their nature, being from shallow depths and 888 0

coastal regions without crossovers or similar, prohibits full secondary QC

No data exist for this variable for the cruise in question -999 NA

“The value of 0 is used for variables with additive adjustments (salinity, TCO,, TAlk, pHr) and 1 for variables with multiplicative
adjustments (for oxygen, nutrients, CFCs). This is mathematically equivalent to 'no adjustment' in both cases.

2.2.4.1 Crossover Analysis

As for GLODAPv2 the crossover analyses were conducted using the “running-cluster” routine described by
Tanhua et al. (2010) and implemented in the MATLAB gv2 X package
(https://github.com/GLODAP/glodap.github.io/tree/main/docs/gv2_x, last accessed 26.06.2026). This procedure
performs a station-by-station comparison between two cruises (A and B, Fig. 4). For each station of cruise A its
vertically interpolated profile (using a quasi-Hermetian piecewise polynomial) is compared to each interpolated
profile from all cruise B stations that are within 300 km distance. Using only data below 1500 dbar (or 2000 dbar
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for the ‘NNATL’ and the Arctic), difference-profiles for temperature, salinity, TCO,, and TAlk and ratio-profiles
for oxygen and macronutrients are then calculated for each station pair (grey lines in Fig. 4d, g, and j). The choice
of depth cutoff reflects a trade-off between maximizing the number of available crossovers and minimizing the
influence of natural variability and anthropogenic trends on the offsets.

Using all difference-profiles (or ratio-profiles), the routine calculates a mean (with standard deviation) difference
profile (red dots and lines in Fig. 4d, g, and j), which is then used to calculate a weighted mean cruise-pair offset
and standard deviation (green lines in Fig. 4d, g, and j; corresponding values shown in Fig. 4k). The weighting
accounts for the scatter in the data, such that stations with low scatter contribute more to the mean than stations
with high scatter, irrespective of whether the scatter arises from natural variability or measurement precision. To
ensure robust results, the crossover analysis is performed in three different depth spaces: pressure, potential
temperature (0), and sigma-4 (o4). A weighted mean offset is calculated for each depth space, and the one based
on most data and profiles was used as the ‘cruise-pair offset’ for the A-B cruise-pair. If all depth spaces have
approximately the same amount of data and profiles, the average is used as ‘cruise-pair offset’. Note that for
temperature and salinity only the pressure space is used. The crossover analysis is conducted for all cruises, and
the outcome is a vector containing all A-B ‘cruise-pair offsets’ and all B-A ‘cruise-pair offsets’, the latter being
the negative of the former. Figure 4 shows, as an example, the result of a crossover between the cruises
06MT19970707 (A) and 18HU19960512 (B).
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A (red): 06MT19970707
B (blue): 18HU19960512
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(k) Offset (umol/kg) | O.Stdev (umol/kg) | Ratio R.Stdev Rating
Sigma-4 3.947 2.089 1.002 0.001 4
Theta 3.865 2.075 1.002 0.001 4
Pressure 4.176 2.234 1.002 0.001 4
Favorite 3.996 2.133 1.002 0.001 4

Figure 4: Summary figure for the crossover between cruises 06MT19970707 (A) and 18HU19960512 (B), for TCO2 data. (a)
shows maps of the cruises and the crossover stations. Panels (b-d) show TCO: data and profiles in sigma 4 space, (e-g) in theta
space, and (h-j) in pressure space. For each of these spaces, the top row shows all nearby data for the full depth column (grey),
cruise A (red), and cruise B (blue); the second row shows the crossover station profiles used for the analysis; and the bottom
row shows the crossover result with grey lines indicating station difference profiles, red dots showing the mean offset at each
depth (+/- standard deviation), and green vertical lines indicating the cruise-pair weighted mean offset (+/- standard deviation).
(k) provides a summary table for the cruise-pair. All depth spaces show consistent results, and all have adequate data. The
cruise-pair offset (average of all three depth spaces) is approximately 4 pmol kg, with cruise A (red) showing higher TCO2
concentrations than cruise B (blue). This is a significant difference.
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Based on the analyses in GLODAPv2 it is known that for some cruises one part of the cruise is offset relative to
another. The regular crossover analysis is not able to capture this, so we introduced a ‘spatial breakpoint analysis’
to identify such intra-cruise offsets. This breakpoint analysis used all cruise-pair offsets for a given cruise and
identified whether these show statistically significant (using the silhouette score; Rousseeuw, 1987) spatial
clustering in latitude or longitude space. A maximum of one breakpoint per cruise was allowed, and for 17 cruises
at least one variable indicated two distinct clusters. These cruises were then manually inspected, and 7 cruises
were subsequently split up and the crossover analysis was then re-run. This practice allows for detection and
adjustment of mid-cruise measurement shifts that might be expected from, for example, changes in calibration
materials, equipment, or operators.

2.2.4.2 Inversion

The outcome of the crossover analysis can be presented as a system of linear equations in the form Ax-b=r, where
b is a vector with the o cruise-pair offsets, X is a vector of the # adjustments for all # cruises, A is the o by » model
matrix, and r is a vector with the o cruise-pair residuals. To account for the fact that not all offsets are equally
robust we also use a weight, W, for each cruise-pair offset. The weights equal the squared inverse of the cruise-
pair offset standard deviations, meaning that crossovers with high standard deviation receive low weight. The
squared inverse standard deviation is further scaled by (i) the time difference between the two cruises involved in
the crossover (with smaller differences providing higher weights), (ii) a crossover rating (1-5, with 5 being best)
reflecting the number of profiles and deep samples used to calculate the cruise-pair offset, and (iii) the spatial
density gradient, estimated from temperature and salinity climatologies (Reagan et al., 2023), in the area of the
crossover. (i)-(iii) are first normalized to a range from 1 to 3 with low numbers reflecting high confidence in the
crossover and then multiplied together and rescaled to a single number between 1 and 2, which is then multiplied
to the squared inverse standard deviation. Figure 5 shows the impact applying the scaling factors has on the solution
(x). On average, across all cruises the impact is minimal, but for some cruises scaling the weight reduces the
suggested adjustment by more than 1 umol kg™ and in very rare cases by more than 2 pmol kg™'.

Difference (case - standard deviatian only)

mean=0.01 mean=-0.00 mean=0.06 mean=0.01
std=0.24 std=0.40 std=0.09 std=0.35
[0]
1 8 o o
o
0+-- —
o
27
3 8
£ o
S ° 8 fo)
-2 o
o] o]
—34
—4 1
o]
time rating gradient combo

Figure 5: The impact of the three scaling factors, as well as their product, have on the adjustments for TCO suggested by the
FF inversion routine. The impact is presented as the difference between using only the inverse standard deviation as weight
and scaling that by the additional factors.
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In earlier versions of GLODAP the system of equations was solved using a weighted least squares (WLSQ) matrix
inversion following Johnson et al., (2001). However, in GLODAPv3 the system of equations is more
overdetermined (o >> n) than it was in earlier versions, and because the cruise-pairs tend to be more clustered
(most cruises have few cruise-pairs while a few have many) there is a high degree of multicollinearity (i.e., the
cruise-pair offsets in b are not independent of each other). This, along with known weaknesses such as sensitivity
to outliers and data groupings, means that the WLSQ method is ill-suited to find an optimal solution. These issues
were, to a lesser degree, present also in GLODAPv2 and were then solved by doing regional inversions for the
three major ocean basins (Atlantic, Indian, and Pacific) or inversions for regional groups of cruises, rather than
finding one global solution. For GLODAPv3 we instead apply an iterative coordinate descent optimization method
as implemented in the Furthest-First (FF) algorithm (Humphreys et al., 2026).

There are several steps to the FF routine as illustrated in Fig. 6.

FF Routine

Calculate initial significant WLSQ trends Detrend crossover matrix

Regional 68™
percentile

Adjustment above fixed Normalized adjustment

Preadjusted Crui
(BRI ruises minimum Llimit above regional threshold

(4) Run Final FF Inversion

Figure 6: Flow chart displaying the three main processes within the FF routine.

In step 1, the cruise-pair offsets in b are detrended. This is necessary in order to preserve anthropogenic trends
because otherwise the routine will act to remove them, and even though anthropogenic trends are small in the deep
ocean we cannot assume they are negligible. To detrend b, we first identified the trends using a WLSQ linear
regression applied to all cruise-pair offsets for a given cruise. If the trend, o, exceeded its standard error times 1.96
(the 20 level) it was kept, and otherwise it was set to zero. The detrended cruise-pair offsets, b’, were then
calculated for each cruise by subtracting aAT from b, where AT is the time difference between all cruise-pair
offsets for that cruise (Fig. 7).

In step 2, adjustments are determined using an iterative process. At each iteration step the cruise weighted mean
offset (CWMO, Eq. 1) was calculated and, to avoid adjusting highly uncertain offsets, divided by its standard
error. The CWMO is the weighted mean of all r for a given cruise, assuming that at step zero (i.e., before iterations
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begin) r=b’ for all cruises. At each iteration the cruise with the largest normalized CWMO is adjusted, and all
CWMOs subsequently recalculated. Since all CWMOs are recalculated at each step of the iteration there will be a
residual CWMO for cruises that have been adjusted, which is then adjusted in a later step when it is once again
the largest. The final adjustment is thus the cumulative adjustment for each cruise after the final iteration. For
details on this iterative process see Humphreys et al. (in prep). Note that we use a cruise-pair offset only when (i)
the crossover rating is above 3 (on a scale from 1-5); (ii) the range of the three depth space offsets is smaller than
the lower absolute adjustment limit; and (iii) neither cruise in the pair is flagged -777. If any of these criteria fail,
then that cruise-pair offset is removed from the CWMO calculation to limit the influence of highly uncertain
cruise-pair offsets.

_ w
=% 0

Where X is the CWMO of cruise i, r are the cruise-pair residuals for cruise i and W are the corresponding weights,
and the calculation is performed for each cruise at each iteration step.

In step 2, the iterations are run with all cruises allowed to adjust until the CWMO reaches 5% of the fixed minimum
adjustment limit (Table 6). The result is used to determine regional adjustment thresholds (Table 7) that account
for varying magnitudes of natural variability in different regions. Specifically, these thresholds are derived from
the final adjustments normalized by their corresponding standard errors, with the threshold in each region defined
as the 68th percentile (10) of the normalized adjustment magnitude.

In step 3, we identify a ‘Cruises-to-Adjust’ list. This list includes cruises identified for pre-inversion adjustments
as well as cruises that satisfy all of the following criteria:

(i) the final normalized adjustment in step 2 exceeds the regional threshold (Table 7)

(ii) the final adjustment in step 2 exceeds the fixed minimum adjustment limits (Table 6);

(iii) the cruise has at least three cruise-pairs; and

(iv) neither the weighted nor the unweighted standard deviation of the CWMO is below the global Sth-percentile
of the CWMO standard deviations.

Cruises failing criteria (iii) and/or (iv) were assigned a —888 flag (Table 5) and the secondary qc flag in the product
files set to 0. For TCO, and TAlIk, criteria (i)-(iv) were also applied to cruise-pair offsets identified for salinity-
normalized data. If the adjustment suggested for salinity-normalized TCO, and/or TAlk did not satisfy all criteria,
the cruise was excluded from the ‘Cruises-to-Adjust’ list, even if the adjustment for actual TCO, and TAlk did.

In step 4, another iterative process was run where only cruises on the ‘Cruises-to-Adjust’ list were eligible for
adjustment, and no additional adjustment restrictions were imposed. This final step is necessary to ensure that the
applied set of adjustments is optimal, accounting for the fact that not all cruises will be adjusted.

The iterative process of the FF method works in such a way as to maximize consistency within clusters of cruises
first, and then, with very small adjustments at each iteration, moves the clusters towards global convergence. In
the GLODAP network of cruises this happens by shifting all other clusters towards the cluster of cruises in the
northwest Pacific Ocean, which is by far the largest (both in terms of cruises and crossovers). This FF solution
correlates very well with the global WLSQ solution (Humphreys et al., 2026). We are unable to identify a physical
or biogeochemical reason to expect systematic biases solely based on the cruises being in different ocean basins.
We therefore, in step 2, choose to stop the iterative process once a solution is found that creates convergence within
relatively large-scale clusters representing ocean sub-basins (Sect. 4.2). The final FF solution consists of an
adjustment for each cruise, as well as an uncertainty for this adjustment.

Table 6: Fixed minimum adjustment limits and analytical precision. The adjustment limits represent the minimum
offset that can be confidently established relative to the crossover analysis uncertainty (precision, natural variably,
and inherent method uncertainties) for the variables considered. Note that the values provided for the analytical
precision represent target values, i.e., not all cruises achieve this level of precision.

Variable Minimum adjustment Target Precision®

Salinity 0.0025 0.0004 (0.002)°
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0.1 % (2 %)°

Oxygen 0.5%

Nutrients 1% 0.4 % (0.6 %)°
TCO, 2 umol kg! 1 pmol kg!
TAIk 2 umol kg! 1 pmol kg™!
CFCs 59% (10 %)¢ 2% (3 %)

“The GO-SHIP repeated hydrography manuals are the main source for the numbers provided. Other sources are the IOCCP-JAMSTEC 2018
435 Nutrients Intercomparison Report and Heuze et al., 2023. *The number in brackets refers to the analytical precision of CTD measurements.
°The number in brackets refers to the analytical precision of phosphate measurements. “The number in brackets refers to SF.

Table 7: Regional normalized thresholds used to determine the ‘Cruises-to-Adjust’ list. Values shown correspond to the
absolute adjustment divided by the total uncertainty. Only cruises with normalized adjustments above this value and an absolute

440 adjustment above the fixed minimum are allowed to be adjusted in the third step of the FF routine. The higher the value the
more robust the adjustment.

SAL (03 NO; SIL PO4 TCO: TAlk
North Pacific 2.0 22 3.4 2.8 3.9 2.8 2.8
South Pacific 1.5 2.1 2.3 2.7 3.4 2.1 2.5
NNATL 1.2 2.1 1.4 2.0 1.9 2.0 1.2
North Atlantic 1.8 3.0 2.1 2.0 23 2.0 2.3
South Atlantic 1.7 24 2.2 1.7 2.1 1.8 1.8
Indian Ocean 1.5 1.4 1.6 1.9 2.0 1.8 2.6
Southern Ocean 1.4 1.9 2.4 1.7 2.0 1.9 23

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-496
Preprint. Discussion started: 31 July 2026
(© Author(s) 2026. CC BY 4.0 License.

445

450

455

460

465

470

Open Access

Raw (non detrended) Offsets: 18HU19960512 : TCO, - Adjustment: 2.9 (umol/kg)
‘$ * x OId slope = 0.6 umol/kg per year

: :_ _____ } o3 oxoxox o oxoxoxox o x ox x x « New slgpe = 0.6 umol/kg per,year
J T EEa,
*

=15

g

Offset (umol/kg)
1
s
!
T

2 *

5 . * x ¥ * *. *
k-

= o B g X i
g * k - * *
S -2 * | | |
= |
; | |
£ -a
o

-6

5 10 15 20 25
Time difference between crossover pairs (years)

Figure 7: (a) The cruise-pair offsets (y-axis) for TCO2 on cruise 18HU19960512 plotted against time (x-axis). Blue dots and
error bars indicate the initial cruise-pair offset and standard deviation, while the pink stars indicate cruise-pair offset after the
suggested adjustments (black crosses) have been applied to all other cruises in the cruise-pairs. Lines indicate the trend shown
in the upper left corner. (b) Same as (a) but for the detrended cruise-pair offsets.

2.2.5 Secondary QC of Transient Tracers and delC13

In contrast to the other core parameters, the secondary QC of the transient tracers rarely relies on surrounding
cruises, i.e., it is independent of the newly added cruises to the product. Instead, it relies on the inspection of
surface saturation distributions and tracer-tracer relationships. Here transient tracers are CFC-11, CFC-12, CFC-
113, CCly, and SFs. For all, except for SF¢, an adjustment threshold of 5% is used (Olsen et al., 2016). For SFs, a
higher adjustment threshold of 10% is applied (Lauvset et al., 2022), as SF¢ is evaluated primarily through
consistency with expected ranges using CFC-12 as a benchmark. Surface saturation plots were used to assess
whether near-surface concentrations were physically consistent with expected atmospheric equilibrium conditions,
which are regionally defined and not always 100%, while tracer ratio analyses provided an additional diagnostic
of internal consistency at depths. Moreover, consistency among the different variables is taken into account, while
appreciating that they have different atmospheric histories (Lauvset et al., 2023, Fig. 6). Consequently, there is no
need to re-evaluate cruises included in earlier versions of GLODAP and only the five newly added cruises with
transient tracer data were evaluated in detail for GLODAPv3. The previously established adjustments from
GLODAPv2.2023 were retained for all other cruises (360 cruises). Note that negative transient tracer
concentrations are typically associated with low tracer levels near the analytical detection limit and can arise from
blank subtraction. Although such values are not suitable for use in analysis, they were retained in the dataset to
avoid introducing a positive bias through skewed removal of low-end values.

For cruises that measured delC13 (in total 119), a thorough secondary QC has never been performed as part of
GLODAP, and this is also true for GLODAPv3. However, derived adjustments based on a crossover assessment
performed by Becker et al., (2016) are adopted for 24 cruises with deep delC13 data.

2.2.6 Uncertainties

Uncertainty can be thought of as “a variable associated with a value 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” (Newton et al. 2015).
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While GLODAP is scrupulous about its treatment of measurement consistency between cruises, its secondary
quality control methods do not directly speak to or quantify the true values of the quantities measured. The
GLODAP methods therefore cannot fully quantify uncertainty. However, addressing a common user request,
GLODAPvV3 now provides more information about components of the uncertainty in the measured values in the
product.

Similar to the approach of Carter et al. (2024), we separate uncertainty into components: Urepeatabitity reflecting a
component of uncertainty that is independent for every measurement, originating from variations in measurement
practices between measurements on a cruise; ucnise reflecting uncertainties from variations in practices that are
consistent on a cruise but vary between cruises; and ucaiibration reflecting uncertainties that are inherent to the
metrology and calibration approach. Separately for the core variables, GLODAPv3 now estimates and provides
Ucruise for each cruise and urepeatability for the whole data product. GLODAPv3 does not attempt to quantify ucatibration.

The urepeataviity Values are given in Table 6 and represent target precision values based on recommended
measurement practices and commonly reported repeatability estimates. These values should be regarded as
performance targets rather than estimates achieved on every cruise. No attempt is made to provide this information
on a cruise-by-cruise basis because repeatability estimates are inconsistently determined and reported across the
cruises and variables in the data product.

The wenise estimates are derived from a consideration of the limits in our confidence in the adjustment procedure
(i.e., minimum adjustment limits, Table 6) and the remaining inconsistencies of each cruise in the adjusted data
product with respect to the other cruises in the adjusted data product. This is estimated as the sum in quadrature of

the minimum adjustment limits (A,y,;,) and the standard error (¢’) on the CWMO (X) that remains after adjustments
are applied.

Ucruise = A?nin + 0)% @

For cruises without crossovers, twice the maximum standard error of the CWMO after adjustment observed among
all other cruises is applied. For the Arctic, the standard error of the CWMO is replaced by the standard deviation
of sub-basin-wide (adjusted) deep-water averages, and for transient tracers ucnise Was approximated by their
minimum adjustment limits alone.

To propagate both urepeatabiity and ueruise through a given analysis, we stress that these uncertainty components
operate at different hierarchical levels, and that they must be represented separately within any error propagation
framework. Specifically, #repeatabitity Should be represented by independent perturbations applied to individual
measurements, whereas ucnise Should be represented by a common perturbation affecting all measurements from a
given cruise.

2.2.7 Merging Routine

The merging routine is a slightly modified version of the Make-Ocean routine used for previous GLODAP updates
(Olsen et al., 2021), as visualized in Fig. 8. In brief, the routine merges individual cruise data by applying the
following operations: selecting only good data (Table 3); merging bottle and CTD measurements for salinity and
oxygen (Sect. 2.2.2); vertically interpolating temperature, salinity, oxygen, and macronutrient data; standardizing
pHr and fCO; data; applying the inversion-derived adjustments to the cruise data; calculating and assigning total
cruise uncertainties (Sect. 2.2.6); and assigning corresponding quality flags (Table 5). Notably, the routine has
been updated to generate additional columns for calculated carbonate system variables instead of merging
measured and calculated carbonate system data in one column. The carbonate system is calculated using
CO2SYSv3 with the set of constants described in Sect. 2.2.3. For calculations of TAlk or TCO,, only pHr data
were used, and fCO, data were not considered. The final data product is provided as one global file and four
regional (Arctic, Atlantic, Indian, Pacific) files in .csv, .mat. and netCDF format. For further details on the Make
Ocean Routine, we refer  the reader  to Olsen et al., 2021 and Github
(https://github.com/GLODAP/glodap.github.io, last accessed 26.06.2026).
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Figure 8: Flow chart displaying the updated MakeOcean Routine applied to generate the GLODAPv3 data products.
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3. Results and Adjustments

3.1 Trend preservation

While using only deep ocean data to identify potential offsets between cruises we cannot ignore the fact that human
CO; emissions and climate change are regionally altering many of the GLODAP core variables at all ocean depths
(e.g., Olsen et al., 2024). For GLODAPv3 we have made an additional effort to preserve such anthropogenic
trends, the results of which are shown in Fig. 9. Since trends are estimated using cruise-pair offsets, which represent
systematic differences between cruises, the trend detection method will inevitably lead to some dubious trends. It
is therefore expected that some trends will be removed by the adjustment process. That this happens indeed is seen
in Fig. 9 where several cruises have a zero-trend after adjustment (y-axes). In addition, as also seen in Fig. 9, the
adjustment process introduces a trend in some cases. Generally, however, the applied adjustments do not alter the
identified trends strongly, and trends identified for adjusted data are consistent with current knowledge on ocean
changes (Talley et al., 2016; McDonagh et al., in press). We do indeed expect TCO and oxygen, driven by
increased anthropogenic carbon and deoxygenation, respectively, to exhibit trends in the deep ocean, and these are
nicely preserved by our routine (Fig. 9). The largest trends in TCO, are up to 0.6 pmol kg™'year”! and in oxygen -
0.3 % year!. For silicate most of the initially identified trends are removed or strongly reduced (Fig. 9d). Likely,
this is the result of a combination of relatively small initial trends with a higher standard deviation in the unadjusted
CWMOs (4.4%) for silicate than in other macronutrients. The fact that pre-inversion adjustments are used to
remove some systematic offsets in Japanese data (Sect. 3.2.4) may also contribute. We believe the same is the case
for alkalinity, where pre-inversion adjustments likely contribute to the removal of spurious trends (Fig. 9b).

Trend Preservation

TCO, (umol/kg per year) TAlk (umol/kg per year)

SAL (PSU per year)

0.75 {(a! = 0.75 1 (b c ‘
@ v = . 0.0010 © .
0.50 Aot 0.50 et * .
: - R ! e 0.0005 . 'ﬁm
T 025 f o 025 . o
] v ot ] o F 7] H
@ P L [RY ) [ . @ 0.0000 e e el ..
g oo 4 5o . K f
o H -] o
8 -0.25 @ —0.25 © _0.0005
-0.50 -0.50 o
~0.0010
-0.75 -0.75
05 0.0 0.5 -05 00 05 -0.001  0.000 0.001
unadjusted unadjusted unadjusted
SIL (% per year) NO35 (% per year) PO4 (% per year) 0; (% per year)
067(a) i N 06 71(e) %8 1(n 03{(9) .
0.4 : A 0.4 0.4 i . 0.2
- 02 ¥, - 02 . T 02 s ° "
g & 2 e 2 Lt g
i 0.0 . ey #— i 0.0 . - * i 0.0 --ﬂ‘m . i 007 - =2
B -02 * : B 02 -3 ® -02 ‘_. i ® 01 !
-0.4 ? -0.4 -0.4 -021
-06 -06 -06 i
-0.5 0.0 05 -0.5 0.0 0.5 -05 0.0 05 -02 00 0.2
unadjusted unadjusted unadjusted unadjusted

Figure 9: Per cruise trends in cruise-pair offsets before (x-axis) and after adjustments (y-axis) have been applied. The figure
only shows trends that are significant as described in Sect. 2.2.4.2. The TCO2 and TAlk trends are given in pmol kg™ year™!,
salinity in year! and the nutrients and oxygen in % year™.

3.2 Overview of secondary QC results

Data from a total of 1181 cruises were subject to secondary QC. However, since some cruises were split following
the breakpoint analysis (see Sect. 2.2.4.1) or represent multiple cruises from a single campaign (e.g., TTO-NAS,
Brewer et al., 2002), we have a total of 1224 entries (Table S1). To acknowledge this distinction, we will refer to
entries rather than cruises in the next sections. A summary of the secondary QC actions are presented in Table 8,
and Fig. 10 shows the distribution of the adjustments for the different decades. Additionally, Table 7 provides an
overview of the implemented regional threshold values used for determining the ‘Cruises-to-Adjust’ list (Sect.
2.2.4.2). The regional thresholds show that adjustments are generally more robust (higher normalized adjustment
thresholds) in the Pacific and less robust (lower normalized adjustment thresholds) in the Northern North Atlantic
and Southern Ocean. The northern North Atlantic and Southern Ocean are the ocean regions where the deep ocean
is most likely to exhibit both large natural variability and significant anthropogenic trends since the ocean mixes
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very deeply in these regions. It is thus only natural that the adjustments inferred from deep ocean crossovers have
lower confidence in these regions.

Improvements in consistency are assessed using the weighted root mean squared error (WRMSE) and standard
deviation across all CWMOs (Fig. 11) for the adjusted vs unadjusted data. The wRMSE is calculated as

2
WRMSE = |20 with w, = 2 (3)
Yiwi Upre,i

where the weights, w, are defined using the unadjusted CWMO standard errors, u,.. These weights are held fixed
when evaluating both the pre- and post-adjustment CWMOs to ensure consistency in the diagnostic metric. The
WRMSE therefore quantifies the deviation of CWMO values from zero, corresponding to perfect ‘cruise-level’
consistency in the crossover network. The standard deviation provides a measure of the spread of CWMO values
across cruises. For both metrics, a reduction indicates improved consistency. The average of all CWMO standard
errors (Humphreys et al., 2026) is used as an additional diagnostic reflecting the level of confidence in the CWMO
estimates. Thus, global consistency improves if both the wWRMSE and the standard deviation of CWMOs decrease,
while a concurrent reduction in the mean CWMO standard errors indicates a better constrained crossover network.

Table 8: Summary of secondary QC actions per variable for the 1224 entries.

SAL |02 INOs [SIL  [POs [TCOTAIK|CFC_11|CFC_12(CFC_113|SFs |CCL4C13
[No Data 1 90 128 161 153 [ 230 | 373 | 892 864 1102 1127 [1148 11090
IWith data | 1223 | 1134 | 1096 | 1063 | 1071 | 994 | 851 | 332 360 122 97 |76 134
[Unadjusted| 703 564 596 342 534 | 445 | 317 | 267 297 69 81 [34 16
|Adj 158 271 173 459 203 162 | 250 | 29 25 7 6 IS 8
usted
-888 356 278 294 228 284 [ 3531249 (30 29 23 8 |16 109
-777 6 21 33 34 50 34 135 |6 9 23 2 21 1

TAlk

PO

P P P P N e PP € P P PP
ST 58 O S ST & 58
I Not adjusted <2 x Limit 2 x Limit - 4 x Limit I > 4 x Limit

Figure 10: Distribution of applied adjustments per decade; Dark blue - not adjusted; Light blue - adjustment < minimum;
Orange - adjustment between limit and 2 times limit, Red - adjustment > 2 times limit.
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Figure 11: Fully global entry weighted mean offsets (CWMO) before (dark grey) and after (orange) adjustments being
applied for all core variables except the halogenated transient tracers. Note that where they overlap the orange color appears
darker so as to show the dark grey behind. The y-axis shows the number of cruises while the x-axis shows the CWMO.

Table 9: Global key improvement metrics per variable for the 1224 entries: weighted Root Mean Squared Error (CWMO
WRMSE); the standard deviation of all CWMOs (CWMO Spread); and the average standard errors of all CWMOs (CWMO
Uncertainty).

CWMO CWMO CWMO
wRMSE Spread Uncertainty
init adj init adj init adj
SAL (ppm) 19 -> 13 61 -> 53 1.9 -> 1.7
02 (%) 07 --=> 07 19 -> 09 0.5 -> 0.3
NO:; (%) 07 -> 04 25 > 10 0.6 -> 0.3
SIL (%) 1.5 -> 05 44 > 26 1.2 -> 0.7
PO4 (%) .1 > 05 34 > 14 0.9 -> 0.4
TCO; (umol kg™) 32 > 12 52 > 20 1.6 -> 0.8
TAIk (umol kg™!) 48 > 14 62 -> 26 1.8 > 0.9

3.2.1 Temperature

No temperature adjustments have been applied. This decision reflects both the generally high internal
consistency of temperature measurements and the limited applicability of the crossover analysis and inversion
framework to temperature data. Even below 1500 dbar, spatial temperature gradients are several orders of
magnitude larger than the systematic offsets targeted by the adjustment procedure. While more specialized
quality-control approaches tailored specifically to temperature exist (e.g., Good et al., 2023), these are outside
the scope of the secondary QC framework applied within GLODAP. Nevertheless, the analyses conducted here
did not reveal any physically implausible temperature offsets between cruises. Note that all non-temperature data
are removed when temperature data are missing.

3.2.2 Salinity adjustment summary

1223 entries have salinity data (Table 8). Note that all non-salinity data are retained even when salinity data are
missing. Prior to the secondary QC, the CTD and bottle data were merged as summarized in Table 4. Data from 6
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entries were deemed too poor in quality for inclusion in GLODAPv3 (Table 8). Typically, these showed large and
depth-dependent offsets and/or unrealistic scatter compared to background data. For 356 of the entries, secondary
QC could not be carried out and of the remaining 861 entries, the salinity data from 152 were found to merit
adjustment. Most of the (absolute) adjustments applied are between 0.0033 and 0.0079 (Fig. 10), with the largest
negative and positive adjustments applied being -0.0342 and 0.0231. Application of the adjustments increased the
overall consistency with a reduction of the wWRSME from 0.0019 to 0.0013 and reduced the CWMO spread from
0.0061 to 0.0053 (Fig. 11; Table 9).

3.2.3 Oxygen adjustment summary

1136 entries have oxygen data (Table 8). Prior to the secondary QC, the CTD and bottle data were merged as
summarized in Table 4. Data from 16 entries were deemed too poor in quality for inclusion in GLODAPv3 (Table
8) and for 288 of the entries, secondary QC could not be carried out. Of the remaining 832 entries, the oxygen data
from 268 were found to merit adjustment. Most of the (absolute) adjustments applied are between 0.9 % and 2.1
% (Fig. 10), with the largest negative and positive adjustments applied being -9.7 % and 11.0 %. Even though the
wRMSE increased slightly by 0.17 %, the application of the adjustments increased the overall consistency as
shown by the decrease in CWMO spread (Fig. 11; Table 9).

3.2.4 Silicate adjustment summary

Silicate data were available for 1068 entries (Table 8). The silicate data from 34 entries were identified as being
of insufficient quality, exhibiting excessive scatter, large offsets, drift, or a combination of these issues. Freezing
of samples with silicate concentrations above approximately 50 pmol kg ! was frequently identified as a cause of
poor data quality, as freezing can decrease measured concentrations through polymerization (Becker et al., 2019).
For 292 entries, secondary QC could not be carried out. Of the remaining 742 entries, silicate data from 401 were
identified as requiring adjustment. This corresponds to almost 55 % of the entries, making silicate the most
frequently adjusted variable in GLODAPv3. This high adjustment frequency is primarily due to the bulk pre-
inversion adjustments applied to a large fraction of the Japanese entries, as well as all LineP entries.

For the Japanese pre-inversion adjustments, dedicated Japanese-only crossover and inversion analyses revealed
systematic time-dependent offsets within the Japanese silicate data. As indicated by the suggested adjustments
shown in Fig. 12a, Japanese silicate measurements obtained prior to 2010 tend to be approximately 2 % lower than
those collected between 2010 and 2018, whereas post-2018 data are approximately 1 % higher relative to the
2010-2018 period. These small systematic offsets are only detectable due to the high precision of the Japanese
data.

Almost all of the Japanese silicate data showing these systematic offsets come from the Japan Meteorological
Agency (JMA), while data from JAMSTEC data may also contribute to the observed offsets, but to a lesser extent
due to the smaller number of data. These intra-Japanese time-dependent offsets reflect systematic inconsistencies
in analytical standardization. Within JMA, nutrients are primarily measured aboard the Research vessels R/V
Ryofu Maru (49RY and 49UP) and R/V Keifu Maru (49UF), whereas JAMSTEC measurements are mainly
conducted aboard the R/V Mirai (49NZ). The silicate measurements performed by JMA were consistently
standardized using Merck silicon standard solutions traceable to NIST Standard Reference Materials. The
pronounced offset identified around 2010 coincides with a change in the Merck standard solution lot (from
HC814662 to HC074650). An approximately 2.5 % difference was observed between these lots, exceeding the
manufacturer-stated uncertainty of 0.5 %. A similar change occurred around 2018, however, the associated
difference remained within the stated uncertainty range of the standard solution. Also note that since 2019,
JAMSTEC has used KANSO silicon standard solutions traceable to certified reference materials assigned by the
National Metrology Institute of Japan.

Additional crossover and inversion analyses restricted to US and Japanese data collected between 2010 and 2018
(Fig. 12b) indicate no systematic offsets between these datasets. As a result, bulk pre-inversion adjustments were
applied to the pre-2010 and post-2018 Japanese data in order to remove the intra-Japanese systematic offsets.

For the LineP pre-inversion adjustments, similar dedicated crossover and inversion analyses were performed (Fig.
13). Following the same rationale applied to the Japanese pre-inversion adjustments, these analyses supported a
1.5 % upward bulk adjustment for all LineP data, all of which were analyzed at the Institute of Ocean Sciences
(Canada). In this case, however, no additional information could be obtained regarding the origin of the observed
systematic offset.
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Following the application of the pre-inversion adjustments, all silicate data were subjected to the regular crossover
and inversion analyses (Sect. 2.2.4). The applied adjustments substantially improved the global consistency of the
silicate dataset, as demonstrated by reductions in both the wRMSE and the spread of the CWMOs (Fig. 11; Table
9). Note that samples analyzed ashore were more likely to require adjustment than samples analyzed onboard,
reflecting the challenges associated with sample storage procedures.

N Pre 2010 (mean = 1.8 %)
N 2010 - 2018 (mean = 0.3 %)
. Post 2018 (mean = -0.8 %)

Adjustment (%)
°

1992 1996 2000 2004 2008 2012 2016 2020 2024
Date

(b) m US (mean = 0.0 %)
. P 2010 - 2018 (mean = 0.1 %)

IS

Adjustment (%)

-2

1980 1985 1990 1995 2000 2005 2010 2015 2020
Date

Figure 12: Bulk pre-inversion adjustments for Japanese silicate data. Note that very large offsets were corrected before
running the FF routine to avoid skewing the results. (a) Outcome of an inversion of only Japanese data; (b) Outcome of an
inversion of only US data (orange), and only Japanese data post 2010 (black).

BN Mean LineP (mean = 1.7 %)
EEE Mean All Others (mean = 0.5 %)

Adjustment (%)

1980 1985 1990 1995 2000 2005 2010 2015 2020
Date

Figure 13: Bulk pre-inversion adjustments for silicate data on Line P. Note that very large offsets were corrected before
running the FF routine to avoid skewing the results.

3.2.5 Phosphate adjustment summary

1074 entries came with phosphate data (Table 8). Data from 50 entries were deemed to be of too poor a quality for
inclusion in GLODAPv3 and for 286 of the entries, secondary QC could not be carried out. Of the remaining 738
entries, the phosphate data from 201 were found to merit adjustment. Most of the (absolute) adjustments applied
are between 1.6 % and 4.2 % (Fig. 10), with the largest negative and positive adjustments applied being -12.0 %
and 13.9 %. Application of the adjustments increased the overall consistency of the data with a reduction of the
wRSME from 1.1 % to 0.5 % and reduced the CWMO spread from 3.4 % to 1.4 % (Fig. 11; Table 9).
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3.2.6 Nitrate adjustment summary

1099 entries came with nitrate data (Table 8). Data from 32 entries were deemed to be of too poor a quality for
inclusion in GLODAPv3 and for 298 of the entries, secondary QC could not be carried out. Of the remaining 769
entries, the nitrate data from 178 were found to merit adjustment. The bulk of the (absolute) adjustments applied
are between 1.3 % and 3.1 % (Fig. 10), with the largest negative and positive adjustments applied being -6.0 %
and 15.0 %. Application of the adjustments increased the overall consistency of the data with a reduction of the
wRSME from 0.7 % to 0.4 % and reduced the CWMO spread from 2.5 % to 1.0 % (Fig. 11; Table 9).

3.2.7 TCO: adjustment summary

998 entries have TCO; data (Table 8). Data from 29 entries were deemed to be of too poor a quality for inclusion
in GLODAPv3 and for 368 of the entries, secondary QC could not be carried out. Of the remaining 601 entries,
the TCO, data from 158 were found to merit adjustment. Most of the absolute adjustments applied are between
2.6 umol kg™ and 6.4 pmol kg™' (Fig. 10), with the largest negative and positive adjustments applied being -36.3
pmol kg! and 23.2 pmol kg!. Application of the adjustments increased the overall consistency of the data with a
reduction of the wRSME from 3.2 pmol kg™! to 1.2 pmol kg™! and reduced the CWMO spread from 5.2 pmol kg™!
to 2.0 umol kg™! (Fig. 11; Table 9). Also note the decrease of adjustments over time (Fig. 10), coinciding with the
broad application of standard operating procedures and introduction and common use of certified reference
materials.

3.2.8 TAIk adjustment summary

998 entries have TAlk data (Table 8). Data from 30 entries were deemed to be of too poor a quality for inclusion
in GLODAPv3 and for 282 of the entries, secondary QC could not be carried out. Of the remaining 544 entries,
the TAlk data from 230 were found to merit adjustment. Thus, TAlk is the second most frequently adjusted variable
in GLODAPv3. This reflects a systematic offset identified within Japanese Pacific cruises. A dedicated crossover
and inversion analysis only including Japanese data indicated that pre-2010 Japanese entries are approximately 3
pmol kg™ lower than post-2010 Japanese entries (Fig. 14a). Note that while the split coincides well with the onset
of regular spectrophotometric alkalinity measurements by JMA in 2010, it is less consistent with the onset of
regular spectrophotometric alkalinity measurements at JAMSTEC in 2007. Moreover, Woosley et al. (2025)
concluded that a systematic alkalinity offset did not arise from methodological differences between single-point
titration with spectrophotometric endpoint detection and potentiometric techniques. To gain better insight,
additional crossover and inversion analyses including US data and only pre (post) 2010 Japanese data were
performed (Fig. 14b). These indicated a good fit between post-2010 Japanese and US data. Although no definitive
cause has been identified for this shift, we are more confident that the post-2010 Japanese data are accurate.
Accordingly, all pre-2010 Japanese data received a 3 pmol kg™ upward pre-inversion adjustment.

Following the application of the pre-inversion adjustments, all TAlk data were subjected to the regular crossover
and inversion analyses (Sect. 2.2.4). The applied adjustments substantially improved the global consistency of the
TAlk dataset, as demonstrated by reductions in both the wWRMSE and the spread of the CWMOs (Fig. 11; Table
9). Also note the decrease of adjustments over time (Fig. 10), coinciding with the broad application of standard
operating procedures and introduction and common use of certified reference materials.
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Figure 14: Bulk pre-inversion adjustments of Japanese alkalinity data. Note that very large offsets were corrected before
running the FF routine to avoid skewing the results. (a) Outcome of an inversion of only Japanese data.; (b) Outcome of an
inversion of only US data (orange), and Japanese data post 2010 (black).

3.2.9 Halogenated Tracers and SFs

378 entries include data for at least one transient tracer (Table 8). While CFC-11 and CFC-12 were commonly
measured during the WOCE and CLIVAR eras, SFs has become increasingly available in more recent decades,
and CFC-113 and CCls remain comparatively less frequently observed (Fig. 1). The adjustment summaries for
halogenated transient tracers are based on cumulative secondary QC outcomes since GLODAPvV2 (Sect. 2.2.5).
The combination of spatially and temporally varying atmospheric equilibria and tracer concentration ranges in
deep waters spanning approximately two orders of magnitude, make secondary QC particularly challenging. As a
result, only a limited number of adjustments were applied overall.

For CFC-11 and CFC-12, six (nine) entries were deemed to be of too poor a quality for inclusion in GLODAPv3
(Table 8) and for 30 (29) entries, secondary QC could not be carried out. Of the remaining 267 (322) entries, the
CFC data from 29 (25) were found to merit adjustment. The bulk of the adjustments applied are between -5 % (-5
%) and 5% (10 %) (Fig. 10).

For SFs, two entries were deemed to be of too poor a quality (Table 8) and for 8 entries, secondary QC could not
be carried out. Of the remaining 87 entries, the SF data from 89 were found to merit adjustment. The bulk of the
adjustments are between 10 % and 20 % (Fig. 10). While the saturation of CFC-12 was used as a benchmark for
the magnitude of the adjustment, SFs was not adjusted to perfectly correlate with CFC-12, thereby preserving SFs
as an independent constraint on ocean circulation.

For CFC-113 and CCly, 23 (21) entries were deemed to be of too poor a quality (Table 8) and for 23 (16) entries,
secondary QC could not be carried out. Of the remaining 76 (39) entries, data from 7 (5) were found to merit
adjustment. The bulk of the adjustments applied are between -2.5 % (-10 %) and 10 % (5 %) (Fig. 10). Adjustments
were only applied where repeat cruises revealed clear and systematic inconsistencies in reported concentrations.
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4. Discussion

4.1 pH data in GLODAPv3

As a major change in the methods employed in GLODAPv2 (including all the updates), secondary QC of pHr was
not carried out for GLODAPv3. Because there are relatively few cruises with pH data, the crossover and inversion
methods were not used for pHt in GLODAPv2. Instead pHr was either corrected using internal consistency reasons
as described by Olsen et al. (2016), or, for the updates, the number of pHrt crossovers was artificially increased by
calculating pHr from TCO; and TAIk in the adjusted reference dataset (i.e., GLODAPv2). Such calculations have
uncertainties that are comparable to or only slightly worse than measurements (Millero, 2007), but the choice of
dissociation constants and the boron/salinity ratio (Lee et al., 2010; Uppstrom, 1974) leads to subjective decisions
with significant impacts on the resulting offsets (Fong & Dickson, 2019; Woosley, 2021; Woosley & Moon, 2023).
Currently no consensus exists on which set of constants should be used (Carter et al., 2024b). In addition, the TAlk
and TCO; pair for calculations has the largest uncertainty (McLaughlin et al., 2015; Millero, 2007), while discrete

fCO; data are hardly available, and when combined with TCO> or TAlk to calculate pHr, inconsistencies beyond

uncertainty propagation are clearly identified (Garcia-Ibafiez et al., 2022); additional complications derive from
the possible presence of organic alkalinity, which is not considered in the calculations and could lead to a spurious
offset that is due to uncertainties in TAlk rather than pHr (Sharp & Byrne, 2020, 2021; Woosley et al., 2025). The
conclusion from all such considerations is that using internal consistency between measured and calculated pHr is
inappropriate for secondary QC; consequently, few pHr data were adjusted in the GLODAPv2 updates. For
GLODAPV3 the state of knowledge was thoroughly reviewed. The decision not to apply secondary QC on pHr
data was primarily based on an improved understanding of pHr uncertainties (Alvarez et al., 2020, 2025; Carter et
al., 2024b; Carter et al., 2024a; Fong & Dickson, 2019; Pérez et al., 2026, Takeshita et al., 2021; Woosley &
Moon, 2023), a growing recognition that a constant offset for each cruise was not appropriate (Carter et al., 2018;
Takeshita et al., 2021; Woosley & Moon, 2023), and on challenges resulting from different methodologies.

Perhaps the biggest challenge in secondary QC of pHr is the form that any adjustment should take. In GLODAPv2
constant offsets were used. However, since GLODAPvV2 was first released, several studies have found that offsets
are generally pHt dependent (Alvarez et al.,, 2020; Carter et al., 2018; Carter et al., 2024a) and therefore
adjustments should likely include a slope and intercept. Given the small dynamic range of pHr in the deep-water
reference layers, and the comparatively limited amount of pHr measurements currently available, determining
such offsets by crossovers alone would be highly uncertain at best. Recent studies suggest that using a constant
offset based on deep-water reference layers may lead to an overcorrection of pHr in surface waters (Williams et
al., 2017; Alvarez et al., 2020; Pérez ct al., 2026).

Although several measurement methods exist for many of the variables evaluated by GLODAP, pHr methods have
the most and the largest method-dependent potential offsets. These method-dependent differences are further
exacerbated by the lack of a standard reference material for pHr (Capitaine et al., 2023; Woosley et al., 2025). The
two main methods for determining pHr are potentiometry and spectrophotometry. Glass electrode potentiometric
measurements are an order of magnitude less precise than spectrophotometric measurements and have mostly been
determined to be of too low quality to be included in the GLODAP database (Olsen et al., 2016), so only few
cruises were kept, the ones where primary QC showed low dispersion and reasonable accuracy. Yet, even with the
very high precision of spectrophotometric pHr, the discovery of impurities in the commercially available indicators
used (Yao et al., 2007) and subsequent purification methods (Liu et al., 2011; Patsavas et al., 2013) leads to pHt
dependent offsets between measurements that used purified or unpurified indicator (Alvarez et al., 2020). Such
differences can be accounted for (Douglas & Byrne, 2017) but the required corrections are rarely made, and
accounting for impurities in historical data is difficult (Alvarez et al., 2025, Perez et al., 2026). Assuming that
measurements using purified indicator represent the most accurate values currently available, it is possible to
perform secondary QC using cruises with purified indicator as a reference; however, currently few such cruises
(~40) are available and the global distribution is uneven. Further, efforts to account for methodological differences
require a significant amount of metadata, which is often not available or difficult to find. The authors did attempt
to compile such metadata, but it was extremely challenging and often the information is lacking in cruise reports
or are unclear, particularly for older cruises. Given the ever-growing number of seawater pHt measurements being
made, however, and with concerted efforts to use purified indicators or account for impurities, it is possible to
resolve these issues in future GLODAP versions. Doing so requires those that use purified indicator dye to verify
the purity (Takeshita et al., 2021) and those using impure indicator dyes to account for impurities (Douglas &
Byrne, 2017) and document how. Development of standard operating protocols and ensuring that laboratories
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make raw absorbance values publicly available would greatly improve the potential for secondary QC of pHr in
the future.

Globally, the uncertainty in pHr is roughly comparable between GLODAPv2 and GLODAPvV3, and there is no
evidence of reduced quality of pHr data in this latest version compared to previous versions. However, there are
likely to be regional and cruise specific differences that should be evaluated when comparing studies that used
different versions. Despite pHr not receiving secondary QC in GLODAPv3, research to address the challenges
discussed above combined with more measurements to increase the number of crossovers will likely allow pHr to
receive secondary QC in a future version.

4.2 Global vs Regional Consistency

The goal of GLODAP is to provide “an internally consistent biogeochemical data product of carbon-relevant data
for the world ocean”, by ensuring comparability among datasets to allow data sets from different sources to be
used together with greater confidence. Achieving global consistency is not an easy task. It is well known that there
are few cruises that connect the major ocean basins, and because those few cruises can strongly influence any
global inversion solution for adjustments, GLODAP, following Gouretski and Jancke (2001) and Johnson et al.
(2001), has historically relied on independent regional WLSQ inversions, where adjustments were determined
separately within each individual ocean basin or even among groups of cruises in the same basin (Olsen et al.,
2016). While this basin-specific framework effectively achieves basin-wide consistency, where adjustments
roughly mirror initial CWMOs, it does not provide any information on global consistency. It should be added that
in the context of GLODAP, consistency is not the same as accuracy. Even with broad access to certified reference
materials for some variables (Aoyama et al., 2025), we cannot claim to know the accuracy of any ocean data since
we do not know the true value.

With much more cruise data available than before for GLODAPv3, we tested whether a usable global consistency
solution could be obtained. We compared the global WLSQ solution to basin-scale ones and found substantial
differences. Further, a spatial pattern emerges when comparing the adjustment from the global WLSQ with the
CWMOs (Fig. 15). Ideally the sum of these two should be zero, or very close to zero, but instead it tends to be
negative in the northwest Pacific and positive elsewhere meaning that the northwest Pacific receives lower
adjustments than expected from the CWMOs and all other regions receive higher than expected adjustments. While
the spatial pattern differs somewhat across variables, all variables show similar large differences, with the most
pronounced difference seen for TCO; (Fig. 15). Since there is no apparent physical or biogeochemical reason to
expect systematic biases solely based on the cruises being in different ocean basins, there is reason to question the
appropriateness of using this global solution to create a globally consistent data product. It appears that while the
global WLSQ inversion gives us the mathematically optimal solution, it does not provide the optimal solution for
GLODAP.
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Figure 15: Map showing the sum of the initial CWMO and the suggested adjustment from the global WLSQ solution. This
example shows results from TCO> data in GLODAPv3. Note that the NNATL region and the Arctic is excluded from this
inversion (see Sect. 2.2.4 for details).

To get a better understanding of these patterns, we performed a network analysis. Figure 16 illustrates the ‘global’
network for TCO, with nodes (shown as circles) representing each cruise (entry) and lines their connection, via
cruise-pairs, to other cruises. Here, clusters of circles form whenever cruises are regionally well connected and
spread out when there are fewer crossovers connecting collections of cruises. Generally, we see pronounced
clustering with uneven cluster sizes and densities, as well as weak connectivity between the different clusters. The
northwest Pacific represents the largest and densest cluster, reflecting the high repetition of a subset of cruises.
Further, it is evident that the connection between the Pacific and Indian oceans is exceptionally weak (as indicated
by the large yellow node in Fig. 16, corresponding to just a single cruise (49NZ20121128)), and that there is no
direct connection at all between the Atlantic and Pacific oceans.
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Figure 16: Cruise network for TCO2 in GLODAPv3. Nodes (shown as circles) represent cruises and the lines their
connection via cruise-pairs to other cruises. The size and color of the circles indicate the ‘betweenness centrality’ (Al-Ward
et al., 2022), a metric indicating the importance of a node for connecting the network globally.

When iterated (~10° steps) to global convergence, i.c., steady state with respect to continuing iterations, the FF
inversion approximates the same solution as the global WLSQ inversion (Humphreys et al., in prep). This
highlights that it is the mathematically optimal solution to our matrix of equations. A great benefit of the FF
inversion is that we can easily evaluate the adjustments at each iteration (Fig. 17), unlike the WLSQ which, from
a user point of view, provides the solution in one step. In Fig. 17 each line represents the adjustments applied to a
cruise at each iteration minus the final adjustment for that cruise after 10° iterations. The iterative process works
in such a way as to maximize consistency between closely connected cruises first, meaning that clusters emerge.
The colors in Fig. 17 indicate the cluster each region belongs to. These clusters are not pre-defined but emerge
from the iterative adjustment process. As the iteration continues, the clusters are moved towards global
consistency, using very small adjustments at each step. In the GLODAP network of cruises we find that global
consistency is achieved by shifting all other clusters towards the Pacific Ocean cluster (PAC, Fig. 17), which is
what we see in the WLSQ solution (Fig. 15).

By introducing a cut-off threshold within the FF inversion (step 2 as described in Sect. 2.2.4.2) we can stop the
iterative process at the point where convergence within clusters is achieved. At this point all cruises in the Atlantic
would need an additional upward adjustment of approximately 6 pmol kg™ to converge with the Pacific, and all
other regions 2-5 pmol kg™'. We cannot think of any reasonable cause for such large adjustments and therefore
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choose to use the solution at the cut-off point. We want to note that Fig. 17 does not show that there is a 6 umol
kg™ difference between the Atlantic and Pacific in GLODAPv3. It merely shows that if allowed to run until full
convergence the FF method would apply this, in our view incorrect and unnecessary, adjustment. Thus, although
GLODAP aims to provide globally internally consistent data, the present analysis can only explicitly ensure
regional internal consistency. Users of GLODAP should be aware of this important limitation. However, this does
not imply that global consistency is absent. It rather indicates that the current characteristics of the global cruise-
pair network, together with the uncertainties inherent in the crossover and inversion analysis, do not permit robust
conclusions regarding global consistency.

PAC
PAC-50

SO

IND-SO
IND-PAC-SO
IND
IND-PAC
ATL-IND-SO
ATL-PAC-SO
ATL-SO
ATL-PAC
ATL

Adjustment — final adjustment / pmol kg™t

6 8 10 250 500 750 1000
Number of FF iterations / 1000

Figure 17: An example of how the iterative FF inversion works to create a globally convergent solution. The figure is created

using the TCO2 data in GLODAPv3. Each line represents the adjustments applied at a given iteration of the FF inversion

minus the final adjustment after one million iterations. Colors indicate the cluster that each cruise belongs to. The vertical red

line indicates the estimated cut-off (5% of the minimum adjustment limit), which for TCOz is iteration 1131. The vertical

black line indicates a scale change of the x-axis.

4.3 Comparisons to GLODAPv2

Relative to GLODAPv2, the number of crossovers nearly doubled in GLODAPv3 (Table 10), underscoring the
need for re-evaluation of all adjustments. Given this substantial increase in crossovers together with a more
formalized method to retain trends in deep ocean data, statistically derived adjustment thresholds, and inversion
solutions optimized for smaller regions, it is expected to see differences in the adjustments applied in GLODAPv3
relative to GLODAPvV2 (including the updates). Figure 18 summarizes these differences. Overall, the mean and
standard deviation of the differences are small and indicate no systematic shift. The large number of cruises that
were unadjusted in GLODAPv2, but received adjustments in GLODAPv3 reflects the reduced minimum
adjustment thresholds (Table 6). Conversely, cruises that were adjusted in GLODAPv2 but not in GLODAPvV3 are
mostly associated with adjustments that were large but too uncertain to justify correction.

The most substantial structural changes are present in silicate and alkalinity adjustments, a result of revised pre-
inversion adjustments. In GLODAPv2 we were unable to find a definitive cause for the 2% systematic difference
in silicate between Japanese and U.S. data (Fig. 5 in Olsen et al., 2016). As a pragmatic solution, Japanese data
were therefore increased by 1% and U.S. data decreased by 1%. In the GLODAPv2 updates, new data were
adjusted toward the reference dataset (Lauvset et al. 2022). With substantially more recent silicate data available
for GLODAPv3, the 2% difference is now attributed to systematic inconsistencies within the Japanese data
themselves (Fig. 11 and Fig. 12; Sect. 3.2.4), linked to changes in silicate standard solutions and to the uncertainty
of the standard solutions. The resulting pre-inversion adjustments applied to pre-2010 and post-2019 Japanese data
therefore constitute a major revision relative to GLODAPv2 and its updates. For alkalinity a systematic difference
of 6 umol kg™ between Japanese and U.S. cruises was identified in GLODAPv2 and corrected with a 6 pmol kg™
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pre-inversion adjustment for non-GO-SHIP Japanese data. However, this systematic difference could not be
reproduced in the GLODAPvV3 dataset. Instead, a systematic difference of 3 pumol kg™ was identified between pre-
and post-2010 Japanese data (Fig. 14; Sect. 3.2.8). While no definitive cause has been identified for this shift we
are more confident that the post-2010 Japanese data are accurate since they align with alkalinity data from other
countries. We therefore corrected the systematic difference in Japanese data by applying a bulk adjustment to all
pre-2010 Japanese alkalinity data. This different pre-inversion adjustment relative to GLODAPvV2 means that the
pre-2010 Japanese alkalinity data in GLODAPvV2 (and its updates) are ~3 umol kg™ higher than those same data
in GLODAPv3. Noteworthy in this regard is Muller et al.’s (2023) additional 2.05 umol kg™ correction to post-
2010 Japanese alkalinity data in GLODAPv2.2022 for their anthropogenic carbon estimates. Although that
correction improved consistency, it effectively adjusted different decade(s) than are now adjusted in GLODAPv3.

The biggest structural difference between GLODAPv2 and GLODAPvV3 is probably the approach to regionalize
inversions. In GLODAPv2 the regions used in the WLSQ inversions were pre-defined, while in GLODAPv3 the
clusters emerge directly from the iterative FF routine. In principle the regional solutions used in GLODAPv2 and
the cluster convergence resulting in GLODAPvV3 are the same, but the latter is a more objective approach to
clustering based on the properties of the actual network of cruise-pairs, which also lead to a different number of
clusters. The different clusters in GLODAPv2 versus GLODAPvV3 also prevent a quantitative assessment of any
differences in global (in)consistency in the two versions. Additional comparisons of the global consistency, i.e.,
the mean absolute error of all cruise-pair offsets after adjustments have been applied, between GLODAPv2 and
GLODAPvV3 indicate a general improvement for all core variables. Although the differences are modest, they
likely reflect that there are more recent observations in GLODAPv3, and that recent observations benefit from
improved methodologies and access to reference materials. We therefore conclude that despite the changes in
methodology, we find no evidence of significant differences between GLODAPv2 and GLODAPv3 (aside from
the bulk pre-inversion adjustments), but a slight improvement in the latter.

Table 10: Number of crossovers and in brackets number of cruises for the different cruise networks.

Parameter Globe NNATL Arctic Total
02 17006 (737) 2594 (123) 1388 (102) 20988
SAL 18378 (772) 3046 (135) 1618 (109) 23042
NOs: 15951 (689) 1275 (100) 1416 (102) 18642
PO2 15204 (655) 928 (87) 1444 (102) 17576
SIL 13573 (653) 997 (101) 1407 (100) 15977
TCO: 7170 (524) 924 (83) 788 (84) 8882

TAIk 5781 (473) 760 (74) 736 (80) 7277
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5. Lessons learned and Outlook

5.1 Systematic metadata requirements

GLODAP has compiled a Metadata Table
(https://github.com/GLODAP/glodap.github.io/tree/main/docs/MetaData, last accessed 26.06.2026) which is
intended both as a living resource and as a foundation for more standardized and structured metadata reporting
practices. Accordingly, the systematic examination of available cruise reports and additional metadata information
to improve the transparency and usability of all (meta)data has been an ongoing effort within GLODAPv3. Where
available, the compiled information includes the general analytical methods applied during each cruise, the
instruments used, the pH and fCO2 measurement scales and temperature conditions, as well as the use of (certified)
reference materials ((C)RMs). Additional metadata fields document whether analyses were conducted on-board or
on-shore after the cruise, as well as information related to sample preservation and storage. At present, about 75%
of cruises have undergone this detailed metadata examination, and the effort is ongoing. However, it should be
noted that detailed methodological metadata are frequently missing or incomplete, and discrepancies between
cruise reports and the corresponding submitted data files are relatively frequent. In particular, whether and how
(C)RM-based corrections are applied could not always be identified, which complicates the retrospective
assessment of methodological biases and uncertainties.

5.2 Outlook

Several developments are planned to extend the functionality and scientific utility of GLODAP.

The most immediate planned addition to GLODAPv3 is the development of a mapped (gridded) version of the
product, similar to that published by Lauvset et al. (2016) for GLODAPv2. For this, the Data-Interpolating
Variational Analysis (DIVA) method (Beckers et al., 2014; Barth et al., 2014) will be applied to GLODAPv3 to
provide global 1° x 1° mapped fields of temperature, salinity, oxygen, nutrients, inorganic carbon parameters, and
water ages derived from halogenated transient tracers. Following a structure analogous to the World Ocean Atlas
(Reagan et al., 2023), four climatologies will be generated: a 50-year average climatology covering 1972-2022,
and three decadal climatologies for the 1990s, 2000s, and 2010s. All climatology products will be accompanied
by corresponding uncertainty fields, propagating the observational uncertainties (Sect. 2.2.6) through the mapping
procedure, and explicitly accounting for representation error (Gregor and Gruber, 2021).

Methodological expansion is also desired for GLODAP through the development of a dedicated data ingestion
system, likely in collaboration with the autonomous CARIMED (Alvarez et al. 2025) that adds a significant
number of cruises from the Mediterranean Sea, to streamline (meta) data integration and quality control workflows.

Despite these future ambitions, the GLODAP effort remains entirely dependent on project-based funding. This
structural limitation poses challenges for long-term sustainability and capacity planning (Tanhua et al., 2021). In
addition, a continued decrease in the number of available cruises since approximately 2015 represents an ongoing
constraint, potentially affecting future data coverage and update frequency (Fig. 19). A similar decline in data
availability has also been observed in SOCAT (Bakker et al., 2025). At the time of writing, continued updates of
GLODAPv3, similar to those for GLODAPvV2, have not been funded. It is nevertheless our ambition to release the
first update in 2028, subject to available funding.
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Figure 19.: Number of cruises per year in GLODAPv2.2023 (black) and GLODAPv3 (red).
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5.3 Recommendations

Based on the development of GLODAPv3, several recommendations can be made regarding its use, future data
provision, and broader strategies for improving the cruise network.

Users of the data product should note that all data included in GLODAP are of high quality as a result of primary
quality control. The secondary QC flag (Table 5) in turn only indicates whether systematic differences relative to
other cruises could be assessed and corrected for. Data without secondary QC are thus not to be confused with
poor-quality data. Further, the calculated carbon system variables (Sect. 2.2.7) are provided for convenience.
However, depending on the scientific objective, recalculation of carbonate system variables using alternative
equilibrium constants or a different combination of input variables, for example including fCO,, may be preferable.

To further improve usability and interoperability of ocean biogeochemical data, we recommend more
comprehensive and standardized metadata reporting practices together with the provision of metadata in structured,
machine-readable formats. In particular, metadata should include information such as absorbance and
measurement temperature data for spectrophotometric pH analyses, as well as explicit documentation of whether
and how (C)RM-based corrections have been applied to variables such as TAlk, TCO, and the macronutrients.
Similarly, improved synchronization across distributed data archives would strengthen consistency, and
interoperability between different access points.

Based on the network analysis presented in Fig. 16, we further recommend the establishment of new cruise sections
in regions that strengthen inter-basin connectivity and reduce dependence on a limited number of high-centrality
crossover nodes. Theoretically, this could best be achieved through large-scale “super cruises” designed to
intersect all regional clusters. However, given the substantial logistical and financial constraints associated with
such expeditions, including ship time, fuel costs, and personnel availability, realization of this is unlikely in
practice. Nevertheless, broader discussion within the seagoing oceanographic community on strategies to improve
inter-cluster connectivity remains necessary.

Code and Data Availability

The merged and adjusted GLODAPv3 data product (https://doi.org/10.25921/m6tp-m;j50) is archived at OCADS
of NOAA NCEI under the CC BY 4.0 license. The data product is distributed as comma-separated ASCII files
(*.csv), as Network Common Data Form files (*.nc), and as binary MATLAB (*.mat) files using the open-source
Hierarchical Data Format Version 5 (HDF5). In addition, the product is available as an Ocean Data View (ODV)
file that can be explored online through the “webODV Explore” service and via the Environmental Research
Division’s Data Access Program (ERDDAP) server. As for GLODAPvV2, regional subsets are provided for the
Arctic, Atlantic, Pacific, and Indian oceans. These subsets do not overlap, and each cruise is assigned to only one
basin file, even when cruise tracks extend across basin boundaries.

All figures and cruise statistics generated during the secondary QC procedures are available through the online
GLODAPv3 Adjustment Table (https://glodapv3.geomar.de, last accessed 26.06.2026) hosted by GEOMAR, Kiel,
Germany. The Adjustment Table follows the structure and functionality of the GLODAPv2 Adjustment Table
(Olsen et al., 2016). Tables with all the GLODAPvV3 cruise-pair offsets are provided through the GLODAP GitHub
repository (https://github.com/GLODAP/glodap.github.io, last accessed 26.06.2026). The repository also contains
all code used in the preparation of GLODAPvV3, including a script for removing all applied adjustments and
generating an unadjusted version of GLODAPvV3 (reversing step 5 in Fig. 8). The GLODAPv3 Metadata Table
(Sect. 5.1) is hosted here, as well.

The original cruise files are also publicly available and can be accessed via the DOIs provided within the data
product. The files are distributed in WOCE exchange format (Sect. 2.2.1) and include updated WOCE flags, but
do not include any adjustments, nor merged bottle and CTD values for oxygen and salinity. Note that, for some
time series or campaigns, the data have not been segmented into individual cruises but instead maintained as
collections under a single EXPOCODE (Table S1).

While GLODAPvV3 is openly available without restrictions, users are encouraged to follow fair data use principles.
Studies relying on specific cruise data should acknowledge the contributions of the original data providers by
citing both the relevant cruise DOI(s) and associated publications describing the datasets. Users are also
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encouraged to contact the principal investigators to discuss opportunities for collaboration and co-authorship. To
this end, DOIs are included in the product files. Communication with the principal investigators can further
improve scientific interpretation, as they often possess expert knowledge of the sampled regions and datasets.
Proper citation of this paper in publications using the product is also encouraged, as citation tracking supports
continued funding and future updates of GLODAP.
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