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OVERVIEW OF REPEAT 
HYDROGRAPHY AT NOAA PMEL 
Approximately 30% of anthropogenic car-
bon dioxide emissions are taken up by the 
ocean (Sabine et  al., 2004; Gruber et  al. 
2019; Friedlingstein et al., 2022), and this 
carbon uptake increases seawater acidity. 
As the planet warms, ocean temperatures 
rise; indeed, heat uptake by the ocean is 
more consistent than atmospheric warm-
ing and comprises ~90% of Earth’s energy 
imbalance (von Schuckmann et al., 2020). 
The excess heat contributes to increased 
ice melt (Rignot and Jacobs, 2002; Steele 
et  al., 2010) and seawater expansion, 
which amounts to about 1.3 mm yr–1 of 
the 3.1 mm yr–1 sea level rise rate from 
1993 to 2015 (Cazenave et al., 2018). The 
irregular distribution of increased heat 
uptake also changes ocean currents; for 
example, large increases in warming of 
the northern Atlantic and Arctic Oceans 
have been linked in model results to 
shifts in ocean circulation (Desbruyères 
et  al., 2021; Tsubouchi et  al., 2021), and 
western boundary current extensions are 
expected to shift poleward in a warm-
ing world (Wu et  al., 2012; Yang et  al., 
2016). Interactions between the surface 
and the abyssal ocean are also chang-
ing as surface-​intensified warming and 
freshening around Antarctica increase 
the stratification of near-surface waters, 
reduce mixed layer depths, increase the 
density differences between near-surface 
and deeper water masses, and decrease 

ventilation of the deep ocean (Capotondi 
et al., 2012; Li et al., 2020). Recent stud-
ies point to declines in ocean oxygen con-
tent, and these changes in circulation and 
ventilation might be in part responsible. 

Measurements from repeat hydro-
graphic transects provide a clear record 
of high-quality data from ocean surface 
to bottom and from coast-to-coast going 
back several decades. The co-​location of 
different types of measurements from 
these transects enables novel analyses of 
long-term changes in ocean ventilation 
and the oceanic uptake of excess heat and 
anthropogenic carbon (Feely et al., 2014; 
Talley et  al., 2016). The Global Ocean 
Ship-based Hydrographic Investigations 
Program (GO-SHIP) was initiated in 
2007 as an extension of past research 
programs. The World Ocean Circulation 
Experiment (WOCE) sought, among 
other goals, to obtain a quasi-​synoptic 
sampling of global ocean circulation 
and water properties from 1988 to 1998, 
in coordination with the Joint Global 
Ocean Flux Study (JGOFS). The Climate 
Variability (CLIVAR) program, launched 
in 1995, sought to study variability of 
changing ocean properties and circula-
tion. GO-SHIP consists of repeat tran-
sects, mostly based on those followed by 
these earlier programs, that span the globe 
and are now sampled by US and inter-
national GO-SHIP cruises at a nominal 
cadence of once per decade (Figure 1). 

The Pacific Marine Environmental 
Laboratory (PMEL) and NOAA coop-
erative institute researchers have been 
key contributors to GO-SHIP, CLIVAR, 
and WOCE repeat hydrographic obser-

vations, participating in 58 cruises along 
GO-SHIP transect lines since 1985, 
and working closely with colleagues at 
NOAA’s Atlantic Oceanographic and 
Meteorological Laboratory (AOML) and 
US National Science Foundation (NSF)-
funded partners in the United States, as 
well as coordinating with international 
partners. Dedicated instrument techni-
cians form the core of these contribu-
tions and have for decades provided the 
professionalism and expertise that allow 
GO-SHIP cruises to provide the data 
quality and precision that are required 
to quantify and understand long-term 
changes in the ocean. In addition, PMEL 
scientists often take leadership roles on 
GO-SHIP cruises, including serving as 
chief or co-chief scientists for 21 cruises 
to date. PMEL leads the CTD and oxygen 
instrument calibration and processing on 
NOAA-led GO-SHIP cruises (Figure 1) 
and measures carbon system parameters 
on almost all US-led GO-SHIP cruises.

GO-SHIP cruises adhere to strict mea-
surement quality and data access stan-
dards (Sloyan et  al., 2019) that ensure 
the highest quality data with timely 
access for the broader research com-
munity and align with FAIR (findable, 
accessible, interoperable, and reusable) 
data principles (Wilkinson et  al., 2016). 
Measurements include “core variables” 
(Level 1) that are included on every 
cruise, such as temperature, salinity, dis-
solved oxygen (DO), nutrients, veloc-
ity, carbonate chemistry (two of dis-
solved inorganic carbon, total alkalinity, 
and pH), and transient tracers such as 
chlorofluorocarbons (CFCs) and sulfur 
hexafluoride (SF6). Another set of mea-
surements (Level 2) are recommended 
but not required, and include carbon 
isotopes, iron concentrations, nitrous 
oxide, and additional carbonate param-
eters. Finally, cruises may include other 
ancillary measurements (Level 3) that 
are specific to a given region or are more 
experimental in nature. 

The focus on highly accurate and pre-
cise co-located measurements is vital to 
studying long-term changes in the ocean. 

ABSTRACT. The ocean is warming, acidifying, and losing oxygen. The Global Ocean 
Ship-based Hydrographic Investigations Program (GO-SHIP) carries out repeat hydro-
graphic surveys along specified transects throughout all ocean basins to allow accurate 
and precise quantification of changes in variables such as temperature, salinity, carbon, 
oxygen, nutrients, velocity, and anthropogenic tracers, and uses these observations to 
understand ventilation patterns, deoxygenation, heat uptake, ocean carbon content, 
and changes in circulation. GO-SHIP provides global, full-depth, gold-standard data 
for model validation and calibration of autonomous sensors, including Argo floats. The 
Pacific Marine Environmental Laboratory (PMEL), through sustained funding from 
NOAA, has developed methods to measure several of the variables routinely sampled 
through GO-SHIP and is a core contributor to these repeat hydrographic cruises.

FACING PAGE. CTD frame lowered over the 
side of R/V Roger Revelle during the 2023 occu-
pation of GO-SHIP transect I05. Photo credit: 
Jomphol (Jom) Lamoonkit, University of Hawai‘i
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For example, a major source of uncer-
tainty in decadal changes in ocean car-
bon inventory is measurement uncer-
tainty (Sabine et al., 2004; Bockmon and 
Dickson, 2015; Carter et  al., 2019a,b). 
Ocean warming trends in the abys-
sal ocean estimated from repeat hydro-
graphic section data are statistically sig-
nificant but often only slightly above the 
noise threshold (Purkey and Johnson, 
2010; Desbruyéres et  al., 2016). When 
a small group of well-coordinated lab-
oratories, such as NOAA’s PMEL and 
AOML, generates repeated measure-
ments across a given transect over mul-
tiple decades, the stability provided by 
consistent methodology, instrumenta-
tion, and personnel improves our abil-
ity to distinguish small changes in the 
measured values. This consistency also 
allows for sustained evaluation and 
refinement of measurement techniques 
toward even greater accuracy and preci-
sion. The following sections describe how 
repeat hydrography from GO-SHIP has 
increased our understanding of changes 

in ocean ventilation and the uptake of 
heat and carbon over the past decades, 
with a focus on repeat transects along 
line P16 (Figure 1, 151°W) in the Pacific 
Ocean (Figure 2). We also highlight sev-
eral areas in which analytical develop-
ments made at PMEL have significantly 
contributed to measurements made 
during GO-SHIP cruises.

CHANGES IN OCEAN 
VENTILATION OVER TIME
Many changes in the ocean are caused 
by the interaction of the ocean with the 
atmosphere. In order for physical and 
chemical signals to penetrate from the 
atmosphere into the ocean interior and 
especially the abyssal ocean, waters from 
the surface must be subducted into the 
ocean interior. This vertical transport of 
waters, or ventilation of interior waters, 
can be studied using measurements of 
compounds such as CFCs that only have 
an anthropogenic source. 

The story of CFC measurements in the 
ocean highlights the importance of sus-

tained institutional effort in developing 
analytical measurement techniques. A 
pioneering study came from the Uni
versity of Washington and PMEL through 
Richard Gammon, Joel Cline, and David 
Wisegarver, who developed a sampling 
and analytical system that could measure 
CFCs in seawater without contamination 
from atmospheric CFCs (Gammon et al., 
1982). Depth profiles of CFCs collected 
in the Northeast Pacific were used to esti-
mate upwelling and vertical mixing rates, 
providing an independent estimate of the 
oceanic uptake of anthropogenic CO2. As 
improvement of CFC measurement tech-
niques and additional tracers proceeded 
at PMEL (Wisegarver and Gammon, 
1988), in parallel, two graduate stu-
dents, John Bullister and Mark Warner, 
were developing analytical techniques, 
calibration standards, and solubility 
functions in the Ray Weiss laboratory at 
the Scripps Institution of Oceanography 
(Warner and Weiss, 1985; Bullister and 
Weiss, 1988). When Bullister was hired 
by PMEL in 1990, these approaches were 
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FIGURE 1. Global Ocean Ship-based Hydrographic Investigations Program (GO-SHIP) repeat transects colored by their temporal resolution. Years 
shown reflect cruises with NOAA Pacific Marine Environmental Laboratory (PMEL) participation, and the shaded boxes represent those transects for 
which NOAA is primarily responsible. Transects occupied at approximately decadal resolution since the World Ocean Circulation Experiment (WOCE) 
era (1990–1998) are in black, transects developed more recently than WOCE are in red, and transects extending back to the WOCE era but with gaps 
of 15 years or more between subsequent occupations are in blue. Transects and dates shown here reflect data submitted to the CLIVAR and Carbon 
Hydrographic Data Office (CCHDO).
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adopted there and spread worldwide 
(see the tribute to Bullister in Box 1). 

As part of JGOFS, CFC measure-
ments became a core component of 
WOCE expeditions of the 1990s. These 
early cruise sections were at the time 
used to quantify thermocline ventilation 
and turnover timescales and, exploit-
ing the similar penetration patterns of 
DO and CFCs in the upper ocean, oxy-
gen consumption rates in the thermo-
cline (Doney and Bullister, 1992; Warner 
et  al., 1996, Feely et  al., 2004). Analyses 
of CFC concentrations and other section 
data have documented anthropogenic 
changes in nutrient cycling and CO2 
uptake in the Pacific Ocean (Sonnerup 
et al., 1999a; Sabine et al., 2002; Kim et al. 
2014) and elsewhere (Gruber et al., 1996; 
Sonnerup et  al., 1999b; Key et  al., 2004 
Sabine et al., 2004). These measurements 
are now used extensively for ocean circu-
lation model validation and assimilation 
(e.g., DeVries, 2022).

The decadal penetration of anthropo-
genic perturbations from the atmosphere 
through the bottom of the main thermo-
cline can be visualized in the near-​decadal 
re-occupations of key WOCE lines 
during WOCE, CLIVAR, and GO-SHIP 
cruises. In P16 (Figure 1; 151°W), the 
invasion of surface properties into the 
interior is indicated by the large CFC-12 
signal in the upper kilometer of the 
ocean, approximately bounded by neu-
tral density 27.8 kg m–3 in the southern 
latitudes and 27.4 kg m–3 in the northern 
latitudes (Figure 2a). This anthropogenic 
signal penetrates deeper into the ocean 
interior in the Southern Ocean between 
30°S and 55°S due to strong westerly 
winds in the Southern Ocean that cre-
ate deep mixed layers and lead to the for-
mation of intermediate and mode waters. 
CFCs can also be detected at the ocean 
bottom south of 60°S along P16 as well 
as other transects (e.g.,  Sonnerup et  al., 
2015), implying that at least a portion of 
the water found at these depths was venti-
lated since human CFC emissions began.

CFC-12 concentrations in the ocean 
respond to changes in CFC-12 concentra-

tions in the atmosphere, which increased 
from the late 1930s until the early 2000s 
but have been decreasing since then fol-
lowing the adoption of the Montreal pro-
tocol in 1987. The subsequent decline in 
atmospheric and upper ocean CFC levels 
significantly complicated the application 
of CFCs as a way of dating ocean waters 
(Weiss et  al., 1985; Doney and Bullister, 
1992), and in shallow waters broke 
the natural link that existed between 

anthropogenic CO2 and CFCs (Matear 
et al., 2003). In P16, the largest change in 
CFCs is seen in the subsurface, at about 
500 m depth, which represents the pene-
tration of anthropogenic signals through 
the main thermocline (Figure 2b). Early 
efforts indicated that SF6, another anthro-
pogenic gas whose atmospheric concen-
trations are still increasing, would be a 
powerful complement to CFC measure-
ments (Waugh et  al., 2002). PMEL led 

FIGURE 2. Data from the P16 cruises in 2014/2015 (left) and the rate of change between 2014/2015 
and 1991/1992 cruises (right). Measurements were made every ½° of latitude except between 
3°S and 3°N, where measurements are made every ⅓° of latitude. Data for each year are objec-
tively mapped and then the difference is taken. Black lines show neutral density contours at 
27.4 and 27.8 kg m–3. Temperature is conservative and salinity is absolute, following standard con-
ventions. ∆pH (panel l) and ∆Ωarag (panel n) are calculated from the ∆Canth estimates (panel j), which 
are described in the text. Stippled areas in panels j, l, and n represent rates of change less than two 
times the uncertainty on the ∆Canth results.

ΔTemperature (°C yr–1)

D
ep

th
 (k

m
)

CFC-12 (pmol kg–1) ΔCFC-12 (pmol kg–1 yr–1)

DO (µmol kg–1) ΔDO (µmol kg–1 yr–1)

Canth (µmol kg–1) ΔCanth (µmol kg–1 yr–1)

pH ΔpH (yr–1)

Ωarag

Latitude Latitude
–60 –60–40 –40–20 –200 020 2040 40

ΔΩarag (yr–1)

Temperature (°C)

Salinity (g kg–1) ΔSalinity (g kg–1 yr–1)

D
ep

th
 (k

m
)

D
ep

th
 (k

m
)

D
ep

th
 (k

m
)

D
ep

th
 (k

m
)

D
ep

th
 (k

m
)

D
ep

th
 (k

m
)

1
2
3
4
5

2

1

0.05

0.00

–0.05

300

200

100

1

0

–1

20

15

10

5

0

0.025

0.000

–0.025

35.5

35.0

34.5

0.005

0.000

–0.005

60

40

20

0

1

0

–1

8.0

7.9

7.8

7.7

7.6

0.001

0.000

–0.001

2

1

0.005

0.000

–0.005

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

a

e

k

c

i

g

m

b

f

l

d

j

h

n



Oceanography | Vol. 36, No. 2–364

the effort to determine the solubility of 
SF6 in seawater (Bullister et  al., 2002). 
Eventually, once measurement tech-
niques for dissolved SF6 were finalized 
(Vollmer and Weiss, 2002; Tanhua et al., 
2004; Bullister et  al., 2006; Bullister and 
Wisegarver, 2008), it became a Level 1 
measurement for GO-SHIP. Combining 
data from CFCs and SF6 has permitted 
analyses on decadal changes in ocean 
ventilation that would not be possible 
without both measurements (Sonnerup 
et al., 2008, 2015; Shao et al., 2016). 

The minimal natural variability in 
CFC concentrations results in clear pat-
terns in their concentration changes even 
in “snapshots” measured a decade apart 
in a highly variable ocean (Figure 2b). 
For most other GO-SHIP measurements, 
natural variability in water masses and 
biogeochemical processes is a bar-
rier to direct examination of decadal 
changes, particularly in the upper ocean. 
Nevertheless, repeated measurements 
of DO and collocated measurements 
over time along multiple sections have 
revealed evidence of regional and global-​
scale deoxygenation (Figure 2c,d). For 
example, deoxygenation of 0.5%–3.3% 
was found in the upper kilometer of the 
ocean from 1970 to 2010 (Helm et  al., 
2011; Schmidtko et  al., 2017; Bindoff 
et  al., 2019). Repeat sections in the 
North Pacific (Mecking et al., 2006, 2008; 
Sonnerup et al., 2007) and North Atlantic 
Oceans (Johnson and Gruber, 2007; 
Stendardo and Gruber, 2012; Tanhua 
et al., 2013) showed decreased DO asso-
ciated with ventilation slowdown in 
intermediate water masses across the 
1990s. Repeat sections in the subtropical 
Southern Hemisphere showed increased 
DO associated with younger interme-
diate waters in the 1990s (McDonagh 
et  al., 2005), followed by decreased 
DO associated with older intermediate 
waters in the 2000s (Talley et  al., 2016). 
Measurements of CFC and SF6 concen-
trations made in concert with DO have 
been critical for diagnosing the physi-
cal drivers of this upper ocean deoxygen-
ation (Sonnerup et  al., 2015). Transient 

John L. Bullister 
1952–2018

John Bullister (PMEL) working on the CTD frame before deployment 
on a GO-SHIP cruise in the Atlantic Ocean (left) and holding a sampling 
bottle from the same cruise (right). Bullister was an integral part of NOAA’s 
GO-SHIP program and played a key role in developing the methodology 
for shipboard measurements and calibration of chlorofluorocarbons (CFCs) 
and other anthropogenic gases (Bullister and Weiss, 1988; Bullister and 
Wisegarver, 1998, 2008; Bullister et al., 2002). He also made crucial mea-
surements of tropospheric concentrations of these gases (Bullister, 2015). 
Contamination of seawater samples is a persistent issue with CFC measure-
ments, especially before the Montreal protocol banned the use of CFCs for 
many common applications. To reduce contamination risk, Bullister devel-
oped a new type of seawater sampling bottle, shown in the photo, that 
improved on the standard “Niskin” design by minimizing contact between 
the water sample and the O-rings in the end cap (Bullister and Wisegarver, 
2008). This lessened the potential contamination of the water sample from 
materials used to manufacture the O-rings. So-called “Bullister bottles” are 
still used during many GO-SHIP cruises.

BOX 1

Oceanography | Vol. 36, No. 2–364
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tracer measurements have provided 
robust support for the conclusion that 
a global-scale reduction in upper ocean 
ventilation induced by ocean warm-
ing is the main cause of recent ocean 
deoxygenation, likely more important 
than decreased oxygen solubility and 
increased subsurface biological oxygen 
demand (Keeling et  al., 2010; Buchanan 
and Tagliabue, 2021). 

OCEAN HEAT UPTAKE AND 
SALINITY CHANGES
Warming of the ocean is inextricably 
linked to ocean ventilation, a major 
pathway through which the anthropo-
genic warming signal propagates into 
interior ocean waters. Deep and bottom 
waters, such as Antarctic Bottom Water 
(AABW), tend to be more uniform than 
upper ocean waters, meaning smaller 
changes in temperature can more eas-
ily be detected there. Significant warm-
ing in deep and bottom waters was 
observed in the Argentine and Brazil 
Basins using an early repeat of WOCE 
section A16S (Johnson and Doney, 2006), 
and subsequently a compilation of tran-
sects from circa 1980 to 2010 showed a 
pattern of warming over recent decades 
in AABW-derived bottom waters that 
intensified to the south, but was global 
in extent, reaching even into the North 
Pacific (Purkey and Johnson, 2010). In 
recent decades, warming of the ocean 
deeper than 2,000 m has been estimated 
from repeat hydrography to be ~10% of 
the total ocean warming (Johnson et al., 
2016), which in turn accounts for ~90% 
of the heating of Earth’s climate system 
(von Schuckmann et  al., 2020). Repeat 
hydrographic section data also showed 
that AABW in the Indian and Pacific 
sectors of the Southern Ocean had been 
freshening (Purkey and Johnson, 2013), 
with that water-mass signal spreading 
into the Southwest Pacific Basin (Purkey 
et  al., 2019). The warming of AABW, 
with its downward and southward con-
traction of isotherms, implied a reduced 
northward flow of AABW at a rate of 
~8 Sv (Purkey and Johnson, 2012). This 

reduced flow could also be seen when 
repeat hydrographic section data were 
assimilated into an ocean circulation 
model (Kouketsu et al., 2011).

The most recent P16 transect shows 
near-​​bottom conservative temperatures 
ranging from 0°–1.5°C and warm-
ing throughout the Southern and 
Pacific Oceans (Figure 2e). This warm-
ing is surface-​​​intensified but also pres-
ent at depth, with a warming trend of 
0.8 ± 0.6 m °C yr–1 below 4,000 db in the 
South Pacific (20°–58°S) and a some-
what smaller warming, of about 0.3 ± 
0.3 m °C yr–1 north of 15°S (Figure 2f; 
see also Purkey and Johnson, 2010). 
Salinity transects (Figure 2g) along this 
line do not show a clear temporal trend 
at depth (Figure 2h). However, south of 
30°S a dipole is apparent, with salinifica-
tion in waters with a neutral density less 
than 27.4 kg m–3 and freshening below, 
for waters with neutral density between 
27.4 kg m–3 and 27.8 kg m–3, consis-
tent with an amplification of the global 
hydrological cycle and surface warming 
(Durack and Wijffels, 2010).

Warming rates of AABW over recent 
decades estimated from repeat hydro-
graphic section data alone have uncertain-
ties on the order of half of the signal size 
(e.g., Purkey and Johnson, 2010). Repeat 
hydrographic data combined with Deep 
Argo float data can decrease these uncer-
tainties severalfold (e.g.,  Johnson, 2022; 
Johnson and Fassbender, 2023, in this 
issue). Syntheses of these data, like those 
combining repeat hydrographic and core 
Argo for upper ocean heat content and 
salinity change estimates (Rhein et  al., 
2013), promise to greatly increase our 
understanding of deep ocean variations 
and their roles in Earth’s climate system.

INVASION OF ANTHROPOGENIC 
CARBON INTO THE OCEAN
Ocean CO2 uptake has reduced the accu-
mulation of greenhouse gases in the 
atmosphere, slowed the rate of climate 
change (Sabine et  al., 2004; Sabine and 
Feely, 2007; Feely et  al., 2012; Gruber 
et al., 2019), and decreased pH of surface 

ocean waters by about 0.11 units (Feely 
et al., 2009, 2023, in this issue; Jiang et al. 
2019). This acidification, along with the 
commensurate decrease in aragonite sat-
uration state (Ωarag), can cause significant 
harm to marine ecosystems and the ser-
vices they provide to human communi-
ties (Doney et al., 2020; Bednaršek et al., 
2021). For these reasons, efforts to doc-
ument the accumulation of anthropo-
genic carbon (Canth) in the ocean and its 
impacts on seawater chemistry are cen-
tral to climate change research. Canth 
is computed based on the difference 
between the measurable dissolved inor-
ganic carbon content of seawater and that 
which would be present in the absence 
of human CO2 emissions. There is no 
direct measure for this quantity; it must 
be estimated as the excess relative to 
inferred distributions of “natural” carbon 
that would be present in seawater in the 
absence of human activity. Numerical cir-
culation models can be used to estimate 
Canth as the difference between a histor-
ical simulation and a control simula-
tion without human emissions. However, 
these estimates are sensitive to the mod-
eled circulation, which is typically vali-
dated against (e.g., Dunne et al., 2020) or 
adjusted to agree with (e.g., DeVries et al., 
2019) transient tracer distributions mea-
sured on hydrographic surveys. Transient 
tracer measurements are also used to cal-
ibrate the transit time distribution and 
maximum entropy inversion methods for 
estimating Canth (e.g., Waugh et al., 2006; 
Khatiwala et  al., 2009). Other methods 
take advantage of the many co-located 
measurements of physical properties, 
nutrients, and dissolved gases provided 
by GO-SHIP cruises and then use them 
alongside empirical physical and biogeo-
chemical relationships to quantify the 
expected natural carbon distributions 
(Gruber et  al., 1996, 2019; Sabine et  al., 
2004; Pardo et al., 2014).

The Canth accumulation signal 
(∆Canth) can be isolated from natu-
ral dissolved inorganic carbon changes 
along GO-SHIP reoccupations using the 
“Canth accumulation rates estimated from 
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ensembles of regressions” (CAREER) 
approach, which utilizes temperature, 
salinity, nutrient, and oxygen observa-
tion changes (Carter et  al., 2019a) to 
infer ∆Canth between sections. The con-
tribution of Canth to the 2014/2015 P16 
transect (Figure 2i) is surface intensi-
fied within the upper kilometer, with a 
deeper extension in the Southern Ocean. 
In general, the Canth accumulation rate 

is positive with statistical significance in 
waters lighter than the 27.4 neutral den-
sity surface (Figure 2j). Averaged over 
the upper kilometer, the Canth accumu-
lation rate is 0.34 ± 0.25 µmol kg–1 yr–1. 
At the surface this rate is significantly 
higher, 0.75 ± 0.14 µmol kg–1 yr–1 (see also 
Woosley et al., 2016; Carter et al., 2019a). 

A similar approach can be used to quan-
tify changes in other carbonate chemis-
try parameters, such as pH and Ωarag. The 
ocean generally has lower pH in the inte-
rior due primarily to respiration processes 
(Lauvset et al., 2020), and the lowest pH 
values generally occur at depths between 
1 km and 3 km, or at neutral density sur-
faces between about 27.4 kg m–3 and 
27.8 kg m–3 in the North Pacific where 
the water masses are oldest (Figure 2k). 
Between transects in 1991/1992 and 
2014/2015, surface pH dropped by about 
0.0014 ± 0.0002 units yr–1 (Figure 2l), 
consistent with global trends (Takahashi 
et al., 2014; Jiang et al., 2019; Feely et al., 
2023, in this issue). Observations indicate 

an undersaturation in aragonite (Ωarag <1) 
throughout much of the water column, 
and particularly in the high latitudes and 
upwelling areas (Figure 2m). Aragonite 
undersaturation leads to reduced bio-
mineralization, shell dissolution, and 
increases the stress organisms face from 
ocean acidification (Bednaršek et  al., 
2019, 2021, 2023, in this issue), making 
it important to document temporal and 

spatial shifts in these parameters. Repeat 
hydrography shows a decrease in Ωarag 
over time near the surface where waters 
are currently oversaturated (Figure 2n), 
and thereby a shoaling of the equilibrium 
aragonite saturation state (Ωarag = 1), a 
commonly used threshold for indicat-
ing stress in marine calcifiers (e.g., Feely 
et  al., 2004; Orr et  al., 2005; Bednaršek 
et al., 2014). However, the rate of change 
in carbonate chemistry parameters is 
comparable to the uncertainty in the tech-
niques for quantifying this variability in 
all but the most recently ventilated water 
masses in the upper water column (see 
stippling in Figure 2j,l,n), and the dom-
inant contribution to the Canth estimate 
uncertainty comes from small cruise-
wide biases in dissolved inorganic carbon 
measurements between decades (Carter 
et  al., 2019a,b). The focus on measure-
ment quality on GO-SHIP cruises and 
during post-cruise processing is essential 
in order to produce internally consistent 
data products (Olsen et al., 2016). 

FUTURE OUTLOOK FOR REPEAT 
HYDROGRAPHY AT PMEL
Long-term repeat hydrography provides 
crucial, widely used, and irreplaceable 
data for analyzing decadal trends in the 
ocean on regional and global scales. These 
data are also vital for their contributions to 
other major data compilations such as the 
Global Data Analysis Project (GLODAP; 
Key et al., 2004; Olsen et al., 2016) and the 
World Ocean Atlas (Boyer et  al., 2018). 
The GO-SHIP program closely inter-
faces with the Argo Program (see Johnson 
and Fassbender, 2023, in this issue), pro-
viding platforms from which to deploy 
Argo floats and for collecting highly accu-
rate and precise shipboard data for cali-
bration and validation of Argo measure-
ments (e.g., Wong et al., 2020). Employing 
localized regressions, GO-SHIP data are 
also used to estimate other key ocean bio-
geochemical variables that can’t be mea-
sured by autonomous platforms (Carter 
et al., 2021). Measurements made during 
GO-SHIP cruises are continuously evolv-
ing to ensure that the highest-quality 
measurements are available. Much of this 
work, undertaken by dedicated scien-
tific staff at PMEL and AOML, along with 
their academic colleagues, is only possible 
because of long-term investment in per-
sonnel and ship support. A new initia-
tive is the Bio-GO-SHIP program, which 
measures biologically relevant parame-
ters such as optical properties, eDNA, and 
microbial taxonomy on GO-SHIP cruises 
(Clayton et al., 2022). These data will be 
important for mapping the geographic 
distributions of key biological variables 
and understanding how they vary over 
time (e.g., Larkin et al., 2021). 

NOAA’s contribution to GO-SHIP 
relies on extensive collaborations among 
NOAA labs (PMEL and AOML), NOAA 
cooperative institutes, US agencies 
(NOAA and NSF), and US and inter-
national partners involving expertise, 
equipment, and development of ideas. 
In particular, PMEL, AOML, and NOAA 
cooperative institute researchers have 
contributed significantly to the quan-
tity of high-quality repeat hydrography 

 “GO-SHIP provides global, full-depth, gold-

standard data for model validation and calibration 

of autonomous sensors, including Argo floats. 

[NOAA PMEL] has developed methods to measure 

several of the variables routinely sampled through 

GO-SHIP and is a core contributor to these 

repeat hydrographic cruises.”
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measurements; for example, together 
they have contributed more than one-​
quarter of all the fully quality con-
trolled dissolved inorganic carbon mea-
surements in the GLODAPv2.2022 data 
product (Lauvset et  al., 2022). Using 
high-quality measurements made possi-
ble by these partnerships, PMEL has also 
played an integral role in synthesis stud-
ies that have quantified the natural and 
anthropogenic ocean carbon sink (Sabine 
et al., 2002, 2004; Feely et al., 2004, 2012; 
Sabine and Tanhua 2010; Gruber et  al., 
2019) and its variability (Carter et  al., 
2017, 2019a), and quantified deep ocean 
warming (e.g.,  Purkey and Johnson, 
2010). GO-SHIP measurements reg-
ularly contribute to annual updates to 
global carbon budgets (Le Quéré et  al., 
2018; Friedlingstein et  al., 2022), the 
global climate change assessment of the 
Intergovernmental Panel on Climate 
Change (IPCC, 2021), and the State of the 
Climate assessments (Feely et  al., 2019; 
Johnson et  al., 2022). Measurements 
from autonomous platforms and satel-
lites are increasingly useful in studying 
the ocean; however, autonomous plat-
forms are limited in the quality and quan-
tity of variables they can observe, and sat-
ellite data are limited to providing only 
surface information. The gold-standard 
quality, targeted ship-based, varied and 
collocated, full water column, and long 
time series measurements available from 
GO-SHIP remain vital for observational 
oceanography and model validation. 
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