
Oceanography | Vol. 36, No. 2–3120

ACIDIFICATION OF THE 
GLOBAL SURFACE OCEAN

WHAT WE HAVE LEARNED FROM OBSERVATIONS

SPECIAL ISSUE ON THE PACIFIC MARINE ENVIRONMENTAL LABORATORY:
50 YEARS OF INNOVATIVE RESEARCH IN OCEANOGRAPHY

ABSTRACT. The chemistry of the global ocean is rapidly changing due to the uptake of anthropo-
genic carbon dioxide (CO2). This process, commonly referred to as ocean acidification (OA), is neg-
atively impacting many marine species and ecosystems. In this study, we combine observations in 
the global surface ocean collected by NOAA Pacific Marine Environmental Laboratory and Atlantic 
Oceanographic and Meteorological Laboratory scientists and their national and international col-
leagues over the last several decades, along with model outputs, to provide a high-​resolution, region-
ally varying view of global surface ocean carbon dioxide fugacity, carbonate ion content, total hydro-
gen ion content, pH on total scale, and aragonite and calcite saturation states on selected time 
intervals from 1961 to 2020. We discuss the major roles played by air-sea anthropogenic CO2 uptake, 
warming, local upwelling processes, and declining buffer capacity in controlling the spatial and tem-
poral variability of these parameters. These changes are occurring rapidly in regions that would nor-
mally be considered OA refugia, thus threatening the protection that these regions provide for stocks 
of sensitive species and increasing the potential for expanding biological impacts.
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INTRODUCTION
Ocean chemistry is changing due to the 
uptake of anthropogenic CO2 from the 
atmosphere (DeVries, 2022). Since the 
beginning of the industrial revolution in 
the eighteenth century, the global ocean 
has absorbed about 170 Gt C as carbon 
dioxide (1 Gt C is equivalent to 1 billion 
metric tons of carbon, or 3.667 billion 
metric tons of CO2) via the combined 
impacts of human activities, including 
fossil fuel use for energy, land use changes, 
and cement production (Friedlingstein 
et  al., 2020, 2022; Gruber et  al., 2023). 
Upon exchanging with seawater at the 
air-sea interface, anthropogenic CO2 
combines with seawater to form carbonic 
acid, which increases the hydrogen ion 
content of seawater in a process known as 
ocean acidification (OA). Over the past 
two-and-a-half centuries, surface ocean 
pH has decreased by about 0.11, which 
is an increase of about 30%–40% in the 
hydrogen ion concentration (Orr et  al., 
2005; Gattuso et  al., 2015; Jiang et  al., 
2019). These changes are beginning to 
have significant effects on marine organ-
isms in the upper ocean. Many calcifying 
marine organisms are negatively impacted 
through various impairment pathways, 
including reduced calcification, increased 
dissolution, and energetic trade-offs 
(Kroeker et al., 2013; Gattuso et al., 2015; 
Waldbusser et al., 2015; Bednaršek et al., 
2014, 2016, 2017, 2019, 2020, 2021; Feely 
et al., 2016; Somero et al., 2016; Osborne 
et  al., 2019, 2020; Doney et  al., 2020; 
Fox et al., 2020).

The chemistry of CO2 species in sea-
water is governed by a series of abiotic 
chemical reactions that occur at the air-
sea interface and in the waters below, as 
well as biologically mediated reactions 
that occur in the water column. The 
first reaction occurs when CO2 gas 
from the atmosphere dissolves into sea-
water. The extent of this reaction is func-
tion of temperature and pressure, and 
follows Henry’s Law:

	 CO2(aq) = kPCO2(atm),	 (1)

where k is the Henry’s law constant and 

P is the partial pressure (or fugacity 
for a non-ideal gas) of CO2 in units 
of atmosphere.

This air-sea gas exchange equilibrates 
the carbon dioxide fugacity (f CO2) in 
ocean surface waters to atmospheric CO2 
levels on timescales of several months. A 
small fraction of the dissolved CO2 reacts 
with H2O to form carbonic acid. Some of 
the carbonic acid quickly dissociates into 
a hydrogen ion and a bicarbonate ion. A 
fraction of the bicarbonate ions can then 
dissociate further into a hydrogen ion 
and a carbonate ion:
	

CO2(aq) + H2O ⇄ H2CO3 ⇄ 
	 H+ + HCO3

– ⇄ 2H+ + CO3
2–.

	 (2)

These reactions are fully reversible, 
such that at the current mean surface sea-
water pH level of approximately 8.1, add-
ing CO2 to the ocean will cause an increase 
in [H+] and [HCO3

–], and a decrease in 
pH and [CO3

2–]. The hydration reaction 
and acid-base reactions are near equilib-
rium, with the timescales for their reac-
tions in seawater being less than a minute 
and nearly instantaneous, respectively. 
Total dissolved inorganic carbon content 
(DIC) is the sum of [HCO3

–] (~90% at 
the current pH level), [CO3

2–] (~9%), and 
CO2(aq) (~1%). Other key attributes of the 
seawater inorganic carbon system include 
pH, which is defined from the hydrogen 
ion activity (unit: mol kg–1) according to 
the equation

	 pH = –log a(H+) ≈ –log[H+],	 (3)

and the total alkalinity content (AT), 
which is defined conventionally as the 
excess of proton acceptors (bases formed 
from weak acids) over proton donors rel-
ative to a reference point (formally acid 
dissociation pKa = 4.5; approximately the 
seawater H2CO3 equivalence point),

	 AT = [HCO3
–] + 2[CO3

2–] 
	 + [B(OH)4

–] + [SiO(OH)3
–] 

	 + 2[HPO4
2–] + 3[PO4

3–] 	
(4)

	 – [H+] + [OH–].

These reaction products, combined 
with circulation and biological processes 
throughout the global ocean, are the 

primary controls for ocean pH (Zeebe 
and Wolf-Gladrow, 2001; Sabine and 
Feely, 2007).

The ocean’s capacity for absorbing 
additional CO2 from the atmosphere also 
depends on the extent of interactions of 
marine carbonates with CO2 via the net 
dissolution reaction
	

CO2 + CaCO3 + H2O ⇄ 
	 2HCO3

– + Ca2+.	
(5)

The primary contributors to this reac-
tion are the calcium carbonate shells of 
marine organisms. When planktonic or 
nektonic carbonate-shell producers die, 
their shells fall through the water col-
umn and are either dissolved or depos-
ited as shallow or deep-sea sediments. 
The amount of dissolution in seawater 
is thought to depend, in large part, on 
the seawater calcium carbonate min-
eral saturation state. The saturation state 
of seawater with respect to the arago-
nite (ar) and calcite (cal) carbonate min-
erals is the ion product of the concen-
trations of calcium and carbonate ions, 
at the in situ temperature, salinity, and 
pressure, divided by the apparent stoi-
chiometric solubility product (K'sp) for 
those conditions:

	 Ωar = [Ca2+][CO3
2–]/K'spar	 (6) 

	
and

	 Ωcal = [Ca2+][CO3
2–]/K'spcal	 (7)

where the calcium concentration is esti-
mated from the salinity, and the carbonate 
ion concentration is calculated from the 
seawater chemistry and carbonate ther-
modynamics (Mucci, 1983; Feely et  al., 
2002, 2004). Because the calcium-to-​
salinity ratio in seawater does not vary by 
more than a few percent, variations in the 
ratio of [CO3

2–] to the stoichiometric solu-
bility product and the freshwater content 
primarily govern the degree of satura-
tion of seawater with respect to aragonite 
and calcite. Generally, warmer waters at 
lower pressures (shallower depths) are 
more saturated (higher Ω) than cooler 
waters at high pressure (greater depths), 
so the deep ocean is significantly less 
saturated than the surface ocean, and this 
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helps drive the biological cycling of car-
bonate minerals from the ocean surface 
to the ocean depths. However, as anthro-
pogenic carbon enters the surface ocean, 
it drives surface saturation states lower, 
decreasing the vertical gradient in Ω and 
making all depths more corrosive for 
carbonate minerals.

Over the past several decades, NOAA 
Pacific Marine Environmental Laboratory 
(PMEL) and Atlantic Oceanographic and 
Meteorological Laboratory (AOML) sci-
entists have made major contributions to 
the body of surface and subsurface carbon 
observations in the global ocean through 
the NOAA Global Ocean Monitoring 
and Observing and Ocean Acidification 
Programs (GOMO and OAP, respectively) 
in support of the agency’s mission to mon-
itor changing ocean conditions related to 
climate change and ecosystem responses. 
These observations have led to a deeper 
understanding of global and regional 
trends and spatial changes in the concen-
trations of carbonate species and pH in 
surface and subsurface waters. In combi-
nation with observations of other environ-
mental stressors (e.g.,  marine heatwaves, 
hypoxia), the global ocean acidification 
observing network provides a foundation 
for understanding the potential sustain-
ability of marine populations subjected 
to multiple stressors and extreme events. 

Observations from these NOAA programs 
are also direct contributions to the inter-
national Global Carbon Project (GCP), 
which provides an annual estimate of car-
bon sources and sinks for Earth’s atmo-
sphere, ocean, and land (Le Quéré et al., 
2015; Friedlingstein et al., 2020, 2022).

Scientists from around the world col-
laboratively provide data to the interna-
tional Surface Ocean CO2 Atlas (SOCAT; 
https://www.socat.info; Bakker et  al., 
2016) and the full water column Global 
Ocean Data Analysis Project (GLODAP; 
https://www.glodap.info; Lauvset et  al., 
2022). These data are quality controlled 
and synthesized further into additional 
global data synthesis products (Jiang 
et  al., 2015, 2019, 2023; Friedlingstein 
et al., 2022) and assessments (IPCC, 2013, 
2021, 2022). This work is enabled by the 
global-scale effort to maintain sustained, 
accurate observations over the entire 
ocean from the surface to the seafloor. 
Equally important are sustained efforts to 
accurately quantify trends in ocean car-
bonate chemistry and acidification. 

NOAA scientists and their US aca-
demic collaborators have contributed 
approximately a quarter of all the available 
surface and subsurface carbon measure-
ments in the international data products. 
These scientists, supported by NOAA, 
the Department of Energy, the National 

Science Foundation, and the National 
Aeronautics and Space Administration, 
began to develop the techniques for mak-
ing accurate and precise ocean carbon 
measurements in the late 1980s under the 
auspices of the World Ocean Circulation 
Experiment (WOCE) and the Joint 
Global Ocean Flux Study (JGOFS). They 
then developed an international collabo-
ration to conduct the first comprehensive 
global ocean carbon survey of the ocean 
(Key et al., 2004; Sabine et al., 2004). This 
initial survey was the precursor of the 
present-​day Global Ocean Ship-​based 
Hydrographic Investigation Program 
(GO-SHIP) that provides data and infor-
mation on the decadal changes in chem-
istry throughout the ocean (Key et  al., 
2004; Sabine et al., 2004; Sabine and Feely, 
2007; Gruber et  al., 2019; Lauvset et  al., 
2022; Figure 1). Coupled with the SOCAT 
data set of surface carbon measurements, 
we now have more than 34 million car-
bon observations to draw from to estab-
lish a record of decadal changes in sur-
face ocean carbon system parameters 
and hydrogen ion concentrations that 
spans more than 40 years of observations 
(Figure 1; Bakker et al., 2016).

ANALYTICAL METHODS
This analysis used ocean carbon data 
from SOCAT (version 2022, 1957–2021; 
Bakker et al., 2016), the 2002 update to the 
Global Ocean Data Analysis Project ver-
sion 2 data product (GLODAPv2.2022, 
with measurements spanning 1972–2021; 
Lauvset et  al., 2022), and the Common 
Online Data Analysis Platform in North 
America (CODAP-NA, version 2021, 
2003–2018; Jiang et  al., 2021). SOCAT 
provided the most comprehensive spatial 
coverage with approximately 34 million 
surface f CO2 observations (Figure 1). 
To examine the temporal changes, four 
time intervals with global coverage 
were identified. They are “1975” (cover-
ing 30 years of observations from 1961 
to 1990), “1995” (covering 10 years of 
observations from 1991 to 2000), “2005” 
(covering observations from 2001 to 
2010), and “2015” (covering observations 

2001–20102001–2010 2011–20202011–2020

1961–19901961–1990 1991–20001991–2000

2001–2010 2011–2020

1961–1990 1991–2000

a
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d

FIGURE 1. Sampling locations of autonomous f CO2 measurements (SOCATv2022, cyan) and discrete 
dissolved inorganic carbon, total alkalinity, or pH measurement (GLODAPv2.2022 and CODP-NA, 
red) during four intervals: (a) 1961–1990, (b) 1991–2000, (c) 2001–2010, and (d) 2011–2020.

https://www.socat.info/
https://www.glodap.info
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from 2011 to 2020). In the initial time 
interval (1961–1990), observations from 
three decades were used to ensure there 
was sufficient information to derive a 
1°×1° global map. A detailed description 
of the methods involved in the prepara-
tion of the maps is provided in the online 
Supplementary Materials.

The surface underway f CO2 measure-
ment system was developed by a team 
of scientists and engineers led by Denis 
Pierrot of AOML (Pierrot et  al., 2009), 
improving on earlier designs by combin-
ing air-water equilibrators with an infra-
red analyzer for detection (Takahashi, 
1961; Wanninkhof and Thoning, 1993; 
Feely et al., 1998). The system, which was 
designed to operate unattended onboard 
a ship, is composed of a “wet box” where 
seawater is equilibrated with air, and a 
dry box with a gas analyzer and a com-
puter interface that are generally located 
side-by-side on a wall near a sink and 
drain (Figure 2). The system operates 
by directing a continuous flow of surface 
seawater through a showerhead cham-
ber (the equilibrator) where the CO2 con-
tained in the seawater equilibrates with 
the gas present in the chamber. The gas 
within is periodically pumped through 
a non-dispersive Licor infrared analyzer 
that measures the gas CO2 mole frac-
tion (xCO2), and is then returned to the 
equilibrator. At specified time intervals, 
atmospheric air is also pumped through 
the analyzer, and its CO2 mole fraction is 
measured. The analyzer is calibrated with 
four CO2 standard gases that are pre-
pared by the NOAA Global Monitoring 
Laboratory and are traceable to the World 
Meteorological Organization scale. The 
system can run unattended for months 
at a time with only periodic mainte-
nance and can transmit its data daily via 
satellite communication, thus allowing 
near-real-time data analysis and remote 
troubleshooting.

For this study, the distribution of sur-
face ocean hydrogen ion content and the 
aragonite saturation state are derived 
from gridded global observations of sea-
water f CO2 and salinity following the 

approach described in Jiang et al. (2019) 
and averaged for four data intervals: 
1960–1989, 1990–1999, 2000–2009, and 
2010–2019. This calculation employs the 
strong correlation between f CO2 and 
[H+] that is given by the relationship

	 f CO2 =	

(8)

	

DIC × [H+]T .
K0 K1 (1 + + )[H+]T

K1

K2

[H+]T

The term on the right-hand side of the 
equation in parentheses exhibits a depen-
dence on [H+]T (on the total hydrogen 
ion scale), and thus f CO2 and [H+]T are 
nearly directly proportional. We used the 
most recent SOCATv2022 f CO2 data to 
calculate [H+]T.

There is also a strong correlation 
between total AT and salinity (Lee et al., 
2006) in surface waters that allows AT to 
be estimated with reasonable skill even 
when only measurements of salinity are 
available. We therefore use the updated 
AT and DIC empirical seawater estima-
tion routines of Carter et al. (2021) to cal-
culate the aragonite and calcite saturation 
states in surface water by employing the 
equations for Ksp given by Mucci (1983).

The model outputs are from a model-​
data fusion product that was created by 
combining 14 Earth System Models from 

the latest Coupled Model Intercompari
son Project Phase 6 (CMIP6) with three 
recent observational ocean carbon data 
products (Jiang et al., 2023). The tempo-
ral evolution of surface OA indicators as 
decadal averages—ranging from histori-
cal conditions (1850–2010) to two future 
shared socioeconomic pathways (2020–
2100): SSP1-1.9 and SSP5-8.5—was used 
as a reference for the observational data-
based temporal changes.

RESULTS
 f f CO2 and CO3

2– Distributions
Figure 3 shows the global average f CO2 
and CO3

2– distributions for four time 
intervals—​1961–1990, 1991–2000, 2001–
2010, and 2011–2020. The f CO2 val-
ues were obtained from surface mea-
surements and the CO3

2– distributions 
from calculations using the algorithms 
of Carter et  al. (2021). Surface ocean 
f CO2 values are generally highest across 
all time intervals in tropical, subtropical, 
and coastal upwelling zones (>400 µatm) 
where upwelling is strongest and/or sur-
face seawater temperatures were also 
highest (Figure 3a). The lowest values 
are generally observed at higher latitudes 
(< 360 µatm), where surface water tem-
peratures are at a minimum. Even though 
water f CO2 generally tends to increase 
over time everywhere, the horizontal 

FIGURE 2. The NOAA Pacific Marine Environmental Laboratory (PMEL) underway f CO2 system, 
originally designed by Craig Neill, is a two-box measuring system ( “dry box” at left, “wet box” at 
right), being maintained here by Cathy Cosca of PMEL.
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gradients in f CO2 tend to increase par-
ticularly in the west-east direction. For 
example, the west-east f CO2 increase 
along the equatorial Pacific grows by as 
much as 50–80 µatm over the span of the 
four time intervals. This increasing gra-
dient in the surface waters is largely due 
to combined effects of the increasing CO2 
levels (Steinacher et al., 2009), increasing 
sea surface temperatures, decreasing buf-
fer capacity of seawater (Fassbender et al., 
2018; Feely et al., 2018; Jiang et al., 2019), 
and the effects of ice melt in the polar 
regions (Yamamoto et  al., 2012; Carton 
et al., 2015; Qi et al., 2022). The increase of 
strong horizontal gradients is consistent 
with the model results that extend out to 
the year 2100 (Jiang et  al., 2019, 2023). 

Overall, surface f CO2 increases aver-
age about 16 µatm per decade based on 
these observations.

In contrast, Figure 3b shows sur-
face water carbonate ion concentrations 
to be highest in the subtropics and low-
est in high-latitude regions. They are also 
high on the western side of the subtropi-
cal regions where salinity and AT are also 
highest. There are strong horizontal gra-
dients in CO3

2– concentrations that mimic 
the salinity distribution, indicating the 
high degree of correlation between sur-
face water CO3

2– and AT (Jiang et  al., 
2023). CO3

2– concentrations range from 
about 270 µmol kg–1 in the subtrop-
ics to about 70 µmol kg–1 in the high 
Arctic and Antarctic zones. Throughout 

the timeframe of the observations, sur-
face water CO3

2– concentrations decrease 
at a rate of approximately –5.1 µmol 
kg–1 decade–1, with the largest decreases 
(nearly 50%) occurring in the western 
subarctic regions compared with the sub-
tropics and tropics. Nevertheless, large 
west-east gradients exist, the strongest 
in the Atlantic and Pacific basins and the 
weakest in the Indian Ocean. Similarly, 
sharp gradients exist across the major 
fronts in the north-south direction in all 
three major ocean basins. These gradi-
ents are primarily driven by the increas-
ing CO2 emissions to the atmosphere and 
the increasing sea surface temperature 
values toward the equator.

[H+]T and pHT Distributions
Surface ocean hydrogen ion content 
([H+]T) shows similar spatial distribution 
as f CO2 because of their linear relation-
ship (Equation 8). The averaged global 
surface ocean [H+]T contents for the four 
intervals indicate significant regional 
and decadal variations (Figure 4). [H+]T 
ranges between 5.2 and 10.5 nmol kg–1, 
with the lowest values being in the 
high-​latitude regions of the Arctic and 
Southern Ocean waters and the highest 
values observed in the upwelling regions 
of the tropics, subtropics, and eastern 
boundary current regions. High values 
are also observed in the coastal upwell-
ing regions and marginal seas (see Guo 
et al., 2022, and references therein). With 
each succeeding time period, the [H+]T 
concentrations increase everywhere, par-
ticularly in the temperate and subpolar 
regions where [H+]T concentrations 
increase by as much as 40%–50% over 
the total timespan of the measurements. 
In the region off northern Siberia, for 
example, [H+]T concentrations increase 
nearly 50%, from 6.3 to 9.5 nmol kg–1. 
Large increases also occur in the subtrop-
ical regions (~1–1.5 nmol kg–1), particu-
larly within the northern Indian Ocean 
and Gulf of Aden, the tropical seas off 
western Africa, and the Southern Ocean 
off Antarctica, especially in the Drake 
Passage. The smallest increases occur 
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FIGURE 3. Distribution of (left) carbon dioxide fugacity (f CO2) and (right) carbonate ion content 
([CO3

2–]) in surface waters for four intervals: (a,b) 1961–1990, (c,d) 1991–2000, (e,f) 2001–2010, and 
(g,h) 2011–2020.
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in the upwelling regions of the east-
ern equatorial Pacific where [H+]T con-
centrations were already quite high 
(>8.1 nmol kg–1). Low changes were also 
observed in the Greenland and Labrador 
Seas. Global area-averaged [H+]T con-
centrations show an overall increase of 
approximately +0.3 nmol kg–1 per decade, 
with higher rates of change occurring in 
the regions with the lowest observed ini-
tial concentration and the opposite at the 
higher concentrations (Figure 4). These 
results suggest an overall trend of increas-
ing [H+]T concentrations over the time-
frame of the observations, consistent with 
ocean acidification.

The pHT distribution patterns indicate 
significant declines throughout the global 
ocean, with the most rapid changes occur-
ring in the high-latitude polar and sub-
polar regions (Figure 4) where increas-
ing CO2 emissions and decreasing buffer 
capacity have the greatest overall impact 
(Fassbender et  al., 2018; Feely et  al., 
2018; Qi et  al., 2022; Jiang et  al., 2023). 
Rapid pHT declines are also observed 
in the western half of the northernmost 
and southernmost parts of the temper-
ate regions because the gradients are 
large and subject to rapid declines in buf-
fer capacity. The slowest rates of change 
occur in the tropics and subtropics where 
surface seawater temperatures are high 
and buffer capacity is also relatively stable 
and high. On a global scale, the decrease 
in pHT averages about –0.016 per decade 
over the timeframe of the measurements, 
consistent with an earlier estimate of 
–0.018 per decade for the period between 
1991 and 2011 (Lauvset et al., 2015).

Ωar and Ωcal Distribution Patterns
Previous research by Mucci (1983) shows 
that aragonite is 50% more soluble than 
calcite and, consequently, surface water 
aragonite saturation state values will be 
approximately 50% lower than calcite. 
Aragonite saturation state values in sur-
face waters mapped in Figure 5 generally 
range from about 1.5 to about 4.5 and are 
generally highest (>2.8) in the subtropics 
where the waters are warmest and most 

saline, and lowest (<2.5) in the polar and 
subpolar regions of the Northern and 
Southern Hemispheres. Low values (<2.5) 
are also found in the coastal upwelling 
regions along the west coasts of North 
America, South America, and Africa 
(Figure 5). There is also a strong west-to-
east decreasing gradient in aragonite satu-
ration state values in the equatorial Pacific 
due to strong upwelling in the eastern 
Pacific equatorial belt, which is also appar-
ent to a much lesser extent in the Atlantic 
near the coast of West Africa. As with 
the [H+]T concentrations, the strongest 
north-south gradients are observed near 
the boundaries between the subtropical 
and subpolar regions, particularly on the 
western side of the Pacific and Atlantic 

basins. Because surface seawater arago-
nite saturation state is a strong function of 
both seawater temperature and carbonate 
ion concentration, the steepest gradients 
roughly correspond to strong temperature 
and salinity fronts between subtropical 
and subpolar water masses in the north-
western Pacific and Atlantic Ocean basins. 
The gradients are smallest in the eastern 
boundary upwelling regions where the 
saturation state values are already low 
and more well mixed with the surround-
ing water masses. The global mean ara-
gonite saturation state values for the sur-
face ocean show an average decrease of 
approximately –0.08 per decade.

The Ωcal distribution patterns are very 
similar to the Ωar maps with the exception 
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FIGURE 4. Distribution of (left) total hydrogen ion content ([H+]T) and (right) pH on total scale (pHT) 
in surface waters for four time intervals: (a,b) 1961–1990, (c,d) 1991–2000, (e,f) 2001–2010, and 
(g,h) 2011–2020.
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that the Ωcal values are about 50% higher 
(Figure 5). The largest decreases in Ωcal 
occur in the far western North Pacific 
near the boundary between the subtrop-
ical and subpolar regions, and the low-
est rate of change occurs in the equatorial 
region. Over the duration of the mea-
surements, Ωcal values also decrease by 
approximately –0.12 per decade in sur-
face waters, nearly identical to the arago-
nite saturation state rate of change.

DISCUSSION
Comparisons with Model Outputs 
for Global Trends
Figure 6 shows the global ocean mean 
values of the surface observations along 
with corresponding model results 

for the shared socioeconomic pathway 
(SSP)1-1.9 CO2 emission scenario (low 
emissions and high mitigation scenario, 
blue line) and the SSP5-8.5 scenario 
(high emissions and low mitigation sce-
nario, red line; after Jiang et  al., 2023). 
The global mean values for observations 
shown above the vertical columns repre-
sent the average values at the midpoint of 
each time interval. The results show very 
good agreement between the observations 
and the model outputs for the two CO2 
emission scenarios. The rates of change 
per decade are shown for each of the pan-
els with significant increases in f CO2 and 
[H+]T and significant decreases in [CO3

2–], 
pHT, Ωar, and Ωcal. The model scenarios 
show very similar values through 2020 

for the two CO2 emission scenarios. After 
that time, the model estimates for the two 
emission scenarios diverge sufficiently 
that observations should be able to delin-
eate the differences, which could mani-
fest within the next decade (Friedlingstein 
et al., 2022; Müller et al., 2023). The results 
indicate that under the SSP1-1.9 CO2 
emission scenario, the rate of change for 
each of the parameters will decrease, and 
under the SSP5-8.5 scenario, the rate of 
change will increase. These results suggest 
that the future trajectory of ocean acidifi-
cation is highly dependent on which CO2 
emission scenario occurs in the future, 
with the ocean absorbing more CO2 from 
the atmosphere under the SSP5-8.5 sce-
nario and releasing it back to the atmo-
sphere under the SSP1-1.9 CO2 scenario. 
Continued monitoring and modeling of 
the carbon system parameters and pH will 
be critical for a clear understanding of the 
ocean’s chemistry and prediction of the 
sustainability of marine life in the rapidly 
changing conditions of the future.

Implications for Marine Calcifiers
Of the many conditions that are rap-
idly changing in the ocean, tempera-
ture, Ωar, pH, and oxygen concentrations 
are among the major abiotic drivers that 
interactively affect biological responses of 
marine organisms and define their vul-
nerability. Long-term OA trends from 
both observations and models indicate a 
gradual spreading of low Ωar waters that 
are approaching critical OA sensitivity 
thresholds in the upper ocean. Vertical 
and lateral gradients in Ωar appear to be 
decreasing in the ocean, correspond-
ing to faster and more widespread rates 
of decline of suitable habitats even in 
regions that would normally be consid-
ered refugia. Shrinking Ω gradients are 
expected for two reasons. First, anthro-
pogenic carbon enters the ocean through 
the air-sea interface; it is in the sur-
face waters where anthropogenic carbon 
content and its impacts are greatest and 
where carbonate mineral saturation states 
are highest. Second, the carbonate ion 
itself allows for additional anthropogenic 
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FIGURE 5. Distribution of (left) aragonite saturation state (Ωar) and (right) calcite saturation state 
(Ωcal) in surface waters for four time intervals: (a,b) 1961–1990, (c,d) 1991–2000, (e,f) 2001–2010, and 
(g,h) 2011–2020. 



October 2023 | Oceanography 127

carbon uptake by neutralizing the car-
bonic acid produced by the hydration 
of CO2, and therefore the areas with the 
highest natural CO3

2– content tend to 
take up the most anthropogenic carbon 
for a given human-induced atmospheric 
f CO2 increase. Such a loss of habitat 
refugia for pelagic calcifiers has import-
ant consequences for species distribu-
tions and persistence. Specifically, reduc-
tion of refuge areas limits the potential 
for population mixing and restocking 
from these regions to already impacted, 
poor-​quality habitats and adds sublethal 
stresses for calcifying individuals. The 
decline in availability of suitable habi-
tat is especially problematic when mul-
tiple stressors occur together or in suc-
cession. For example, Bednaršek et  al. 
(2022) suggest that the combined effects 
of unusually high temperatures caused by 
a marine heatwave in 2014–2015 imme-
diately followed by a strong El Niño event 
and decreased aragonite saturation state 
in 2016 within the California Current 
Ecosystem may have caused the pelagic 
pteropod, Limacina helicina, to be absent 
from their normal habitat. These unfa-
vorable conditions also prevented these 
regions from undergoing the normal 
population mixing and restocking from 
outside sources. As the optimal ptero-
pod habitat continues to shrink through 
space and time, the frequency of the 
events related to species absence from 
their usual habitats could significantly 
increase, causing longer term concerns 
for population sustainability. With con-
current multistressor impacts of increas-
ing temperature and decreasing Ωar and 
Ωcalc, we might also expect the distribu-
tion of some calcifying species to con-
tract to a greater degree than implied by 
their thermal tolerance window or from 
aragonite saturation state threshold alone 
(Bednaršek et al., 2022). 

FUTURE RESEARCH
Because the ocean plays a major role 
in the global carbon cycle, there is a 
need to quantify the changing rates of 
CO2 uptake across the air-sea interface 

and its transport into the ocean inte-
rior is growing. Thus, there is a strong 
need to enhance the suite of shipboard, 
moored, and autonomous CO2, pH, 
and biological observations that pro-
vide the basis for global trend analysis 
and early warning regarding biological 
responses to multistressor events (IPCC, 
2021, 2022; Friedlingstein et  al., 2022). 
However, recent studies indicate that sig-
nificant temporal data gaps still exist in 
some parts of our global observing sys-
tem, particularly in the Southern Ocean 
where ships and moorings alone do not 
provide sufficient coverage to delineate 
seasonal and interannual trends (Gray 
et  al., 2018; Keppler and Landschützer, 
2019; Sutton et  al., 2021). In this case, 
ship-based and moored observations will 
need to be augmented with uncrewed 
automated platforms that can collect 

and transmit high-quality carbon mea-
surements in near-real time. Significant 
strides are being made using biogeo-
chemical Argo floats for oxygen cycling 
measurements, and it is likely that bio-
geochemical Argo sensors for pH and 
nutrients will soon allow for meaningful 
improvements in the temporal resolution 
of ocean carbon inventory and flux esti-
mates. These large-scale global surface 
and subsurface data sets can be utilized 
to track the changing rates of uptake and 
transport of carbon in the future ocean 
(Friedlingstein et al., 2022; Gruber et al., 
2023), identify and evaluate the effec-
tiveness of future marine carbon dioxide 
removal approaches (Cross et al., 2023), 
and delineate the ocean’s response to 
future mitigation strategies (IPCC, 2021). 
The carbon observations will also be very 
useful for validating global and regional 

FIGURE 6. Global area-averaged (a) f CO2, (b) carbonate ion content, (c) pHT, (d) Ωar, (e) [H+]T, 
and (f) Ωcal from the GLODAPv2.2022 and SOCATv2022 surface ocean observational databases 
and associated model predictions for the time interval from 1970 through 2050. The blue line 
is the shared socioeconomic pathways (SSP)1-1.9 CO2 emission scenario, and the red line is the 
SSP5-8.5 scenario.
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models of ocean acidification over time, 
as well as for understanding biological 
impacts and potential feedbacks. Our 
results on multiple stressors suggest that 
building a multistressor framework for 
future field studies is essential for iden-
tifying the spatial and temporal domains 
over which multiple stressors co-occur, 
their severity and frequency, and the 
positive and negative drivers that could 
impact future ecosystems. Because of the 
potential for massive and rapid restruc-
turing of populations and ecosystems, 
particular attention should be given to 
the inclusion of rapid extreme events 
within this multistressor framework. 

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at 
https://doi.org/10.5670/oceanog.2023.222.

FLIPBOOK EDITION
The flipbook edition of this issue contains anima-
tions associated with Figures 3, 4, and 5. Go to 
https://doi.org/10.5670/oceanog.2023.222 to access 
the flipbook.
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