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Abstract
The ocean provides a major sink for anthropogenic heat and carbon. This sink results in ocean
changes through the dual stressors of warming and acidification which can negatively impact the
health of the marine ecosystem. Projecting the ocean’s future uptake is essential to understand and
adapt to further climate change and its impact on the ocean. Historical ocean uptake of heat and
CO2 are tightly correlated, but here we show the trajectories diverge over the 21st century. This
divergence occurs regionally, increasing over time, resulting from the unique combination of
physical and chemical drivers. We explored this relationship using a high-resolution ocean model
and a ‘business as usual’ CO2 emission pathway, and demonstrate that the regional variability in
the carbon-to-heat uptake ratios is more pronounced than for the subsequent carbon-to-heat
storage (change in inventory) ratios, with a range of a factor of 30 (6) in heat-to-carbon uptake
(storage) ratios among the defined regions. The regional differences in heat and carbon trajectories
result in coherent regional patterns for sea surface warming and acidification by the end of this
century. Relative to the mean global change (MGC) at the sea surface of 2.55 ◦C warming and a
decrease of 0.32 in pH, the North Pacific will exceed the MGC for both warming and acidification,
the Southern Ocean for acidification only, and the tropics and midlatitude northern hemisphere
will exceed MGC only for warming. Regionally, mapping the ocean warming and acidification
informs where the marine environment will experience larger changes in one or both. Globally, the
projected ocean uptake of anthropogenic heat and carbon informs the degree to which the ocean
can continue to serve as a sink for both into the future.

1. Introduction

The global oceans have taken up about 30% of the
total anthropogenic carbon emissions [1, 2] andmore
than 90% of anthropogenic heat since preindustrial
times [3, 4]. Projecting the efficacy of oceanic uptake
into the future, for both heat and carbon, is cent-
ral to predicting and understanding the future cli-
mate, and for developing policy to limit or adapt
to climate change. While oceanic uptake provides
a buffer for climate change through heat and car-
bon uptake, the resulting oceanic storage (i.e. change
in content) of both anthropogenic heat and car-
bon is associated with negative consequences to the

marine environment through the dual stressors of
heating and acidification [5, 6]. These impacts will
vary regionally, affecting marine ecosystems with dif-
fering degrees of severity [7].

Although the air-sea exchange of heat and car-
bon both similarly depend on windspeed and air-sea
gradients, there are several othermechanisms that can
lead to differences in uptake and storage within the
ocean. These include:

(a) Ocean buffering capacity: The chemical buffer-
ing capacity of seawater for CO2 partial pressure
(pCO2) is a nonlinear function of the concentra-
tion of total inorganic carbon, with a decrease, or

© 2021 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-9326/ac3d57
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ac3d57&domain=pdf&date_stamp=2021-12-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3282-4974
mailto:ericthemort@gmail.com
http://doi.org/10.1088/1748-9326/ac3d57


Environ. Res. Lett. 16 (2021) 124063 E Mortenson et al

slowed, carbon uptake capacity of the global oceans
under increasing carbon emissions.

(b) Vertical gradients: Temperature in most of the
global ocean generally decreases with depth, as
opposed to the gradient for carbon which increases
with depth. Thus, while vertical mixing almost
always enhances heat uptake, deep mixing associ-
ated with the meridional overturning circulation,
generally ventilates carbon-rich deep waters, redu-
cing the air-sea gradient of CO2.

(c) Mesoscale features: Ocean eddies and western
boundary currents serve to transport chemical and
physical properties (e.g. [8]), but the limited hori-
zontal resolution in many models means that these
are not explicitly or well resolved. western bound-
ary currents in particular are amajor driver of pole-
ward transport in the upper ocean, with opposing
effects on air-sea heat and carbon exchange [9]. As
these currents travel poleward, warmwater releases
heat to the colder atmosphere, enhancing ocean
carbon uptake through solubility.

(d) Biological carbon export: The biological carbon
pump reduces the concentration of total carbon in
the near-surface ocean through primary produc-
tion and exports a portion of this carbon to depth
in organic form (export production). This sinking
and remineralization of organic material has a sub-
stantial effect on the global ocean distribution of
carbon, e.g. [10, 11].

In particular importantmesoscale features such as
western boundary currents and eddies are resolution-
dependent and have often been overlooked especially
in models incorporating biogeochemistry.

Although historically, the global ocean uptake
of carbon and heat have been correlated, with the
majority of anthropogenic heat and carbon over the
Industrial Era ending up in the Southern Ocean [12],
the mechanisms listed above (1–4) imply that this
correlation is not causal. Other studies have shown
that changes in circulation patterns affect the trans-
port of carbon and heat differently, with redistri-
bution of heat being more pronounced than car-
bon [13–15]. Furthermore, historical studies like
[12], and many others looking at either historical
or projected changes in ocean heat and/or carbon
(e.g. [6, 13, 16–20]) typically have not resolvedmeso-
scale circulation features. However, there are several
studies that demonstrate the need for higher resolu-
tion in ocean simulations [21], found that represent-
ing anthropogenic carbon sequestration in the South-
ern Ocean requires a mesoscale-resolving simulation
in order to capture the necessary transport processes
involved. This is consistent with recent studies, not-
ably [22–24], who highlighted the importance of
resolving the mesoscale in simulating boundary cur-
rents and associated poleward and vertical tracer
transports. In particular, studies that focus on the
comparison of ocean pathways for heat and carbon

may underestimate their differences when mesoscale
processes such as boundary currents are not resolved
(e.g. [13]). In fact, mesoscale processes account for
a substantial proportion of the kinetic energy of the
surface ocean, comparable to and often more than
that of the time-averaged ocean circulation [25].
These mesoscale processes have important contri-
butions to the transport of heat [24] as well as
biogeochemical tracers including carbon [26]. Des-
pite the importance of resolving mesoscale features
in the ocean, there are very few studies that utilize
high-resolution models to study the effects on ocean
uptake, transport, and/or storage of both heat and
carbon, and those that do are generally regional stud-
ies rather than global (e.g. the Southern Ocean as
in [15]).

The aim of this study is to utilize a high-resolution
(0.1◦) ocean-biogeochemical model [27] to determ-
ine the projected relationship between ocean heat and
carbon uptake and storage. Recent work has high-
lighted the importance of simulating mesoscale pro-
cesses in representing ocean variability and change
[23, 24, 28]. Consequently, we have chosen to use a
model that resolves the mesoscale in order to cap-
ture physical processes relevant to heat and carbon
uptake and transport. The experiment and model
setup are described in [27], with comparison to
biogeochemical observations presented in [29]. The
model has been evaluated in multiple regions with
enhanced mesoscale energy, including boundary cur-
rent systems around Australia [30], in the Indonesian
Through Flow [31], the Southern Ocean [21], and
along global Western boundary currents [22]. Spe-
cifically, we assess when, where, and by how much
the oceanic uptake and storage of anthropogenic heat
and carbon will distinctly evolve over the 21st cen-
tury. We also use these projections to identify the
oceanic distribution of stressors on marine ecosys-
tems in terms of ocean heating, ocean acidification, or
both.

2. Experimental setup

In this study, an ocean general circulation model,
the Ocean Forecasting Australian Model, version 3
(OFAM3), is analyzed in an eddy-rich, 0.1◦ resolu-
tion over a near-global domain (75◦ N to 75◦ S). The
ocean model OFAM3 is based on version 4.1 of the
Modular Ocean Model [29, 32], and was designed to
capture high-resolution upper ocean processes. The
model has been calibrated to accurately represent air-
sea heat exchange while minimizing drift in the ocean
heat content [27]. The model does not explicitly treat
sea ice, but is dependent on a prescribed Japanese
55 year Reanalysis product (JRA-55 [33];) sea ice cov-
erage field, with the strength of atmospheric forcing
dependent on the fraction of sea ice cover (see [27]
for further detail).
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Figure 1. Annual uptake of anthropogenic heat and the 5 year running average (solid and dashed red lines) and anthropogenic
carbon (black line) as well as the change in atmospheric carbon concentration per year (blue line) (top; A), and global cumulative
uptake of anthropogenic heat (red) and carbon (black) by the global ocean and the atmospheric carbon concentration (blue) over
the 21st century (bottom; B).

The model incorporates biogeochemistry
through the Whole Ocean Model with Biogeochem-
istry and Trophic-dynamics, described in detail in
[29]. It includes an ecosystem comprised of one
phytoplankton group, dependent on light, phos-
phate, and iron, and one zooplankton group. The
oceanic carbon system is dependent on biology and
a wind-dependent air-sea exchange [34]. The ini-
tial conditions for dissolved inorganic carbon and
total alkalinity based on the Global Ocean Data Ana-
lysis Project [35] and adjusted for the year 1997, as
described in [29]. Phosphate and oxygen were ini-
tialized from the World Ocean Atlas [36, 37], phyto-
plankton is initialized with SeaWIFS climatology,
zooplankton as a fraction (0.05) of phytoplankton,
and iron from a 500 year coarse resolution biogeo-
chemical model integration [29].

The design of the OFAM3 experiment includes a
Control run, in which the atmospheric pCO2 is kept
at a constant preindustrial value of 280 ppm and the
atmospheric forcing is a repeating 1979 annual cycle;
and an RCP8.5 run, in which the atmospheric pCO2

is prescribed to increase from 381 ppm in 2006 to
936 ppmby 2100 and the atmospheric forcing is based
on the JRA-55 combined with RCP8.5 climate anom-
alies in atmospheric forcing fields, calculated from
an ensemble of 17 CMIP5 models (see [27, 38] for
details).

3. Results and discussion

Globally, the ocean uptake of anthropogenic heat
continues to accelerate throughout the 21st cen-
tury from 1 × 1022 J per year over the first dec-
ade (2006–2015) to 3.5 × 1022 J per year by the
final decade (2091–2100) (figure 1(A), red), consist-
ent with a multi-model mean of CMIP5 projections
under RCP8.5 described in [16]. In terms of anthro-
pogenic carbon, the uptake rate initially accelerates
from around 2.75 PgC per year, but then levels off to
a relatively constant rate of 4.25 PgC per year over the
last 30 years of the century (figure 1(A), black), des-
pite a continuing increase in the air-sea gradient of
CO2 (figure 1(A), blue). This is consistent with Earth
System Model projections under RCP8.5 (e.g. [39]).
The first decade of the modelled ocean subjected to
RCP8.5 forcing shows a sensitivity to that forcing in
annual global carbon uptake at the upper end of, but
consistent with, current CMIP5 and CMIP6 models
[40]. Integrating the anthropogenic heat and carbon
uptake over the 21st century leads to a cumulative
uptake ofmore than 2× 1024 J of anthropogenic heat,
and 350 Pg anthropogenic carbon (figure 1(B)). The
global projection in this study is slightly less than the
increase in heat among a multimodel ensemble mean
under RCP8.5 forcing of 2.2 × 1024 J, as described in
[16] (attributable to the volcanic forcing embedded
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Figure 2. Relative changes in mixed layer depth (A) and sea-surface Revelle factor (B), over the 21st century in the RCP8.5 run,
calculated at each grid-cell as the difference between the final (2091–2100) and initial (2006–2015) decadal means expressed as a
percentage of the initial decade magnitude.

in the repeated interannual forcing in the present
study, which is absent in the CMIP5 future simu-
lations), and slightly below the CMIP5 multi-model
mean ocean uptake of carbon with 400 PgC into the
ocean over the period 2012–2100 (but with consid-
erable uncertainty, with a range almost as large as
the mean at 320–635 PgC, see table 6.12 and figure
6.24 of [41]). This projected ocean uptake equates
to around a 10-fold increase in the anthropogenic
heat and 4-fold increase in the anthropogenic car-
bon taken up by the oceans relative to the period
1870–1995 [12].

The global oceans exhibit substantial regional
changes under RCP8.5 forcing that affect the uptake
of heat and carbon. These include mixed layer depth
(figure 2(A)), affecting the uptake of both heat and
carbon, and the chemical property of carbon buffer-
ing capacity (figure 2(B)), represented by the Rev-
elle factor [42], which is inversely proportional to
the carbon buffering capacity. Here, we classify the
anthropogenic change in the mixed layer depth and
Revelle factor as the difference between the first and
last decades in our RCP8.5 forcing scenario. The
differing trajectories over time between the global
ocean uptake of anthropogenic heat (consistently
accelerating) and carbon (reaching a constant rate by
the last third of the 21st century) reflect the reduction

in carbon uptake capacity of the global oceans under
a high-emission scenario. The North Atlantic Ocean
and the Southern Ocean exhibit enhanced shoaling
of the mixed layer depth over the 21st century, and
also an increase in Revelle factor, both of which would
serve to weaken the carbon uptake capacity of the
regions.

The oceanic response to anthropogenic emissions
(figures 3(A) and (B)) can be divided into zonal
bands representing high latitudes (poleward of 40◦),
intermediate latitudes (between 10◦ and 40◦), and
low/equatorial latitudes (less than 10◦), and major
basins within these. Consistent with current ana-
lyses, the southern hemisphere continues to domin-
ate uptake of anthropogenic heat [43] and carbon
[44]. The Southern Ocean south of 40◦S takes up
more than 7 × 1023 J of anthropogenic heat and
nearly 140 PgC of anthropogenic carbon over the
century (approximately one third of the global ocean
uptake for heat and 40% for carbon; figure 3(A)).
The ratio of regional anthropogenic carbon vs heat
uptake is represented by the slopes (defined as the
straight-line slope between the beginning and end
of the respective trajectories), and there is a 30-fold
range in slopes in uptake, with the highest carbon-
to-heat uptake in the midlatitude Southern Ocean
and the lowest in the North Pacific. The highest
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Figure 3. Change in anthropogenic heat vs carbon for zonal bands in the major ocean basins, in the form of cumulative uptake
(top; A and B) integrated from 2006, and storage, or change in ocean content in the upper 2000 m, from 2006 (bottom; C and D),
expressed as totals (left) and per unit area (right). For each figure, black and red represent the northern hemisphere and
equatorial Pacific and Atlantic basins respectively, and blue the southern hemisphere ocean. Solid lines represent polar oceans
(poleward of 40◦), dashed lines the midlatitudes (between 40◦ and 20◦), and dotted lines represent the equatorial band (less than
20◦). The dots indicate 20 year increments from 2020 to 2100.

uptake per unit area for both anthropogenic heat
and carbon is in the Atlantic Ocean north of 40◦N
(figure 3(B)). This increase occurs despite an initial
negative trajectory for anthropogenic heat uptake due
to a projected slowdown of the Gulf Stream, which
is compensated for by the strengthening ocean heat
uptake later in the century. The associated Atlantic
MeridionalOverturningCirculation decreases almost
linearly from 2020 to the end of the century in the
RCP8.5 experiment, but the effect on the anthro-
pogenic heat uptake (weakening) is apparently not
as strong as the effect of the increasing regional
air-sea temperature gradient (strengthening ocean
heat uptake). The Southern Ocean south of 40◦S
has the second highest uptake of anthropogenic car-
bon per unit area while the Pacific Ocean north of

40◦Nhas the second highest uptake of anthropogenic
heat.

Both anthropogenic carbon and heat taken up at
the surface are subject to transport processes once
they have entered the ocean. We define the sub-
sequent change in water column inventory over the
21st century as storage, shown in figures 3(C) and
(D). The storage is calculated as the difference in
the mean content between the first and last dec-
ades of the simulation (respectively, 2006–2015 and
2090–2099). Use of 30 year inital and final periods
(not shown) shows similar results. The intermediate-
latitude southern-hemisphere ocean (20◦ to 40◦S)
is projected to undergo the largest change in stor-
age of any region (figure 3(C)), as the destination of
the majority of anthropogenic heat and carbon taken
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up at the sea surface further south, with more than
5.5× 1023 J of anthropogenic heat and almost 120 Pg
of anthropogenic carbon. The Southern Ocean south
of 40◦S has the second largest storage of both anthro-
pogenic heat (4.5 × 1023 J) and carbon (65 PgC).
The large storage of both anthropogenic heat and car-
bon in the southern hemisphere oceans is consistent
with historical estimates ([43, 45] for heat [46, 47],
for carbon, and [12] for both). Each of the remaining
ocean regions are projected to contain less than half
of the total storage, for either heat or carbon, than the
Southern Ocean south of 40◦S.

The relative trajectories of heat versus carbon
storage per unit area (figure 3(D)) show that for all
defined regions, the relationship is generally linear
(indicating a constant carbon-to-heat storage ratio),
but with varying slopes. This is true even for the
North Atlantic, despite the non-linear trajectory of
the cumulative surface uptake of anthropogenic heat
and carbon (figures 3(A) and (B)). These slopes indic-
ate a region-specific relationship between heat and
carbon storage, as opposed to [13], who prescribe a
single global-ocean ratio, or slope, for heat-to-carbon
storage. These regional-specific linear heat-to-carbon
storage slopes also suggest observations of both heat
and carbon in the water column may be used to rein-
force one another, as measurements from one can
inform changes in the other. The variation in the
magnitude of the slopes in the present study is due
to a combination of regionally-distinct surface prop-
erties and horizontal transport processes as described
in regional cases below.

The two extrema in slopes for anthropogenic car-
bon vs heat storage per unit area occur in the North
Pacific and North Atlantic, with the North Atlantic
anthropogenic carbon-to-heat storage ratio six times
higher than that in the North Pacific. The smallest
slope occurs in the North Pacific due to a combin-
ation of chemical (low alkalinity, or weaker buffer
capacity) and physical (shallow mixed layer, or small
reservoir) characteristics [48]. The chemical charac-
teristics of the North Pacific are themselves a product
of both physics and biology, namely the long resid-
ence time of waters before surfacing in the region
(a feature of the global overturning circulation) and
the biogenic export of carbon to those deep waters
over time. In contrast, regions such as themidlatitude
and Southern Oceans, despite also having a relatively
weak chemical buffering capacity, still exhibit high
carbon-to-heat storage slopes. These regions are able
to absorb more anthropogenic carbon because they
have deeper mixed layers [47]. The large slope in the
North Atlantic is due to the loss of heat relative to car-
bon across the northern boundary [27] and consist-
entwith present-daywatermass exchange between the
Arctic and North Atlantic (e.g. [49]). The differences
described above (North Pacific,midlatitude and polar
southern hemisphere, and North Atlantic oceans)
highlight the complex interplay between the chemical

and physical features controlling the regional traject-
ories of anthropogenic heat and carbon uptake and
storage.

Variations in cumulative centennial uptake of
anthropogenic heat and carbon are also heterogen-
eous at smaller scales (figures 4(A) and (B)), espe-
cially for anthropogenic heat, which displays adja-
cent regions of release and uptake along the Kuroshio,
the East Australia Current, and the equatorial Pacific
Ocean. In contrast, there is consistent uptake of
anthropogenic carbon at the termini of all threemajor
western boundary currents (the Kuroshio, the Gulf
Stream and the East Australia Current) as well as in
the eastern equatorial Pacific Ocean and throughout
the Southern Ocean (figure 4(B)). It is worth not-
ing that the enhanced carbon uptake in the Southern
Ocean is coincident with increasing biological export
over the 21st century (figure S1(A) (available online
at stacks.iop.org/ERL/16/124063/mmedia)), imply-
ing a link between biology and the ocean uptake
of anthropogenic carbon. Although the increase in
biological export in the Southern Ocean is consist-
ent with a multimodel study [50], the same study
found wide disagreement among models throughout
the rest of the global ocean. Outside of the South-
ern Ocean, the scale of the biological contribution,
and the negligible correlation throughout the rest of
the global ocean between the change in biological
export and the change in surface uptake over the cen-
tury in the RCP8.5 run (figure S1(B)) indicate that
the changes in carbon uptake are dominated by phys-
ical and/or chemical processes rather than biological
processes. As anticipated under the RCP8.5 scenario,
the trend in anthropogenic heat and carbon stor-
age (figures 4(C) and (D)) are positive throughout
most of the ocean with the exception of the Atlantic
Ocean. Here, the differences in the patterns of storage
stand out, with the majority of anthropogenic carbon
stored in the north, but anthropogenic heat storage
distributed throughout most of the basin, except in
regions of the northern margin. The patterns of stor-
age in the North Atlantic Ocean are linked to the loss
of heat to the Arctic, as described above, as well as
enhanced uptake of carbon, and despite the enhanced
uptake of heat, at the Gulf Stream extension, in line
with [51] (for heat) and with [2] (for carbon). Dis-
parities between storage and uptake are due to hori-
zontal transport of the given tracer, i.e. a horizontally
static ocean would have identical storage and uptake
at any location.

These regionally distinct ratios for the pathways
of heat and carbon stand in contrast to [13], which
finds a strong spatial correlation between maps of
projected storage of carbon and heat in the global
oceans. Although we do not present submesoscale
features explicitly, their effects are inherent in the res-
olution of the simulation, and the emergent basin-
scale effects of submesoscale features (e.g. eddies and
western boundary currents) contribute to regional
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Figure 4. Projected cumulative uptake of anthropogenic heat and carbon over the 21st century, integrated over the period
2006–2100, with positive indicating into the ocean (top; A and B) and of storage (i.e. the change in inventory) in the water
column over the upper 2000 m over the 21st century, calculated as the mean over the final decade (2091–2100) minus the mean
over the initial decade (2006–2015) (bottom; C and D).

differences, not captured by the CMIP5 models ana-
lysed in [13]. These regional differences do not com-
bine to produce a significantly different globally-
integrated heat to carbon ocean storage ratio; the
slightly higher ratio in our model (6.9× 107 J mol−1)
in comparison to [13], is primarily attributable to our
projection running further into the future.

The effects of heat and carbon uptake and stor-
age over the 21st century are presented in terms of
the changes to sea surface temperature (∆SST) and
pH (∆pH) in order to illustrate regions of acceler-
ated change in the upper ocean, similar to analysis in
[20], along with a regional breakdown of where the
change is dominated by heating and/or acidification
described below. These surface changes differ some-
what from the distributions of uptake and storage,
due to variations in subsurface transport, especially
as it affects the vertical distributions of the added
heat and carbon (shown through zonal mean ver-
tical structure in figure S2). The intensity of surface
warming over the 21st century in the RCP8.5 scenario
is highest in northern and midlatitude oceans with
little change in the Southern Ocean (figure 5(A)). In
contrast, ∆pH is more intense at high latitudes in
both hemispheres (figure 5(B)), consistentwith ocean
chemistry (e.g. [52]). The solid lines in figures 5(A)
and (B) represent contours of the decadal means of
SST and pH at the end of the 21st century under

RCP8.5 forcing, with the pH = 7.75 contour at the
halfway point between the moderate (pH 7.8–8) and
most intense (pH < 7.7) regimes of stress on corals as
described in [53].

To explore how the divergent pathways of
anthropogenically-derived heat and carbon impact
the environment, the ∆SST and ∆pH were mapped
relative to the mean global change (MGC) for each,
i.e. an increase of 2.55 ◦C in ocean temperature and
a decrease of 0.32 in pH over the 21st century in the
RCP8.5 run (figure 5(C)). It should be noted that
these changes relative to theMGC showwhere the sea
surface is heating and acidifying more or less, but this
does not always equate to stress on organisms, which
can depend on the mean state and seasonal variance
as well as the type of species (e.g. [54]), which is bey-
ond the scope of this study. It is also important to note
that, although changes in pH are commonly used to
quantify ocean acidification, the logarithmic nature
of pH (relative to the hydrogen ion concentration, i.e.
pH=−log10 [H

+]) means that changes in pH should
include information about the mean state (e.g. [55]).
The decadal-averaged mean state at the beginning
and end of the century are presented in figure S4.
The patterns of heating and acidification demon-
strate substantial regional variability in their relative
impacts, with large coherent areas of the ocean sur-
face exhibiting stresses that are greater than the MGC
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Figure 5. Projected changes in sea surface temperature (top left; A) and pH (top right; B) over the 21st century under RCP8.5,
calculated as the mean over the final decade (2091–2100) minus the mean over the initial decade (2006–2015). Solid lines in A
and B represent the back ground mean state temperature (at 10 ◦C intervals) and pH (=7.75) contours in the final decade.
Regions where the associated stress is stronger than the mean global change (MGC; C), with blue indicating the regions where
only pH stress is greater than the MGC, red indicating where only temperature is greater than the MGC, black indicating both are
greater than the MGC, and green indicating both are less than the MGC.

over the century for either heating, acidification, or
both. The Southern Ocean undergoes relatively large
decreases in pH, consistent with [52, 56–58], but
smaller changes in temperature (less than 2 ◦C) due
to the region’s link to the deep ocean through the
meridional overturning circulation (see e.g. [59].),
where the total carbon is relatively high and ocean
temperature is low. The North Atlantic, at the ter-
minus of the Gulf Stream, also undergoes a rate of
acidification faster than the MGC. The North Pacific
undergoes a combination of enhanced ∆SST and
∆pH, both greater than the MGC, due to weak ver-
tical mixing (see, for example, supplementary figure
5(A) of [31], showing an increase in stratification
in the North Pacific by the end of the 21st century).
The equatorial and northern subtropical zones also
exhibit weakmixing but with a higher buffering capa-
city, leading to ∆SST larger than the MGC, but not
for ∆pH, in most of these regions. Tropical zones
south of the equator in the Pacific and Atlantic, and
in the vicinity of the Indonesian throughflow will
encounter more stable conditions, with both heating
and acidification weaker relative to their respective
MGC.

4. Conclusion

Projections of the air-sea uptake and redistribution
of anthropogenic heat and carbon within the global
ocean are central to understanding the evolution of
the climate system, and how thismay impact themar-
ine environment and the ecosystem services that it
provides. This is the first study analyzing future global
projections over the 21st century for both ocean heat
and carbon pathways in a high-resolution simula-
tion, providing a reference to compare with simu-
lations that do not resolve mesoscale features. We
find global ocean heat uptake continues to acceler-
ate but ocean uptake of carbon approaches a con-
stant annual rate by the last third of the century, des-
pite the continued increase in atmospheric CO2. At
the basin scale, the generally linear nature of the heat
vs carbon storage trajectories implies that the ratio
is constant for each of the defined regions, but the
ratios vary between them. The constant, but region-
ally distinct, ocean storage ratios between anthro-
pogenic heat and carbon have profound implica-
tions for observing system design, suggesting that
characterizing and understanding the slope of this
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relationship could allow observations of carbon or
heat storage to substantiate one another. As a single
realization, this study is necessarily limited in a way
that non-mesoscale resolving model-ensemble stud-
ies are not, but we anticipate further studies utilizing
high-resolutionmodels that representmesoscale pro-
cesses that may support or refute these findings.

Regional differences in the warming and ocean
acidification of surface waters are pronounced,
revealing large coherent areas where either ∆SST
or ∆pH is larger than the MGC over the 21st cen-
tury, but not both. Specifically, the Southern Ocean
will undergo stronger acidification, and the equat-
orial and northern subtropical oceans will encounter
stronger warming. The stress from ocean heating
and acidification on organisms will influence marine
ecosystems [6] and therefore are important consid-
erations for food security and the ecosystem services
they provide. In particular, regions with relatively
small changes to temperature and pH identified in
this study have the potential to serve as refugia [60]
from the large-scale anthropogenic changes occur-
ring in the global ocean.
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