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Abstract

The ocean removes man-made (anthropogenic) carbon from the atmosphere and thereby
mitigates climate change. Observations from global hydrographic surveys reveal the spatial and
temporal evolution of the ocean inventory of anthropogenic carbon and suggest substantial
decadal variability in historical storage rates. Here, we use a 100-member ensemble of an Earth
system model to investigate the influence of external forcing and internal climate variability on
historical changes in ocean anthropogenic carbon storage over 1994 to 2014. Our findings reveal
that the externally forced, decadal changes in storage are largest in the Atlantic (2-4 mmol m—3
decade™!) and positive nearly everywhere. Internal climate variability modulates regional ocean
anthropogenic carbon storage trends by up to 10 mmol m > decade™!. The influence of internal
climate variability on decadal storage changes is most prominent at depths of ~300 m and at the
edges of the subtropical gyres. Internal variability in anthropogenic carbon in the extratropics has
high spectral power on decadal to multi-decadal timescales, indicating that the approximately
decadal repetitions of hydrographic surveys may produce storage change estimates that are heavily

influenced by internal climate variability.

1. Introduction

Nearly one-third of the historical, anthropogenic
emissions of carbon dioxide (CO,) have been
absorbed by the ocean (Khatiwala ef al 2013), mitig-
ating the rate of climate change. As a result, the global
ocean inventory of anthropogenic carbon (C,y) has
increased from zero in pre-industrial times to more
than 170 Pg C today (Canadell et al 2021). C,y is het-
erogeneously distributed in the ocean interior due to
ocean circulation patterns. Once C,p; enters the sur-
face ocean through air—sea gas exchange, it is slowly

© 2025 The Author(s). Published by IOP Publishing Ltd

transported to the intermediate and deep ocean along
isopycnal surfaces that outcrop in certain geographic
locations including the subpolar North Atlantic, mid-
latitude Southern Ocean, and the subtropical North
Pacific (Sarmiento et al 1992, Graven et al 2012).
Data collected on repeat hydrographic surveys
conducted approximately each decade suggest sub-
stantial variability in ocean C,, storage rates over
1994 to 2014 (Miiller et al 2023). According to
observation-based estimates, from 1994 to 2004 the
global ocean storage of C,ye grew by 29 + 3 Pg C
dec™!, whereas the growth rate slowed to 27 4 3 Pg
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C dec™! from 2004 to 2014, despite atmospheric CO,
growth rates of 18.6 ppm dec™! and 20.4 ppm dec™!
over the same respective decades (Miiller et al 2023).
In other words, while the ocean inventory of C,y,; grew
from 1994 to 2014, the rate of storage increase in
the second decade was slower than that of the first.
Further, studies find that changes in the rate of C,y,
storage manifest differently in different regions of the
ocean, with a slowdown in the storage rate in the
North Atlantic, and a speed-up in the storage rate
in the South Atlantic in the second decade relative
to the first (Gruber et al 2019b, Miiller et al 2023).
Future projections of the coupled carbon-climate sys-
tem would benefit from a deeper understanding of the
drivers of change in ocean C,,; storage, yet the causes
of these storage rate changes remain unknown.

Due to their decadal repetitions, it is challen-
ging to quantify the relative roles of external forcing
and internal climate variability in ocean C,y storage
changes from hydrographic observations. Externally
forced drivers of changes in ocean C,y storage could
be driven by changes in atmospheric CO, concentra-
tions, changes in ocean transport, changes in ocean
buffer capacity, or volcanic eruptions (Revelle and
Suess 1957, McKinley et al 2017, 2020, Fay et al
2023, Olivarez et al 2024). Internal climate vari-
ability, defined as drivers of change that are not
from external forcings, also has the capacity to affect
change in ocean C,y storage rates by altering ocean
circulation patterns. For example, the Pacific Decadal
Oscillation, a low frequency mode of internal climate
variability, impacts the subduction of North Pacific
subtropical mode water and its associated biogeo-
chemical properties (Oka et al 2015). Historical
changes in the rate of ocean C, storage have likely
been influenced by a combination of external forcing
and internal climate variability.

This study uses a novel, large ensemble mod-
eling approach to de-convolve the relative roles of
external forcing and internal climate variability in
the spatiotemporal changes in historical ocean C,p
storage. We analyze output from the Community
Earth System Model version 2 (CESM2) 100-member
Large Ensemble, where the ensemble mean changes
are attributable to external forcing, and the ensemble
standard deviation is ascribed to internal climate
variability. We examine regional and depth-resolved
decadal changes in C,y storage and determine the
timescales of internal variability in C,y.

2. Methods

Our primary numerical tool used in this study
is CESM2, which consists of coupled atmosphere,
ocean, sea-ice, land surface, and land/ocean carbon
cycle model components (Danabasoglu et al 2020).
The ocean component of CESM2 is the Parallel Ocean
Program version 2 (POP2) with nominal 1° resolu-
tion, 60 vertical levels, and parameterized sub-grid
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scale processes (Danabasoglu et al 2012). The ocean
biogeochemistry model in CESM2 is the Marine
Biogeochemistry Library (MARBL), which represents
the lower (planktonic) trophic levels of the marine
ecosystem, full carbonate system thermodynamics,
air—sea CO; exchange, and dynamic nutrient (Fe, Si,
N, and P) cycling (Moore et al 2004, 2013, Moore
and Braucher 2008, Long et al 2021). The carbonate
chemistry module uses prescribed atmospheric CO,
concentrations to simultaneously solve the full car-
bonate system using both contemporary and prein-
dustrial atmospheric CO, concentration values, such
that C,y can be calculated by taking the difference of
these two carbonate systems (Lovenduski et al 2007,
2008, Long et al 2021).

To quantify the impact of external forcing and
internal climate variability on ocean C,, storage
changes, we use output from a 100-member ensemble
of CESM2, which we refer to as CESM2-LE (Rodgers
et al 2021). We focus our analysis on output from the
historical period (1850-2014), where the external for-
cing for all ensemble members follows that of the 6th
Coupled Model Intercomparison Project (CMIPS6,
Meinshausen et al 2017), with two different sets of
forcing fields for historical biomass burning emis-
sions DeRepentigny et al (2022), which has a negli-
gible influence on internal variability in ocean Cgy
storage, but a large influence on other aspects of the
Earth system, e.g. Arctic sea ice;. The ensemble is
generated using both macro- and micro-initialization
to create a unique ensemble standard deviation that
includes the impact of the initial AMOC state on
climate variability. The macro-initialization starts
from four different years that correspond with years
of maximum, decreasing, minimum, and increasing
AMOC transport, respectively, relative to the prein-
dustrial control simulation. The micro-initialization
uses independent restart files at 10 yr intervals over
1001 to 1191 (Rodgers et al 2021). In our study, the
impact of external forcing on ocean C, is estim-
ated from the mean across the 100 ensemble mem-
bers, while the impact of internal climate variability
on ocean Cyy is estimated as the spread across the 100
ensemble members.

Consistent with other global ocean biogeochem-
ical models from the Global Carbon Budget (GOBMs,
specified in Miiller et al 2023), CESM2-LE estim-
ates are lower than the rate of increase in the ocean
Cant inventory from 1994 to 2014 as compared
to an observation-based estimate using the exten-
ded Multiple Linear Regression eMLR(C*) approach
(figure S1; Miiller et al 2023). From 1994 to 2004, the
surface to seafloor in CESM2-LE accumulates 18.6 4
0.6 Pg Cyn dec ™!, while the eMLR(C*) method accu-
mulates 29 4 2.5 Pg C,,; dec ™! and the GOBMs accu-
mulate, on average, 19.5 4 2.7 Pg C,y dec™!. From
2004 to 2014, the CESM2-LE accumulates 21.4 4= 0.7
Pg C.n dec™!, while eMLR(C*) accumulates 27 =+
2.5 Pg C,p dec™! and the GOBMs accumulate, on
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average, 22.8 & 2.7 Pg C,ne dec™!. Thus, CESM2-LE
is consistent with other GOBMs in underestimating
the growth in the oceanic C,y inventory (Hauck et al
2020, Terhaar et al 2022, 2024, Miiller et al 2023).

To examine the role of horizontal resolution in
ocean C,y storage changes, we also use output from
a newly released, global high resolution (0.1°) ocean-
ice hindcast simulation of CESM2 (Krumbhardt et al
2024), which is forced by the JRA55-do product
atmospheric state and runoff dataset over the period
1958 to 2021 (Kobayashi et al 2015, Tsujino et al
2020).

This study examines the decadal change in ocean
Cant storage for the decades spanning January 1994 to
December 2003, and January 2004 to December 2013.
Following the approach of Miiller et al (2023), we cal-
culate the change in ocean C,p storage between refer-
ence years 1994-2004 as

ACynt, =2004¢,, —19%c¢,,, (1)

where d1 represents decade 1. Similarly, the change in
ocean C,y; storage between reference years 2004-2014
is defined as

ACyn, = 2014, — 2004, . 2)

The decadal change in ocean C,y storage (AACyy)
is defined as

AACam - Acantdz - ACantdl . (3)

We calculate the ensemble standard deviation of the
100 ensemble members over each decade and for the
decadal change in ocean C,y storage. The ensemble
spread can be measured by its standard deviation
(0(AAC,y)), as it captures the impact of internal
variability on the decadal changes in C,p,.

We illustrate the spatial structure of the ocean
gyres using the model-derived barotropic stream-
function (BSF). BSF is depth-integrated volume
transport and illustrates the position of gyres occur-
ring across the global ocean. Detailed information
about how BSF is estimated in POP2 can be found in
Smith et al (2010).

We perform fast Fourier transform (FFT; e.g.
Heideman et al 1985) analysis of CESM2-LE
ensemble members over 1988-2014 to determine the
spectral power of internal variability in C,p, on differ-
ent timescales. Upper ocean integrals (top ~3000 m)
of Cyy from each ensemble member are prepared for
FFT analysis using the following procedure, outlined
in Landschiitzer et al (2019). The ensemble mean is
subtracted to remove the externally forced response,
any residual seasonality is removed by applying a
12 month running mean, and spectral leakage from
low-frequency harmonics is suppressed via linearly
detrending the residual C,, anomalies. FFT ana-
lysis is conducted in each ensemble member at every
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ocean grid cell and separately. We then sum the spec-
tral power together into four timescales based loosely
on large-scale climate modes: a 1-3 yr period, a 3—
7yr period to match ENSO (Feely et al 1999, 2006),
a 7-20yr period for PDO (Mantua et al 1997, Zhang
et al 1997) and AMOC (Buckley and Marshall 2016,
Zhang et al 2019), and a decade-to-century frequency
to capture other low-frequency oscillatory climate
behavior. The power spectra of all ensemble mem-
bers are ensemble averaged and then divided by the
total power to calculate the fractional variance of the
internal variability in each timescale.

3. Results

The externally forced, decadal change in ocean
anthropogenic carbon storage (AAC,,) is positive
nearly everywhere across the global ocean. Figure 1(a)
shows the ensemble mean, upper 3000 m integrated
AAC,y, estimated by subtracting the ensemble mean
AC, over the decade 1994-2004 from the ensemble
mean AC,, over 2004-2014 (equation (3)). The
largest positive decadal changes in C,y storage are
found in the North Atlantic (AAC,,: = 2-4 mol
m~2 dec™!) and in the Arctic Ocean (AAC,, >
4 mol m~2 dec™!). External forcing drives 1-2 mol
m~2 dec™! increases in C,y storage in the subtrop-
ical latitudes of all ocean basins, and 2-3 mol m—2
dec™! increases in C,y storage in the South Atlantic
(figure 1(a)). These results suggest that external for-
cing drives increasing rates of C, storage throughout
the global ocean from one decade to the next, with
storage rates increasing fastest in the North Atlantic,
Arctic, and subtropical South Atlantic.

Externally forced, decadal changes in ocean Cpp
storage are heterogeneously distributed with depth
(figure 2(a)). The largest changes occur at ~100 m
in the tropics, at ~300 m in the subtropics, and at
~500m in the subpolar North Atlantic and Arctic
(figure 2(a)). Externally forced AAC, is positive
across the global ocean at the surface, 100 m, and
500 m, and mostly positive at 300 m, with the excep-
tion of the western Pacific warm pool, where AAC,y¢
is a small negative number (figure 2(a)). The mostly
positive, externally forced AAC,,; values extend to
depths of 3000m and beyond (not shown). The
ensemble mean, zonal mean AAC,,; confirms that
externally forced, decadal C,y storage changes are
most prominent in the North Atlantic (2-4 mmol
m~> dec™! from 20°N to the Arctic and ~250 to
~1000 m depth) (figure 3, upper panel).

Though internal variability has only a small effect
on the temporal evolution of the global, cumulative
Cant storage inventory (pink shading in figure S1),
on regional scales, internal variability in the decadal
change in ocean C,, storage is the same order of
magnitude as the externally forced decadal change
(figure 1). In the subpolar North Atlantic, the
ensemble standard deviation of the decadal change
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0(AAC,n)

mol m-2 dec! mol m-2 dec-!

Figure 1. (a) Ensemble mean, decadal change in upper ocean (0-3000 (m) integrated Cqy storage from 1994 to 2014 (AACang;
mol m~2 dec™!). (b) Ensemble standard deviation of the decadal change in upper ocean integrated Cypn storage (AACyp); mol
m~2 dec™!). Colorbar in (b) is replicated as black contours in (a). Contours in (b) show the ensemble mean barotropic
streamfunction (BSF) over 1994-2004. Contours are every 10 Sv with zero-contour omitted.

surface
surface

100 m
100 m

300 m

300 m

500 m
500 m

4 3 2 1 0 1 2 3 4
mmol m-3 dec-! mmol m 3 dec

Figure 2. (a) Ensemble mean, decadal change in Cyy storage from 1994 to 2014 at the surface, ~100 m, ~300 m, and ~500 m
(AACyn;; mmol m—> dec™!). (b) Ensemble standard deviation of the decadal change in storage at the same depths (o( AACant);
mmol m~? dec™!). Colorbar in column (b) is replicated as black contours in column (a). Contours in column (b) show the
ensemble-mean barotropic streamfunction (BSF) over 1994-2004. Contours are every 10 Sv with zero-contour omitted.
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Figure 3. (upper) Ensemble mean, zonal mean decadal change in Cyy storage from 1994 to 2014 in the Atlantic, Indian, and

Pacific basins from the surface to ~3000 m (AACyp; mmol m™

3 dec™!). (lower) Ensemble standard deviation of the decadal

change in storage in the same basins (0 (AACgnt); mmol m— dec™!).

in upper ocean (0-3000m) integrated C,n stor-
age (0(AAC,y)) is 1-2 mol m~2 dec™!, while the
ensemble mean decadal change (AAC,,) is 2-4
mol m~2 dec™! (figure 1). In the subtropical North
Atlantic, 0 (AAC,y) is ~1 mol m—2 dec™!, while the
externally forced AAC,y is 2-3 mol m~2 dec™!. The
Arctic is characterized by elevated internal variability
and high externally forced changes in the decadal C,y,
storage changes (figure 1). Internal variability also
plays a key role in decadal storage changes in regions
that do not show large externally forced decadal
changes, such as the subtropical North Pacific and
the southern Indian Ocean (figure 1). As such, our
analysis indicates that internal variability and external
forcing both play key roles in regional, decadal ocean
Cant storage changes.

The impact of regional internal variability on
decadal C,, storage changes varies with depth
(figure 2(b)). In the surface ocean, o(AACy)
is largest in the tropical Pacific, with o(AAC,n)
becoming more pronounced in the eastern Tropical
Pacific at 100 m depth (figure 2(b)). The most pro-
nounced internal variability in decadal C,, stor-
age changes in the upper ocean occurs at a depth
of 300 m, where 0(AAC,,) exceeds 4 mmol m~>
dec™! in the western tropical Pacific, subpolar North
Pacific, subpolar North Atlantic, subtropical South
Indian, and in all basin sectors of the Southern Ocean
(figure 2(b)). At 500 m, the highest c(AAC,y) val-
ues occur in the subtropical South Indian, subpolar
North Atlantic, and Arctic Ocean (figure 2(b)). The
zonal mean o(AAC,,) suggests that internal vari-
ability has the largest influence on decadal changes
in C,,; within the thermocline of all ocean basins
(figure 3, lower panel).

Regions characterized by high internal variab-
ility in decadal C,, storage changes tend to align
with the edges of the subtropical gyres. This is best

illustrated in figures 1(b) and 2(b), where the colors
indicate 0(AAC,,), and the contours indicate the
modeled BSE. The highest 0 (AAC,y) values coincide
with closely spaced streamfunction contours, both for
the column inventory (figure 1(b)) and the depth-
resolved 0 (AAC,) (figure 2(b)). The correspond-
ence between 0(AAC,,) and the streamfunction is
most pronounced at 300 m, where CESM2-LE shows
pronounced internal variability in decadal ocean Cype
storage changes at the northern and southern edges
of the North Pacific and North Atlantic subtropical
gyres, the northern edge of the South Pacific subtrop-
ical gyre, and the northern edge of the Indian Ocean
subtropical gyre (figure 2(b)). Additionally, figure 3
lower panel highlights that all basins show internal
variability as the driver of oceanic C,, storage along
the ‘shoulders’ of the subtropical gyres, with highest
variability (24 mmol m 2 dec™!) seen between 250
to 500 m depth.

Internal variability in upper ocean (0-3000m)
integrated C,nc has high spectral power on 3-7yr,
7-20yr, and 20+ year frequencies (figures 4 and
S4). Tropical Pacific C,py is characterized by large
internal variance on 3-7 yr frequencies, as is Cyp In
the Southern Ocean, northern Pacific, and south-
ern Indian, Pacific, and South Atlantic. Though not
as pronounced, the internal variance in C,y in the
extratropics has high spectral power at 7-20 and
20+ year frequencies. Low-frequency (20+ year)
internal variability in Atlantic and Southern Ocean
Cant gradually increases in power from the surface
to ~500m (figure S4). Thus, results from our spec-
tral analysis demonstrate that the dominant times-
cales of Cyy internal variability in the extratropics
is 7-20+ years, which is the approximate repetition
of the hydrographic surveys used to determine the
decadal and multi-decadal changes in the ocean C,y
inventory.
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fraction of total variance (%)

Figure 4. The fractional variance (%) of the spectral power in 1-3, 3—7, 7-20, and 20+ year bands of C,p¢ internal variability in
the upper ocean (top 3000 (m), calculated from 1988 to 2014 using all CESM2-LE members.

4. Conclusions and discussion

This study uses CESM2-LE to investigate the influ-
ence of external forcing and internal climate variabil-
ity on historical changes in interior ocean C,pt OVer
1994-2014. The externally forced, decadal changes
in Cyn Storage are positive nearly everywhere, with
storage rates increasing fastest in the North Atlantic,
Arctic, and subtropical South Atlantic at 300-500 m
from the first decade to the second. Internal cli-
mate variability imprints on the decadal changes
in C,y storage, and on regional scales, is the same
order of magnitude as the externally forced, decadal
changes. We find large magnitude internal variabil-
ity in Cyp¢ decadal changes at 300 m and at the edges
of the subtropical gyres in all basins. Internal vari-
ance in the extratropical storage of C,, has substan-
tial spectral power on 7-20+ year timescales. We con-
clude that the approximately decadal repetitions of
hydrographic surveys may produce C,y; decadal stor-
age change estimates that are heavily influenced by
internal climate variability.

We find that both the externally forced change
and internal climate variability play key roles in the
decadal changes in oceanic C,,; storage over the
top 3000 m. The observation-based study of Miiller
et al (2023) reports decreasing rates of C,y¢ storage
over the top 3000 m in the North Atlantic and the
Pacific and Indian sectors of the Southern Ocean,
and increasing rates of C,, storage on the southern
edge of the subtropical gyre in the South Atlantic.
The observed decadal storage changes in Miiller et al

(2023) are believed to be a combination of extern-
ally forced and internally derived changes (described
as ‘steady state’ and ‘non-steady state’, respectively, in
Miiller et al (2023); further discussed in Olsen et al
(2024)). Real-world observations are akin to a single
ensemble member, and CESM2-LE can produce a
range of decadal changes in C,y, that are both sim-
ilar to, and starkly different from the changes estim-
ated using real world observations (see, e.g. figure S3).
Using the ensemble mean of 100 different possible
scenarios, our study establishes that the externally
forced, decadal changes in C,, storage are posit-
ive almost everywhere. Thus, the modeled response
to external forcing, such as increasing atmospheric
CO; and any subsequent, externally forced changes in
ocean circulation (such as a weakening of the AMOC
and a reduction in the ocean’s buffer capacity, as sug-
gested in Miiller et al 2023), act to increase C,p Stor-
age nearly everywhere from one decade to the next.
Given that changes due to external forcing are posit-
ive almost everywhere, the observed negative decadal
storage changes reported in Miiller et al (2023) are
likely driven by internal variability.

Internal climate variability has the largest influ-
ence on decadal changes in C,p storage on the edges
of the subtropical gyres. Recent studies document
substantial interannual variability in the extent of the
subtropical gyres in the Pacific and Atlantic basins
(Kavanaugh et al 2018, Drouin et al 2021), which
may be linked to modes of internal climate variab-
ility (Kavanaugh et al 2018) and produce variability
in biogeochemical tracers (McClain et al 2004). Our
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study adds to this literature by demonstrating that
subtropical gyre boundary variability imprints on the
decadal trends in ocean C,, storage. The western
boundary currents that define the poleward extent
of the subtropical gyres (e.g. Gulf Stream, Kuroshio
Current) are characterized by turbulent mesoscale
eddy processes that are highly variable; our research
suggests large ensemble standard deviation in C,py
storage changes in these regions.

Internal variability in upper ocean C,y invent-
ory (figure 4) shows high spectral power on 37 year,
7-20 year, and 20+ year frequencies, indicating that
ENSO (Feely et al 1999, 2006), PDO (Zhang et al
1997), AMOC (Buckley and Marshall 2016, Zhang
et al 2019), and other low-frequency oscillatory cli-
mate modes drive internal variability in C,y. Thus,
our study suggests that the approximately decadal
repetitions of hydrographic surveys may produce C,p;
storage change estimates that are heavily influenced
by internal climate variability. Additional observa-
tional studies, to include enhanced surveying in cer-
tain regions (for example, the equatorial Pacific every
second year), are needed to better understand the
drivers of C,n storage changes in the real world.
Interpretation of real-world changes would also bene-
fit from understanding the phasing of internal climate
variability and its influence on oceanic C,y, inventory.

Our findings are accompanied by several caveats.
Like other Earth system models, CESM2-LE under-
estimates the ocean C,y¢ inventory’s increase with
time as compared to observations (figure S1; Mikaloff
Fletcher et al 2006, DeVries et al 2019). As such, the
externally forced changes in C,y storage that we doc-
ument here are likely smaller than those that have
occurred in the real world. Further, we document
high C,¢ internal variability in eddy-rich regions,
but the CESM2-LE experiment was conducted using
a nominal 1° ocean model grid with parameterized
subgrid-scale processes such as eddies. Reassuringly,
decadal changes in C,, storage estimated from a
high-resolution (0.1°) ocean-ice hindcast simulation
of CESM2 indicate high spatial variability at the edges
of the subtropical gyres (figure S2; Krumhardt et al
2024), an indication of the large influence of internal
variability on the decadal trends in these regions.

Internal climate variability modulates the decadal
changes in C,, storage, impacting some regions
more than others, and, in some cases, changes due
to internal variability are as large as the externally
forced change. This study extends on previous lit-
erature that analyzes changes in the oceanic C,y
inventory (Sabine et al 2004, Mikaloff Fletcher et al
2006, Gruber et al 2009, 2019a, Khatiwala et al 2009,
Wanninkhof et al 2010, Miiller et al 2023, Olivarez
et al 2024) by using a Large Ensemble to demon-
strate that the changing inventory of C,,; on decadal
timescales is influenced by both external forcing
and internal climate variability. We quantify where
and how much internal climate variability influences
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decadal C,,,; storage changes, which will improve our
ability to accurately project future changes in the
ocean carbon reservoir.
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