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Abstract. Nearly every nation has signed the UNFCC Paris Agreement, committing to mitigate glebal-anthropogenic carbon
emissions and-so as to limit global mean temperature increase to no more than 1.5°C. A consequence of emission mitiga-
tion that has received limited attention is a reduced efficiency of the ocean carbon sink. Historically, the roughly exponen-
tial increase of atmospheric CO5 has resulted in a proportional increase in anthropogenic carbon uptake by the ocean. We
define growth of the ocean carbon sink exactly proportional to the atmospheric growth rate to be 100% efficient. Using a

model hierarchy consisting of a standard-one-dimenstonal-common reduced-form ocean carbon cycle model and acomplex
the Community Earth System Model (ESMCESM), we eompare-the-future-efficieney-change-assess the mechanisms of future

change in the efficiency of the ocean carbon sink ir-response-to-aggressive-emission-under three emission scenarios: aggressive
mitigation (1.5°C), intermediate emission-mitigation (RCP4.5), and no-emission—mitigation-high emissions (RCP8.5). The

one-dimensionalreduced-form ocean carbon cycle model —whieh—wdeﬂgﬁed{eﬂcephe&femrw;ejhe global-mean

behavior of the E

CESM, and then allows for mechanistic decomposition. With intermediate or no mitigation (RCP4.5

RCP8.5), changes in efficiency through 2080 are almost entirely the result of ehanges-in-the-future reductions in the carbonate
buffer capacity of the ocean;+which-aceelerates-the-growthrate-of disselved—in-thesurface-ocean. Under the deeclining—regime
of-the-1.5°C scenario, the dominant driver of efficiency decline is the eafbeﬂ—gfadteﬂkeffeet—ﬂrwlﬂelﬁr{hhe—amhfepegeme
r-ocean’s reduced ability
to_transport anthropogenic carbon from surface to depth. As the global-mean upper-ocean gradient of anthropogenic carbon
reverses sign, carbon can be re-entrained in surface waters where it slows further removal from the atmosphere. Reducing
uncertainty in the-eireutation-of-the-upper-ocean-ocean circulation is critical to impreving-quantification-of-the-carbon-gradient
effeet-and-better understanding the transport of anthropogenic carbon from surface to depth, and to improving quantification
of its role in the future ocean carbon sinkunder-emissions-mitigation.

1 Introduction

The ocean has absorbed excess carbon equivalent to 39% of the CO, from industrial era fossil fuel combustion and cement
production (Friedlingstein et al., 2019). The rest of the CO, remains in the atmosphere where it acts as the primary driver

of climate change. At the global scale, the partial pressure of CO, in the atmosphere (pCO5'™) is greater than the partial
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pressure of CO5 in the surface ocean (pC'O$™), thus there is a net ocean sink. The difference in partial pressures has grown
over time, therefore ocean uptake of atmospheric CO5 has increased over the industrial era (Khatiwala et al., 2009; DeVries,
2014). The carbon that has been added to the ocean and atmosphere as the result of anthropogenic CO» emissions is referred
to as anthropogenic carbon, C,,;.

The rate of ocean anthropogenic carbon uptake is further controlled by carbon chemistry in seawater and physical removal
of anthropogenic carbon from the surface ocean into the ocean interior (Graven et al., 2012). Various processes set the rate of
physical-anthropogenic-carbonremovaktransport from surface to depth of anthropogenic carbon (Bopp et al., 2015; Gnanade-
sikan et al., 2015; Iudicone et al., 2016). Advection and watermass transformation dominates regional patterns of anthropogenic
carbon fluxes into (reemergence) and out of (subduction) the seasonal mixed layer (Bopp et al., 2015; Iudicone et al., 2016;
Toyama et al., 2017). However, large positive and negative signs of these fluxes mostly cancel when globally integrated (Bopp
et al., 2015)an i i i

, and thus can be conceptualized as a diffusive process in a
vertical column (Section 2.4). By parameterizing the ocean’s global-mean removal of carbon to depth as a constant process

models based on an impulse response function (IRF) can replicate ocean anthropogenic carbon uptake that is quantitativel
consistent with the ecean-anthropogenie-earbon-uptake of complex models and observations (Oeschger et al., 1975; Joos et al.,

1996).
Effieieney-The efficiency of land and ocean sinks may be described by the CO- sink rate (kg; Raupach et al. (2014)), which

is the combined ocean-land COs uptake per unit atmospheric CO, above preindustrial levels (C’fnTtM , PgC):

Fi(8) + Fn ()

kS (t) _ ant (1)
Camt™ (1)
Where FL , (Pg C yr~1) is the anthropogenic land sink and F4, (Pg C yr~1!) is the anthropogenic ocean sink.

Observations of kg from 1959-2012 indicate a robust declining trend, and thus the rate of increase in the natural-sinks has
been slower than the accumulation of carbon in the atmosphere (Canadell et al., 2007; Raupach et al., 2014). This—resultis

Raupach et al. (2014) illustrate that the observed declining kg is attributable to this slower-than-exponential CO5 emissions
growth (~35% of the trend), a decline in the-size-ef-major volcanic eruptions, which cause brief periods of global cooling
(~25%), response of the natural sinks to a warming climate (~20%), and nonlinear responses to increasing atmospheric

COs (mostly attributable to ocean chemistry; ~20%).

The contribution of ocean anthropogenic carbon uptake to kg is kps:
Fani(t)
ka(t) = =t 2
ult) = Gamm) @

If there is exponentially increasing pC'O5'™, and constant gas solubility, air-sea transfer coefficient, and carbonate buffer
capacity, theory indicates that k,; will remain constant (Raupach et al., 2014). Because these conditions do approximatel
describe historical conditions, constant proportionality for ocean anthropogenic carbon uptake has been used as a null hypothesis
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in studies of the drivers of historical regional and global scale changes in the ocean carbon cycle (Lovenduski et al., 2008; Gruber et al., 201
ie. k

1982; Tanhua et al., 2007; Lovenduski et al.,

. Here we refer to this constant proportionalit ". The term often used is "the

2008; Gruber et al., 2019). We

= constant) as the "historical scalin

transient steady state assumption" (Gammon et al.,

choose "historical scaling" to clarify that this null hypothesis was appropriate for the last several decades of the 20th centur

and to allow for emphasis on the fact that this assumption should be increasingly less accurate going forward.

Slowing of the emissions growth rate, and thus the pC O5$"™ growth rate, reduces the efficiency of ky; MeKintey-et-al;2020: Raupach-et
(Raupach et al., 2014; McKinley et al., 2020). A central motivation for this work is the fact thatthe-future-, in the future, a re-
duced pC'OS"™ growth rate is inevitable, due either to climate policy (Hausfather and Peters, 2020) -or-by-or to the eventual
exhaustion of fossil fuel reservoirs.

In addition to & efficiency changes due to slowing pC'O5'™ growth rate, there will also be impacts on kj; from elimate-carbon
carbon cycle feedbacks (Friedlingstein et al., 2013; Raupach et al., 2014). Past studies have separated carbon cycle feedbacks

into CO; concentration effects and climate driven effects (Friedlingstein et al., 2013; Arora et al., 2013). Climate driven effects

stem from the warming of the surface ocean, which reduces gas solubility and slows the ocean circulation, thus reducing the
efficiency of ocean uptake (Friedlingstein et al., 2013). The CO5 concentration effect in the ocean is-has typically been thought

of as the net result of two effects: increased flux driven by increasing pCO5'™ and reduced flux due to declining buffer ca-
pacity. The buffering capacity of the ocean refers to the transfer of absorbed CO; via chemical reactions into chemical species

that do not exchange with the atmosphere. As more COs is added to the ocean, buffer capacity decreases (Fassbender et al.,

2017). When buffer capacity is reduced, more of the CO5 remains in a form that can exchange with the atmosphereand-, and
thus the efficiency of ecean-anthropogenie-carbon uptake declines. Schwinger and Tjiputra (2018) illustrate that for scenarios
of emission mitigation, there is also an important additional component to the CO; concentration feedback. Because the ocean
only slowly transports CO> from surface to depth, when emissions are mitigated, the elevated CO concentration of the upper
ocean acts to slow additional carbon uptake. We explore this feedback under more realistic forcing scenarios in this study.
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This work expands upon previous work that has quantified future change in ocean anthropogenic carbon uptake. We sep-

arately account for changes due to buffering -eirentation-and the future trajectory of pCOS$™, and therefore, by residual

we are able to estimate the degree to which carbon already held in the upper ocean will slow the sink. We compare a-future
seenario—with-moderatelevels—effuture scenarios with high emissions (RCP8.5), intermediate mitigation (RCP4.5; Mein-

shausen et al. (2011)) and an aggressive mitigation scenario where the 1.5°C target is met (1.5°C; Sanderson et al. (2017))
i using ensemble results from an Earth System model-Model (ESM). In-the- REPE-S
tatly—We use a ene-dimensional-reduced-form ocean carbon
cycle model to emulate the ESM for each scenario, and with this-one-dimensional-model—we-it, diagnose the mechanisms

of ocean carbon sink efficiency decline in the future projections. We determine for the three pCO$'™ scenarios how reduced

bufferingand-the-, warming impacts on carbon solubility and a steady circulation interacting with a changing surface to depth

gradient of anthropogenic carbon should impact ocean anthropogenic carbon uptake through 2080.

2 Methods

2.1 Efficiency Metric and Historical Scaling

Efficiency, 7, is kas (Equation 2) referenced to the year 1990-This-aHows-efficiency-to-be-1990, and expressed as a percentage:

k()
0(0) = s < 100 3)

Referencing kjs to 1990 values maximizes the time ocean anthropogenic carbon uptake is at 100% efficiency during the
historical period, 1920-2006 (Figure S1). The historical scaling for ocean anthropogenic carbon air-sea flux (£5,,:) is closely

related to kjy :
Frane(t) = bar(1990)CATY (1) = Fypy (1990) i (1)
ant ant ant CATM(1990)

ant

“)

The overset "*" notation indicates the variable that has been extrapolated with the historical scaling. Here, F,,,:(1990) is

diagnosed from the CESM simulations. Following from Equation 3, ocean carbon sink efficiency () is related to the historical

scaling:
F,

n(t) = *a”t(t) % 100 Q)
Fant(t)

Under the approximately exponential pC'O$!"™ increase of the historical period, kj; is relatively constant, thus Fi,,;(t) &
*

F ot (t) and historical period efficiency is ~100%. Because it is approximately equal to Fly;,¢, Fant has been used to estimate
historical Fy,,,;(t) (Lovenduski et al., 2008). In the future, as kj; declines from 1990 values, Fy,,,; will be less than F',,¢(t), i.e.
efficiency will decline. In this study, F o, (t), extrapolated into the future with projected pCO$'™, is taken as an-upper-bound

for-a useful reference point against which to compare projected future ocean anthropogenic carbon uptake.
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We also use the historical scaling as a baseline for determining eeean-anthropogenic carbon concentration (Cypi(,y, 2,t))

changes in the interior (Tanhua et al., 2007; Gruber et al., 2019) in CESM:

Come (s, 211) = Cons (211, 7,1990) —Came - (0) _ ©6)
ant\T,Y, 2, = Cant\T,Y, 2, Can;M(lggo)

We use reference anthropogenic carbon concentrations (Cypnt (2, Y, 2,1990)) from the CESM simulations. The Cyt(,y, 2, t) his-
torical scaling exists because the exponential signal of atmospheric CO4 increase is transmitted by the air-sea flux of anthro-
pogenic carbon to surface ocean mixed layer anthropogenic carbon concentration (C %) and then ocean circulation passes
the exponential signal into the interior. CM £ is closely related to the time integral of the air-sea flux of anthropogenic carbon

(Section 2.3). Therefore;beeause-Because the integral of an exponential is also an exponential, C22L has also increased ex-

ant

ponentially. %&WXpOMﬂUM atmospheric 51gna1 is fhefrpfepagafedr ropagated to deeper layers by the
ocean circulationte
With this work, we study the three processes that will cause the ocean carbon sink to diverge from its historical scaling in the

coming decades, through 2080. First, the linear relationship between i 111Ac/1rvezvzlvslvrlg ML and pC’ 035°" will end due to a-deereasing
chemieal-the decreasing buffer capac1ty for COz. Second, i

reduced CO- solubility. Third, if emissions are mitigated,
—concentrations-are-redueedC M L will fall, but slightly deeper waters will still contain the higher C,,,; concentrations set by
the atmospheric COz of decades prior. There will thus be a "back-pressure" on the surface-ocean—eoneentration C ML ' coming

from near-surface water that re-emerge-reemerge at the surface (Bopp et al., 2015; Iudicone et al., 2016). Thus;future—will

SO0ur assessment of this back-pressure effect does not require change in the ocean circulation, as

our decomposition assumes a circulation to be constant. Instead, this back pressure can be explained by the relatively slow rate
at which the ocean redistributes Cane from surface to depth.

2.2 Ocean Component of the Earth System Model

We use the Community Earth System Model 1 (Hurrell et al., 2013) for our analysis for our analysis of the three-dimensional

ocean carbon sink. The CESM’s ocean component model, POP2, provides the three-dimensional, time-evolving estimates of
the ocean carbon cycle (Long et al., 2013). POP2 output is from publicly available CESM climate simulations provided by the
National Center for Atmospheric Research (NCAR). POP2 features 60 vertical levels and a nominal 1° x 1° horizontal reso-
lution. Surface boundary layer physics are parameterized using the K-Profile Parameterization (KPP) of Large et al. (1994).
Unresolved advection by eddies is parameterized with the Gent-McWilliams parameterization (Gent and Mcwilliams, 1990).
Isopycnal mixing is parameterized with the Redi (1982) diffusion operator. The biogeochemical output comes from the embed-
ded Biogeochemical Elemental Cycle (BEC) model (Moore et al., 2004). Anthropogenic carbon concentration is calculated in
the model as the difference between natural carbon, a tracer that experiences a fixed preindustrial pCO$'™, and contemporary

carbon, a tracer that experiences time evolving pC'O$!™,
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AH-of-the-elimate-Following a long preindustrial spin-up, all simulations used here are forced sith-for the historical period

1850-2005) with observations of pC'O$*™. For 2006-2080, forcing is pCO%'™ from the Representative Concentration Path-
ways (RCPs) or a 1.5°C scenario (Sanderson et al., 2017)frem—2006-2080. For the histerieal-period;1920-2005;simulations
are—foreed—with-observations—of —For-the-1.5°C scenario, a concentration pathway was designed that limited warming the

CESM to 1.5°C, for the purpose of investigating avoided climate impacts (Sanderson et al., 2017). This scenario features the
same forcing as RCP8.5 until 2017, except for CO,. Unfortunately, the projected CO5 forcing was not smoothly joined to the
historical CO; forcing, creating a period of anomalously low anthropogenic carbon flux from 2006 to 2017 (Figure S2). To
avoid this unrealistic feature in our main figures, we plot the 1.5°C scenario only after 2017.

Multiple CESM simulations are run with the same pC'O$'™ forcing to generate single model ensembles for each scenario.
The ensemble approach allows for separation of internal variability from the forced signals, with the latter being the focus
of this study. NCAR has run multiple ensembles with different forcings including CESM Large Ensemble (40 members,
RCP8.5; Kay et al. (2015)), CESM Medium Ensemble (15 members, RCP4.5), and the CESM Low-Warming Ensemble (10
members, 1.5°C; Sanderson et al. (2017)). Individual ensemble members are branched off at 1920 (Kay et al., 2015). Ocean
biogeochemistry output is limited to 9 members for the medium ensemble and the 3 for the low warming ensemble-thus—we
also-entyuse- To ensure a comparable number of ensemble members across our analysis, we use only 9 ensemble members
for the- RCPS8.5experiment.

In coupled climate models, historical climate variability of the carbon sink is not expected to match observations because
the phasing of ENSO or other internal climate variability is different in each ensemble member. Averaging across an ensemble
removes the imprint of internal variability to reveal the response to external forcing (Kay et al., 2015). With only a single
coupled climate simulation, decadal means would typically be used to smooth internal climate variability. However, since we
are using an ensemble mean in which this variability has already been removed, a-single-yearprevides-the single years that we
plot provide a snapshot of the climate response to external forcing. In eurresults;- CESM-is-this study, these CESM ensembles
are used for all maps and sections. We-tune-the-one-dimensional-As explained below, we tune the reduced-form model to
replicate the CESM’s air-sea CO5 flux (F,,:) under each scenario, and then use the one-dimensionalreduced-form model to

decompose the mechanisms for future change in efficiency-of-the-global-mean-ocean-carbon-sink-sink efficiency.

2.3 One-Dimensienal-Impulse Response Function Model for the Ocean Carbon Cyele- MedelSink

We employ an established one-dimensional-reduced form ocean carbon cycle model based in-impulseresponse-funetionson an
impulse response function (IRF). This model has been used for decades to emulate ocean carbon uptake simulated by complex
ESMs (Joos et al., 1996; Raupach et al., 2014)—This-same-approach-was-alse-used-, and is also used for all RCP scenarios
to_convert projected emissions to eonvert-emisstons—projections—to—the RCP45-and RCPE5-CO, concentrationpathways

concentrations (Meinshausen et al., 2011).
Impulse response functions characterize the dynamic system response to small perturbations around a steady state, with the
full response being the sum of infinite discrete pulses. For the global-mean ocean carbon cycle, a pulse of anthropogenic carbon

added to the surface ocean by air-sea exchange and the impulse response function determines the timescale with which that
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pulse moves to deeper ocean layers. Surface ocean anthropogenic carbon content is solved as the convolution integral of the

air-sea flux (F,+, the impulse) and the lifetime of that anthropogenic carbon pulse (r(t), the impulse response function):

t

cMity=L [ F ()t - u)du )

ant ﬁ h- Aoc
The eonvolution-integral-air-sea flux of anthropogenic carbon is dependent on the air-sea partial pressure gradient (ppm) and
the gas exchange coefficient (k,, yr—1):

Fln = by (pCO3™ —pCO5™) ®)

Where pCO$°™ is the preindustrial pCO3™ (pC O™ ") plus an anthropogenic perturbation (JpCQ3°™), including effects of

changing buffer capacity and temperature (Appendix A). Forcings are the historical and projected pC'O$'™ that forced CESM,

and historical and projected SST output by CESM.
The convolution integral in Equation 7 sets the concentration at time ¢ by calculating the fraction of previous pulses

(Fant(uw)), that entered the ocean mixed layer at times prior (t; = 0 to t). The effective mixed layer depth, h is adjusted to
tune the historical air-sea flux of anthropogenic carbon of the one-dimensioral IRF model to emulate the historical ensemble-

mean of CESM. The-optimal-f—is—109-m—The-CESM’s historical flux is best replicated with h = 51m. We implement the
impulse response function (r(t)) that was diagnosed by Jees-et-al+996)%Joos et al. (1996, 2001) from the HILDA (HIgh

Latitude-exchange/interior Diffusion-Advection) model. r(t) is fixed in time, which is equivalent to assuming a constant eceas

eirenlation—circulation and backeround natural carbon cycle. There is a unit conversion factor (¢ = 1.722 ymol m® ppm !

ke~ 1): and A, is the ocean area (m?).

~Directly diagnosing an ocean model’s mixed layer impulse

response function would require special simulations (Joos et al., 1996) ;-and-this-is-unneeessarythat have not been performed
for CESM. Instead, with-we show below that with the IRF from HILDA and h as tuning parameter, the diffusive anthropogenie

can emulate CESM behavior both historically and under these three future scenarios (Figure 2d). Thus, we can use this IRF to
assist in separating the mechanisms of ocean carbon sink change that are occurring in the CESM projections. It is important
to note that despite the ability of the IRF model to emulate CESM behavior for our period of study, this does not mean it
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should be expected to emulate CESM on longer timescales. Particularly under high emissions, greater ocean circulation and
biogeochemical changes are expected beyond 2100 (Randerson et al., 2015).
Finally

2.4 Mechanistic Decomposition of the Air-Sea Flux

Considering anthropogenic perturbations on top of a background natural state in the surface ocean, the air-sea flux of anthro-

—2 1

pogenic carbon is dependent-on-the-air-sea-partial-pressure-gradient-and-the-gas-exchangecoeffieient-Gn ya function of

ocn 3

the pCO3 in the atmosphere and ocean (Equation 8), and pC'O35°" is a function of the anthropogenic carbon content (Cy,+) and
the temperature (T):

Fant = cky (pCO3™ — pCOZ™)

F. CO%™ pC O™ (Cyne.T)). Change in gas-exchange rates are assumed negligible, and because the biological pump is
art of the background natural cycle, it is also assumed constant. The total derivative of the air-sea flux of anthropogenic carbon
Equation 8) can then be written in terms of its partial derivatives:

atm. gr. rate ocn. gr. rate
— —
AFuni  OpCOY™  OF,  OpCOS™  OF ©
dt_ ot opcogtm ot  opCOg™
atmos. component ocean component

are-the-historieal-and-projected- growth acts to decrease F,,,;. Since the pC O3 -thatforeed- CESM;-and-historical-and-projected
SST-eutputby-CESM- growth rate is prescribed, we further expand only the ocean component:

OpCOF™  DCuns IpCOZ™ DT DpCOZ™

O O 0Ce O 0T o

With the first term being the effect of the buffer factor and ocean circulation, and the second the sensitivity of pCOS" to
warming via carbon chemistry. For the global-mean, the first term can be further separated using:

8C(mt 8Cant
= Lant Kz 11
o et Ry, (b

Where K, is a vertical diffusivity representing the global-mean ocean circulation (Munk, 1966) acting on the vertical gradient
of Cant in the ocean.



Substituting Equation 11 into Equation 10, we arrive at three terms controlling the evolution of pC'O5" :

buf fer factor buffer factor warm. sens.
opCOg" IpC O™ oC OpC O3S 0T JpCOg™
P p ant P 2 P
7: Fan KZ _— 12
ot R To 9z 9Can T ot ar (12)
POON LSV —_—

impact of air—sea flux impact of vertical Cany transport impact of warming

On the right hand side, the first term is the impact of the air-sea flux on pC' O™, modulated by the buffer factor; the second

245 the impact of ocean vertical transport, also modulated by the buffer factor, and the third the impact of warming on carbon
chemistry. This conceptual decomposition is useful to understanding our experiments with the IRF model, explained in the
following section.

2.5 Process Decomposition Using the Impulse Response Function Model

Table 1. Beseription-of the-two-experimentsconduected-Experiments with the one-dimensionat-earbon-eyele IRF modeltControt-and-Constant
Chemical-Capaeity), the-historical scalingexperiment, and the effects quantified from-these-experimentsby differencing.

Experiment Name Description Symbol Scenarios
. . A g LO al °
All Effects (Control) full chemistry, warming RCP8.5, RCP4.5, 1.5°C
Crotal_
Constant Temperature. constant temperature Crouarm. RCP8.5, RCP4.5, 1.5°C
Constant Chemical Capacity constant buffer factor o RCP8.5, RCP4.5, 1.5°C
Historical Scaling1 constant efficiency ~Ahe RCP8.5, RCP4.5,1.5°C
Effect Name Effect Symbol Equation
Warming Acwurm Ctotal - Cnowa'rm
Chemical Capacity ACchem Chrowarm — Cece
Vertical Transport of Cyny AC4ransp Cece — Chs

1. AG—h—,\AQNIS calculated directly from pCO8"™ (AC s =L amr dtCps = [ Fans dt; Equation 4)

In additiento-CESM, F,,.;, the vertical gradient of C,,,,, the buffer factor, the circulation and the temperature are all evolvin
250 (Equation 12). Thus our emulation of CESM fis the AC; .+, IRF experiment and it implicitly includes all these effects (Table

1; "All Effects (Control)");-we-, We perform two sensitivity

cstudies in which the temperature

is held constant such that there are no impacts on carbon solubility, C,,, "Constant Temperature"); and in which the buffer
factor is held constant at a pre-industrial value and there is no warming, C..... ("Constant Chemical Capacity"). The cumulative
* *

255 anthropogenic carbon uptake consistent with the historical scaling for each scenario is AG&75C), ., calculated directly from the

prescribed pCO$'™ (Table 1; Equation 4; "Historical Scaling"). Combining these experiments ;-allows quantification of the
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two-three negative effects, ACyarm, ACchem and ACz5aaAC 1y gpsp, that combine to make ACrgrarClgrq lower than the
historical scaling (AC53-Chy):

éctotal = éChs + AC11m/j:/évg'chem, + Accgradtransp (13)

Ehanges-Since the circulation is assumed constant, the change due to warming, ACar, only accounts for the impact
of warming on solubility. Change in ocean chemical capacity, AC:pem, are-is the change in anthropogenic carbon in—a
one-dimensional-uptake in the IRF model simulation with all-effeets;:ACwfull chemistry but no warming, Cpougrn, Minus
the change in anthropogenic carbon in a-one-dimensional-the IRF model simulation with eonstant-chemical-eapaecity; ACe
a constant buffer factor and no warming, C... (Table 1). The-earbon-gradient-effeet- ACzgraais-Thus, AC, uantifies
the impact of change in carbonate chemistry that occurs as additional Can,_is absorbed going forward. The impact of the
vertical transport of Cant from surface to depth and warming, ACyapsp. is estimated as the difference between ACc. and
the time integral of F oy, A€y The carbon- gradient-effect-C',, which is equivalent to solving Equation 13 for this term,
The impact of the vertical transport of Cans on the ocean sink is due to interactions-between-the-the sensitivity of the trans-

port of anthropogenic carbon eut-of-thesurface-ocean-and-the-growthrate-of-from surface to depth on the vertical profile of
Cant (Equation 12). The physical circulation is-and background natural carbon cycle are assumed fixed in the ene-dimensional

ocean-carbor-eyele- IRF model, consistent with EESM-netexperiencing significantchangesin-etreutation-the carbon cycle in

CESM not illustrating significant sensitivity to such changes over 1920-2080 under RCP8.5 high-emission forcing (Randerson
etal., 2015). However, we demonstrate below-that-change-in-the-earben i i is-ci i swill-stent

here that in the scenario of aggressive

mitigation, there is significant change in the vertical gradient of Cl,,: on which this circulation will act, and -is-a-funetion-of

atm. gr. rate ocn. gr. rate
—_— —
dFane  OpCOST™  OF 4y OpCOS™  OF gns
dt ot ApCOgt™ ot OpCOg™
atmos. component ocean component
The-first-term-on-therightis-the-impaet-of-thus the g
sreithrate (Oeann COmBORAn o iom 10 OFani _ OF,

N (')pCOS"”"" o

10
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expanded:-

ocn ) . ven
opCOs 90, OpCO™ | oT 9pCO3
= ot a0, ot~ oT
ot

net effect of AC},.qnsport Will be to slow the ocean carbon sink.

buffer factor buf fer factor warm. sens.
——— ——— —_———
OpCOS™ _ Fu OpCOF™ | Kieys 0Cun 9pCOS™ | OT BpCOZ™
ot h OCont h 0z OC ynt ot oT
—_————
impact of air—sea flux impact of physical removal impact of warming

3 Results
3.1 Projected Spatial Redistribution-Patterns of the-Anthropogenic €arben-Air-Sea Carbon Flux

From-CESM;-we-diagnrose-the-In CESM, the projected spatial distribution of the air-sea flux of anthropogenic carbon fer-from

In the 1.5°C scenario, the spatial pattern of the air-sea flux of anthropogenic carbon changes significantly from 2020-2080.
While most of the ocean is a sink in 2020, in 2050 and 2080 there are large regions of anthropogenic carbon outgassing (Figure
1, bottom row). Most pronounced is the emergence of anthropogenic carbon outgassing in the equatorial Pacific. The outcrop
region of Sub-Antarctic Mode Water (SAMW) at about 50°S also experiences outgassing by 2080. In 2020, the Kuroshio and
subpolar North Atlantic are some of the most intense sinks of Cl,:, but by 2080, these regions are sources. Contrastingly,
Southern Ocean anthropogenic carbon uptake persists throughout the simulation.

In the RCP4.5 scenario, equatorial Pacific outgassing of anthropogenic carbon grows over time (Figure 1, middle row), but

is less widespread and intense than in the 1.5°C scenario. The intensity of uptake flux decreases over time for the subpolar and

11
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Figure 1. CESM ensemble-mean air-sea flux of anthropogenic carbon (mol Cy,,; m~2 yr~; positive = red = to the atmosphere). Each row

is a scenario, and each column represents a year. Emission mitigation is greatest at the bottom of each column.

mid-latitude Atlantic and Kuroshio region. Beyond the equatorial Pacific, the spatial pattern of the air-sea flux of anthropogenic
carbon is similar to the RCP8.5 scenario, but the amplitude of uptake is reduced.

Relative to the scenarios with emission mitigation (1.5°C and RCP4.5), the RCP8.5 scenario features a consistent spatial
pattern of the air-sea flux of anthropogenic carbon (Figure 1, top row). The primary change over time is an amplification of
magnitude, with the highest flux intensity occurring in 2080.

Glebally-mean-Global-mean anthropogenic carbon fluxes across the air-sea interface are greatest in RCP8.5, and lowest in
1.5°C (Figure 2a). In the RCP4.5 scenario, the air-sea flux of anthropogenic carbon peaks in 2050, and then gradually declines.
In the 1.5°C scenario, ocean anthropogenic carbon uptake peaks in 2020, and is almost zero by 2080. In all scenarios, the ocean
anthropogenic carbon inventory increases through 2080 (Figure 2d).

Extrapolation of the ocean anthropogenic carbon uptake based on the historical scaling (;’ant) is dependent solely on
pC O™ (Equation 4). Lower pCO$!™ results in a lower estimate of ocean anthropogenic carbon uptake, and higher pCO$%" re-
sults in WW@&W For all scenarlos CESM-simulated air-sea-anthro-
pogenic carbon uptake is far less than Fam (Figure 2a). Reduced uptake relative to Fant indicates that in the future, ocean
anthropogenic carbon uptake will be less efficient than for the "historical scaling" (Figure 2b). Efficiency remains greater than
90% from 1990 through 2010, but then declines under all future scenarios, with greater efficiency declines as emission mitiga-

tion increases. The efficiency decrease is approximately linear in RCP8.5 and RCP4.5, but exponential in the 1.5°C scenario.
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Figure 2. (a) Historical scaling of ocean anthropogenic carbon uptake (}*7' ant; dotted lines) and CESM anthropogenic carbon uptake (Fon¢;
solid lines) for three scenarios (1.5°C, RCP4.5, and RCP8.5). Negative indicates atmospheric anthropogenic carbon removal. (b) Efficiency
of the global ocean sink for the three scenarios from CESM (Equation 5). (c) pC'O%"™for both CESM and one-dimensional-IRF model. (d)
Total anthropogenic carbon accumulation in CESM (solid lines) and in the one-dimensionat-IRF model (dotted lines). Flux and efficiency
from 2006-2017 are not shown for 1.5°C scenario due to ocean adjustment to pC'O5™ forcing (see Methods 2.2; Figure S2).

The 1.5°C scenario is the only scenario with negative pC O™ growth rates (Figure 2b)-which-substantially-modifies—the

3.2 Projected Changes in the Ocean Interior

Here, we analyze the evolution of the anthrepegenie-earben-Cl,,,+ vertical gradient by applying the historical scaling (Equation
6) to CESM’s global-mean vertical profile of anthropogenic carbon (Cyy+(2)). Peviations-are-In Figure 3 and 4, deviations
from the historical scaling are quantified as Copnt(2) — é’ ant(2). Weakening of the vertical C,,; gradient reduces the strength
of physical removal of anthropogenic carbon to depth (Equation+t4)-and reduces the magnitude-ofthe-air-seaflax-accumulation
of Cyny in the surface ocean (Equation 12). Wherever Cl,(2) > amt(z), more carbon is stored at that leeatien—depth than

predicted by the historical scaling and the deviation is positive. If deviations are reduced at the surface relative to the interior, the
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vertical gradient is weakerweakened, and thus ocean anthropogenic carbon uptake less-efficientthan-expeected-by-the-historieal

With more rapid emission mitigation, globally average profiles reveal increasingly positive deviations from the historical
scaling at depth (Figure 3). For RCP8.5 and RCP4.5, C,,,:(2) increases from 2020-2080 at all depths, but at the surface,
Cunt(2) increases less than é‘(mt(z) (Figure 3a). In the RCP4.5 scenario, the anthropogenic carbon below 200m is greater
than é‘ant(z) (Figure 3b), while in the RCP8.5 scenario it is lesser (Figure 3a). In both RCP8.5 and RCP4.5, the increase in
anthropogenic carbon is surface-intensified. The resulting enhanced vertical gradient allows for increased downward physical
transport of Cgye, and thus increased ocean anthropogenic carbon uptake (Equation 12). However, the enhancement of the
vertical gradient is not as strong as the historical scaling would suggest.

In the 1.5°C scenario, the largest change fre-from 2020 to 2080 in Cy,,.(2) is at depth; at the surface, anthropogenic carbon
decreases less significantly (Figure 3c). This leads to a much weaker vertical gradient, weaker vertical transport, and thus a
reduced ocean anthropogenic carbon uptake. The surface loss of anthropogenic carbon is a short-term response to declines
in pCOS'™ that begin in 2036, while the increase in €a;r{=)-Cl,yy at depth is frem-attributable to the long-term increase in
pCOS*™ relative to preindustrial timesdriven-by-the-large-seale-ocean-—eireutation-, and the movement of this signal into the
upper ocean through processes such as mode water formation (Bopp et al., 2015; Iudicone et al., 2016; Toyama et al., 2017).

The signals found in C,,,;(2) can also be identified in zonal-mean sections from CESM (Figure 4). In the RCP8.5 scenario
(Figure 4, top row), the surface layer exhibits the strongest negative deviation from the historical scaling, but there is no positive
deviation in the interior. The negative deviation is seen in deep waters between 25°N and 60°N, and also in the bowls of the
northern and southern subtropical gyres. The negative deviation grows from 2020-2080, and appears to propagate into the
ocean interior with NADW.

In the RCP4.5 scenario, the surface layer exhibits a growing negative deviation (Figure 4, middle). The negative surface
deviation spans from the southern to the northern end of the zonal mean section. In the interior, however, there is a growing
positive deviation. The positive deviation occurs because the ocean interior is not in contact with the atmosphere and thus the
ocean circulation is mrculatmg Cant set by the *chepC O5'™ of several-deeadespreviousprior decades. In other words, there is a

lagged in-interior response to RCP4.5 +-in which pCO5'™ growth

slows-over-time-gradually slows (Figure 2c).

The 1.5°C scenario features targe-even larger positive deviations from the historical scaling occurring throughout the ther-
mocline (Figure 4, bottom row) As for RCP4.5, this occurs because %hefeﬂﬁeﬂ%eeh&msm%y%h&the rapld slowdown of
pCOatm :

deecades(Figure2e)-As-these-is not immediately communicated to the interior. As thermocline waters outcrop in the equatorial
Pacific and mid-middle to high latitudes, they drive a source of anthropogenic carbon to the atmosphere (Figure 1).

3.3 Drivers of Simulated Changes in Efficiency

The ene-dimensional-model-faithfully-IRF model reasonably replicates the cumulative ocean uptake of CESM (Figure 2d),
supporting the assumption of constant circulation and the use of parameterized chemistry —Fhe-ene-dimensionatin the IRF, The

14



RCP8.5

0
a)
200 A
g 400 A
=
o ifference
600 -
8 Eant 2020
Cant 2080
800 T Cant 2020
Cant 2080
1000 T T T T T
0 50 100 150 200 250
o RCP4.5 o 1.5°C
b) c)
200 A 200 A
E 400 A 400 -
<
)
Q. 600 - 600 -
()
()]
800 A 800 -
1000 T T 1000 T
0 50 100 0 50

Concentration (mmol m3)

Figure 3. CESM global-mean anthropogenic carbon profiles (Can:(2)) (orange, solid), and profiles of Cani(2) (gray, dashed), for the (a)
RCP8.5 scenario, (b) RCP4.5 scenario, and (c) 1.5°C scenario. The shaded region between the dashed and solid lines indicates the deviation
from the historical scaling. Light lines are for 2020 and dark lines are for 2080. The shaded region between the lines is shown for zonal mean

sections in Figure 4.
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Figure 4. Ocean component model output of the global zonal mean deviation of anthropogenic carbon concentration (mmol m™~?) from
*
the historical scaling of anthropogenic carbon (Cornt — Cant). Rows and columns same as Figure 1. Positive regions indicate faster carbon

accumulation than historical scaling, negative regions indicate slower accumulation. Contour lines are surfaces (kg m™>).

IRF model can be easily-manipulated for our sensitivity experiments (Table 1). With these experiments, a deeper mechanistic
understanding of the changes in ocean carbon uptake efficiency simulated by CESM can be developed.
Over the historical fereinrg-period-1920-2006period (1920-2005), accumulation of carbon (ACy,4;) is nearly identical to

the historical scaling (Figure 5);-with-the-difference-between-them-attributableto-ACezgraq. This is consistent with previous
findings of a-the ocean sink being slightly below-less the theoretical prediction of the historical scaling (Raupach et al., 2014).

-

Under RCP8.5, the ocean eumtitatively-absorbs393-absorbs 385 Pg anthropogenic carbon through 2080 (Figure 5, top)-by
2080, black line), approxunately 2.5 times the present-day anthropogemc carbon inventory (160 166 PgCy; PevriesDeVries,
2014). s .
that ocean chemical capacity WMH%%%@%%M%%&CMWWW

significantly, -233 PgC’(mtVfrom 2020 to

-Due to the fact

to remain constant (light blue shade). In addition to this limit on uptake due to chemistry, there is a small additional reduction
due to warming, -20 PgCln; (dark blue shade). The positive difference between Cee,. and the historical scaling (green line;
+98PgCant by 2080) indicates that if the ocean were to have a fixed chemical capacity and were to experience no warming, it
would be a substantially larger sink than estimated by the historical scaling. Exceeding the historical scaling is consistent with
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Figure 5. Cumulative ocean anthropogenic carbon uptake (PgClyn:) in the IRF model; historical and for three future scenarios. The green

line is the historical scaling (C},). The dark blue line is the IRF model simulation of constant chemical capacity with no impact of warmin
C. . The black line is the IRF model

simulation that includes all effects (C'¢41), variable chemical capacity and warming impacts on solubility); this model replicates closely the

on solubilit <c). The gray line is the IRF simulation with no impact of warming on solubilit

cumulative carbon uptake of CESM (Figure 2d). Light green shading represents the residual, estimating the decrease in uptake related to

vertical Cang transport (ACiransp) for RCP4.5 and the 1.5°C scenario. Light blue shading represents decreases in uptake related to chemical

capacity (AC, AC ). For each scenario, the carbon

uptake from 2020 to 2080 is indicated in the label, with negative indicating loss relative to the total potential uptake.

). Dark blue shading indicates the decrease due to warming impacts on solubilit
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the change-due-to-warming-ealeutatedin- RCP8.5 pCOS™ having a trajectory that exceeds an exponential after 2012 (Figure
S3). As in previous studies of climate-carbon feedbacks (Randerson et al., 2015; Schwinger and Tjiputra, 2018), we find that

buffering is primarily responsible for limiting the ocean carbon uptake under high emissions scenarios through 2080, and that
warming plays a secondary role.

ta-Under RCP4.5, the ocean absorbs 367292 Pg anthropogenic carbon (Figure 5, middle)-from-2626-to-, black line) through
2080. Cumulative uptake predicted by the historical scaling Wtracks the constant chemical capa01ty stmulation

A
=Ccgrad

W@WMMW&&%&M&W
WCGM _cumulatively through 2080. This combines with the stronger AC.pe, effect that-ameunts-to—84
g he(-115 PgClant), and the impact of warming on solubility (-22

Oant),\LILLQ\@lAQIENOC%H carbon sink is reduced by a total of 3133% from the historical scaling, with-approximately—+/3-of
the-effect-due-to-the-vertical-gradient-and-2/3-due-to-due mostly to carbonate chemistry.

Ia-Under the 1.5°C scenario, the ocean absorbs 213-207 Pg anthropogenic carbon (Figure 5, bottom, black line) by 2080.
The-AC hem effectis-the-weakestin-thisseenario,—37 PgC-in2080-The-weakreduces uptake from the historical scaling (-46
NgCam&QQ&&A@QQMMmWCW M@&Acchem effect @w&@%&rw&% is
consistent with thi
MW%MGWW&&QWMWEM@WW
the other scenarios, ACy;qnsp (light green shade) is the dominant ehange-in-this-seenariofactor that reduces carbon uptake from
the historical scaling, accounting for -96--77 PgCl,,;. The strongly reduced vertical gradient of anthropogenic carbon (Figure

3, 4) results in reduced vertical anthrepegenie-carbonremoval-(Equation-8transport from surface to depth (Equation 12). For
the 1.5°C scenario, the ocean carbon sink is reduced by a-total-0f3839% from the historical scaling, with appreximately-2/3

of the-effeet-dueto-the-vertical-gradient-and1/3-due-over half of this change due to vertical C,,; transport and the remainder
due mostly to carbonate chemistry.
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4 Discussion

4.1 Drivers of Future Efficiency Declines

455 We use the CESM and a-ene-dimensional-an IRF model that emulates the CESM’s global-mean behavior to assess the mech-
anisms of future change in the ocean carbon sink as dependent on the future pC'O%™ and ocean internal accumulation of
anthropogenic carbon (Cy,,:). We show that the efficiency of ocean carbon uptake, i.e. how closely ocean carbon uptake fol-

lows the observed proportionality between uptake and atmospheric CO; (the "historical scaling"), will be reduced with rapid
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CO, mitigationthat-will-causereduced-ornegativegrowth-rates-of 5. This finding is consistent with theory (Raupach et al.,
2014) and past idealized modeling studies (Zickfeld et al., 2016; Schwinger and Tjiputra, 2018).

We show that the dominant mechanisms of efficiency decline differ across the three scenarios for future pCOS$*™. With
roughly-exponential-above-exponential growth of pCO$'™ in RCP8.5, the strong increase of CM% concentrations causes a
reduced chemical capacity that dominates the reduction of-in efficiency (Figure 5, top). At the same time, this-strong-inerease
of-causes-a-strong-vertical-carbon-gradient-te-be-a strong surface to depth gradient of Cl,,; is maintained (Figure 33a, 4)which
stpperts-, supporting continued downward transport of carbon to the ocean interior —Reversat-of-this-vertical-carbongradient
of the reduced sink, but a weakened vertical C,,,;_gradient allows transport to begin to play a role after 2060 (Figure 5, middle).
In the 1.5°C scenano%w&wm&%kmmﬁmcmﬁammwmwwa
WS bottom).

With emission mitigation, the vertical earbon-gradient-gradient of Cl,,,; does not immediately adjust to the trajectory of

pCO5"™ . Anthropogenic carbon accumulation from 2020-2080 is greatest in the thermocline:; a behavior that has been iden-
tified in other simulations of strong mitigation (Tokarska et al., 2019). This accumulation weakens the vertical earbon-gradient
gradient of Cyy, (Figure 3, 4) and reduces the downward transport of C'yy,;. The bolus of anthropogenic carbon held at depth
essenttally—creates a "back-pressure” that resists additional flow of anthropogenic carbon into the interior. H-emisstons—are
aggresstvely-As emissions are mitigated, the targer-the-back-pressure effeet(Figure 3-6grows (Figure 3-5). As the magnitude
of the air-sea flux of anthropogenic carbon is fundamentally limited by the rate of surface anthrepegenie-ecarbonremoval-to
@WCQM (Graven et al., 2012), slower removal to depth results in a reduced carbon uptake from the atmosphere.

Regionally, a i i i i
WWWWWC o5 @q%&eﬂ%wlude%heeffee&s—eﬁ@gggg@gdvecnon and

watermass transformation -

ing-(Bopp et al., 2015; Toyama et al., 2017). Advection
returns to the surface waters that have already absorbed Cant, and if the pCO3™ is falling when these waters remerge, the
surface ocean carbon content will exceed the atmosphere and outgassing will occur. For the 1.5°C scenario, this occurs in the
equatorial Pacific, supbetar-subpolar and mid-latitude North Atlantic, SAMW outcrop region, and the Kuroshio (Toyama-etak;
20+7Figure 1 bottom). However, CireumpolarDeep-Water(CDW)-thatis-upwelled-into-the-surface-waters of the subtropics are
renewed with waters that are shallower than where significant Clyny accumulation occurs, and surface waters of the Southern
Ocean MMWW&W&W\WGaMW
~ Thus, in some parts of the subtropics and Southern
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—uptake continues even with emissions mitigation

while there is Cr+ outgassing elsewhere. Particularly under aggressive emission mitigation, substantial shifts in the regional
patterns of the-air-sea carbon fluxes can be expected. These shifting patterns will need to be taken into account when planning

Ocean, Cant

for carbon cycle monitoring and diagnosis (Peters et al., 2017).

Whether before or after 2080, eventually fossit-field-emissions will decline either due to mitigation—purposeful mitigation
efforts or to the exhaustion of fossil fuel reservoirs. For example, #-under the RCP8.5 scenariois—folowed-into-the 22nd
eenturyfuture-, emissions would be flat from 2100 to 2150 and then decline dramat1cally (van Vuuren et al., 2011). Fhus;

the-carbon-gradient-The back-pressure effect

vertical gradient of Cyyy in the ocean will be delayed as long as pCOS'™ is rapidly growing, but it will eventually play a
role in reducing the ocean carbon sink. The longer mitigation is delayed, the greater the load of anthrepegenie-earbon-Cy,, in

the thermocline will be, and thus the back-pressure effect will be larger in magnitude and temporal duration. Chmate-More

iodue to the

climate simulations extending beyond 2100 are needed to quantify the back-pressure effect in-high-emission-under all scenarios.
Limiting emissions now makes it possible to reduce the eventual magnitude of the back-pressure effect and also to avoid the

ocean chemistry changes that will additionally slow future ocean carbon uptake (Figure 4, 5).
4.2 Validity of the Model Representations of Ocean Physics

The back-pressure from anthropogenic carbon at depth is an unavoidable consequence of emission mitigation. How long the
ocean will remain a net sink depends on the strength of the back-pressure effect, which depends on the strength-ef-surface
i ts-1 ider-how fast anthropogenic carbon is removed from the
surface ocean to depth. This makes the fidelity of the ocean physics represented in our-one-dimensional-model-and-also-in-the

Our-one-dimensional-ocean-carbon-eyele-the CESM, and then fit with the IRF model, very important. The IRF model
represents multlple phys1ca1 processes that remove carbon to depth as a—stﬂg}eﬂfffuswe—pfeeess—&la{—rs—eeﬂsfaﬂ{—mﬁﬂe@quaﬂeﬂ

: el-the decay of of a surface
flux over time. This decay has been set (Section 2.3) so as to mimic advective, eddy-diffusive and watermass transformation

processes occurring in CESM. Tudicone et al. (2016) show that advection and diabatic processes in watermass transformation

are most important to the storage of Cam in the mode waters of the upper ocean. Thus—wewskﬁ&emphas&e%ha%theﬂema}

not substantially different across three-dimensional models, despite these models having substantial differences in the ocean

circulation (Winton et al., 2013; McKinley et al., 2016; Bronselaer and Zanna, 2020; Hauck et al., 2020). This result is consis-

3

P

tent with the external forcing from the growth of atmospheric pCO, being the overwhelming driver of the historical sink
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(McKinley et al., 2020). Looking forward to a changing atmospheric boundary condition that is no longer increasing approx-
imately exponentially, uncertainties in the ocean circulation, as indicated by the spread of model predictions for ocean heat
uptake (Bronselaer and Zanna, 2020), may become important. For this study, we focus on evaluating the mechanisms in op-

eration in CESM, but recognize-that-if we were emulating the mean-state-of-another-ocean-model-the-findings-may-differ—A

are-smatt-ocean component of a different ESM, findings will likely be quantitatively different. Though assuming that change

in the ocean circulation has a small impact on the carbon cycle prior to 2080 is consistent with the behavior of the CESM
under RCP8.5 (Randerson et al., 2015), this may not be hold true for other ESMs or the real Earth. I-is-important-that-the

emisstons—seenariosA valuable direction for future work will be to evaluate the spread in predictions for both chemistry and
vertical transport effects.

5 Conclusion

Atmospheric CO, has grown exponentially over the industrial era, and so has ocean anthropogenic carbon concentration at
depth (DeVries, 2014; Gruber et al., 2019). Under the-an exponential forcing regime, ocean anthropogenic carbon uptake also
grows exponentiallyand;-. Since these conditions have held over the historical era, maintains-the ocean sink has historically
maintained a high efficiency. In future scenarios, regardless of the degree to which emissions are mitigated by 2080, efficiency
of ocean anthropogenic carbon uptake will decline. However;-We show that the mechanisms of this decline will differ depending
on the degree of mitigation. In the RCP8.5 business-as-usual-seenarioand RCP4.5 scenarios, reduced buffer capacity explains
nearly-all-most of the loss in efficieney-of-oceananthropogenic-carbon-uptake-by2080; 158 Pe-CIn-the-case-of seenarios-with

emission-mitigation—sueh-as REP4-5-and-ocean sink efficiency through 2080. With strong mitigation in the 1.5°C scenario,
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560 the loss of efficiency is due more to the

REP4-5-seenariorand-71%-vertical transport of Cy,¢, Which explains more than half of the efficiency lossin-the-+-5>Cseenario.
Gh%g%%&ln the vertical anthropogemc carbon concentration grad1ent afe—fe%peﬂ%rb}e—feﬁﬂm—e&fbeﬂ—gfadteﬁfeffee&

565 than-a-funetion-of—is responsible for the changing impact of vertical transport of C,,,;-and-temperature on the ocean sink.
When emissions are mitigated and the growth in pCO%'™ slows, the surface ocean carbon content responds rapidly. How-

ever, the ocean interior anthropogenic carbon concentration response lags the surface response. Below 100m in the rapid
mitigation-1.5°C scenario, anthropogenic carbon concentration increases from 2020-2080; but above 100m, the anthropogenic
carbon concentration deereases-Fhus-the-begins to decrease starting in 2038, just two years after the maximum pCOS"™ of
570 437ppm is achieved. The downward anthropogenic carbon concentration gradient is greatly reduced and there is less effective
downward transport of Cl,,;. Ocean anthropogenlc carbon uptake is limited by surface-ocean-anthropogenic-earbon-removal
the removal of anthropogenic carbon from
MMMM@H the futurerelative-to-ocean-anthropogenie-carbon

uptake-under, this transport is reduced and there will be less future uptake relative to what occurred at the same pC O™ con-
575 centration in the historical period —(Schwinger and Tjiputra, 2018).

580

The upper ocean circulation will play a critical role in the efficiency of the ocean carbon sink as the pCO$'™ growth rate

begins to slow. Current ocean model estimates of the ocean carbon sink agree well for the global-mean carbon uptake (Hauck

585 etal, 2020) and future estimates under high emission scenarios do not diverge substantlally &A:fefsre%al—ZOB—Bfeme}ae%&ﬂd%aim—ZO%E

v—through 2100 (Arora et al., 2013). However.

these simulations do diverge in their predictions of recent and near-future heat uptake, a process that is much more dependent
on the-eirenlationsimulation-circulation details (Bronselaer and Zanna, 2020). This suggests that for scenarios of aggressive
590 emission mitigation, model predictions of the ocean carbon sink may diverge substantially-much more than in the high emis-
sions scenarios that have been the feeus-of-mostmedeling-studies-primary focus to date (Friedlingstein et al., 2013; Randerson
et al., 2015). Next steps will be to determine how much these simulations do diverge, and then to work to reduce these un-
certainties. The ocean carbon sink plays a critical role in the global carbon cycle and the climate. Accurate predictions of its

magnitude under all plausible future scenarios for pCOS$!™ are essential.
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595 Code and data availability. The code used to run the IRF model is provided by the authors in a GitHub repository (https://qoccm.readthedocs.
io/en/latest/). Raw output from the coupled ocean model simulations can download from NCAR’s Earth System Grid (https://www.earthsystemgrid.

org/).

Appendix A: One-Dimensional-Ocean Carbon Cycle Model Carbon Chemistry for the Impulse Response Function
Model

600 The pC'OS" of the one-dimensional-IRF ocean carbon cycle model is calculated using the empirical fit to the a solution of
the carbonate system equations by Joos et al. (2001). We use a fitted solution for two reasons. First, when variables other than
temperature and carbon are held constant, using the full carbonate system equations provides no additional accuracy. Second,
the concentration scenarios used in CMIP5 (RCP4.5, RCP8.5) with which we wish to be consistent were generated using the

same one-dimensional-IRF model with the same representation of ocean chemistry.

605 pCO3™ = [pCOS™ ! 4 5pC O™ (Cane, Tpi)|exp(apdT) (A1)

Where pcog”“P T is the preindustrial global-mean pC'O3°". The response of pC'O$°"™ to warming is parameterized as
an exponential function as in Takahashi et al. (1993), with ar set to 0.0423 K~1. The carbonate chemistry that determines

CML

ML) i parameterized assuming a fixed ocean alkalinity of 2300 zmol kg~! and the

opCOS™ given anthropogenic carbon (

preindustrial temperature, 7,;, based on an empirical fit to carbonate system calculations (Equation A24; Joos et al. (2001))
610 IpCO5™ (Cant, Tpi) = Cant[Al + Cant (A2 + Cont (A3 + Coni (A4 4 Cuni AB)))] (A2)

With coefficients :

Al = (1.5568 — 1.3993 x 1072 x T},;) (A3)
A2 = (7.4706 — 0.20207 x T},;) x 1073 (Ad)
A3 = —(1.2748 — 0.12015 x T},;) x 107° (A5)
615 A4 = (2.4491 —0.12639 x Tp;) x 1077 (A6)
A5 = —(1.5468 — 0.15326 x T),;) x 1010 (A7)
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