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Abstract. Nearly every nation has signed the UNFCC Paris
Agreement, committing to mitigate anthropogenic carbon
emissions so as to limit the global mean temperature increase
above pre-industrial levels to well below 2°C, and ideally
to no more than 1.5°C. A consequence of emission miti-
gation that has received limited attention is a reduced effi-
ciency of the ocean carbon sink. Historically, the roughly
exponential increase in atmospheric CO, 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 % ef-
ficient. Using a model hierarchy consisting of a common
reduced-form ocean carbon cycle model and the Commu-
nity Earth System Model (CESM), we assess the mecha-
nisms of future change in the efficiency of the ocean carbon
sink under three emission scenarios: aggressive mitigation
(1.5 °C), intermediate mitigation (RCP4.5), and high emis-
sions (RCP8.5). The reduced-form ocean carbon cycle model
is tuned to emulate the global-mean behavior of the CESM
and then allows for mechanistic decomposition. With inter-
mediate or no mitigation (RCP4.5, RCP8.5), changes in ef-
ficiency through 2080 are almost entirely the result of future
reductions in the carbonate buffer capacity of the ocean. Un-
der the 1.5 °C scenario, the dominant driver of efficiency de-
cline is the 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 ocean
circulation is critical to better understanding the transport of
anthropogenic carbon from surface to depth and to improv-
ing quantification of its role in the future ocean carbon sink.

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 pri-
mary driver of climate change. At the global scale, the partial
pressure of CO> in the atmosphere (pCO3™) is greater than
the partial pressure of CO, in the surface ocean (pCO5");
thus there is a net ocean sink. The difference in partial pres-
sures has grown over time; therefore ocean uptake of atmo-
spheric CO; 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, Cyy,.

The rate of ocean anthropogenic carbon uptake is further
controlled by carbon chemistry in seawater and physical re-
moval of anthropogenic carbon from the surface ocean into
the ocean interior (Graven et al., 2012). Various processes set
the rate of transport from surface to depth of anthropogenic
carbon (Bopp et al., 2015; Gnanadesikan et al., 2015; Iu-
dicone et al., 2016). Advection and water mass transfor-
mation dominate regional patterns of anthropogenic carbon
fluxes into (reemergence) and out of (subduction) the sea-
sonal mixed layer (Bopp et al., 2015; Tudicone 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) and thus can be conceptualized as a diffu-
sive process in a vertical column (Sect. 2.4). By parameteriz-
ing the ocean’s global-mean removal of carbon to depth as a
constant process, models based on an impulse response func-
tion (IRF) can replicate ocean anthropogenic carbon uptake
that is quantitatively consistent with the uptake of complex
models and observations (Oeschger et al., 1975; Joos et al.,
1996).
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The efficiency of land and ocean sinks may be described
by the CO; sink rate (ks; Raupach et al., 2014), which is the
combined ocean—land CO; uptake per unit of atmospheric
CO, above preindustrial levels (CATM, PgC):

ant

FL 1)+ FM @)
ks (1) = — e, )
CcatM()
where F,‘{;lt (PgCyr~!) is the anthropogenic land sink and

M (PgCyr~1) is the anthropogenic ocean sink. Observa-
tions of kg from 1959-2012 indicate a robust declining trend,
and thus the rate of increase in the sinks has been slower
than the accumulation of carbon in the atmosphere (Canadell
et al., 2007; Raupach et al., 2014). Raupach et al. (2014) il-
lustrate that the observed declining kg is attributable to this
slower-than-exponential CO, emissions growth (~ 35 % of
the trend); a decline in major volcanic eruptions, which cause
brief periods of global cooling (~ 25 %); response of the nat-
ural sinks to a warming climate (~ 20 %); and nonlinear re-
sponses to increasing atmospheric CO, (mostly attributable
to ocean chemistry; ~ 20 %). The contribution of ocean an-
thropogenic carbon uptake to kg is kn:

ki (1) = Fan® )
CaM (1)

If there is exponentially increasing pCO%tm, and con-
stant gas solubility, air—sea transfer coefficient, and carbonate
buffer capacity, theory indicates that ky; will remain constant
(Raupach et al., 2014). Because these conditions do approxi-
mately describe historical conditions, constant proportional-
ity for ocean anthropogenic carbon uptake has been used as a
null hypothesis in studies of the drivers of historical regional-
and global-scale changes in the ocean carbon cycle (Loven-
duski et al., 2008; Gruber et al., 2019). Here we refer to this
constant proportionality (i.e., kp = constant) as the “histor-
ical scaling”. The term often used is “the transient steady-
state assumption” (Gammon et al., 1982; Tanhua et al., 2007,
Lovenduski et al., 2008; Gruber et al., 2019). We choose his-
torical scaling to clarify that this null hypothesis was appro-
priate for the last several decades of the 20th century 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
pCOY™ growth rate, reduces the efficiency of kv (Rau-
pach et al., 2014; McKinley et al., 2020). A central moti-
vation for this work is the fact that, in the future, a reduced
pCO%tm growth rate is inevitable, due either to climate policy
(Hausfather and Peters, 2020) or to the eventual exhaustion
of fossil fuel reservoirs.

In addition to ky efficiency changes due to slowing
pCO5™ growth rate, there will also be impacts on ky from
carbon cycle feedbacks (Friedlingstein et al., 2013; Raupach
et al., 2014). Past studies have separated carbon cycle feed-
backs into CO, concentration effects and climate-driven ef-
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fects (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 CO, concentration effect in the ocean has
typically been thought of as the net result of two effects: in-
creased flux driven by increasing pCO3™ and reduced flux
due to declining buffer capacity. The buffering capacity of
the ocean refers to the transfer of absorbed CO, via chemi-
cal reactions into chemical species that do not exchange with
the atmosphere. As more CO; is added to the ocean, buffer
capacity decreases (Fassbender et al., 2017). When buffer ca-
pacity is reduced, more of the CO; remains in a form that can
exchange with the atmosphere, and thus the efficiency of car-
bon uptake declines. Schwinger and Tjiputra (2018) illustrate
that for scenarios of emission mitigation, there is also an im-
portant additional component to the CO, concentration feed-
back. 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.

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, due to the im-
pact of warming on solubility and inorganic carbonate chem-
istry, and due to the future trajectory of pCO%tm. By residual,
we can then estimate the degree to which carbon already held
in the upper ocean will slow the sink. We compare future sce-
narios with high emissions (RCP8.5), intermediate mitiga-
tion (RCP4.5; Meinshausen et al., 2011), and an aggressive
mitigation scenario where the 1.5°C target is met (1.5°C;
Sanderson et al., 2017) using ensemble results from an Earth
system model (ESM). We use a reduced-form ocean carbon
cycle model to emulate the ESM for each scenario and with
it diagnose the mechanisms of ocean carbon sink efficiency
decline in the future projections. We determine for the three
pCO3™ scenarios how reduced buffering, warming impacts
on carbon solubility and inorganic carbonate chemistry, 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, n, is kM (Eq. 2) referenced to the year 1990 and
expressed as a percentage:

km(?)

() = 11(1990)

x 100. 3)

Referencing ky to 1990 values maximizes the time ocean
anthropogenic carbon uptake is at 100 % efficiency during
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the historical period, 1920-2006 (Fig. S1 in the Supplement).
The historical scaling for ocean anthropogenic carbon air—
sea flux (Fany) is closely related to ky :

Fant(1) = kni(1990)CAT™ (1)

ant

CAM ¢
= ant(1990) N ( )

a7 4
CAT™ (1990) @

[T3RL

The overset “x” notation indicates the variable that
has been extrapolated with the historical scaling. Here,
Fanc(1990) is diagnosed from the CESM simulations. Fol-
lowing from Eq. (3), ocean carbon sink efficiency () is re-
lated to the historical scaling:

n() =

w x 100. )

Fani(7)

Under the approximately exponential pCO%tm increase in
the historical period, kyp is relatively constant; thus Fyn () =
&

F ant(¢) and historical period efficiency is ~ 100 %. Because

*
it is approximately equal to Funi, Fane has been used to es-
timate historical Fun(#) (Lovenduski et al., 2008). In the fu-
ture, as ky declines from 1990 values, F,,¢ will be less than
* *

Fant(2); 1.e., efficiency will decline. In this study, Fan(?), ex-
trapolated into the future with projected pCO%‘m, is taken as
a useful reference point against which to compare projected
future ocean anthropogenic carbon uptake.

We also use the historical scaling as a baseline for deter-
mining anthropogenic carbon concentration (Cyn¢(x, v, 2,1))
changes in the interior (Tanhua et al., 2007; Gruber et al.,
2019) in CESM:

C ( LIS ) C ( LN 1 ) T ( ): .
ant y ant y CA M( 99 )

ant

(6)

We use reference anthropogenic carbon concentrations
(Cant(x,y,2,1990)) from the CESM simulations. The
Cant(x, y, z, 1) historical scaling exists because the exponen-
tial signal of atmospheric CO; increase is transmitted by the
air—sea flux of anthropogenic carbon to surface ocean mixed-
layer anthropogenic carbon concentration (CML), and then
ocean circulation passes the exponential signal into the inte-
rior. CML is closely related to the time integral of the air-sea
flux of anthropogenic carbon (Sect. 2.3). Because the inte-
gral of an exponential is also an exponential, C}l\[’g‘ has also
increased exponentially. From the surface, the exponential at-
mospheric signal is propagated to deeper layers by the ocean
circulation.

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 lin-
ear relationship between increasing CMF and pCOS™ will
end due to the decreasing buffer capacity for CO,. Second,
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warming of the surface ocean will cause reduced CO; sol-
ubility and modify inorganic carbonate chemistry. Third, if
emissions are mitigated, C;\r/ftL will fall, but slightly deeper
waters will still contain the higher Cyy¢ concentrations set
by the atmospheric CO; of decades prior. There will thus
be a “back-pressure” on CML coming from near-surface wa-
ter that reemerges at the surface (Bopp et al., 2015; Iudicone
etal., 2016). Our assessment of this back-pressure effect does
not require change in the ocean circulation, as our decompo-
sition assumes a circulation to be constant. Instead, this back
pressure can be explained by the relatively slow rate at which
the ocean redistributes C,y¢ 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 of the three-dimensional ocean car-
bon sink. 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 pub-
licly available CESM climate simulations provided by the
National Center for Atmospheric Research (NCAR). POP2
features 60 vertical levels and a nominal 1° x 1° horizon-
tal resolution. Surface boundary layer physics are parame-
terized using the K-profile parameterization (KPP) of Large
et al. (1994). Unresolved advection by eddies is parameter-
ized with the Gent—-McWilliams parameterization (Gent and
Mcwilliams, 1990). Isopycnal mixing is parameterized with
the Redi (1982) diffusion operator. The biogeochemical out-
put comes from the embedded Biogeochemical Elemental
Cycle (BEC) model (Moore et al., 2004). Anthropogenic car-
bon concentration is calculated in the model as the differ-
ence between natural carbon, a tracer that experiences a fixed
preindustrial pCO3™, and contemporary carbon, a tracer that
experiences time-evolving pCO5™.

Following a long preindustrial spin-up, all simulations
used here are forced for the historical period (1850-2005)
with observations of pCO%tm. For 2006-2080, forcing is
pCO3™ from the Representative Concentration Pathways
(RCPs) or a 1.5 °C scenario (Sanderson et al., 2017). For the
1.5 °C scenario, a concentration pathway was designed that
limited warming the CESM to 1.5 °C, for the purpose of in-
vestigating avoided climate impacts (Sanderson et al., 2017).
This scenario features the same forcing as RCPS8.5 until
2017, except for CO,. Unfortunately, the projected CO; forc-
ing was not smoothly joined to the historical CO, forcing,
creating a period of anomalously low anthropogenic carbon
flux from 2006 to 2017 (Fig. 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
pCO%tm 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 en-
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sembles with different forcings including CESM Large En-
semble (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 nine members for the medium ensemble and three
for the low-warming ensemble. To ensure a comparable num-
ber of ensemble members across our analysis, we use only
nine ensemble members for RCP8.5.

In coupled climate models, historical climate variability
of the carbon sink is not expected to match observations be-
cause the phasing of El Nifio-Southern Oscillation (ENSO)
or other internal climate variability is different in each en-
semble member. Averaging across an ensemble removes the
imprint of internal variability to reveal the response to ex-
ternal forcing (Kay et al., 2015). With only a single cou-
pled 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, the single years that we plot provide
a snapshot of the climate response to external forcing. In this
study, these CESM ensembles are used for all maps and sec-
tions. As explained below, we tune the reduced-form model
to replicate the CESM’s air—sea CO; flux (Fan¢) under each
scenario, and then we use the reduced-form model to decom-
pose the mechanisms for future change in sink efficiency.

2.3 Impulse response function model for the ocean
carbon sink

We employ an established reduced-form ocean carbon cy-
cle model based on 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; Rau-
pach et al., 2014) and is also used for all RCP scenarios to
convert projected emissions to CO, concentrations (Mein-
shausen et al., 2011).

Impulse response functions characterize the dynamic sys-
tem 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 pulse moves to deeper ocean lay-
ers. Surface ocean anthropogenic carbon content is solved as
the convolution integral of the air—sea flux (Fyp, the impulse)
and the lifetime of that anthropogenic carbon pulse (7 (¢), the
impulse response function):

t

/ Fan G (i — u)d. )

li

Cc
Com (1) = 7—
oc

The air—sea flux of anthropogenic carbon is dependent on the
air—sea partial pressure gradient (ppm) and the gas exchange
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coefficient (kg, yr’l):
Fant = kg(pCOY™ — pCOZM), 8)

where pCO§" is the preindustrial pCO" ( pCOSm’PI) plus
an anthropogenic perturbation (§pCOS5"), including effects
of changing buffer capacity and temperature (Appendix A).
Forcings are the historical and projected pCO5™ that forced
CESM and historical and projected sea surface temperature
(SST) output by CESM.

The convolution integral in Eq. (7) sets the concentra-
tion at time ¢ by calculating the fraction of previous pulses
(Fant(u)) that entered the ocean mixed layer at times prior
(ti =0 to t). The effective mixed-layer depth, A, is ad-
justed to tune the historical air—sea flux of anthropogenic
carbon of the IRF model to emulate the historical ensem-
ble mean of CESM. CESM’s historical flux is best replicated
with 7 =51 m. We implement the impulse response func-
tion (r(z)) that was diagnosed by Joos et al. (1996, 2001)
from the HILDA (high-latitude exchange/interior diffusion-
advection) model. r(¢) is fixed in time, which is equiva-
lent to assuming a constant circulation and background nat-
ural carbon cycle. There is a unit conversion factor (c =
1.722 pmol m3 ppm~! kg~!), 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) that have not been performed for CESM. Instead,
we show below that with the IRF from HILDA and  as a tun-
ing parameter, we can emulate CESM behavior both histori-
cally and under these three future scenarios (Fig. 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 should be expected to emulate
CESM on longer timescales. Particularly under high emis-
sions, greater ocean circulation and biogeochemical changes
are expected beyond 2100 (Randerson et al., 2015).

2.4 Mechanistic decomposition of the air-sea flux

Considering anthropogenic perturbations on top of a back-
ground natural state in the surface ocean, the air—sea flux
of anthropogenic carbon is a function of the pCO; in the
atmosphere and ocean (Eq. 8), and pCO3" is a function
of the anthropogenic carbon content (C,p¢) and the temper-
ature (T): Fan(pCOS™, pCO™ (Cang, T)). Change in gas-
exchange rates is assumed negligible, and because the bio-
logical pump is part of the background natural cycle, it is also
assumed constant. The total derivative of the air—sea flux of
anthropogenic carbon (Eq. 8) can then be written in terms of
its partial derivatives:
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atm. gr. rate ocn. gr. rate
——— rm——
dFane  9pCOF™ O Fay dpCOS™ 3 Fyne ©
9t 9JpCOI™ at  apCOy™”

atmos. component ocean component

A positive pCO5™ growth rate enhances Fuy, while
positive pCO3™" growth acts to decrease Fyn. Since the
pCO%tm growth rate is prescribed, we further expand only
the ocean component:

OpCOS™  9Cqy 0pCOS™" DT 0pCOY™
9t 9t 3Cu ar T

(10)

The first term is the effect of the buffer factor and ocean cir-
culation and the second the sensitivity of pCO3™" to warm-
ing via solubility and inorganic carbonate chemistry. For the
global mean, the first term in Eq. (10) can be further sepa-
rated using

an

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

Substituting Eq. (11) into Eq. (10), we arrive at three terms
controlling the evolution of pCOS™:

buffer factor buffer factor

a COOCH 8 COOCD ocn
4 > pLU, 0Cant 3PC02
a "™ 3Cum © 9z 9Cu

impact of air-sea flux ~ impact of vertical Cyy transport

warm. sens.

——
9T 9pCOL™
ot AT
—— —

impact of warming

12)

On the right-hand side, the first term is the impact of the air—
sea flux on pCOS™", modulated by the buffer factor; the sec-
ond 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
in understanding our experiments with the IRF model, ex-
plained in the following section.

2.5 Process decomposition using the impulse response
function model

In CESM, Fayy, the vertical gradient of Cayy, the buffer factor,
the circulation, and the temperature are all evolving (Eq. 12).
Thus our emulation of CESM is the C, IRF experiment,
and it implicitly includes all these effects (Table 1; “All ef-
fects (control)”’). We perform two sensitivity studies in which
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the temperature is held constant such that there are no im-
pacts on carbon solubility and inorganic carbonate chemistry,
Chowarm (“Constant temperature”) and in which the buffer
factor is held constant at a pre-industrial value and there is no
warming, Ccc (“Constant chemical capacity”). The cumu-
lative anthropogenic carbon uptake consistent with the his-

torical scaling for each scenario is E‘ hs, calculated directly
from the prescribed pCO%tm (Table 1; Eq. 4; “Historical scal-
ing”). Combining these experiments allows quantification of
the three effects, ACywarm, ACchem, and ACyransp, which com-

*
bine to make Cioy different than the historical scaling (Chy).

Since the circulation is assumed constant, the change due
to warming, A Cyarm, only accounts for the impact of warm-
ing on solubility and inorganic carbonate chemistry. Change
in ocean chemical capacity, ACchem, iS the change in an-
thropogenic carbon uptake in the IRF model simulation with
full chemistry but no warming, Cpowarm, minus the change
in anthropogenic carbon in the IRF model simulation with a
constant buffer factor and no warming, Cc (Table 1). Thus,
ACchem quantifies the impact of change in inorganic carbon-
ate chemistry that occurs as additional Cay is absorbed.

When the historical scaling indicates greater carbon up-
take by the ocean than the combined negative impacts of
warming and chemistry, then the transport effect can be de-
fined as the remaining difference:

*
Ciotal = Chs + ACwarm + ACchem + ACtransp

&
(when Chps > Ceee).- (13)

The impact of the vertical transport of C,p¢ on the ocean
sink is due to the sensitivity of the transport of anthro-
pogenic carbon from surface to depth on the vertical profile
of Cant (Eq. 12). The physical circulation and background
natural carbon cycle are assumed fixed in the IRF model,
consistent with the carbon cycle in CESM not illustrating
significant sensitivity to such changes over 1920-2080 un-
der RCP8.5 high-emission forcing (Randerson et al., 2015).
However, particularly under aggressive mitigation, there is
significant change in the vertical gradient of Cyy on which
this circulation will act, and thus the net effect of ACgansport
will be to slow the ocean carbon sink.

For much of the projected future under RCP8.5 and
RCP4.5, pCO%tm growth will, in fact, be greater than expo-
nential (Fig. S3). Under these conditions, the estimate of car-
bon uptake by the historical scaling is less than the sum of
the impact of warming and chemistry, and ACiangp cannot
be sensibly defined. The upper bound on potential carbon up-
take by the ocean in this case is C¢cc, our IRF experiment in
which neither buffer capacity nor temperature change. Thus

*
Ciotal = Cece + ACwarm + ACchem (WhenCrs < Ceee). (14)

Biogeosciences, 18, 2711-2725, 2021



2716

S. M. Ridge and G. A. McKinley: Ocean carbon uptake under aggressive emission mitigation

Table 1. Experiments with the IRF model, historical scaling, and the effects quantified by differencing.

Experiment name Description Symbol  Scenarios
All effects (control) full chemistry, warming  Ciotal RCP8.5, RCP4.5,1.5°C
Constant temperature constant temperature Cpowarm RCP8.5, RCP4.5,1.5°C
Constant chemical capacity  constant buffer factor Cecc RCP8.5,RCP4.5,1.5°C
%

Historical scaling? constant efficiency Chs RCP8.5,RCP4.5, 1.5°C
Effect name Effect symbol Equation
Warming ACwarm Ciotal — Cnowarm
Chemical capacity ACchem Chowarm — Cece

k
Vertical transport of Can” ACtransp Cece — Chs

5 5 *
& Cy is calculated directly from pCOgtm (Chs = [ Fant dt; Eq. 4). b ACtransp is only defined when negative, i.e., when

*
Chs > Cecc-

3 Results

3.1 Projected spatial patterns of anthropogenic air-sea
carbon flux

In CESM, the projected spatial distribution of the air—sea flux
of anthropogenic carbon from 2020-2080 differs across the
three future scenarios: 1.5 °C, RCP4.5, and RCP8.5.

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 (Fig. 1, bottom row). Most pronounced is the
emergence of anthropogenic carbon outgassing in the equa-
torial Pacific. The outcrop region of Sub-Antarctic Mode Wa-
ter (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 C,n¢, but by 2080, these
regions are sources. Contrastingly, Southern Ocean anthro-
pogenic carbon uptake persists throughout the simulation.

In the RCP4.5 scenario, equatorial Pacific outgassing of
anthropogenic carbon grows over time (Fig. 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 sub-
polar and midlatitude Atlantic and Kuroshio regions. 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
(Fig. 1, top row). The primary change over time is an amplifi-
cation of magnitude, with the highest flux intensity occurring
in 2080.

Global-mean anthropogenic carbon fluxes across the air—
sea interface are greatest in RCP8.5 and lowest in 1.5°C
(Fig. 2a). In the RCP4.5 scenario, the air—sea flux of anthro-
pogenic carbon peaks in 2050 and then gradually declines.

Biogeosciences, 18, 2711-2725, 2021

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 (Fig. 2d).

Extrapolation of the ocean anthropogenic carbon uptake

%
based on the historical scaling (F ) is dependent solely on
pCO3™ (Eq. 4). Lower pCO3™ results in a lower estimate of
ocean anthropogenic carbon uptake, and higher pCOgtm re-
sults in a greater uptake estimate using the historical scal-
ing. For all scenarios, CESM-simulated anthropogenic car-

*
bon uptake is far less than F,y (Fig. 2a). Reduced uptake
*

relative to F,, indicates that in the future, ocean anthro-
pogenic carbon uptake will be less efficient than for the his-
torical scaling (Fig. 2b). Efficiency remains greater than 90 %
from 1990 through 2010 but then declines under all future
scenarios, with greater efficiency declines as emission mit-
igation increases. The efficiency decrease is approximately
linear in RCP8.5 and RCP4.5 but exponential in the 1.5°C
scenario. The 1.5 °C scenario is the only scenario with nega-
tive pCO5™ growth rates (Fig. 2c).

3.2 Projected changes in the ocean interior

Here, we analyze the evolution of the Cay vertical gradient
by applying the historical scaling (Eq. 6) to CESM’s global-
mean vertical profile of anthropogenic carbon (Cyn(z)). In
Figs. 3 and 4, deviations from the historical scaling are

quantified as Cyn(z) — E’ ant(z). Weakening of the vertical
Cant gradient reduces the strength of physical removal of an-
thropogenic carbon to depth and reduces the accumulation
of Cyn in the surface ocean (Eq. 12). Wherever Can(z) >

*
Cant(2), more carbon is stored at that depth than predicted by
the historical scaling, and the deviation is positive. If devi-
ations are reduced at the surface relative to the interior, the
vertical gradient is weakened, and thus ocean anthropogenic
carbon uptake is less efficient.
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Figure 1. CESM ensemble-mean air—sea flux of anthropogenic carbon (mol Cant m~—2 yr_l; positive is red and denotes flux to the atmo-
sphere). Each row is a scenario, and each column represents a year. Emission mitigation is greatest at the bottom of each column.
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Figure 2. (a) Historical scaling of ocean anthropogenic carbon uptake (;7 ant; dotted lines) and CESM anthropogenic carbon uptake (Fant;
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 (Eq. 5). (¢) pCO%tm for both CESM and IRF model. (d) Total anthropogenic
carbon accumulation in CESM (solid lines) and in the IRF model (dotted lines). Flux and efficiency from 2006-2017 are not shown for the
1.5 °C scenario due to ocean adjustment to pCO%‘tm forcing (see Sect. 2.2; Fig. S2).

With more rapid emission mitigation, globally average
profiles reveal increasingly positive deviations from the his-
torical scaling at depth (Fig. 3). For RCP8.5 and RCP4.5,
Cant(2) increases from 2020-2080 at all depths, but at the

k
surface, Cyni(2) increases less than Cyn(z) (Fig. 3a). In the
RCP4.5 scenario, the anthropogenic carbon below 200 m is

*
greater than Cyne(z) (Fig. 3b), while in the RCP8.5 scenario
it is less (Fig. 3a). In both RCP8.5 and RCP4.5, the increase
in anthropogenic carbon is surface-intensified. The resulting

https://doi.org/10.5194/bg-18-2711-2021

enhanced vertical gradient allows for increased downward
physical transport of Cap and thus increased ocean anthro-
pogenic carbon uptake (Eq. 12). However, the enhancement
of the vertical gradient is not as strong as the historical scal-
ing would suggest.

In the 1.5°C scenario, the largest change from 2020 to
2080 in Capni(z) is at depth; at the surface, anthropogenic
carbon decreases less significantly (Fig. 3c). This leads to
a much weaker vertical gradient, weaker vertical transport,
and thus a reduced ocean anthropogenic carbon uptake. The

Biogeosciences, 18, 2711-2725, 2021
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Figure 3. CESM global-mean anthropogenic carbon profiles

(Cant(z)) (orange, solid) and profiles of é ant(z) (gray, dashed), for
the (a) RCP8.5 scenario, (b) RCP4.5 scenario, and (¢) 1.5 °C sce-
nario. The shaded region between the dashed and solid lines indi-
cates 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 Fig. 4.

surface loss of anthropogenic carbon is a short-term response
to declines in pCO3™ that begin in 2036, while the increase
in Cyp¢ at depth is attributable to the long-term increase in
pCO%tm relative to preindustrial times and the movement of
this signal into the upper ocean through processes such as
mode water formation (Bopp et al., 2015; Tudicone et al.,
2016; Toyama et al., 2017).

The signals found in Cyn(z) can also be identified in
zonal-mean sections from CESM (Fig. 4). In the RCP8.5 sce-
nario (Fig. 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 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 North Atlantic Deep
Water (NADW).

In the RCP4.5 scenario, the surface layer exhibits a grow-
ing negative deviation (Fig. 4, middle). The negative sur-
face 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 atmo-
sphere, and thus the ocean circulation is circulating Cyp¢ set
by the pCO3™ of prior decades. In other words, there is a
lagged interior response to RCP4.5 in which pCO3™ growth
gradually slows (Fig. 2c).
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The 1.5°C scenario features even larger positive devia-
tions from the historical scaling occurring throughout the
thermocline (Fig. 4, bottom row). As for RCP4.5, this occurs
because the rapid slowdown of pCOg"“ is not immediately
communicated to the interior. As thermocline waters outcrop
in the equatorial Pacific and middle to high latitudes, they
drive a source of anthropogenic carbon to the atmosphere
(Fig. 1).

3.3 Drivers of simulated changes in efficiency

The IRF model reasonably replicates the cumulative ocean
uptake of CESM (Fig. 2d), supporting the assumption of con-
stant circulation and the use of parameterized chemistry in
the IRF. The IRF model can be manipulated for our sensitiv-
ity 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 period (1920-2005), accumulation of
carbon (ACio)) is nearly identical to the historical scaling
(Fig. 5). This is consistent with previous findings of the ocean
sink being slightly less than the theoretical prediction of the
historical scaling (Raupach et al., 2014).

Under RCP8.5, the ocean absorbs 385 Pg anthropogenic
carbon through 2080 (Fig. 5, top, black line), approximately
2.5 times the present-day anthropogenic carbon inventory
(160-166 Pg Cqpe; DeVries, 2014). Due to the fact that ocean
chemical capacity changes in the future, uptake is reduced
significantly, —233 Pg Cyp¢ from 2020 to 2080 from what it
would be if the buffer factor were to remain constant (light
blue shade). In addition to this limit on uptake due to chem-
istry, there is a small additional reduction due to warming,
—20Pg Cyy (dark blue shade). Cccc is substantially greater
than the historical scaling (green line), cumulatively causing
a 98 Pg C,n¢ greater sink by 2080. This indicates that if the
ocean were to have a fixed chemical capacity and experience
no warming, it would be a substantially larger sink than esti-
mated by the historical scaling. Exceeding the historical scal-
ing is consistent with the RCP8.5 pCO3™ having a trajectory
that exceeds exponential after 2012 (Fig. S3). As in previous
studies of climate—carbon feedbacks (Randerson et al., 2015;
Schwinger and Tjiputra, 2018), we find that buffering is pri-
marily responsible for limiting the ocean carbon uptake un-
der high-emissions scenarios through 2080, and that warm-
ing plays a secondary role.

Under RCP4.5, the ocean absorbs 292 Pg of anthropogenic
carbon (Fig. 5, middle, black line) through 2080. Cumu-
lative uptake predicted by the historical scaling is slightly
lower than the constant chemical capacity experiment (Cecc)
through 2060. The transport effect (light green shade),
ACiransp, only appears after 2060 and has only a small im-
pact, —8 Pg Cyy cumulatively through 2080. This combines
with the stronger ACcpem effect (—115Pg Cyy) and the im-
pact of warming on solubility and inorganic carbonate chem-
istry (ACyarm = —22Pg Cypy). In total, the ocean carbon sink
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Figure 4. Ocean component model output of the global zonal mean deviation of anthropogenic carbon concentration (mmol m~3) from the
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historical scaling of anthropogenic carbon (Cant — Cant). Rows and columns are the same as in Fig. 1. Positive regions indicate faster carbon
accumulation than historical scaling; negative regions indicate slower accumulation. Contour lines are surfaces (kg m~3).

is reduced by a total of 33 % from the historical scaling, due
mostly to carbonate chemistry.

Under the 1.5°C scenario, the ocean absorbs 207 Pg
of anthropogenic carbon (Fig. 5, bottom, black line) by
2080. ACchem reduces uptake from the historical scaling
(—46 Pg Cyp in 2080), and the additional impact of warming
is —8 Pg Cant. The weaker ACcpem effect than in the other
scenarios is consistent with the ocean taking up far less an-
thropogenic carbon in this scenario (Fig. 2d). In contrast to
the other scenarios, ACiransp (light green shade) is the dom-
inant factor that reduces carbon uptake from the historical
scaling, accounting for —77Pg Cyy. The strongly reduced
vertical gradient of anthropogenic carbon (Figs. 3, 4) results
in reduced vertical transport from surface to depth (Eq. 12).
For the 1.5 °C scenario, the ocean carbon sink is reduced by
39 % from the historical scaling, with over half of this change
due to vertical Cyy transport and the remainder due mostly
to inorganic carbonate chemistry.

4 Discussion
4.1 Drivers of future efficiency declines

We use the CESM and an IRF model that emulates the
CESM’s global-mean behavior to assess the mechanisms of
future change in the ocean carbon sink as dependent on the
future pCO%tm and ocean internal accumulation of anthro-
pogenic carbon (Cypn). We show that the efficiency of ocean
carbon uptake, i.e., how closely ocean carbon uptake fol-

https://doi.org/10.5194/bg-18-2711-2021

lows the observed proportionality between uptake and atmo-
spheric CO; (the historical scaling), will be substantially re-
duced in the future under all projected emissions scenarios.
However, the controlling mechanisms for these changes will
depend on the scenario. Our findings are consistent with the-
ory (Raupach et al., 2014) and past idealized modeling stud-
ies (Zickfeld et al., 2016; Schwinger and Tjiputra, 2018).

The dominant mechanisms of efficiency decline differ
across the three scenarios for future pCOgtm. With above-
exponential growth of pCO3™ in RCP8.5, the strong in-
crease in CML concentrations causes a reduced chemical
capacity that dominates the reduction in efficiency (Fig. 5,
top). At the same time, a strong surface-to-depth gradient of
Cant 1s maintained (Figs. 3a, 4), supporting continued down-
ward transport of carbon to the ocean interior (Eq. 12). In
RCP4.5, chemical capacity is also the dominant driver of the
reduced sink, but a weakened vertical Cyy gradient allows
the transport effect to begin to play a role after 2060 (Fig. 5,
middle). In the 1.5°C scenario, a significant weakening of
the vertical gradient of Cyy¢ (Fig. 3c) dominates the reduc-
tion in efficiency (Fig. 5, bottom).

With emission mitigation, the vertical gradient of
Cant does not immediately adjust to the trajectory of pCO3™.
Anthropogenic carbon accumulation from 2020-2080 is
greatest in the thermocline, a behavior that has been identi-
fied in other simulations of strong mitigation (Tokarska et al.,
2019). This accumulation weakens the vertical gradient of
Cant (Figs. 3, 4) and reduces the downward transport of Cyp;.
The bolus of anthropogenic carbon held at depth creates a

Biogeosciences, 18, 2711-2725, 2021
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Figure 5. Cumulative ocean anthropogenic carbon uptake (Pg Cant)
in the IRF model: historical and for three future scenarios. The
*

green line is the historical scaling (Cyg). The dark blue line is the
IRF model simulation of constant chemical capacity with no impact
of warming on solubility and inorganic carbonate chemistry (Cecc).
The gray line is the IRF simulation with no impact of warming on
solubility and inorganic carbonate chemistry (Cwarm). The black
line is the IRF model simulation that includes all effects (Ciota1)
(variable chemical capacity and warming impacts on solubility and
inorganic carbonate chemistry); this model closely replicates the cu-
mulative carbon uptake of CESM (Fig. 2d). Light green shading
represents the residual, estimating the decrease in uptake related to
vertical Cant transport (ACtransp) for RCP4.5 and the 1.5 °C sce-
nario. Light blue shading represents decreases in uptake related to
chemical capacity (ACchem)- Dark blue shading indicates the de-
crease due to warming impacts on solubility and inorganic carbon-
ate chemistry (A Cwarm). 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.
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“back-pressure” that resists additional flow of anthropogenic
carbon into the interior. As emissions are mitigated, the back-
pressure grows (Figs. 3-5). As the magnitude of the air—sea
flux of anthropogenic carbon is fundamentally limited by
the rate of surface-to-depth transport of Cyy (Graven et al.,
2012), slower removal to depth results in a reduced carbon
uptake from the atmosphere.

Regionally, ocean circulation impacts pCOS" through ad-
vection and water mass transformation (Bopp et al., 2015;
Toyama et al., 2017). Advection returns to the surface waters
that have already absorbed Cjy, and if the pCO%tm is falling
when these waters reemerge, the surface ocean carbon con-
tent will exceed the atmosphere and outgassing will occur.
For the 1.5 °C scenario, this occurs in the equatorial Pacific,
subpolar and mid-latitude North Atlantic, SAMW outcrop
region, and the Kuroshio (Fig. 1, bottom). However, waters
of the subtropics are renewed with waters that are shallower
than where significant C,p accumulation occurs, and surface
waters of the Southern Ocean are renewed with deep waters
without any C,p¢. Thus, in some parts of the subtropics and
Southern Ocean, Cyy uptake continues even with emissions
mitigation while there is C,y¢ outgassing elsewhere. Particu-
larly under aggressive emission mitigation, substantial shifts
in the regional patterns of air—sea carbon fluxes can be ex-
pected. These shifting patterns will need to be taken into ac-
count when planning for carbon cycle monitoring and diag-
nosis (Peters et al., 2017).

Whether before or after 2080, eventually emissions will
decline either due to purposeful mitigation efforts or to the
exhaustion of fossil fuel reservoirs. For example, under the
RCP8.5 scenario, emissions would be flat from 2100 to 2150
and then decline dramatically (van Vuuren et al., 2011). The
back-pressure effect due to the vertical gradient of Cyp in the
ocean will be delayed as long as pCO3™ is rapidly growing,
but it will eventually play a role in reducing the ocean car-
bon sink. The longer mitigation is delayed, the greater the
load of Cyy in the thermocline will be, and thus the back-
pressure effect will be larger in magnitude and temporal du-
ration. More climate simulations extending beyond 2100 are
needed to quantify the back-pressure effect under all scenar-
ios. 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 (Figs. 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 how fast anthro-
pogenic carbon is removed from the surface ocean to depth.
This makes the fidelity of the ocean physics represented in
the CESM, and then fit with the IRF model, very important.
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The IRF model represents multiple physical processes that
remove carbon to depth as the decay of a surface flux over
time. This decay has been set (Sect. 2.3) so as to mimic ad-
vective, eddy-diffusive, and water mass transformation pro-
cesses occurring in CESM. Iudicone et al. (2016) show that
advection and diabatic processes in water mass transforma-
tion are most important to the storage of Cypy in the mode
waters of the upper ocean.

For the historical period, global-mean air—sea fluxes and
anthropogenic carbon storage are not substantially different
across three-dimensional models, despite these models hav-
ing 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 consistent with the
external forcing from the growth of atmospheric pCO; be-
ing the overwhelming driver of the historical sink (McKinley
et al., 2020). Looking forward to a changing trajectory of the
atmospheric boundary condition, uncertainties in the ocean
circulation, as indicated by the spread of model predictions
for ocean heat uptake (Bronselaer and Zanna, 2020), may be-
come important. For this study, we focus on evaluating the
mechanisms in operation in CESM, but if we were emulating
the 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 hold
true for other ESMs or the real Earth. A valuable direction
for future work will be to evaluate the spread in predictions
for both inorganic carbonate chemistry and vertical transport
effects.

5 Conclusion

Atmospheric CO; has grown exponentially over the indus-
trial era, and so has ocean anthropogenic carbon concen-
tration at depth (DeVries, 2014; Gruber et al., 2019). Un-
der an exponential forcing regime, ocean anthropogenic car-
bon uptake also grows exponentially. Since these conditions
have held over the historical era, the ocean sink has histor-
ically maintained a high efficiency. In future scenarios, re-
gardless of the degree to which emissions are mitigated by
2080, efficiency of ocean anthropogenic carbon uptake will
decline. We show that the mechanisms of this decline will
differ depending on the degree of mitigation. In the RCP8.5
and RCP4.5 scenarios, reduced buffer capacity explains most
of the loss in ocean sink efficiency through 2080. With strong
mitigation in the 1.5 °C scenario, the loss of efficiency is due
more to the effect of vertical transport of Cyp, which explains
more than half of the efficiency loss.
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Change in the vertical anthropogenic carbon concentra-
tion gradient is responsible for the changing impact of ver-
tical transport of Cape on the ocean sink. When emissions
are mitigated and the growth in pCO3™ slows, the surface
ocean carbon content responds rapidly. However, the ocean
interior anthropogenic carbon concentration response lags
the surface response. Below 100m in the 1.5°C scenario,
anthropogenic carbon concentration increases from 2020-
2080, but above 100 m, the anthropogenic carbon concentra-
tion begins to decrease starting in 2038, just 2 years after the
maximum pCO3™ of 437 ppm is achieved. The downward
anthropogenic carbon concentration gradient is greatly re-
duced, and there is less effective downward transport of Cyy;.
Ocean anthropogenic carbon uptake is limited by the removal
of anthropogenic carbon from surface to depth (Graven et al.,
2012). As the vertical gradient changes in the future, this
transport is reduced, and there will be less future uptake rel-
ative to what occurred at the same pCO%tm concentration in
the historical period (Schwinger and Tjiputra, 2018).

The upper-ocean circulation will play a critical role in the
efficiency of the ocean carbon sink as the pCO%tm growth rate
begins to slow. Current ocean model estimates of the ocean
carbon sink agree well for the global-mean carbon uptake
(Hauck et al., 2020), and future estimates under high emis-
sions do not diverge substantially through 2100 (Arora et al.,
2013). However, these simulations do diverge in their predic-
tions of recent and near-future heat uptake, a process that is
much more dependent on circulation details (Bronselaer and
Zanna, 2020). This suggests that for scenarios of aggressive
emission mitigation, model predictions of the ocean carbon
sink may diverge much more than in the high-emissions sce-
narios that have been the primary focus to date (Friedling-
stein et al., 2013; Randerson et al., 2015). The next steps will
be to determine how much these simulations do diverge and
then to work to reduce these uncertainties. The ocean car-
bon sink plays a critical role in the global carbon cycle and
the climate. Accurate predictions of its magnitude under all
plausible future scenarios for pCO3™ are essential.

Biogeosciences, 18, 2711-2725, 2021
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Appendix A: Ocean carbon cycle model carbon
chemistry for the impulse response function model

The pCO5™" of the IRF ocean carbon cycle model is calcu-
lated using the empirical fit to the solution of the carbonate
system equations by Joos et al. (2001). We use a fitted so-
lution for two reasons. First, when variables other than tem-
perature and carbon are held constant, using the full carbon-
ate system equations provides no additional accuracy. Sec-
ond, the concentration scenarios used in CMIP5 (RCP4.5,
RCPS8.5) with which we wish to be consistent were gener-
ated using the same IRF model with the same representation
of ocean chemistry.

pCOSE™ = [ pCOT™ ! 4 8pCOS™ (Cont, Tpi)lexp(arsT) (Al)
Here pCOSC“’PI is the preindustrial global-mean pCOS™.
The response of pCOS™" to warming is parameterized as an
exponential function as in Takahashi et al. (1993), with a7
set to 0.0423 K~!. The carbonate chemistry that determines
8pCOS™ given anthropogenic carbon (CMU) is parameter-
ized assuming a fixed ocean alkalinity of 2300 umol kg~!
and the preindustrial temperature, T, based on an empiri-
cal fit to carbonate system calculations (Eq. A24; Joos et al.,
2001)

SPCOQCH(Cam, Tpi) =
Cant[A1 + Cant (A2 + Cant (A3 + Cant (A4 + Cane A5)))] (A2)

with the following coefficients.

Al = (1.5568 — 1.3993 x 1072 x Tyy) (A3)
A2 = (7.4706 — 0.20207 x Tp;) x 1073 (A4)
A3 = —(1.2748 — 0.12015 x Tp;) x 107 (A5)
A4 = (2.4491 — 0.12639 x Ty;) x 1077 (A6)
A5 = —(1.5468 — 0.15326 x Tp;) x 10710 (A7)
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