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ABSTRACT OF THE DISSERTATION

Understand the Role of Global Meridional Overturning Circulation

on the Ocean Carbon Sink

by

Yi Liu

Doctor of Philosophy in Earth System Science

University of California, Irvine, 2023

Professor J. Keith Moore, Irvine, Chair

The oceans play an important role in regulating atmospheric CO; levels and the
climate system. Since the beginning of the Industrial Revolution, the ocean has absorbed
more than 25% of anthropogenic CO2 emissions, and the carbon sink is expected to grow
over the next several centuries as atmospheric COz concentrations rise. Multiple ocean
processes, however, affect the amount of anthropogenic carbon that the ocean absorbs from
the atmosphere. This thesis combines Earth System Models (ESM) from the sixth phase
Coupled Model Intercomparison Project (CMIP6) with an offline inverse biogeochemical
model to answer a fundamental question: What mechanisms control the size of the ocean

carbon sink in a warming climate?
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First, I use the CMIP6 models to investigate the role of meridional overturning
circulation in ocean carbon uptake (Chapter 2). Slowing MOC reduces anthropogenic carbon
uptake by the solubility pump while increasing deep ocean carbon and nutrient storage by

the biological pump. The net effect is a reduction in the ocean carbon sink.

[ then used an offline inverse biogeochemical model to conduct a series of sensitivity
experiments to better understand how changes in circulation affect the ocean carbon sink
(Chapter 3). The results show that slowing MOC reduces anthropogenic carbon uptake by
decreasing biological productivity. The slowing MOC sequesters more nutrients in the deep
ocean, reducing nutrient replenishment to the upper ocean and thus lowering biological
productivity. This increases ocean surface CO; saturation and reduces the ocean's ability to
absorb anthropogenic CO; from the atmosphere. However, without taking into account
changes in biological productivity, the slowing MOC contributes little to the ocean carbon

sink.

In Chapter 4, I examine the ocean ventilation timescales and patterns in a time-
evolving circulation in the context of climate change. I found that slowing meridional
overturning circulation causes a 110-year increase in global-averaged mean age from the
year 1850 to 2300. However, where and when the water will be re-exposed to the
atmosphere is highly dependent on the post-2300 circulation. The dependence of interior-
to-surface transit time on future ocean circulation produces great uncertainties in the long-

term durability of the ocean CDR strategies.



Chapter 1: Introduction

1.1 The ocean carbon sink

A global agreement on climate change The Paris Agreement aims to limit global
average temperature increase to less than 2°C or 1.5°C above preindustrial levels. To meet
the climate targets, strict carbon emission reductions and "negative emission" strategies
(Carbon Dioxide Removal, hereafter CDR) are required. The foundation of meeting these
climate targets is accurately calculating the allowable amounts of additional emissions as
well as the efficacy of CDR strategies for enhancing natural carbon sinks. However, the
calculations, which are heavily reliant on future global carbon sinks, have

large uncertainties (Jones and Friedlingstein, 2020; Keller et al., 2018).

Since the Industrial Revolution, the ocean has absorbed more than 25% of
anthropogenic CO2 emissions (Friedlingstein et al., 2022), and this carbon sink is projected
to continue growing over the next several centuries (Randerson et al., 2015; Jones et al,,
2016). However, accurately estimating the contemporary and future ocean carbon sink using
Earth System Models (ESMs) is challenging, and there are significant uncertainties with large
regional biases in the current era compared to observation-based products (McKinley et al.,
2017; Kessler and Tjiputra, 2016; Fay and McKinley, 2021). The uncertainty of the future
ocean carbon sink (Terhaar etal., 2022: 150+11 PgC to 399+29 PgC depending on the climate
scenarios) contributes significantly to the uncertainties of allowable additional emissions
(i.e., 41690 PgC (Schurer et al., 2018)). Furthermore, the large uncertainty in the CMIP6

ESMs implies a lack of comprehensive understanding of the carbon cycle, which adds



uncertainty to the calculation of the durability of some marine carbon dioxide removal

(mCDR) strategies that aim to sequester COz in the deep ocean.

In estimating the contemporary and future ocean carbon sink, ESMs include
uncertainties arising from various sources such as model structure, initialization, and
emission scenarios. Among these, emission scenarios contribute most significantly to the
considerable spread of ESMs concerning the future ocean carbon sink, posing a challenge
that is difficult to minimize. Differences in the parameterization of ocean processes and
initial conditions across models primarily account for the remaining spread. These
uncertainties underscore the existing gaps in our understanding of ocean processes,
including physical and biogeochemical aspects, such as the unclear roles of large-scale ocean
circulation and ocean biology in modulating the ocean carbon sink. A recent study by
McKinley et al. (2023) suggests that constraining the contemporary ocean carbon sink
estimation could reduce the model spread of the future global ocean carbon sink by
approximately 50%. However, the influence of individual ocean processes on the spread of

the ocean carbon sink estimated by ESMs remains unclear.

1.2 Natural and anthropogenic ocean carbon

The ocean serves as a vast reservoir of inorganic carbon, with continuous exchange
occurring between the ocean and the atmosphere. It includes both natural and
anthropogenic components of carbon. The natural CO; pool is part of the ocean’s dissolved
inorganic carbon (DIC) pool that existed in the preindustrial era, whereas the anthropogenic
component represents the carbon that the ocean takes up from rising atmospheric CO2 due

to anthropogenic perturbation.



1.2.1 The natural carbon cycle

The preindustrial level of atmospheric CO2 was approximately 280 ppm, and the role
of ocean carbon pumps in maintaining this level of atmospheric CO; is crucial (Henson et al,,
2017). In the absence of the ocean carbon pump, the preindustrial atmospheric CO> levels

would have been as high as 583 ppm (DeVries, 2022).

The carbon pumps also modulate the DIC distribution in the ocean. The most striking
feature of DIC in the ocean is its robust vertical gradient, characterized by lower
concentrations near the surface and higher concentrations in deeper waters. This gradient
enables the ocean to absorb additional carbon from the atmosphere, thus mitigating climate
change. Ocean carbon pumps, primarily the biological and solubility pumps, are responsible
for maintaining these gradients (Volk and Hoffert, 1985). Approximately two-thirds of the
ocean's vertical DIC gradients can be attributed to the biological pump, while the remaining
third is a result of the solubility pump (DeVries, 2022). A comprehensive understanding of
ocean carbon pumps is essential for deciphering both the natural carbon cycle and

anthropogenic carbon uptake resulting from human-induced increased atmospheric CO;.

The biological pump transfers carbon dioxide (CO2z) from the atmosphere into the
deep ocean. This process involves photosynthetic organisms, such as phytoplankton,
absorbing carbon and then sinking organic matter and calcium carbonate shells to the deep
ocean. The strength of the biological pump is primarily determined by surface water
productivity and the export of some of this production. Factors such as nutrients,
temperature, and light regulate phytoplankton growth, thereby influencing the strength and

efficiency of biological pump. Globally, the biological pump has a strength of 5-13 PgC/yr,



with significant spatial variations (e.g., Henson et al., 2011; Henson et al,, 2022; Nowicki et
al,, 2022). As phytoplankton consume nutrients and generate organic matter, some of which
sink into the ocean's depths, upper ocean nutrients become depleted. To maintain marine
biological productivity, ocean circulation must ultimately return these sinking nutrients to
the upper ocean (Palter et al., 2010; Moore et al, 2018). Ultimately, the strength and
efficiency of the biological pump are controlled by both biological processes and physical
processes such as ocean circulation. The solubility pump is another critical contributor to
the ocean carbon sink, accounting for approximately 1/3 of the DIC vertical gradients
(DeVries, 2022). It operates based on the principle that carbon dioxide is more soluble in
cold water. As cold water is denser, it is more likely to sink into the deep ocean, taking
dissolved CO; along with it (Volk and Hoffert, 1985). As a result, the solubility pump is driven
by a combination of ocean chemistry and ocean circulation. This process helps maintain the
ocean's ability to absorb additional carbon from the atmosphere and contributes
significantly to the overall ocean carbon sink, collaborating closely with the biological pump

to regulate Earth's carbon cycle and climate system.

Recent and projected climate warming alters natural carbon cycling via multiple
pathways, including CO2 solubility, ocean circulation, and ocean carbon pumps. As ocean
temperatures rise, CO2 solubility in water decreases, leading to natural carbon outgassing
from the surface. The stronger upwelling in the Southern Ocean driven by stronger
westerlies is also a potential reason for natural carbon outgassing. The reduced carbonate
buffer factor also emitted some natural carbon into the atmosphere (Holzer and DeVries,
2022). Changes in the biological pump are also an important factor in modulating natural
carbon cycling. The strength of the biological pump is projected to decline in most Earth

4



System Models due to increased nutrient stress in the upper ocean (Henson et al,, 2022; Fu
et al,, 2016). However, physiological responses and phytoplankton community shifts may
partially mitigate this stress by requiring fewer nutrients with higher stoichiometric ratios
(Kwon et al., 2022). Although the weakened biological pump reduces carbon injection into
the deep ocean, the slower overturning circulation allows more time for carbon buildup

before eventual release back to the atmosphere (Matear et al., 1999; Bernardello et al., 2014).

1.2.2 The anthropogenic carbon uptake

The ocean accounts for approximately 40% of the total anthropogenic carbon
absorption from the atmosphere since the preindustrial era. The concept of the oceanic
anthropogenic carbon sink is a combination of the absorption of newly emitted carbon and
alterations in the ocean's natural inventory caused by climate-induced shifts in
temperatures, winds, and freshwater cycles (Frolicher and Joos, 2010; McNeil and Matear,
2013). Notably, the Southern Ocean contributes to a larger proportion of anthropogenic
carbon uptake compared to other ocean basins (Gruber et al., 2019; Prend et al., 2022).

Historically, data-constrained estimates indicate that the ocean has absorbed
approximately 33.0+4.0 PgC from 1994 to 2007 (Gruber et al.,, 2019). Conversely, Earth
System Models, including both CMIP5 and CMIP6 models, present lower estimates of carbon
uptake at around 27.8+0.5 PgC (Fu et al., 2022). This discrepancy might be attributable to a
weakened exchange from the surface to the ocean's interior.

In a changing climate, estimating the future ocean carbon sink presents significant

challenges. However, current oceanic conditions, such as overturning circulation, ocean



stratification and the Revelle factor can help constrain some uncertainties. Employing these
emergent constraints could decrease uncertainties around future anthropogenic carbon
uptake by 32%-62%, depending on the warming scenarios (Terhaar et al, 2022).
Furthermore, constraining present-day carbon sinks can reduce approximately 50% of the
uncertainty in the future ocean carbon sink (McKinley et al., 2023). The trajectory of future
ocean carbon sinks also heavily relies on prescribed climate scenarios. For instance, under a
"business-as-usual” scenario, the ocean would absorb approximately 750 PgC of
anthropogenic carbon from the preindustrial era until 2100. Under the scenario with
emission mitigation, this value reduces to 380 PgC (Ridge and McKinley, 2021). While the
ocean carbon sink mirrors atmospheric CO; emissions to some extent, the time-evolving
ocean physical and biological processes also influence the magnitude of the sink.

Previous studies argue that the reduced buffer factor primarily influences the ocean
carbon sink under both moderate and business-as-usual warming scenarios (Ridge and
McKinley, 2021; Chikamoto and DiNezio, 2021). The temperature-driven decreased CO;
solubility, along with other mechanisms, such as variable overturning circulation and the
biological pump, also affect carbon uptake by modulating the surface ocean's DIC, alkalinity

(ALK), and air-sea CO? disequilibrium.

1.3 The global overturning circulation

The Meridional Overturning Circulation (MOC) is a key component of global ocean
circulation, playing a vital role in heat and nutrient distribution as well as the ocean carbon
sink. The MOC consists of two primary cells: the abyssal cell Southern Ocean Meridional

Overturning Circulation (SMOC), driven by Antarctic Bottom Water (AABW) formation and



the upwelling of Circumpolar Deep Water (CDW), and the upper cell Atlantic Meridional

Overturning Circulation (AMOC), driven by North Atlantic Deep Water (NADW) formation.

The MOC interacts with the upper ocean circulation, thereby affecting both natural
carbon cycling and anthropogenic carbon uptake. In the Antarctic Divergence, deep ocean
nutrients upwell to the surface and travel northward, further spreading into the Subantarctic
Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) formation regions via
Ekman transport. SAMW, enriched with nutrients from thick wintertime mixed layers, move
northward into the thermocline, fueling low-latitude biological productivity through upward

transport in equatorial regions.

A slowing global meridional overturning circulation combined with intensifying
upper ocean stratification affects the ocean carbon sink. This slowdown is hypothesized to
sequester more nutrients in the deep ocean, leading to a potential decrease in surface
nutrient levels and biological productivity (Moore et al., 2018). Yet, it also allows carbon to
remain in the deep water longer before resurfacing. The weakening exchange between
surface and deep water could hinder the transfer of anthropogenic carbon from the surface
to the ocean interior, thereby accumulating carbon at the surface and reducing the ocean's
uptake of additional anthropogenic carbon from the atmosphere. Untangling the complex
influence of varying overturning circulation on the oceanic carbon sink poses a considerable

challenge.



1.4 Research questions

This thesis mainly focuses on how ocean circulation and biological processes affect
the ocean carbon sink. Also, how the time-evolving circulation will affect the ventilation
timescales and further the efficacy of some ocean CDR strategies. This thesis is divided into

three main chapters.

In Chapter 2, I will focus on the role of time-evolving global overturning circulation
on the ocean carbon sink. Previous studies have primarily focused on the variability and
trends of AMOC, while the control of the SMOC on the ocean carbon sink has been largely
ignored. This chapter aims to address this gap in knowledge by analyzing all CMIP6 models,
in conjunction with an offline biogeochemical model, to investigate the effects of a slowdown
in SMOC on nutrient availability, biological productivity, and the ocean carbon sink. Our
findings indicate that a slowdown of the SMOC will deplete surface nutrients and decrease
export production, but it will increase the efficiency of the biological pump, resulting in the
sequestration of more regenerated carbon. This slowdown, however, will weaken the
solubility pump by transporting less anthropogenic carbon into the deep ocean and

ultimately lead to a reduction in the ocean carbon sink.

In Chapter 2, I investigate how the ocean carbon sink is affected by a slowdown in
overturning circulation under different warming scenarios using CMIP6 models. However,
we still don't fully understand the specific mechanisms by which this slowdown affects both
natural and anthropogenic carbon, nor do we have a clear picture of how other oceanic
processes, like sea surface temperature, biology, and air-sea CO; exchange, impact the ocean

carbon sink. To address these gaps in knowledge, we integrated time-evolving circulation



into an inverse biogeochemical model to analyze the contributions of each oceanic process
to the ocean carbon sink in chapter 3. Our results indicate that while increased temperature
leads to natural carbon outgassing, the slowing overturning circulation and the associated

decrease in export production, has the greatest impact on the total ocean carbon sink.

Chapters 2 and 3 help us understand the crucial role that oceanic processes play in
regulating the ocean carbon sink. However, the impact of time-evolving circulation on
ventilation timescales and patterns is equally important, as it directly influences the
sequestration timescales and durability of ocean carbon dioxide removal (CDR) strategies
that aim to sequester carbon in the deep ocean. In chapter 4, we expand on the theory of
water mean age and mean first-passage time by incorporating time-evolving circulation. Our
findings indicate that a slowdown in overturning circulation results in older deep water, but
younger upper ocean. However, the estimation of mean first-passage time, i.e., the length of
time a tracer can remain in the water before reaching the surface, is highly dependent on
future circulation patterns beyond the year 2300, when our simulation ends. As a result,

there are significant uncertainties in our estimation of mean first-passage time.

In chapter 5, I provide a summary of this dissertation and give an overview of the
impacts of slowing overturning circulation on the ocean carbon sink and its potential impacts
on the durability of mCDR strategies. Furthermore, I contemplate prospective future

research directions.



Chapter 2: Reduced CO: Uptake and Growing Nutrient Sequestration

from Slowing Overturning Circulation

Abstract

Current Earth System Models (ESMs) project dramatic slowing (28%-42% by 2100)
of Atlantic Meridional Overturning Circulation (AMOC) and Southern Meridional
Overturning Circulation (SMOC) across a range of climate scenarios, with a complete
shutdown of SMOC possible by year 2300. Slowing meridional overturning circulation
(MOC) differentially impacts the ocean biological and solubility carbon pumps, leaving the
net impact on ocean carbon uptake uncertain. Here using a suite of ESMs, we show that
slowing MOC reduces anthropogenic carbon uptake by the solubility pump, but increases
deep ocean storage of carbon and nutrients by the biological pump. The net effect reduces
ocean uptake of anthropogenic CO;. The deep-ocean nutrient sequestration will increasingly
depress global-scale, marine net primary production (NPP) over time. MOC slowdown
represents a positive feedback that could extend or intensify peak-warmth climate

conditions on multicentury timescales.

This chapter appeared as a publication in Nature Climate Change.
Liu, Y., Moore, ]J.K, Primeau, F., Wang, W.L, (2023), Reduced COz uptake and growing
nutrient sequestration from slowing overturning circulation. Nat. Clim. Chang. 13, 83-90.

https://doi.org/10.1038/s41558-022-01555-7.
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Main text

The global Meridional Overturning Circulation (MOC), comprised of the Atlantic-
based upper MOC cell (AMOC) and the deeper Southern MOC cell (SMOC), strongly impacts
climate and marine biogeochemistry (Jahn et al., 2013; Matear et al., 1999; Plattner et al,,
2001; Schmittner, 2005; Whitt et al., 2020; Katavouta and Williams, 2021). Earth System
Models (ESM) from the Coupled Model Intercomparison Project (CMIP6) project rapidly
declining AMOC rates over the 21st century (Katavouta and Williams, 2021; Weijer et al,,
2020; O’Neill et al., 2016). Recent observations suggest declining North Atlantic Deep Water
(NADW) formation and slowing of AMOC are underway and already impacting biological
productivity (Thornalley et al., 2018; Caesar et al., 2018; Osman et al., 2019). A recent study
of eleven CMIP6 models found a strong link between Atlantic basin carbon storage and
slowing AMOC (Katavouta and Williams, 2021). There have been fewer studies of SMOC
response to climate warming, particularly with ESM projections that extend beyond year

2100 (Moore et al.,, 2018; Frolicher et al.,2020; Beadling et al., 2020; Heuzé, 2021).

The oceans play a critical role in removing anthropogenic CO; from the atmosphere
(Sabine et al., 2004; Gruber et al., 2019). Global ocean dissolved inorganic carbon (DIC)
concentrations have increased over time as the oceans take up anthropogenic COz, driven by
rising atmospheric CO2 concentrations (Sabine et al.,, 2004; Gruber et al., 2019). Both the
biological and solubility carbon pumps contribute to ocean CO2 sequestration. The solubility
pump refers to the combined influences of ocean circulation and inorganic carbon chemistry
that contribute to uptake and storage of carbon dioxide, helping maintain observed vertical

gradients of DIC (higher concentrations at depth). The biological pump refers to the biogenic

11



export of carbon to the interior ocean (as sinking particulate organic carbon (POC), sinking
calcium carbonate (CaCO3), and transported dissolved organic matter), which modifies
surface carbon chemistry and air-sea CO2 exchange. CMIP5 ESMs project weakening
biological carbon export from surface waters over the 21st century, generally with larger
decreases under stronger warming scenarios (Bopp et al,, 2013; Fu et al., 2016; Laufkotter

etal, 2016).

Slowing meridional overturning circulation weakens carbon uptake by the solubility
pump, but allows more time for exported biogenic carbon to accumulate at depth, increasing
deep ocean carbon and nutrient storage by the biological pump (Matear et al., 1999; Plattner
et al,, 2001; Schmittner, 2005; Whitt et al., 2020; Katavouta and Williams, 2021; Frolicher
and Joos., 2010; Bernardello et al., 2014; Ito, 2015; DrVries et al., 2017; Odalen et al.,, 2018).
Previous studies often focused on a single model, assumed steady state circulation, or
focused on the paleoclimate context. MOC impacts on global ocean carbon uptake and the
underlying mechanisms across multiple warming scenarios remain unclear, as all these
multiple processes are integrated in ESMs and the relative roles of these processes may be
changing over time, making it difficult to disentangle. Here, we diagnose the effects of
slowing overturning circulation on the ocean carbon sink in the context of a warming climate
with a suite of CMIP6 ESM projections along three potential future climate scenarios. We also
incorporate a new offline model based on output from the CESMv1(BGC) CMIP5 RCP8.5-
ECP8.5 simulation (Moore et al.,, 2018) (hereafter CESMv1-RCP8.5). Simulations with the
offline model allow us to more accurately diagnose the changing contributions of different
processes to carbon sequestration over time in the CESMv1-RCP8.5 simulation (Methods for

details).

12



Climate Warming Slows Meridional Overturning Circulation

We calculate the changing rates of overturning in the Atlantic-based upper MOC cell
(AMOC) and for the global Southern MOC cell (SMOC) for a suite of thirty-six CMIP6 models
and twenty-four CMIP5 models to year 2100 across multiple climate scenarios (CMIP5
Representative Concentration Pathway (RCP) 8.5, and CMIP6 Shared Socioeconomic
Pathways (SSP) 1-2.6, SSP2-4.5 and SSP5-8.5). Radiative forcing at 2100 is the same for the
two high-end scenarios, but with a modestly different relative contribution from different
greenhouse gases. We extend this analysis to year 2300 for the six CMIP6 models with output
available on the Earth System Grid Federation (ESGF) (tables S1-S2 in Supplementary
Information, hereafter SI). The RCP8.5 and SSP5-8.5 are high-end warming, emissions-as-
usual scenarios, SSP2-4.5 has more moderate warming, and SSP1-2.6 is a stabilization
scenario aimed at keeping mean surface warming below 2°C (O’Neill et al., 2016). The CMIP6
mean AMOC rate (maximum overturning at 30°N) for the present climate (1990s) is 19.2+4.5
Sv, which matches well with the estimate of 17.0+4.4 Sv from the RAPID project (27) and
other observation-based estimates (Cessi, 2019) (Fig. 2.1, table 4). However, all CMIP6
models underestimate SMOC rate (maximum overturning at 30°S) compared to the
observational estimates (Fig. 2.1, Fig. 2.6, table 4). Despite these model discrepancies there
is a robust trend across the models of declining overturning rates in both AMOC and SMOC

as the climate warms.

There is a dramatic future slowing of both MOC cells on the high-end warming

scenarios (RCP8.5, SSP5-8.5) that extends well beyond year 2100 (Fig. 2.1, Fig. 2.6). The

13



CMIP6 model-mean AMOC rate steadily declines over the 21st century (Katavouta and
Williams, 2021) before stabilizing at a much-reduced rate (Fig. 2.1A), similar to the CMIP5
models (Fig. 2.6). Overturning rates for both MOC cells also decline to year 2100 under the
more moderate warming scenarios (Fig. 2.2, Fig. 2.6). SMOC slows as polar salinity-driven
stratification intensifies (Fig. 2.7, SI) and appears to be shutting down completely by year
2300 in available CMIP6 SSP5-8.5 models, similar to the pattern in the CESMv1-RCP8.5
simulation (Fig. 2.1, Fig. 2.6, SI). Both AMOC and SMOC slow with climate warming, but there
is a range of responses across models and climate scenarios (Figs. 2.1-2.2, table 2.1). There
is considerable variability in the degree of MOC slowdown, with the inter-model differences
often larger than the variability across different climate scenarios with the same model.
Thus, there is broad agreement in projecting rapidly declining MOC rates this century, but
substantial uncertainty remains in the magnitude of MOC slowing and in the tipping points

related to potential MOC shutdown in the centuries beyond.

Reduced Ocean Carbon Uptake from Slowing SMOC

To understand the time-dependent contributions of the biological and solubility
pumps to global ocean carbon uptake, we partition DIC into the regenerated and preformed
components using the apparent oxygen utilization (AOU), and define the strength of the
biological and solubility carbon pumps in a changing climate as the accumulation rate of the
regenerated DIC and preformed DIC, respectively, relative to the preindustrial for thirteen

CMIP6 models and the CESMv1-RCP8.5 simulation.
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We find increasing ocean carbon storage (full depth) in every model with most of the
accumulation as preformed DIC at intermediate depths (100-2000 m, Fig. 2.2, table 2.1). The
whole ocean regenerated DIC storage ranges widely across these models from +5 to +142
PgC, accounting for 1% to 30% (mean 15%) of the total ocean carbon storage by 2100 (Fig.
2.2). Yet in the deep ocean (> 2000m) regenerated DIC accounted for ~50-100% of the
carbon accumulation and increases over the 21st century across the CMIP6 models and
different warming scenarios (Fig. 2.2, Figs. 2.8-2.10, table 2.1). Differences in deep ocean
regenerated carbon accumulation are limited across the warming scenarios, even though
both AMOC and SMOC tend to slow more with stronger climate warming (table 2.1). Storage
of preformed carbon in the deep ocean increases at a slower rate or in some models declines
over the 21st century (Fig. 2.2, Figs. 2.8-2.10). Thus, the biological pump is coming to
dominate deep ocean (> 2000 m) carbon storage by 2100 in most of the CMIP6 models,

particularly under stronger climate warming scenarios (SSP2-4.5 and SSP5-8.5 scenarios).

Regenerated DIC is also accumulating at intermediate depths, but this accumulation
scales more strongly with degree of climate warming across the CMIP6 scenarios (Fig. 2.2,
table 2.1). The accumulation of regenerated DIC by the end of this century is correlated with
the changes in export production normalized by the slowdown of SMOC, because the
accumulation of regenerated DIC is controlled by the changes in surface export production,
which injects carbon into ocean interior, and by the changes of SMOC, which is an indicator
of ocean interior residence time and the potential to accumulate regenerated DIC. This
correlation is valid across CMIP6 SSP1-2.6, SSP2-4.5 and SSP5-8.5 warming scenarios (Fig.

2.3). Furthermore, it is also valid in the intermediate and deep ocean (Figs. 2.11-2.12).
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We hypothesize that slowing of the MOC will reduce the capacity of the oceans to take
up anthropogenic COz on multicentury timescales in the context of increasing atmospheric
CO2. Slowing SMOC should weaken the solubility pump, as it controls ventilation of the ocean
interior on multicentury timescales. Great amounts of preformed DIC are accumulating at
intermediate depths (100 - 2000m) in CMIP6, but little of this is making it into the deep
ocean, in part due to slowing MOC (Fig. 2.2, table 2.1). We find significant correlations
between the slowing of SMOC and both preformed and total ocean DIC storage by 2100
across CMIP6 SSP1-2.6, SSP2-4.5 and SSP5-8.5 projections for models with necessary output
available on the ESGF (Fig. 2.3). The models with the greatest slowing of SMOC take up the
least preformed and total DIC. The declines in SMOC can explain 39%-51% of the variance in
ocean carbon storage by the solubility pump by 2100 depending on the warming scenarios
(Fig. 2.3). The storage of regenerated DIC only partially makes up the difference between
preformed and total DIC storage (Fig. 2.3). If we consider intermediate and deep ocean
separately, the same