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Abstract The marine dissolved organic carbon (DOC) reservoir rivals the atmospheric carbon inventory in
size. Recent work has suggested that the size of the DOC reservoir may respond to variations in sea temperature
and global overturning circulation strength. Moreover, mobilization of marine DOC has been implicated in
paleoclimate events including Cryogenian glaciation and Eocene hyperthermals. Despite these suggestions,
the dynamics of the marine DOC reservoir are poorly understood, and previous carbon cycle modeling has
generally assumed this reservoir to be static. In this study, we utilize an Earth system model of intermediate
complexity to assess the response of the marine DOC reservoir to various glacial boundary conditions. Our
results indicate that the marine DOC reservoir is responsive to glacial perturbations and may shrink or expand
on the order of 10-100 Pg C. In contrast to recent studies that emphasize the importance of DOC degradation
in driving the mobility of DOC reservoir, our study indicates the importance of DOC production. In the
experiment under full glacial boundary conditions, for example, a 19% drop in net primary production leads

to an 81 Pg C reduction in the DOC pool, without which the atmospheric CO, concentration would have been
lower by approximately 38 ppm by dissolved inorganic carbon changes alone. Thus, DOC reservoir variability
is necessary to fully account for the simulated changes in atmospheric CO, concentration. Our findings based
on glacial experiments are corroborated in a different set of simulations using freshwater flux to induce
weakening of the Atlantic meridional overturning circulation.

Plain Language Summary There is a significant reservoir of dissolved organic carbon (DOC)

in the ocean originating from the production and decay of microbes, nearly equal to the amount of carbon
contained as carbon dioxide (CO,) in the atmosphere. Studies have suggested that the total amount of DOC in
the ocean may respond to climate effects on ocean temperatures and circulation, and that releases of DOC from
the ocean as CO, to the atmosphere may have contributed to some climate change events in Earth's history.

To date, however, little modeling work has been done to understand this suggestion. In this study, we used

a computer model of the earth's ocean and atmosphere to simulate the response of marine DOC to climate
conditions representing the height of Earth's last glacial period. We found that the total amount of marine DOC
simulated in our model could vary in response to the specific climate conditions applied and the modeled
impacts on ocean biological production. Importantly, we found that these changes in the DOC reservoir are
sufficiently large that without it, changes in atmospheric CO, levels cannot be fully understood. Our results
suggest that understanding marine DOC is crucial in understanding global climate changes throughout Earth's
history.

1. Introduction

Biological production in the ocean exerts an important control on atmospheric CO,. It has been suggested that
without marine biological activity, modern atmospheric CO, concentrations would be higher by approximately
200-300 ppm (Broecker & Peng, 1982). This sequestration process is predominantly fueled by photoautotrophic
phytoplankton production in the sunlit portion of the upper ocean, which yields organic matter in the particulate
(POM) and dissolved (DOM) forms. While POM sinks through the water column, DOM is passively trans-
ported through the ocean by global circulation, accumulating in the subsurface along deep-water pathways
(Hansell, 2013). At 662 Pg C, this pool of marine DOC represents the largest reservoir of reduced carbon in the
ocean, containing >200 times the carbon contained in marine biomass (Hansell et al., 2009) and rivaling the
atmospheric carbon inventory (594 Pg C in the preindustrial; 860 Pg C presently). For context, the amount of
additional carbon in the pool of dissolved inorganic carbon (DIC) due to the organic carbon pump (i.e., respired
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carbon) is estimated to be approximately 1,672 Pg C (Williams & Follows, 2011), which is only two to three
times the DOC reservoir.

DOC is produced in the surface ocean at a rate of up to 28 Pg C yr~! (Hansell, 2013), most of which is biologically
labile and respired to CO, in support of the microbial loop on the order of hours to days. Due to its short lifetime,
this highly labile DOC pool is virtually unobservable, but a recalcitrant portion escapes rapid remineralization
and accumulates throughout the ocean. The observable, more recalcitrant pool of DOC can be characterized
on a wide spectrum of reactivity to biotic or abiotic degradation processes. Hansell defines four broad, opera-
tional fractions of recalcitrant DOC. From most reactive to least reactive to degradation mechanisms, these are:
semi-labile (DOCy, ), semi-refractory, refractory (DOCy), and ultra-refractory, which have lifetimes ranging from
months to tens of thousands of years. The more labile fractions of DOC are primary confined to the mesopelagic
zone (upper ~1,000 m), while DOCj, is distributed throughout the water column and dominates the deep ocean
(Hansell, 2013; Wagner et al., 2020).

Binning DOC into recalcitrance fractions is convenient for conceptualization, but DOC is chemically and struc-
turally diverse, consisting of thousands to millions of organic compounds differing in composition, concentration,
source, age, and degradation history. Due to its complexity, it is poorly characterized, and many questions remain
regarding mechanisms of its production, transformation, and removal (Wagner et al., 2020). Accordingly, there
are multiple explanations for the range in observations of apparent DOC recalcitrance. A prevailing hypothesis
is the size-reactivity continuum hypothesis, which proposes that a molecularly large, young, labile pool of DOC
in surface waters becomes increasingly and intrinsically recalcitrant as it is broken down, resulting in accumu-
lation of relatively small, old, refractory DOC molecules in the interior ocean (Benner & Amon, 2015; Walker
et al., 2016). An alternative explanation is the dilution hypothesis (Arrieta et al., 2015), which proposes that
refractory DOC is not inherently resistant to degradation, but rather that there are so many structurally and chemi-
cally different DOC compounds that any one of them would occur in a very low or dilute concentration in the deep
ocean. Since heterotrophic microbes cannot break down all DOC compounds but target compounds with specific
enzymes, the low concentrations of any one compound make it too energetically expensive for heterotrophs to
seek and consume that compound, thus allowing most DOC in the deep ocean to escape microbial breakdown
(Arrieta et al., 2015). Another suggestion explains DOC recalcitrance as a function of mismatch between DOC
characteristics and the needs of surrounding heterotrophic microbial communities (Carlson et al., 2004). This
suggestion has been extended to a more unifying hypothesis that functionally refractory DOC can be converted
to more labile forms by changes in community composition and environmental variables (Zakem et al., 2021).

At least 95% of the total marine DOC reservoir is either functionally or inherently refractory (~630 Pg C) and
very aged relative to ocean overturning rates (Williams & Druffel, 1987). Removal rates indicate that through-
out the ocean, DOC; persists for roughly 16,000 years (Hansell, 2013). Follett et al. (2014) suggests that the
removal time scale is even longer at 30,000 years for isotopically depleted DOC, which may be closer to what
Hansell (2013) calls ultra-refractory DOC with a turnover time scale of approximately 40,000 years. Because of
the slow turnover of DOC, until recently, the role of marine DOC in the global carbon cycle was thought to be
limited. However, there is evidence for the mobilization of DOC, contributing to paleoclimate change events.
Rothman et al. (2003) attributed the most significant negative carbon isotope excursion (§'3C) of the Neoprotero-
zoic (1,000-543 Ma) to increased remineralization of an unusually large pool of DOC relative to DIC. Remineral-
ization of an expanded DOC pool has also been implicated in preventing the onset of a Snowball Earth at the end
of Cryogenian glaciation (635 Ma) (Peltier et al., 2007; Swanson-Hysell et al., 2010). From the isotope data in
marine sediment records, it has been proposed that rapid ventilation of DIC oxidized from the marine DOCy, pool
contributed to Middle and Early Eocene (~50-47.5 Ma) hyperthermal events (Sexton et al., 2011). Furthermore,
fluctuations in the DOC reservoir have been proposed to explain the 400-kyr cycles in 8'3C that have been widely
observed in pre-Quaternary biogeochemical records (Ma et al., 2017; Wang et al., 2014). This growing body of
work suggests a marine DOC dynamic that is both responsive to and influential of global carbon reorganization.

More recently, it has been suggested that the size of the total marine DOC reservoir may change in response
to future warming, although there is considerable uncertainty in the magnitude, direction, and driving mech-
anisms behind such changes (Wagner et al., 2020). One hypothesis is that rising ocean temperatures could
stimulate DOC removal by temperature-dependent microbial degradation processes, which could lead to a
7 Pg C reduction in the total DOC reservoir under a uniform 1°C warming scenario (Lgnborg et al., 2018).
Another study hypothesizes that a weakening of global overturning circulation could reduce the exposure of
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interior-ocean DOC to surface-level degradation process, thereby leading to an accumulation of DOC over
time and providing a negative feedback to rising atmospheric CO, levels (Shen & Benner, 2018). Despite
these speculations, little is known about the temporal dynamics of marine DOC over timescales relevant to
global climate changes. In part due to its long lifetime, it is difficult to achieve a steady state representa-
tion of DOC in high-resolution, global scale carbon cycle models. Quantitative uncertainty in the balance
between observed DOC production and removal mechanisms in the global ocean provides additional chal-
lenges (Wagner et al., 2020).

In this study, we attempt to resolve the oceanic DOC distribution in an Earth system model of intermediate
complexity (EMIC). We take advantage of the size-reactivity continuum hypothesis, representing the reactivity
spectrum of observable DOC using two endmembers, DOC; and DOC,, following Williams and Druffel (1987).
Following the implementation of environmentally-dependent DOM production and removal mechanisms and
calibration with respect to observed spatial distribution and stoichiometry, we assess the response of the marine
DOC reservoir to climate perturbations representative of the last glacial period.

The last glacial period is characterized by atmospheric pCO, levels 80-100 ppm lower than the preindustrial Holo-
cene and is punctuated by alternations between warm interstadials and cool interstadials (Bereiter et al., 2015).
Paleoclimate records based on ice-rafted debris for some of these northern hemisphere stadials (Heinrich Stadi-
als) show evidence of massive discharges of icebergs from the Laurentide Ice Sheet into the North Atlantic Ocean
(Bond et al., 1992). Freshwater input from the icebergs adds buoyancy to the surface ocean, which may have trig-
gered reductions in the strength of the Atlantic meridional overturning circulation (AMOC), including near-total
collapse of the AMOC associated with deglacial stadials (McManus et al., 2004).

Here, we simulate glacial climate conditions and AMOC weakening using our new DOC-enabled EMIC, with
the goal of understanding the response of the marine DOC inventory to climate change. This work builds on our
previous glacial modeling study, which used an earlier version of the model but focused on the effects of flexible
phytoplankton stoichiometry on atmospheric pCO, (Matsumoto et al., 2020). Our previous work did not consider
the large DOC, pool and thus implicitly assumed, as commonly done, that changes in atmospheric pCO, are
accounted for solely by changes in marine DIC. Modeling work using the Grid ENabled Integrated Earth system
model (GENIE), however, suggests the potential for a reduced Last Glacial Maximum (LGM) DOC reservoir to
contribute to an increase in atmospheric pCO, that partially offsets stratification and solubility effects on carbon
sequestration (Ma & Tian, 2014). By quantifying DOC changes over these events in our model, we attempt to
gain a more complete understanding of the relationship between atmospheric and ocean carbon cycling processes.

2. Model and Experiments

For this study, we used a newly updated version of the Minnesota Earth System Model for Biogeochemistry
(MESMO), which has a 3D dynamical ocean model, a 2D energy-moisture balanced model of the atmosphere,
and a 2D dynamic and thermodynamic model of sea ice (Matsumoto et al., 2008, 2013, 2021). Previous versions
of MESMO have been used in multiple investigations of the global carbon cycle under past, present and future
conditions (e.g., Matsumoto et al., 2020; Matsumoto & Yokoyama, 2013; Tanioka & Matsumoto, 2017) and
have participated in model intercomparison projects (e.g., Archer et al., 2009; Joos et al., 2013; and Weaver
et al., 2012). Here, we limit the model description to new DOC features of MESMO.

The version of MESMO used in this study, MESMO 3c, was adapted from MESMO 3 (Matsumoto et al., 2021)
and calibrated with respect to DOM cycling features. The net primary production (NPP) has not changed in the
model, but the DOM production that immediately follows NPP and the temperature dependent DOM degradation
rates used in this study are unique to MESMO 3c and described in Sections 2.1 and 2.2. The remaining set of
physical and biogeochemical equations governing this model have been carried over from MESMO 3 and are
described by Matsumoto et al. (2021). It is important to note for this study that as an EMIC, MESMO 3c is capa-
ble of running to steady state within a day (~1 hr walltime/1,000 years of simulation). By comparison, it took
the Community Earth System Model 7 months of walltime to simulate 6,010 years in a study of carbon isotopes
(Jahn et al., 2015). The computational efficiency of MESMO is largely a result of its coarse ocean model reso-
lution with 36 X 36 equal-area horizontal grid and 16 vertical levels. This efficiency renders MESMO 3c valu-
able in investigations of marine DOC, given the long timescales of DOCy, decay (16,000 years) and thus global
ocean carbon cycle equilibration.
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Figure 1. Schematic of DOM cycling in MESMO 3c. DOM is produced
via NPP in the top 100 m and throughout the water column via the “deep
POM split.” DOMy is remineralized through temperature-dependent
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2.1. Organic Matter Production

In MESMO 3c, NPP continues to occur in the top 100 m—represented by the
first two depth levels of the model—and is carried out by three phytoplankton
functional types (PFTs): eukaryotes, cyanobacteria, and diazotrophs. Produc-
tion is dependent on ambient nutrient concentrations (N, P, Fe, and Si) and
is limited by the nutrient in shortest supply relative to phytoplankton uptake
stoichiometry. It also depends on light, temperature, and mixed layer depth
(MLD). The full set of biogeochemical equations for phytoplankton produc-
tion used in this model is described by Matsumoto et al. (2021).

New in MESMO 3c is that NPP is immediately routed to DOM and POM
following a formulation for particle export ratio dependent on primary
production, temperature, and euphotic zone depth (Dunne et al., 2005). Previ-
ously, in MESMO 3, we used the Laws et al. (2000) formula to calculate the
fraction of NPP that is routed to POM (f;,,, unitless). However, the Laws
formula has a dependence only on temperature, which gives f},, a strong lati-
tude dependence, making it unsuitable to model DOM production. Therefore,
in MESMO 3c, we use Dunne et al. (2005)'s formula but adapt it to account
for MESMO's global NPP lying at the low end of the possible range (34 Pg
C yr~") (Table S3 in Supporting Information S1; Matsumoto et al., 2021). By
increasing the temperature sensitivity of f,,, and adding a factor of 0.575 to

microbial degradation, and DOMj, is remineralized by temperature-dependent
photodegradation at the surface, background degradation throughout the
ocean, and transformation during passage through hydrothermal vents. DOP is
remineralized preferentially to DON, which is remineralized preferentially to

DOC, as described in Section 2.2.3.

the intercept in our adaptation of Dunne et al. (2005)'s formula, we are able
to reproduce nearly the full range of observed f,,q,, values (Equation 1; Table
S2 in Supporting Information S1).

1000 - NPP

eu

Sfrom = 3-(=0.01) - T 4+ 0.0582 - ln( ) +0.419+0.575 n

0.04 < fPOM <0.72

where:

T = temperature (°C),

NPP = net primary production (mol C m~2 y~1),
Z,,, = depth of the euphotic zone (m).

DOM, which includes DOC, DON, DOP, and DOFe, is further split into semi-labile (DOMy, ) and recalcitrant
(DOMy) fractions at a ratio of 1,000:7 following Hansell (2013).

2.2. Organic Matter Removal

The “deep POM split” pathway of MESMO 3 is carried forward in MESMO 3c, whereby sinking POM is split
or broken down into smaller POM and DOM (Figure 1). This POM pathway is motivated by observations that
suggest that sinking POM dissolves (e.g., Smith et al., 1992) and as a result DOM concentrations at depths could
be enhanced (Follett et al., 2014). The rate of POM splitting into DOM (SPLIT},,, mol C kg~! day~") depends
on the availability of dissolved oxygen and temperature following Laufkétter et al. (2017):

kg-T- [o-]
SPLITpom = Veom - € [22]+K0, . [poM]

@

where

Veom = base POM degradation rate (day '),

T = temperature (°C),

k,, = temperature sensitivity of remineralization (°C™1),

ko, = half-saturation constant for oxygen-dependent remineralization (pmol kg~').

SPLITy,,, which represents the newly formed total DOM at depth, is further partitioned into DOMg; and DOM,
at the same 1,000:7 ratio that occurs in the surface ocean. POM degradation to DOM—according to Equation 2—
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is formulated to occur in the model without the loss of O,. However, since much of this new DOM is routed to
DOMy, , which remineralizes quickly as discussed below, SPLIT,,, effectively occurs with the loss of oxygen,
thus justifying the remineralization formulation of Laufkétter et al. (2017). By explicitly converting POM to
DOM before remineralization, the deep POM split pathway of MESMO 3 allows for a small but potentially
important in situ source of DOMj, in the water column.

The fraction of POM that remains (i.e., POM- SPLIT,,) represents POM that is now smaller and continues
sinking deeper in the water column. Any POM that reaches the seafloor is remineralized directly to DIC and
inorganic nutrients.

2.2.1. DOM; Remineralization

In MESMO 3c, microbial activity is assumed to remineralize DOM; within 1.5 years to DIC and inorganic
nutrients (Hansell, 2013). The rate of DOMg; remineralization (Rpowy, ) is given by the product of DOM; and
the inverse of timescale of decay (7 ) that has a temperature dependence (see Figure S1 in Supporting Informa-
tion S1) according to:

s = 1.4001 - 700417 3)
where

T = temperature in °C.

Rpomg, = 751 - [DOMsL] )

It has been long understood that phytoplankton metabolic rates increase as a function of temperature (i.e.,
Eppley, 1972), and thus, it is assumed that remineralization rates are also influenced by temperature (L6pez-Urrutia
et al., 2006). Equation 3 assumes a temperature dependence for biological remineralization similar to that of
phytoplankton growth (Q,, = 1.5), where Q, refers to the increase in metabolic rate per 10°C increase in temper-
ature. This formulation yields a range in zs. ~! of 0.3 years for temperature of 36°C to 1.5 years for the seawater
freezing temperature of —2°C (Figure S1 in Supporting Information S1).

2.2.2. DOM;, Remineralization

The three pathways of DOM,, remineralization in MESMO 3 are carried forward in MESMO 3c: (a) photodeg-
radation in the top two euphotic levels (1ph0w), (b) slow, global background degradation (1bg), and (c) degradation
during passage through hydrothermal vents (z,,,). In MESMO 3c, these characteristic timescales of decay are
calibrated, and 7, . is now given a temperature dependence. The background and hydrothermal vent degrada-
e << At, where

represents instantaneous removal of

hoto
tion occur respegtively at uniform timescales of Tbg“ = 16,000 years (Hansell, 2013) and
At is the biogeochemical model time step of 0.05 years. Therefore, 7,
DOM;, in the volume of seawater that is assumed to circulate through the hydrothermal vents in a single model
time step (Matsumoto et al., 2021). We adopted a global vent flux of 4.8 x 10'® kg yr~!' (Lang et al., 2006),
which means that 0.0035% of the world ocean circulates through the vents each year and loses DOM . In the
model, the global vent flux is distributed equally among the model grid boxes that contain the locations of mid

ocean ridges.

Our implementation of a temperature-dependent photodegradation timescale for DOM,, is motivated by the
significance of photodegradation as a DOC removal mechanism in the ocean (Mopper et al., 1991) coupled with
recent laboratory observations that DOM photodegradation rates are strongly dependent on temperature (Molot
& Dillon, 1997; Porcal et al., 2015). In MESMO 3c, photodegradation occurs in the surface (top 100 m) with a
temperature dependence of Q = 1.2 (Equations 5 and 6). This formulation yields a range in zyho ' of 3670 years,
the upper end of which represents the globally uniform photodegradation timescale proposed by Yamanaka and
Tajika (1997) and previously used in MESMO 3 (Matsumoto et al., 2021).

Tohoto - = 67.864z - 700187 5)

where

T = temperature in °C.
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The remineralization rate of DOM, (Rpowm,) is given by the product of DOMy concentration and the inverse of

the timescales of decay (g, Typoor Tveny)- 1he decay pathways are not necessarily exclusive and can be combined:
SW ux, cal
Rpowm, = <Tbg =+ Tphoto + Tvent * w) - [DOMR] (6)
Swgrid

where
SWix_local = mass of seawater that circulates through the vents in each grid box in one timestep

SW,iq = total mass of seawater in the same grid box.

2.2.3. DOM Remineralization Stoichiometry

Observations indicate that marine DOM is enriched in C and N relative to the canonical Redfield ratio of 106:16:1,
which has been explained by the preferential remineralization of DOP and DON relative to DOC (Letscher &
Moore, 2015; Redfield, 1934). MESMO 3c implements the preferential remineralization of DOP over DON and
DON over DOC for both the semi-labile and refractory pools, in accordance with the DOM stoichiometry esti-
mates made by Letscher and Moore (2015) (Figure 1; Table S1 in Supporting Information S1). In MESMO 3c,
DOPg; and DONg; are remineralized at 3 and 2 times the rate as DOCg, respectively, for microbially-mediated
DOMj, degradation. As for the refractory pools, DOP, and DON}, are remineralized at 12 and 4 times the rate
as DOC,, respectively, for all DOM, degradation mechanisms.

2.3. Experiments

We performed two sets of climate forcing experiments using MESMO 3c to assess the change in marine DOC
inventory and spatial distribution: (a) application of glacial boundary conditions and (b) freshwater hosing in the
North Atlantic. While the focus of this study is on the glacial simulations, we are motivated to conduct the second
set of transient climate change experiments to demonstrate that some of our findings are seen in both sets of
experiments and thus robust to the choice of the climate forcing. All climate experiments were run starting from
the same model equilibrium state achieved after 20,000 years with the atmospheric pCO, fixed to the preindus-
trial value of 279 ppm. The two control runs for the two sets of experiments started from this equilibrium state,
allowing atmospheric pCO, to freely vary, and served as reference to assess changes in physical and biogeochem-
ical parameters in each sensitivity experiment.

2.3.1. Glacial Boundary Conditions

Following Matsumoto et al. (2020), we applied five boundary conditions representing well-documented physical
parameters of LGM: (a) larger land ice coverage, (b) reduced infrared radiative forcing from greenhouse gases, (c)
increased deposition of Fe-containing dust, (d) change in total insolation due to Earth's orbital parameters, and (e)
weaker southern hemisphere westerly winds. The Laurentide and Fennoscandian Ice Sheets over North America
and Eurasia are represented by a uniform land ice albedo in model grid boxes following LGM ice sheet recon-
structions (Peltier, 1994). The LGM is also associated with reduced radiative forcing from greenhouse gases. The
modeled radiative forcing was prescribed at —2.6 W m~2 to represent the difference in forcing from CO,, meth-
ane (CH,), and nitrous oxide (N,O) between the LGM and late Holocene (Joos & Spahni, 2008). Dust flux into
the ocean, and consequently Fe flux, were increased to represent the higher concentrations of dust in the LGM
atmosphere (Mahowald et al., 2006). The modeled insolation received by the earth was adjusted in accordance
with differences in orbital parameters during the LGM (Berger, 1978). Finally, we weakened the westerly wind
stress poleward of 44°S by 50% as a proxy for reduced Southern Ocean ventilation, which is proposed to have
contributed to the reduction in atmospheric pCO, during the LGM (e.g., Anderson et al., 2009). There is prece-
dent for this wind treatment in glacial modeling studies (e.g., Jeltsch-Thommes et al., 2019), although there is not
a consensus on the sign or magnitude of wind stress difference during the last glacial (Matsumoto et al., 2020).

Experiments LGM_Ice, LGM_Rad, LGM_Dust, LGM_Orbit, and LGM_Winds test the effects of each boundary
condition applied on an individual basis to the modern equilibrium model state. Experiment LGM_Full was
performed with all five boundary conditions applied together (Table 1). Each LGM experiment was run for
20,000 years, achieving steady state by the end of the model run. We performed a control run, LGM_Control, for
the same duration of time under modern conditions. In each experiment and control run, excluding LGM_Rad
and LGM_Full, atmospheric CO, was allowed to vary freely and to influence radiative feedback. In LGM_Rad
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Figure 2. Comparison of surface and deep-ocean DOC;, distributions. (a, b) “Observed” DOC, from Roshan and DeVries (2017), (¢, d) MESMO 3c. See Figure S3 in
Supporting Information S1 for a comparison between MESMO 3c and the previous model, MESMO 3.

and LGM_Full, atmospheric CO, was allowed to vary freely but not to influence radiative feedback, as a weaker
radiative forcing was prescribed separately.

2.3.2. Freshwater Hosing

In the second set of experiments, we simulated AMOC weakening by introducing an influx of freshwater into the
North Atlantic in the form of negative salinity perturbation to the grid boxes corresponding to this basin. The flux
was applied for 1,000 years over the course of 2,500-year runs, starting at model year 50 and ending after model
year 1050. A small, positive salinity flux was applied to the global ocean outside of the North Atlantic to maintain
global salinity. Four experiments were performed in this manner, using freshwater forcing terms ranging from 0.1
to 0.4 Sv in order to trigger a range of AMOC responses (Table 1). These runs were initialized from the run equil-
ibrated under modern conditions following Matsumoto and Yokoyama (2013). A control run, FH_Control, was
performed for the 2,500 years under modern conditions with no freshwater forcing applied. In all experiments,
atmospheric CO, was allowed to vary freely and to influence radiative feedback.

3. Results

The steady state distributions and inventories of DOC and related tracer properties from MESMO 3c under
modern climate conditions are presented and compared to observationally-derived global DOC;. product (Roshan
& DeVries, 2017) as well as to our previous versions of MESMO in Supporting Information S1 (Figures S2 and
S3, Tables S1 and S3). In Figure 2, we compare just the horizontal DOC; distribution at the surface and at depth.
As elaborated in Supporting Information S1, MESMO 3c achieves maximum surface DOC;. concentrations of
~70-90 pmol kg~ between latitudes ~30°S and ~30°N (except the Indian Ocean) and minimum concentrations
of ~40 pmol kg~! in the Southern Ocean. These are consistent with data-derived concentrations. In the Indian
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Ocean, MESMO 3c overestimates the surface DOC; concentrations, a problem also seen in comparable magni-
tude in another DOM model (Letscher et al., 2015). In the deep ocean, MESMO 3c achieves a gradient in DOC.
concentrations between the North Atlantic and North Pacific, with concentrations decreasing along the path of
global deep water circulation as observed (~29% reduction, Hansell & Carlson, 1998).

3.1. Global DOC Reduction Under LGM Conditions

The response of MESMO 3c physics (e.g., atmospheric pCO,, air temperature, sea ice cover, and overturning
circulation strength) in LGM_Full and the individual glacial boundary condition experiments is summarized in
Table 1. The physical responses are consistent with those reported by Matsumoto et al. (2020) for glacial climate
simulations using MESMO 3.

Of the five boundary conditions, the glacial radiative forcing in LGM_Rad causes the greatest cooling in global
mean sea surface temperature (SST) by 1.9°C, followed by a 1.4°C cooling by the glacial land ice boundary
condition in LGM_Ice. The other boundary conditions do not cause any appreciable cooling. The cooling in
the LGM_Rad and LGM_Ice experiments expands the global annual mean sea ice coverage from 10.5% in
LGM_Control to 13.8% and 13.3%, respectively. The sea ice expansion and cooling lead to a reduction in the
global NPP from 34.6 Pg C yr~! in the control experiment to 29.7 and 30.7 Pg C yr~! in LGM_Rad and LGM_Ice,
respectively. As a consequence, the global ocean DOC; inventory is reduced from 675 Pg C in the control to 596
and 612 Pg C in these experiments. At the same time, this cooling enhances the gas solubility and contributes to
a drawdown of atmospheric pCO, by approximately 10 ppm in both experiments (Table 1).

A precise quantitative attribution of the 10 ppm drop in LGM_Rad and LGM_Ice to the various drivers of pCO,
is not possible in a dynamical model such as MESMO 3c, because changes in SST, stratification, circulation, sea
ice, and biological production occur at the same time. However, a process of elimination suggests that gas solu-
bility is likely the dominant driver. For example, the 10 ppm drop cannot be explained by the simulated reductions
in DOC; inventory or export production, both of which would predict a higher pCO,. Similarly, AMOC changes
in the opposite directions in the two experiments. The fact that the 10 ppm reduction predicted by MESMO 3c
with DOCy, enabled in this study is smaller than the 15-20 ppm drop predicted by MESMO 3 without DOC, in
the equivalent experiments (Matsumoto et al., 2020) points to the role that DOC; played in moderating the drop
in atmospheric pCO, in these experiments. Rather, the reduced pCO, in LGM_Rad and LGM_Ice can only be
explained by the increased global DIC inventory (Table 1). Increased solubility, the remaining pCO, driver, is
thus likely the dominant driver of the DIC increase and thus the pCO, drop.

As described previously (Matsumoto et al., 2020), glacial dust in LGM_Dust triggers a cascade of large changes
in biological production, even while the model physics is nearly the same in LGM_Dust and LGM_Control
(Table 1, Table S4 in Supporting Information S1). Overall, the global NPP in LGM_Dust jumps by 17% from
34.6 Pg C in the control run to 40.5 Pg C yr~!. The global export production increases from 9.8 to 11.6 Pg C yr~!.
These production increases in the model are driven by a net increase in eukaryotes at the expense of cyanobac-
teria (Table S4 in Supporting Information S1). This enhanced growth of eukaryotes, which include diatoms,
occurs in the lower latitudes in a manner predicted by the Silicic Acid Leakage Hypothesis (SALH) (Brzezinski
et al., 2002; Matsumoto et al., 2002). In this hypothesis, Fe input into the glacial Southern Ocean reduces the
Si:N uptake ratio by Antarctic diatoms, forming a pool of underutilized Si in the Southern Ocean that escapes its
trapping there and leaks out to the lower latitudes via Antarctic Intermediate Water and Antarctic Mode Water.
Consistent with these SALH predictions, the global ocean surface silicic acid concentration in LGM_Dust more
than doubles, relieves the Si limitation on eukaryotes, and boosts their production from 31% of global NPP in the
control to 57% in LGM_Dust (Table S4 in Supporting Information S1). Eukaryotes are opportunistic phytoplank-
ton, which is reflected in the model by high growth rates. The enhanced growth of eukaryotes strongly depletes
phosphate in surface waters, thereby limiting the relative growth of the other two PFTs in the model, cyanobacte-
ria and diazotrophs. The overall larger production in LGM_Dust has two important carbon cycle consequences:
31 ppm lower atmospheric pCO, and 108 Pg C higher global ocean DOC;, inventory (Table 1). The lower pCO,
in this experiment is entirely driven by DOC; because the global ocean DIC pool shrunk by 34 Pg C.

The boundary condition experiment LGM_Winds is potentially interesting in that it sheds some light on the
Shen and Benner (2018) prediction, which posits that a weakening of the global overturning circulation should
ultimately lead to a larger global ocean DOC; inventory. In the LGM_Winds experiment, the Southern Ocean
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overturning circulation is indeed weakened by approximately half, from 41.7 Sv (Sv = 10°® m? s7) to 20.2 Sv
(Table 1), yet the global DOC; inventory does not increase as predicted but decreases by 45 Pg C. In this experi-
ment, there is no change in the global mean SST or AMOC, but the Southern Ocean MLD shoals by 130 m from
426 m, and there are reductions in the global NPP by 2 Pg C yr~! and atmospheric pCO, by 12 ppm compared
to LGM_Control (Table 1). These changes apparently compensate for the effect that DOC removal mechanism
envisioned by Shen and Benner (2018) have on DOC|. removal under weakened overturning circulation. It is also
worth noting that in the LGM_Winds experiment, the 12 ppm reduction in atmospheric pCO, cannot be explained
by a reduction in DOC; inventory but by an increase in the global DIC inventory by 74 Pg C (Table 1).

The combination of all the glacial boundary conditions in LGM_Full brings about a polar sea ice coverage
expansion to 17.2% of the global ocean, a slightly more vigorous AMOC and much reduced Southern Ocean
overturning, a global SST cooling by 3.3°C, a drop in atmospheric pCO, drops by 62 ppm, a reduced global NPP
by 5.5 Pg C yr~!, a larger global DIC inventory by 215 Pg C, and a smaller global DOC; inventory by 81 Pg C
compared to LGM_Control (Table 1). Even while global NPP is reduced by 5.5 Pg C yr~!, which represents a
34% drop, the global export production is reduced by only 2% from 9.8 to 9.6 Pg C yr~! (Table S4 in Supporting
Information S1). This is due to the lower temperatures in the experiment raising fPOM according to Equation 1
and to the elevated C:P stoichiometry of export production (Matsumoto et al., 2020). The C:P ratio increases from
106:1 in LGM_Control to 136:1 in LGM_Full.

In LGM_Full, the lower NPP and higher fPOM both contribute to reduced DOM production rates and a DOC.
inventory that is smaller by 81 Pg C, which would tend to raise atmospheric pCO, by 38 ppm. DOC; inven-
tory change of 79 Pg C accounts for much of this DOC; change (Table 1). These changes are accompanied by
spatial reorganization of DOC; concentrations (Figures 3a and 3b). Production layer (top 100 m) DOC; concen-
trations decrease in most regions, with the greatest reductions occurring in the Southern and Indian Oceans
(>20 pmol kg~! reduction), followed by the north Pacific and the Pacific and Atlantic subtropics. DOC} concen-
trations increase modestly by up to 10 pmol kg=! in the western equatorial Pacific and nominally in the North
Atlantic (Figure 3b).

The first order pattern of surface DOC. concentrations is expected to be determined by NPP, fPOM, and DOC
photodegradation rates. Despite the temperature dependence in the formulation of all these factors in MESMO
3c, there is little spatial coherence between changes in SST and changes in DOC; spatial distribution in LGM_
Full versus LGM_Control (Figures 3b and 3c). SST under the full glacial conditions decreased globally, as
expected, with the strongest reductions occurring in the subpolar Atlantic and Pacific Oceans. We note that the
further poleward regions are covered by ice under full LGM conditions, and that the seawater freezing point of
~2°C imposes a limit on SST reduction in these regions.

The changes in surface DOC, in LGM_Full are much more coherent with NPP changes than with SST changes
(Figures 3b and 3d). The pattern of NPP changes is unlike that of SST changes because temperature is but one
driver of NPP. Other drivers of NPP are nutrients, MLD, and light. In the case of LGM_Full, the nutrient control
is important because the cascade of biological impacts that are triggered by the Fe input in LGM_Dust occur in
LGM_Full as well. It is important to note that the spatial pattern of total NPP changes (Figure 3d) is given by
the sum of the NPP changes of the individual PFTs (Figure S4 in Supporting Information S1), pointing to the
importance of taxonomy in fully understanding NPP changes.

The simulated DOC;. production rate changes are spatially coherent with removal rate changes in the surface
ocean (Figures 3e and 3f). Again, neither resemble SST changes but rather NPP changes. These comparisons
suggest that NPP, which depends on several variables other than temperature, is an overarching control on both
DOC production and degradation rate changes in the LGM boundary condition experiments. The signs of NPP
change (increase or decrease), along with the signs of DOCy; and DOC, change, are consistent with the sign of
DOC; change across all five of these experiments (Table 1).

3.2. Global DOC Increase Under Weakened AMOC State

In every freshwater hosing experiment, AMOC weakening produces the expected spatial response in SST: cool-
ing in the North Atlantic—where freshwater was applied—and warming in the South Atlantic, typical of the
well-observed antiphased, “bipolar seesaw” between the hemispheres (Crowley, 1992). The transient AMOC
weakening is associated with warming in the global surface ocean (as well as global surface air, not shown)
and higher atmospheric pCO, during the time of active hosing perturbation (Figures 4a—4c). These changes are
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Figure 3. Assessment of DOC. and potential driving factors under full LGM boundary conditions. (a) DOCy in top 100 m, (b) ADOC,. (LGM_Full—LGM_Control)
in top 100 m, (c) ASST (LGM_Full—LGM_Control), (d) ANPP (LGM_Full—LGM_Control) in top 100 m, (¢) ADOC; surface production rate (LGM_Full—
LGM_Control), (f) ADOC; surface degradation rate (LGM_Full—LGM_Control).

accompanied by increases in global DOC , DOC,, and DOCg; inventories (Table 1). The simulated changes are
qualitatively similar across all experiments but are greater for larger freshwater perturbations. For example,
during maximum AMOC weakening in year 1050, DOC; inventory is increased by 35 Pg C (5.2%) in FH_0.4 in
comparison to just 5 Pg C (0.7%) in FH_0.1 (Table 1). We do not show the same set of hosing experiments carried
out under glacial conditions because the results are qualitatively the same, and we are interested in examining the
DOC; inventory response to a different set of climate change conditions.

In Figures 4d—4h, we illustrate the representative, modeled biogeochemical response from FH_0.4, as 0.4 Sv
hosing produced an atmospheric pCO, response (+-36 ppm) comparable to that of deglacial stadial HS1 (Bauska
et al., 2016; Table 1) as well as reasonable Greenland air temperature and SST anomalies for this event (He
et al., 2021; Figure S5 in Supporting Information S1).
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Figure 4. Response of MESMO 3c to variable magnitudes of freshwater forcing (a)—(c) and 0.4 Sv freshwater hosing (d)—(h). (a) AMOC strength (Sv), (b) atmospheric
pCO, (ppm), (c) global average SST (°C), (d) global average DOC;, (solid line) and DOCy, (dashed line) concentrations (pmol kg="), () global NPP (Pg C y™"), (f)
global DOC;, (solid line) and DOCg; (dotted line) production rates (Pg C y=!), (g) global DOC; (solid line) and DOCg, (dotted line) degradation rates (Pg C y="), (h)

global production rate minus degradation rates for DOC; (black solid line) and DOCg; (light blue dashed line) (Pg C y~!). Horizontal axis = time in years.
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In the FH_0.4 experiment, NPP and the total global production and degradation rates of DOC increase over the
course of the weakened AMOC state (Figures 4f and 4g). However, the production rate increases to a greater
extent than the degradation rate, resulting in net DOC accumulation (Figure 4h). Also, there is a clear spatial
coherence between changes in production layer DOC, SST, and NPP relative to the control at model year 1050
(again shown only for FH_0.4 in Figure S4 in Supporting Information S1).

4. Discussion

In this study, MESMO 3c is not coupled to the sediment module and is thus a closed system with regards to the
atmosphere-ocean carbon. Since carbon is conserved in the system, any changes in atmospheric carbon must be
accounted for by ocean storage changes in the opposite sense but of equal magnitude. All of our sensitivity exper-
iments allowed atmospheric pCO, to vary freely in response to the prescribed boundary conditions. Whereas past
modeling studies have traditionally equated the total ocean storage to the global ocean DIC inventory, the storage in
MESMO 3c is given here by the sum of the global ocean DOC; and DIC inventories. Thus, in our experiments, the
change in atmospheric pCO, is not quantitatively consistent with the change in the DIC inventory alone (Table 1).
For example, atmospheric pCO, decreased and DIC inventory increased in LGM_Full, LGM_Ice, and LGM_Rad,
but the DIC increase was either too great or too small to fully explain the atmospheric pCO, reduction. In LGM_
Full, for example, atmospheric pCO, was reduced overall by 62 ppm, which is the result of the 215 Pg C larger DIC
pool lowering pCO, and the 81 Pg C smaller DOC;. pool raising pCO,. In the case of LGM_Dust, both atmospheric
pCO, and DIC inventory decreased, so the even the sign of DIC change was inconsistent with the pCO, change.

Our results demonstrate clearly that DIC alone cannot fully explain the difference in atmospheric CO, storage
between the preindustrial and glacial climate states in MESMO 3c, in which the marine DOC pool is similar in
size to the atmospheric carbon pool, as per observations. Across the full LGM and glacial boundary condition
runs, the difference in DIC between preindustrial and glacial explains 37% of the variability in CO, difference
between these two states (blue triangles, Figure 5a). DOC difference alone does not explain any variability (green
circles). However, the sum of DIC and DOC difference lies on a —1:1 line and can account for >99% of the
variability in CO, difference between the preindustrial and glacial states (orange diamonds). The importance of
the DOC pool in fully accounting for atmospheric pCO, under glacial conditions has previously been pointed
out by Ma and Tian (2014). However, in their DOC modeling work using the GENIE model, DOC degradation
was determined simply by uniform degradation timescales without any environmental dependence, and the DOC
production decreased due to cooling and salinity-induced stratification.

We find that the importance of dynamic DOC in accounting for atmospheric CO, under glacial conditions is
equally true under a very different climate state of freshwater-induced AMOC weakening. Again, DIC alone is
unable to quantitatively explain the simulated changes in atmospheric CO, (blue triangles are off the —1:1 line,
Figure 5b), although the global DIC inventory changes consistently in the correct sense and has a high predictive
power (R* > 99%). Across the hosing experiments, atmospheric pCO, increases and DIC inventory is reduced;
however, the DIC reduction is too large for it alone to quantitatively account for pCO,. In these experiments,
there is a consistent increase in the global ocean DOC; inventory with AMOC weakening that counters the DIC
inventory change (green circles, Figure 5b; Table 1). In fact, the high level of consistency also gives DOC a high
predictive power for pCO, in these experiments (1> > 96%). However, it is the sum of DOC and DIC inventories
that can quantitatively account for atmospheric CO, changes across all freshwater hosing experiments (orange
diamonds lie on the —1:1 line, Figure 5b).

While the total DIC content of the ocean exceeds the DOC content by two orders of magnitude, in many exper-
iments, DOC; inventory changes by the same order or even greater than the magnitude of DIC changes. For
example, in the glacial experiment LGM_Dust, ADOC, = 108 Pg C while ADIC = —34 Pg C (Table 1). That
the response of the DOC reservoir to the climate changes simulated by our experiments is disproportionate to
its relative size implies that its mobility may be significant in the context of global climate on centennial and
millennial timescales.

This implication raises the question of controls on marine DOC dynamics. As noted above, the literature suggests
two possible controls: (a) the temperature hypothesis (Lgnborg et al., 2018), which proposes that a warmer ocean
would increase temperature-dependent DOC degradation rates and reduce the total inventory, implying the oppo-
site for a colder ocean; and (b) the circulation hypothesis (Shen & Benner, 2018), which proposes that a reduction
in global overturning circulation would decrease exposure of DOC to surface degradation processes, leading to
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a) LGM boundary condition experiments
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Figure 5. Change in dissolved ocean carbon pools versus change in atmospheric CO, relative to control in (a) LGM
boundary condition experiments and (b) freshwater hosing experiments at year 1050. Blue = ADIC, green = ADOC,
orange = A(DIC + DOC). The dotted lines are the linear regression fit for each parameter. The gray line is the —1:1 line.
Atmospheric CO, [Pg C] = atmospheric pCO, [ppm] X 2.13. A = experiment-control.

accumulation in the interior ocean and increasing the total DOC inventory. Both hypotheses rely on removal rate
as the driving factor. The introduction of temperature-dependent DOC removal processes in MESMO 3c, coupled
with a refinement of the environmentally-dependent DOC production mechanism, allowed us to examine these
dynamics.

Our modeling results indicate that changes in DOC inventory (Table 1) are predominantly controlled by changes
in production rate (Figures 3 and 4) rather than in removal rate. We find that in both sets of experiments, changes
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a) LGM boundary condition experiments in DOC production respond by a greater magnitude than do changes in DOC
150 degradation. Because of the temperature dependence of DOC degradation
in MESMO 3c (microbial degradation of DOCg; and photodegradation of
100 A g DOCy), global cooling in the model induces lower global DOC degradation
_ /// rates, and global warming induces faster global degradation rates. These
k:O <0 | /,/ changes are driven primarily by changes in DOCg; degradation rate (e.g.,
= Rl Figure 4g), although photodegradation is the primary driver of changes
g "/ to DOCy degradation rate, as it is the only temperature-dependent DOCy
2 0 1 e removal mechanism and occurs on timescales two to three orders of magni-
L7 tude faster than background removal. However, changes in global DOC
50 - /’/. production rates are comparatively greater and ultimately cause changes in
° ". RZ=0.99 the DOC}, DOCg; , and DOC;, inventories in the same sense (Table 1). For
100 B . . . . . example, linear regression analyses indicate that changes in NPP explain the
8 6 4 2 0 P 4 6 8 changes in DOC;, inventory size with R? = 0.99 in both the LGM and fresh-

water hosing experiments (Figure 6).

ANPP [Pg Cy1]
In the freshwater forcing experiments, AMOC weakening triggers a regional
b) Freshwater hosing experiments cooling in the North Atlantic region, but warming elsewhere, so that there
40 is warming globally (Figure S4 in Supporting Information S1). Thus, the
35 - ° globally integrated degradation rates for both DOC pools increases over the
— P2 course of AMOC slowdown. Another factor that may contribute to increased
LO)D 307 I . degradation rates in our model is that a weakened AMOC has likely length-
Q'T_- 25 A ,/.' ened the residence time of surface water, so that DOC;, is subject to photo-
8 20 | 7 ’ degradation for a longer time. Because the elevated production rates outpace
2 I the increases in degradation rates, global mean DOC concentrations and
15 1 e total inventories increase despite the higher global DOC degradation rates
10 1 L g (Figure 4). Again, this result points to the importance of DOC production in
L7 controlling the global DOC inventory.
5 L2 R?=0.99

0 . . . This set of freshwater hosing experiments further allowed us to evaluate
0 5 4 6 3 the circulation mechanism. According to Shen and Benner (2018), AMOC

ANPP [Pg C y]

Figure 6. Difference from control in global NPP versus difference from
control in DOC inventory in all (a) Last Glacial Maximum (LGM) boundary

weakening should reduce DOC exposure to degradation mechanisms,
which is inconsistent with our result of increased DOC degradation rates
(Figure 4). They were concerned with ocean circulation transporting DOCy
to various ocean environments—such as coastal areas—where DOCy, could

conditions experiments and (b) freshwater hosing experiments at year 1050. be broken down by specialized microbes, which are not prevalent in the
NPP and DOC; were assessed at steady state in the LGM boundary condition deep ocean. They did not consider changes in temperature or residence time
experiments and during the last year of forced AMOC slowdown in the hosing  that would be integral to global climate change that could also affect DOC

experiments. A = experiment-control.

degradation.

Similarly, the results from the glacial boundary condition experiment

LGM_Winds do not support the Shen and Benner (2018) prediction. In
this experiment, the Southern Ocean overturning circulation becomes weaker by half while global SST and
AMOC do not change much. At the same time, there is a reduction in global NPP by 2 Pg C yr~! and global
DOC; inventory by 45 Pg C (Table 1). In contrast to the Shen and Benner (2018) prediction, a weaker over-
turning circulation leads to a smaller global ocean DOC pool in our model.

The hypotheses of Lgnborg et al. (2018) and Shen and Benner (2018) both focus on one DOC degradation
mechanism, the effect of either ocean temperature or circulation, in the absence of any other changes. Our
study reveals that such an assumption does not hold in a dynamical system. Other important drivers of DOC
dynamics include light availability (via MLD) and internal nutrient cycling (via stratification and circulation),
which both affect DOC production. Under climate change, these drivers can change along with the drivers
identified by the two hypotheses. In the case of glacial climate, even the external supply of micronutrient Fe
can change, which can trigger a cascade of substantial biogeochemical changes with implications for DOC
dynamics.
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5. Conclusions

The marine DOC reservoir rivals atmospheric carbon inventory in size and has been implicated in past climate
change events; however, its dynamics on geologic timescales have not been explicitly studied. In this study, we
used an EMIC with novel features to represent the marine DOC cycle, including temperature-dependent DOC
production and degradation. Our model simulation results indicate that DOC inventory, most of which is refrac-
tory DOC, is responsive to climate forcings with net change in DOC inventory generally controlled by production
changes rather than degradation changes. Under conditions representative of the LGM, the marine DOC inven-
tory was reduced by nearly 100 Pg C relative to preindustrial, and collapse of the AMOC had the potential to
increase marine DOC by up to 35 Pg C. Furthermore, our work highlights the importance of DOC in accounting
for changes in atmospheric CO, during changing climate events. In a closed atmosphere-ocean system, atmos-
pheric CO, change should be inversely related to total ocean carbon inventory through mass conservation. Our
results indicate clearly that the total ocean carbon inventory is accurately represented by the sum of the marine
DIC and DOC reservoirs, rather than simply DIC as has traditionally been assumed by the paleoclimate commu-
nity. Depending on the climate change scenario, DOC changes can either enhance or diminish the effect that
DIC has on atmospheric CO, In other words, just considering DIC would lead to over- or under-estimation of
atmospheric CO, change. Consideration of DOC is thus critical in improving our understanding of the connection
between ocean carbon cycling processes and global climate over geologic timescales. A credible representation
of refractory DOC and its production in models is critical for fully understanding the ~100 ppm glacial CO,
drawdown, and more broadly, the global carbon cycle and climate of the past. At the same time, there is room
to improve DOC modeling that would enhance the significance of model implications. For example, the current
literature describing theory and observations of how temperature affects DOC degradation is limited. Addition-
ally, environmental controls on NPP partitioning into the particle and dissolved pools are not well understood.
We believe that improvements in such formulations will enhance the fidelity of the results of DOC modeling with
respect to paleoclimatology.

Data Availability Statement

Code for MESMO 3c is available from Zenodo (Gilchrist & Matsumoto, 2023). Model results have been archived
with the Biological & Chemical Oceanography Data Management Office (BCO-DMO) and are available freely
(Matsumoto & Gilchrist, 2022).
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