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A coupled model for carbon and radiocarbon
evolution during the last deglaciation
Véronique Mariotti', Didier Paillard", Laurent Bopp', Didier M. Roche?, and Nathaélle Bouttes®

"Laboratoire des Sciences du Climat et de I'Environnement, IPSL-CEA-CNRS-UVSQ, UMR 8212, Centre d'Etudes de Saclay, Gif
Sur Yvette, France, 2Cluster Earth and Climate, Faculty of Earth and Life Sciences, Vrije Universiteit Amsterdam, Amsterdam,
Netherlands, 3NCAS-Climate, Department of Meteorology, University of Reading, Reading, UK

Abstract Changes in the ventilation of the Southern Ocean are thought to play an important role on
deglacial carbon and radiocarbon evolution but have not been tested within a coupled climate-carbon
model. Here we present such a simulation based on a simple scenario of transient deglacial sinking of brines
—sea ice salt rejections—around Antarctica, which modulates Southern Ocean ventilation. This experiment
is able to reproduce deglacial atmospheric changes in carbon and radiocarbon and also ocean radiocarbon
records measured in the Atlantic, Southern, and Pacific Oceans. Simulated for the first time in a fully coupled
climate-carbon model of intermediate complexity including radiocarbon, our modeling results suggest that the
deglacial changes in atmospheric carbon dioxide and radiocarbon were achieved by means of a breakdown in
the glacial brine-induced stratification of the Southern Ocean.

1. Introduction

During the last deglaciation, the atmospheric carbon dioxide (pCO,) increased from around 190 parts per mil-
lion by volume (ppmv) at the Last Glacial Maximum (LGM; ~21,000-18,000 years ago) to 265-270 ppmv at the
beginning of the Holocene [Monnin et al., 2001; Marcott et al., 2014] (~9000 years ago). In the meantime, the
atmospheric radiocarbon activity (A"*C,erm) decreased from around 450 to 75 per mil (%o) [Reimer et al., 2013].
Of particular interest are the simultaneous two-step changes in both concentrations, with a first pCO, rise and
A"C,em decrease during the so-called “Mystery Interval” (~18,000-14,600 years ago), and a second pCO5 rise
[Monnin et al., 2001] and A'*Cy, decrease between 12,800 and 9000 years ago, and the simultaneous pla-
teau in between during the Antarctic Cold Reversal (ACR; ~14,600-12,800 years ago) with constant concen-
trations of pCO, (240 ppmv) and A" Coym (~200%0). A'*Coem variations depend on cosmogenic production
and carbon cycling. Geomagnetic field and '°Be-based reconstructions have shown that radiocarbon produc-
tion alone cannot explain the deglacial decrease in A'*C,y, [Muscheler et al., 2004]. In parallel, ice core and
marine record data suggest that most of the pCO, increase is driven by marine processes in the Southern
Ocean during the last deglaciation [Monnin et al., 2001; Barker et al., 2009], while Northern Hemisphere pro-
cesses might have an important role to account for more rapid events [Marcott et al., 2014; Chen et al., 2015].
One of the leading hypotheses to explain both pCO, and A"*Caum deglacial changes is the outgassing of a
radiocarbon-depleted and carbon-enriched deep ocean reservoir from the Southern Ocean. This hypothesis
has been supported by recent measurements on foraminifera [Skinner et al.,, 2010] and on deep-sea corals
[Burke and Robinson, 2012]. Nonetheless, the simultaneous deglacial pCO, and A'C,im have never been
simulated with fully coupled climate-carbon models.

Brine-induced changes of the glacial ocean have been proposed to explain LGM pCO, [Paillard and Parrenin,
2004; Bouttes et al., 2010, 2011] and A"C,m concentrations [Mariotti et al., 2013]. When sea ice forms, it
releases pockets of cold and very salty water, called “brines”, that sink underneath and are mixed through
the water column. When this phenomenon takes place over the continental shelf around Antarctica, these
salty waters can accumulate over the shelf without significant mixing with the open ocean subsurface waters
[e.g., Ohshima et al., 2013]. These very dense waters can then flow along the topography and participate in
the formation of Antarctic bottom waters. Such dense shelf water masses are measured nowadays in the
Weddell Sea, with water plumes reaching depths greater than 2000 m on the continental slope without much
mixing with the surrounding water masses, since the downflow becomes supercritical [Foldvik et al., 2004].
Recent measurements have clearly demonstrated the same phenomenon at Cape Darnley [Ohshima et al.,
2013] where these brine-sinking waters contribute today to Antarctic bottom waters (AABW) for about
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1.5 Sv (sverdrup, 1Sv=10°m>s™"). Under cold glacial conditions, these brine-sinking processes are likely to
be more important and the transport of salt toward the bottom ocean should be higher. Indeed, sea ice produc-
tion around Antarctica is likely to be enhanced, while melting of the Antarctic ice sheet, in particular, basal melt-
ing under ice platforms, should be significantly reduced whereas it is today an important source of freshwater
[Kusahara et al., 2011]. Therefore, the salinity of shelf waters should increase as well as the amount of dense salty
shelf water overflowing the continental slope to reach the abyssal ocean. This dense and salty AABW formation
increases the global vertical ocean stratification, in particular, in the Southern Ocean as evidenced by LGM pore
water measurements [Adkins et al., 2002], and the concomitant downward accumulation of carbon builds up an
isolated deep ocean carbon reservoir.

2. Methods
2.1. Coupled Carbon-Climate Model

We use the model of intermediate complexity CLIMBER-2 (CLIMate-BiosphERe model) [Petoukhov et al., 2000].
This is a fully coupled carbon-climate model, with a two-dimensional (vertically averaged) statistical dynamical
atmospheric model, a 2.5-dimensional dynamics/thermodynamics ocean model that includes ocean carbon
cycling and a dynamics/thermodynamics sea ice model, and a terrestrial vegetation model (with three types
of surface: tree, grass, and bare soil). The ocean model has 20 vertical levels and simulates the zonally averaged
temperature, salinity, and meridional and vertical velocities for three individual ocean basins (Atlantic, Pacific,
and Indian). The ocean carbon model includes a sediment module that represents the carbonate compensation
process and computes explicitly the radiocarbon isotope [Brovkin et al., 2007, 2002]. The model has been
successfully tested under present [Petoukhov et al., 2000] and glacial [Ganopolski and Rahmstorf, 2001] climate
conditions. A transient simulation of the deglaciation with the fully coupled carbon-climate model was already
presented in Bouttes et al. [2012a] with a detailed presentation of the brine-sinking mechanism. For the specific
needs of our study, we have further developed this model: A'*Coem is interactively computed by the model with
explicit exchanges with the ocean, the terrestrial biosphere and with a prescribed cosmogenic source [Mariotti
etal, 2013].

2.2, External Forcings and Parameterization of the Simulation

The simulations presented here and in the supporting information are all forced with documented deglacial
solar insolation [Berger, 1978], ice sheets [Peltier, 2004], and cosmogenic radiocarbon production changes
obtained from paleomagnetic intensity [Laj et al., 2002]. The absolute value of the production rate was tuned
to reproduce the present-day '*C distribution [Mariotti et al., 2013], resulting in a production rate of 1.75 atom
cm™2s7, in very good agreement with recent estimates (for instance, 1.64 and 1.88 atom cm2s7" for,
respectively, the present time and for the preindustrial epoch according to Kovaltsov et al. [2012]). Our scaling
of the paleomagnetic reconstruction is in close agreement with more sophisticated production models [see

Hain et al., 2014], as illustrated by Figure 1a.

The carbon cycle model is fully coupled to the climate model, which means that the pCO, calculated in the
carbon cycle model is used in the radiative code of the climate model. The sinking of brines mechanism is
represented by the “frac” parameter [Bouttes et al., 2010, 2012a] that corresponds to the fraction of salt
released by sea ice formation that ultimately sinks to the bottom of the ocean. This represents the efficiency
of topographic density currents to transport salt downward. The frac parameter varies between 0 and 1,
which corresponds respectively to brines being entirely released either at the ocean surface or at the ocean
bottom. When it is equal to 1, the resulting stratification effect is maximum (see supporting information for
further details). It is possible to simulate the glacial-interglacial carbon transition through a decrease in the
frac parameter, as a consequence of changes in Antarctica ice sheet extent [Bouttes et al., 2012al. Here we
are building our deglacial scenario for the sinking of brines (Figure 1b) on the opal flux time series of a
Southern Ocean sediment core (Figure 1c), which is likely controlled by ventilation changes [Anderson et al.,
2009] (Figure S1 of the supporting information). To generate the increased (respectively decreased) ventila-
tion, the frac parameter is decreased (respectively increased). Particularly noteworthy is the period of the
ACR: we set a resumption of the sinking of brines to reproduce the sea ice response to colder conditions
around Antarctica [Parrenin et al., 2013] and the ventilation-driven decrease in Southern Ocean productivity.
The simulation is also forced by a freshwater forcing of 0.3 Sv in the latitudes 50 to 70°N in the North Atlantic
Ocean between 18 ka B.P.and 17 ka B.P., mimicking Heinrich event 1. In brief, our model is forced by variations
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in insolation, ice sheet distribution, '*C
cosmogenic production, North Atlantic
freshening, and Southern Ocean brine
efficiency pathways.

It has been shown that "C production
changes may have a long lasting influ-
ence on the overall '*C cycle [K6hler
et al, 2006], though it appears rather
stable before the LGM, between 30ka B.
P. and 20ka B.P. [Hain et al.,, 2014]. Still,
the deep ocean did experience
important changes during this period
associated with Heinrich and Dansgaard-
Oescher events, thereby possibly affect-
ing the deep "*C reservoirs. The state of
ocean "C at LGM is therefore difficult to
estimate. In the first coupled transient
experiments presented here, we started
our simulations from a LGM equilibrium
state for climate, carbon, and '*C similar
to the one in Mariotti et al. [2013] (see
supporting information).

Figure 1. Simulated deglacial pCO5 and A"c
(dashed lines) and data reconstructions
(solid lines). (a) T4c production used as
forcing in the simulations (in red) (rescaled
from Laj et al. [2002]) compared to the
envelop (median, minimum, and maximum)
from Hain et al. [2014]. (b) Scenario of sinking
of brines represented by the parameter frac
(section 2); (c) measured opal flux (in gcm2
ka71) from TNO57-13PC [Anderson et al.,
2009] as a proxy for ventilation in the
Southern Ocean; (d) simulated (thick red
dashes) and measured [Marcott et al., 2014]
atmospheric pCO, (in ppmv); (e) simulated
AMCatm (thick orange dashes) and recon-
structed [Reimer et al., 2013] AMCatm with 1
standard deviation envelope (orange thin
line) (in %o); (f) simulated (thick dashes) and
measured (thin line with 2 sigma error bars)
AAmcocn (in %o) of three water masses of
the Southern Ocean (for clarity reasons, errors
on data are represented here as simple error
bars instead of tilted ellipses): AAIW (Antarctic
Intermediate Water (~300-800 m depth), in
light blue) [de Pol-Holz et al., 2010; Burke and
Robinson, 2012], UCDW (Upper Circumpolar
Deep Water (~600-1750 m depth) [Burke and
Robinson, 2012], in dark blue), and LCDW
(Lower Circumpolar Deep Water (3770 m
depth) [Skinner et al,, 2010], in purple) as func-
tion of time (in ka B.P., thousand years before
present). The blue bar marks the time interval
during which a freshwater flux (fwf ) of 0.3 Sv
was injected into the North Atlantic in order to
mimick the Heinrich 1 event. Each record is
plotted on its own respective time scale.
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3. Results and Discussion

In response to the changes of ocean circulation, the simulated atmospheric pCO, and A'C are globally in
agreement with data reconstructions (Figures 1d and 1e). More precisely, the drop of ~190%o in A'Candrise
of ~50 ppm during the “Mystery Interval” are correctly represented. Of particular interest is the Antarctic Cold
Reversal (ACR). The reinvigorated brine formation simulated during this period increases ocean stratification
and carbon storage in the ocean. This results in a pause in the deglacial increase of pCO, and decrease of
A"Coim With pCO, remaining stable at ~240 ppm and A"Com at ~190%eo. During the two phases of the
pCO, increase, the model tends to simulate a slower rate of increase than in the ice core data (Figure 1d).
The fact that our model simulates an increase in the terrestrial biospheric carbon reservoir during Heinrich
event 1 (HE1) (Figure S2) contributes to this mismatch, which is also clearly visible in the 8"3C.m [Bouttes
et al, 2012b]. Besides, high-resolution pCO, data have recently revealed abrupt centennial increases
[Marcott et al.,, 2014] coincident with Northern Hemisphere climatic abrupt warmings. Our scenarios were
designed to reproduce the millennial trends in the deglaciation associated with deep ocean changes, and
our model does not simulate this rapid centennial carbon variability, which might be linked to other
processes [K6hler et al., 2014].

In the south, the decreased sinking of brines leads to an outgassing of pCO- with a low "C signature through
the Southern Ocean. In the north, the freshening induces upper water stratification that prevents the uptake
of carbon by the ocean, thus maintaining rather high level of A"C,m. Finally, the evolution of pCO, and
A"Caem are mostly explained by the sinking of brines scenario, while the contribution of the freshwater flux
associated to HE1 is less significant for atmospheric concentrations.

Since the largest carbon pool is the ocean, it is critical to assess our model results against paleoceanographic
data. Not only are the deglacial atmospheric pCO, and A'*C correctly represented, but the ocean A'*C s also
in general agreement with data in the North Atlantic, Southern, and Pacific Oceans, regions with clear signa-
tures of intermediate, deep, and bottom water masses changes. The evolution of simulated water masses in
the Southern Ocean reproduces well deglacial changes in ocean stratification reconstructed from data
(Figure 1f). During the LGM, the three water masses AAIW (Antarctic Intermediate Water), UCDW (Upper
Circumpolar Deep Water), and LCDW (Lower Circumpolar Deep Water) remain constant at three different
levels of AA™Con, (respectively ~ —200, —300, and —575%o), reflecting the strong stratification in this region.
AAYMCocn is defined as AA™Cocn = A Cocn — A Catm consistently with data, though other past ocean radio-
carbon definitions could also be appropriate [Cook and Keigwin, 2015]. Then, from 17 to 14ka B.P., LCDW
AAMC,cp increases up to —250%q, i.e., similar to the upper and intermediate water masses values, reflecting
the increase in ventilation of Southern Ocean abyssal waters. In response to the reinvigorated sinking of
brines during the ACR, the model simulates a small decrease of 50%o in LCDW AA'C,n between 14 and
12.5 ka B.P. Finally, between 11.5 and 9 ka B.P., the three water masses have constant AAYC,., values that
are close to each other, which show that the whole water column is well ventilated. The model seems to
overestimate the sinking of brines mechanism and simulates LCDW AA'*C,c, that are slightly too low
between 18 and 14.5 ka B.P. compared to the single record available [Skinner et al., 2010].

The simulated North Atlantic and Pacific water masses are also in agreement, respectively, with marine records
from the North West Atlantic Ocean (~36°N) [Robinson et al., 2005] and from the Pacific [de la Fuente et al., 2015]
(Figure 2). During the LGM, the ocean remains well stratified, as can be seen from the horizontal isolines of
AAYCocn. Between 18 and 14.6 ka B/P/, there is a two-step change in AA™Cy., in the Atlantic in response to
both sinking of brines and freshwater forcing scenarios: between 18 and 17 ka B.P., the ocean becomes even
more stratified than the glacial ocean, especially in the upper part (above 2000 m) because of the shutdown
of the Atlantic Meridional Overturning Circulation (AMOC) in response to the freshening scenario. Then, the
ventilation of the ocean increases to reach the whole water column in response to both the reduced sinking
of brines and the reinvigorated AMOC after the cessation of the freshening. In the Pacific, this transition is
smoother and we do not see any clear imprint of the HE1 freshwater input. Between 14.6 and 12.8 ka B.P., there
is a short resumption of a '*C-depleted deep ocean reservoir below 3000 m due to the reinvigorated sinking of
brines during the ACR visible in the Atlantic basin but more diffuse in the Pacific. This water mass progressively
disappears between 12.8 and 9 ka B.P. due to the simulated shutdown of the sinking of brines. Again, the model
simulates abyssal AA'*C,, water mass values during the LGM that are too low. It reproduces well the transition
of AA"*Cocn at 15.5 ka B.P. between 1000 and 2500 m documented by ~20 records in the Atlantic, as well as in
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Figure 2. Simulated AAMCocn and reconstructed AAMCOC,1 in the (left) North West Atlantic Ocean (~36°N) and the (right)
South Tropical Pacific (~20°S). The filled background is the model output whereas the data points are from Robinson et al.
[2005] using measurements on both corals (32 points) and foraminifera (13 points) in the Atlantic and from the compilation in
de la Fuente et al. [2015] in the Equatorial East Pacific (~6°S) and the SW Pacific (~40°S). The upper (respectively lower) part of
the circles represents the maximum (respectively minimum) value of AAMCOcn in the data.

the Pacific where this transition has a larger amplitude in the deep levels (at about 3000 m depth) than in the
intermediate ones (~1500 m). As in several other '*C ocean models [Orr, 2004; Tschumi et al, 2011], the absolute
€ values in the deep Pacific ocean are too negative by 50 to 100%o consistently with the control present-day
run [see Mariotti et al., 2013].

Overall, concerning the glacial to interglacial changes, our results are broadly consistent with previous geo-
chemical box model studies [e.g., KGhler et al., 2006; Hain et al., 2014] which have demonstrated the critical role
of the Southern Ocean on atmospheric pCO, and more generally the impact of deep ocean changes on
A"Catm. When examining more closely the transient events, the brine-sinking scenario explains ~75% of the
first rise in pCO, (18 to 14.6 ka B.P.) in our simulation, while the freshening scenario accounts only for ~25%
of it (Figure 3). The role of brine sinking on the evolution ofA”Catm is even more important since, together with
the "C production changes, it explains most of the simulated changes, while the freshening scenario only has a
much smaller impact (Figure 3). More precisely, the consequence of the freshwater flux (fwf) is to store carbon
in the deep Atlantic thus older deep-ocean '*C and slightly younger atmospheric *C, without much impact on
pCO,. Itis only when brine-sinking stops at 16 ka B.P. that this carbon can be released in the atmosphere there-
fore a slightly larger pCO, (+10 ppm) in this simulation during a few millennia. This is rather different in Hain
et al. [2014] where Northern Hemisphere freshwater discharges had an important impact on transient
A"Cam excursions, but with the side effects of producing sharp increases in A'*C,yy associated to abrupt
North Atlantic Deep Water resumptions. They consequently suggested adding an unexplained “thermocline
thickening” mechanism to counterbalance this feature. In our simulations, the carbon cycle evolution and
A"Cyem are controlled primarily by the size of the deep carbon reservoir and less by the Atlantic reservoir, thus
a smoother response of A"*C i to freshwater forcing in the north.

Based on the model-data comparison, this study supports the hypothesis of an isolated deep glacial carbon
ocean reservoir and gives a physical mechanism within a coherent climate background to explain the 190%o
drop in A"C,em during the so-called Mystery Interval. Together with previous simulations and model-data
comparison of marine benthic '>C over this period [Bouttes et al., 2010, 2012a], our results suggest that brine
sinking is a key mechanism to explain not only present-day AABW formation [Ohshima et al., 2013] but also its
variations through the last deglaciation. Because our study tends to demonstrate the leading role of a small
and regional-scale mechanism such as the sinking of brines in explaining large-scale variations in climate and
pCO,, it calls for models resolving more explicitly processes occurring over the Antarctic continental shelves,
something still out of reach of current global climate models. The time evolution of the brine-sinking scenario
was here based on observations. In future studies, it should be based on a detailed evolution of the ice sheet
[e.g., The Reconstruction of Antarctic Ice Sheet Deglaciation Consortium et al., 2014] and its interaction with
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Figure 3. The relative roles of sinking of brines, Heinrich event 1 freshening and reconstructed cosmogenic production on
pCO, and AMCatm. Simulated (thick dashed lines) (a) pCO,; (b) AMCatm compared to data reconstructions (black line).
Three simulations are plotted. In blue (degla + prod) a LGM-fixed sinking of brines scenario with the prescribed cosmogenic
14C—production rate [Laj et al., 2002]. In orange (degla + prod + frac) the changing deglacial sinking of brines scenario with
the prescribed cosmogenic 14C-production rate. In red (degla + prod + frac + fwf) same as the precedent but with the
Heinrich event 1 freshening scenario (i.e., simulation of Figure 1). Note that all simulations are forced by the melting of
Northern Hemisphere ice sheets as well as the astronomical changes (“degla”). We compared the simulations to pCO,
[Marcott et al., 2014] and AMCatm reconstructions [Reimer et al., 2013] (with 1 sigma uncertainties thin black lines).

Antarctic dense shelf waters [Kusahara et al., 2011]. Based on our results, it appears that a glacial cosmogenic
production rate higher than what has been reconstructed (i.e., 1.2 to 1.4 times the present-day rate) is not
necessary to explain deglacial changes in A'*Caym, since changes in ocean circulation are sufficient.

This study also points out that ocean circulation changes can induce nonnegligible variations in surface reser-
voir ages (Figures S3 and S4). This finding was already noted in the INTCAL13 project [Reimer et al., 2013] and
in previous modeling studies [Singarayer et al., 2008; Ritz et al., 2008; Butzin et al., 2012]. These model results
exemplify the large advantage of using a fully coherent and dynamical carbon cycle both in the atmosphere
and in the ocean, both forced solely by a physical coupled model, since this strategy can also provide consis-
tent estimates of transient surface reservoir ages. The next step is to perform a comparable simulation using a
3-D ocean model, in order to obtain the geographically resolved information that could be useful for better
C age estimations.

4. Conclusion

In conclusion, this paper proposes a first-order physical mechanism to explain both the deglacial changes in
pCO, and A'*C due to changes in brine-sinking efficiency. This mechanism supports the hypothesis of an
abyssal old carbon reservoir outgassed through the Southern Ocean to explain the Mystery Interval as
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suggested by previous carbon cycle box model studies, where the ocean circulation is imposed a priori [e.g.,
Hain et al., 2014]. Here we are providing a more physically based view with the use of a coupled climate-
carbon model, which allows to test directly the impact of brine-sinking and freshwater scenarios on ocean
dynamics and carbon cycle. Earlier studies [Bouttes et al., 2012a, 2012b] have also demonstrated that this
mechanism explains well the deglacial history of benthic '3C isotopes in the ocean, so our physically based
scenario appears consistent with most carbon isotopic data available so far.
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