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Abstract. Marine radiocarbon (**C) is widely used to
trace deep-ocean circulation, providing insight into the
atmosphere—ocean exchange of CO, during the last deglacia-
tion. Evidence shows a significantly depleted A'4C in the
glacial deep ocean, suggesting an increased ventilation age
at the Last Glacial Maximum (LGM). In this study, using
two transient simulations with tracers of '*C and ideal age
(IAGE), we found that the oldest ventilation age is not ob-
served at the LGM. In contrast, the models show a mod-
estly younger ventilation age during the LGM compared
to the present day. The global mean ventilation ages aver-
aged below 1 km are approximately 800 (630) years and 930
(2000) years at the LGM and in the present day, respectively,
in two simulations. This younger glacial ventilation age is
mainly caused by the stronger glacial Antarctic Bottom Wa-
ter (AABW) transport associated with sea ice expansion. No-
tably, the ocean ventilation age is significantly older predom-
inantly in the deep Pacific during deglaciation compared to
the age at the LGM, with global mean ventilation ages peak-
ing at 1900 and 2200 years around 14—12ka in two simula-
tions, primarily due to the weakening of AABW transport.

1 Introduction

Discussion about past and future climate change is often dif-
ficult without reference to the global ocean circulation be-
cause of its critical role in storing and transporting heat,

carbon, and nutrients. Ice core records demonstrate signif-
icant variability in atmospheric carbon dioxide (CO;) con-
centrations on the glacial-interglacial timescale (Sigman and
Boyle, 2000; Monnin et al., 2001; Schmitt et al., 2012). Dur-
ing the last glacial period, atmospheric CO, levels were ap-
proximately 90 parts per million by volume (ppmv) lower
than the Holocene value of 280 ppmv (11.7-0ka where ka
indicates 1000 years ago). This variation in CO; is closely
coupled with long-term climate changes and the carbon cy-
cle in the Earth system. Thus, various oceanic processes have
been suggested to regulate atmospheric CO,, such as air-
sea gas exchange (Long et al., 2021), biological production
(Broecker, 1982; Sigman et al., 2021; Sigman and Boyle,
2000), and ocean circulation (Ai et al., 2020; Marcott et al.,
2014; Tschumi et al., 2011; Skinner et al., 2015, 2010). Con-
sequently, understanding past changes in global ocean circu-
lation provides a good opportunity not only for a more accu-
rate constraint on the past climate change and carbon cycle
but also for insight into future climate change with rising at-
mospheric CO; levels.

Various proxy reconstructions have been used to inves-
tigate past changes in oceanic circulation. Notably, radio-
carbon (A!%C) observations are valuable for determining
changes in the deep-ocean circulation in terms of ventila-
tion age, which refers to the “age” of seawater as the time
elapsed since the last contact of a water parcel with the atmo-
sphere. Evidence indicates that, during the Last Glacial Max-
imum (LGM; 23-18ka), the North Atlantic and North Pa-
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cific exhibited significant depletion in A'#C below approxi-
mately 2.5 km compared to present-day levels (Marchitto et
al., 2007; Rafter et al., 2022; Skinner et al., 2015, 2017).
A comparison with other radiocarbon data from the south-
ern high latitudes suggests consistent changes experienced
across the Southern Ocean (Burke and Robinson, 2012; Chen
et al., 2015; Schmitt et al., 2012; Skinner et al., 2010). This
A'C depletion has been suggested as an indication that the
deep waters were isolated and poorly ventilated, leading to an
increased ventilation age at the LGM relative to the present
day.

The relationship between the A'*C depletion at the LGM
and the true ocean ventilation time, however, has remained
uncertain. Traditionally, two ages can be estimated from the
ocean A'4C at depth: the A'*C B-A age that is estimated
from the benthic—atmosphere A'#C age difference and the
A'¥C B-P age that is estimated from the benthic—planktonic
A'™C age difference, with the difference between the two
ages caused by the surface water, or the marine reservoir
age. The temporal evolution of the atmospheric A'*C dur-
ing the deglaciation further leads to a changing source of
ocean water A'#C, which leads to the so-called projection
age (Adkins and Boyle, 1997). An analysis of the A'*C B—
P age in the deep Pacific suggests that ventilation age in-
creased by ~ 1000 years during the deglaciation, contradict-
ing the expected pattern of an isolated carbon reservoir in the
glacial deep North Pacific (Lund et al., 2011). Climate mod-
els with radiocarbon have also been used to study ocean ven-
tilation age during the deglaciation. Model simulation shows
that sea ice expansion at the LGM contributes to a deple-
tion of ocean A'*C and in turn an older radiocarbon age
than the true ventilation age (Schmittner, 2003). Recently,
Zanowski et al. (2022) assessed the relationship between the
evolution of A'¥C and circulation changes in the deep Pa-
cific Ocean in a transient ocean simulation forced by realis-
tic climate forcing during the last deglaciation (22-0ka): the
C-iTRACE ocean model simulation (Gu et al., 2020, 2021b,
2019a). They found that the deglacial variations in Pacific
Ocean A'%C age are influenced by changes in both the deep
circulation and the surface ocean reservoir age. Therefore,
the A'4C age could differ substantially from the true ocean
ventilation age.

In this study, we examine the global ocean ventilation
age in the C-iTRACE simulation. Figure la shows the
deglacial evolutions of the B—A age and the B-P age av-
eraged globally below 1km. The B—A age is calculated

14
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erage value of the upper 100 m of the ocean. These two ages
are compared with the true global ocean ventilation age in
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the model, or the ideal age (IAGE). Firstly, both the B-A age
and the B-P age are considerably older at the LGM (~ 20ka)
than the preindustrial period (denoted here as the present day
or PD, ~0ka) and show a decreasing trend from the LGM
towards the PD. This is largely consistent with the observa-
tions of more depleted deep-water A'#C at the LGM (Burke
and Robinson, 2012; Chen et al., 2015; Okazaki et al., 2010;
Rafter et al., 2022; Skinner et al., 2017, 2019). Secondly,
both the B-A age and the B-P age are significantly older
than the TAGE, with dramatically different deglacial evolu-
tion patterns. The IAGE is slightly younger at the LGM than
at the present and ages dramatically by over 2 times towards
before the Younger Dryas (YD; 12.9—-11.7 ka), in sharp con-
trast to the radiocarbon ventilation ages that showed minimal
change before the YD and then a predominately decreasing
trend in the Holocene. Similar behaviors in radiocarbon ages
and the IAGE are also present in the Pacific and Atlantic
oceans (Fig. 1b—c). These radiocarbon ages raise two ques-
tions in the model context. Firstly, why are the radiocarbon
ages different from the true ventilation age, and how do we
estimate the true ocean ventilation age from the ocean radio-
carbon? Secondly, why is the true ocean ventilation age com-
parable between the LGM and the present, and why does it
increase to its oldest age before the YD?

The first question will be discussed in a separate paper
(Du et al., 2023), which proposes a new method to esti-
mate the ventilation age from radiocarbon using the so-called
weighted benthic—planktonic A'*C age (BwP age) by taking
account of multiple water mass contributions (green lines in
Fig. la—c). This new approach of BwP age is similar to the
ideal age (IAGE) globally, suggesting that water age is not
old at the LGM and instead peaks in the middle of deglacia-
tion around 13 ka. The similar temporal evolution patterns of
BwP age and model ventilation age suggest that B—P and B—
A ages are likely biased by remote water mass sources (e.g.,
Antarctic Bottom Water from the Southern Ocean) and can
be greatly improved. Due to the potential challenges in radio-
carbon proxies to accurately estimate the deep-ocean venti-
lation age, we will address the second question regarding the
mechanism of the deglacial evolution of the model ventila-
tion time, in order to provide additional model perspectives
on changes in the global ocean ventilation age during the last
deglaciation.

In this study, we show that the deep-ocean ventilation time
in the model is determined mainly by the circulation of the
Antarctic Bottom Water (AABW) with the deep Pacific play-
ing the dominant role. We describe the model simulation and
method in Sect. 2. The mechanism of the evolution of the
ocean ventilation time is discussed in detail for C-iTRACE in
Sect. 3 and briefly for another simulation, iTRACE, in Sect 4.
A summary is given in Sect. 5.
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Figure 1. Time evolutions in C-iTRACE. (a) The global mean ideal
age (IAGE; black), benthic—atmosphere Al4c age (B—A age; yel-
low), benthic—planktonic Al4c age (B-P age; blue), and weighted
benthic—planktonic Al4c age (BwP age; green) averaged below
1km. (b) The Pacific mean IAGE (black), B-A age (yellow), B—
P age (blue), and BwP age (green) averaged below 1km. (¢) The
Atlantic mean IAGE (black), B—A age (yellow), B-P age (blue),
and BwP age (green) averaged below 1 km. (d) The Global Merid-
ional Overturning Circulation streamfunction (GMOC; black) and
Antarctic Bottom Water strength (AABW; navy). Here, the GMOC
intensity is diagnosed as the maximum in the GMOC streamfunc-
tion below 600 m from 33° S—60° N, and AABW is diagnosed as the
minimum in the GMOC streamfunction below 2 km over 2-70° S.

2 Models and data

We will analyze the C-iTRACE simulation (Gu et al., 2021a),
which is an ocean-only deglacial transient simulation (22—
Oka) in the isotope-enabled version of the Parallel Ocean
Program version 2 (POP2; Danabasoglu et al., 2012), the
ocean component of the Community Earth System Model
(CESM). The model configuration comprises 60 vertical lay-
ers and a nominal 3° horizontal resolution. C-iTRACE is
forced by the monthly surface forcings (heat flux, freshwa-
ter flux, and momentum flux) from a fully coupled transient
simulation (TRACE-21ka), which is forced by realistic ex-
ternal forcing of continental ice sheet, greenhouse gases, or-
bital forcing, and melting water fluxes and simulates many
key features of the last deglaciation (Liu et al., 2009). The
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simulation incorporates multiple geotracers, such as carbon
isotopes (Jahn et al., 2015), neodymium isotopes (Gu et al.,
2019b), 23'Pa / 230Th ratio (Gu and Liu, 2017), and oxygen
isotopes (Zhang et al., 2017). The incorporation of geotrac-
ers in C-iTRACE facilitates a direct model-data compari-
son, and the transient simulation C-iTRACE has been used
in many recent studies to understand intermediate and deep-
water masses and oceanic circulation variations (Gu et al.,
2020, 2021b; Zanowski et al., 2022; Zhang et al., 2017). As
the C-iTRACE simulation has been explored in greater detail
in recent studies, including the comparison of the simulated
radiocarbon ages and proxy observations, this study is a pure
modeling study aiming to understand ventilation ages in the
deep ocean over the last deglaciation.

To further improve the understanding of deglacial deep-
ocean ventilation changes and associated mechanisms, sev-
eral idealized tracers are also implemented in C-iTRACE.
Firstly, the ideal age (IAGE) is included, which is set to zero
at the ocean surface and ages at a rate of 1yryr~!, and is
thereafter passively advected and diffused into the ocean in-
terior. Thus, the IAGE is a passive circulation tracer mea-
suring the time elapsed since the last contact with the atmo-
sphere and working like a clock counting time after being re-
stored to zero (England, 1995; Koeve et al., 2015). In turn,
the IAGE represents the “true” model ventilation age, al-
though it does not account for the insulation effect of sea ice.
Secondly, several dye tracers are implemented in the model
to identify water mass composition. The dye tracers are reset
to 1 over specific regions at the ocean surface during each
time step and are passively advected and diffused within the
ocean interior. In this study, two dye tracers are used over
the surface of the Southern Ocean (south of 34°S, Dye_S)
and the North Atlantic (north of 40° N, Dye_NA). Detailed
descriptions of these tracer experiments can be found in pre-
vious papers (Gu et al., 2020, 2021b; Zanowski et al., 2022).

In addition to C-iTRACE, we also analyze the deglacial
ventilation age changes in another fully coupled deglacial
simulation, iTRACE (Otto-Bliesner et al., 2021), which is
conducted with the isotope-enabled CESM (iCESM, Brady
et al., 2019). The iTRACE experiments are performed fol-
lowing a similar strategy as in the previous transient sim-
ulation TRACE-21ka (Liu et al., 2009) but in the state-of-
the-science CESM1.3 (Hurrell et al., 2013). Similarly to C-
iTRACE, the ocean component of iTRACE consists of 60
vertical layers but with a higher nominal 1° horizontal reso-
lution. It also includes multiple geotracers, such as radiocar-
bon, oxygen isotopes, and the IAGE, although, unfortunately,
the radiocarbon output is only available from 20 to 11 ka in
this paper. iTRACE has been directly compared to multi-
ple proxy reconstructions and is able to quantitatively cap-
ture many major features of climate variations during the last
deglaciation (Brady et al., 2019; Hurrell et al., 2013). Fur-
ther details regarding the iTRACE simulation can be found
in previous papers (He et al., 2021a, b).

Clim. Past, 20, 1161-1175, 2024
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In the following analyses, the time resolution for all vari-
ables is the 100-year average in both simulations, and all
times (calendar ages) are reported in thousands of years be-
fore present (kaBP, where BP indicates 1950 CE). Clima-
tologies for the LGM and PD states in C-iTRACE are taken
as the 100-year means of 20 and O ka, respectively.

3 C-iTRACE results

3.1 LGM and PD ventilation ages

In the C-iTRACE simulation, a modestly younger ventilation
age (IAGE) can be observed in the deep ocean at the LGM
compared to the PD. Specifically, at depths below 1 km, the
global mean IAGE is 800 years at the LGM, whereas it is
930 years at the PD (Fig. 1a). Similarly, in the Pacific region,
the IAGE is 1181 years at the LGM, which is younger than
the age of 1310 years observed during the PD (Fig. 1b). This
modestly younger LGM IAGE is also evident in the compar-
ison of global zonal mean distributions of the IAGE between
the LGM and the PD (Fig. 2a and c¢). The maximum IAGE in
the deep ocean is 1660 years during the LGM and 1763 years
during the PD. Therefore, it suggests that the deep ocean is
better ventilated at the LGM than today in the model.

To elucidate the reasons behind the younger LGM IAGE,
we first explore whether it is likely attributed to the AABW
transport. At the present day, the deep-ocean circulation gen-
erally consists of two cells (Cessi, 2019; Marshall and Speer,
2012; Talley, 2013). The upper cell, confined to the Atlantic
Basin, begins with the formation of North Atlantic Deep Wa-
ter (NADW). The NADW sinks more deeply in the northern
Atlantic and flows southward at mid-depth in the basin pri-
marily along the deep western boundary all the way to the
Southern Ocean, eventually upwelling along isopycnals and
returning back northward as intermediate waters. The abyssal
cell, most prominent in the Indo-Pacific sector, starts with the
AABW formation in the Southern Ocean, which sinks from
its formation sites around the Antarctic and moves north-
ward across topography to fill the deepest parts of the global
ocean before upwelling to mid-depth and returning to the
surface along isopycnals in the Southern Ocean. Given the
substantial volume of the AABW and its role in driving the
abyssal cell, it is reasonable to hypothesize that a reduction
in AABW volume transport is linked to a decrease in abyssal
ocean ventilation rate and, in turn, an increase in ventilation
time.

This hypothesis is supported by the C-iTRACE analysis.
In the model, the maximum magnitude in the abyssal resid-
ual Global Meridional Overturning Circulation (GMOC) is
13.1Sv (1Sv=10°m3s~") at the LGM and 10.6 Sv at the
PD (Fig. 2d and f). The intensified LGM AABW transport
in C-iTRACE is consistent with reconstructions and model-
ing studies showing larger salinification of AABW (Adkins
et al., 2002; Hesse et al., 2011; Negre et al., 2010; Schmit-
tner, 2003). Model simulations further suggest that the strong
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glacial AABW transport is dominated by changes in surface
buoyancy forcing over the Southern Ocean (Ferrari et al.,
2014; Jansen, 2017; Jansen and Nadeau, 2016; Liu, 2023;
Shin et al., 2003; Sun et al., 2018). The sea ice expansion at
the LGM enhanced the brine rejection during winter, lead-
ing to extremely saline and dense AABW. Thus, the glacial
deep ocean is filled with greatly expanded cold, salty AABW
mass with higher densities, contributing to a stronger AABW
transport. The stronger glacial AABW transport, in turn, re-
flects a shorter residence time in the ocean interior, as indi-
cated by the overall younger LGM IAGE compared to the
water age at the PD.

The dominant role of the AABW transport in determining
the ventilation age at the LGM is also evident in the idealized
dye concentrations. Since the water mass distributions can be
identified unambiguously using dye tracers, the comparison
between the IAGE and dye tracers shows that the younger
LGM IAGE is likely associated with vigorous AABW. Be-
low 3km, the average proportion of AABW (AABW%)
represented by dye concentration from the Southern Ocean
(Dye_S) is 86 % at the LGM (Fig. 2g), which is 16 % higher
than that observed at the PD (Fig. 2i). This high AABW%
coincides with the strong northward AABW flow (Fig. 2d)
and with the notably young ventilation age in the deep ocean
at the LGM (Fig. 2a). In contrast, the fraction of NADW
(NADW%), indicated by dye concentration from the North
Atlantic (Dye_NA), remains relatively low at 2% and 18 %
below 3km during the LGM and PD, respectively, except
in the Arctic Ocean (Fig. 2j and 1). Thus, the fractions of
NADW and AABW illustrate the dominant role of AABW,
in comparison to NADW, in filling the abyssal ocean and in-
fluencing deep-ocean ventilation age.

The dominant role of AABW in deep ventilation age at
the LGM can be further quantified by calculating the deep
ventilation age of the AABW and NADW water masses. The
IAGE value is calculated where the AABW% and NADW %
exceed 70 % below 1km in the global ocean (Fig. 3a). The
conclusion is somewhat insensitive to the choice of dye con-
centration value for NADW and AABW. A higher (lower)
value of 80 % (60 %) indicates less (more) mixing with other
water masses; thus it does not affect the main results. The
averaged IAGE for AABW is about 833 years at the LGM
and 921 years at the PD, while the IAGE for NADW is about
200 years at both the LGM and the PD. Furthermore, the vol-
ume of AABW is about 9 x 108 km? at the LGM and the PD,
such that the volume-integrated IAGE for AABW is about
7 x 10'yrkm? at both the LGM and the PD (Fig. 3b and c).
Thus, the younger ventilation age in the deep ocean at the
LGM is caused by a relatively younger AABW at the LGM
than at the PD.
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Note the nonlinear magnitude of the color bar for Dye_NA.

3.2 Mechanisms for deglacial evolution of ventilation
age

In comparison with the almost comparable IAGEs of the
LGM and the PD, the deglacial evolution exhibits a bell
shape, with the global deep IAGE increasing from 800 years
at the LGM to its oldest value more than doubling to
1900 years at 12.9ka, followed by a decline back towards
930 years in the Holocene period (Fig. 1a). A similar bell-
shaped pattern is also seen for the Pacific mean (Fig. 1b).
This dramatically older deep water at 12.9ka is also seen
clearly in comparison with the oldest water in the global
zonal mean IAGE, which is 3847 years at 12.9ka, more
than doubling the oldest ages of 1660 years at the LGM and
1763 years at the PD (Fig. 2a—c). This deglacial evolution
of the global IAGE can be also seen in the depth—time Hov-
moller diagram of the global IAGE anomaly relative to the
PD value (Fig. 4a). Across the depth, the ventilation age is
relatively younger at the LGM in the deep ocean, mainly
because of strong AABW as discussed in Sect. 3.1. More
importantly, the IAGE tends to increase monotonically from
the LGM to Heinrich Stadial 1 (HS1; 17.5-14.7 ka), reach-
ing its oldest value in the deep ocean around 12.9ka and
subsequently becoming younger toward the PD. This bell-
shaped deglacial evolution of the global IAGE aligns with
similar transport evolutions of the residual GMOC and global
AABW (Figs. 1d, 2d—f), as well as the AABW % in dye tracer
from the Southern Ocean (Figs. 3, 2g—i). Here, the GMOC

https://doi.org/10.5194/cp-20-1161-2024

is diagnosed as the maximum in the GMOC streamfunction
below 600 m from 33° S—60° N; therefore, the main feature
of the GMOC follows the upper clockwise cell mostly con-
fined to the Atlantic sector. Since the abyssal ocean is pre-
dominately filled by AABW, the evolution of the IAGE cor-
responds more closely to the AABW intensity than to the
GMOC. As shown in Fig. 1, starting from 19 ka, the GMOC
and AABW both fall rapidly and then show a sharp recovery.
When the AABW transport reaches its minimum strength
at approximately 14 ka, the global mean IAGE increases to-
wards its maximum at 12.9 ka. The lag between the AABW
transport minimum at 14ka and the IAGE peak at 12.9ka
is likely because the “memory” of the ocean typically last
thousands of years. That is, the response timescale for the
slow evolution of circulation associated with the AABW and
abyssal flows can be over 1000 years. As such, the decrease
in global AABW transport tends to align with the increase in
the global mean IAGE more closely during the same period.
Therefore, this evolution still appears consistent with the hy-
pothesis that the deep ventilation time is controlled mainly
by the AABW transport during the deglaciation.

To further understand how the AABW variation changes
deep ventilation time during the deglaciation, the ventila-
tion age and AABW transport across different ocean basins
are analyzed. The time evolution of the IAGE in each basin
shows similar bell-shaped patterns, with the ventilation age
increasing in the deep ocean during deglaciation towards its
maximum at 14.5 ka in the Atlantic and 12.9 ka in the Pacific

Clim. Past, 20, 1161-1175, 2024
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and then decreasing towards the Holocene (Fig. 4b—e). Rel-
atively, the oldest water always occurs in the deep Pacific,
about 700 years older than the deep Atlantic with the largest
volume, suggesting that the Pacific Ocean dominates global
ocean ventilation age, harboring the oldest water mass mix-
ture during the last deglaciation.

More quantitatively, the AABW transport in each basin
will be calculated individually to verify the hypothesis.
Along the western boundary of each basin, Deep West-
ern Boundary Currents (DWBCs) of northward AABW are
observed at different times, notably at the LGM, 14.5ka,
12.9ka, and the PD, although the currents are strongly dif-
fused by the coarse model resolution (Fig. 5). In the Atlantic
below 1 km, the southward DWBC carries the NADW from
the subpolar North Atlantic, while the northward abyssal
DWBC against the continental slope carries the AABW
northward, with the AABW DWBC lying beneath and off-
shore of the NADW DWBC (Fig. 5a—d). In the Pacific
and Indian oceans, only northward DWBCs are present
in the abyssal layers, carrying the dense AABW north-
ward (Fig. 5e-1). Moreover, the meridional velocity for bot-
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Figure 4. Depth—time Hovmoller diagram of IAGE anomalies rel-
ative to the present day over global and different basins. (a) The
global mean. (b) Atlantic Basin average. (c) Pacific Basin average.
(d) Indian Ocean basin average. (e) Southern Ocean average. The
thick black lines in panels (b) and (c) are the depth of the zero
contour of Atlantic and Indo-Pacific meridional overturning stream-
functions averaged between 60° N and 30° S, respectively.

tom AABW flow weakens at 14.5ka in the Atlantic Basin
(Fig. 5b) and at 12.9ka in the Pacific and Indian Oceans
(Fig. 5g and k), consistent with the IAGE trend shown in
Fig. 4b and c. This supports the bottom AABW current as the
primary cause of the deglacial increase in ventilation age.
As northward abyssal DWBC AABW is identified across
the section at the southern edge, 30° S, the AABW transport
in each basin is calculated from the meridional velocity at
30° S, using the basin-wide integrated volume transport be-
low 3.4km as Waapw = — /= ;"™ [vdxdz, where v is
the meridional velocity component and H is the depth of
the seafloor. This is because the isopycnals (potential den-
sity referenced to 2000 m) across each basin at 30°S are
mostly flat below 3.4km, and the bottom AABW currents
are strongly diffused by the coarse model resolution with

https://doi.org/10.5194/cp-20-1161-2024



L. Li et al.: Mechanisms of global ocean ventilation age change during the last deglaciation 1167
1 (a) ATL v (cm/s) LGM (20 ka) 1 (e) PAC v (cm/s) LGM (20 ka) 1 (i) IND v (cm/s) LGM (20 ka)
z 2t 358 2t i
E i
z 3 11397 '39.2‘- 1 3r I 9.2 1.0
§ 4t 1 af 1 WO°
5| Bl B2|] 5| ci||c2 || ®o-8
60W 40W 20W 0 20E 140 180 140W 100W 60W 40E 60E B8OE 100E 0.7
1 (b) ATL v (cmy/s) 145ka  (f) PACv (cm/s) 145ka . () IND v (cm/s) 145ka (06
‘ 0.5
=2t {1 2t 2 2t 1
E 4384 pAL DI 11) 0.4
z 3F — 3F T v 3 - ’\——“—\‘ I 0.3
T4t = 1 a4t 4l 1 140.2
o L
5| 1 5} 1 5} 411701
60W 40W 20W 0 20E  140E 180 140W 100W 60W 40E  60E 80E 100E 0.0
1 (c) ATL v (cm/s) 12.9 ka 1 (g) PAC v (cm/s) 12.9 ka 1 (k) IND v (cm/s) 12.9 ka -0.1
37, i
€2 1 2 s o— — 2r
~ . U e Wt B 8
;:’ 3+ 4 3k I} 3L
=] ~— 38.4
T4t = 1 4t 4l
a
5t { st 51 .
60W 40W 20W 0 20E  140E 180 140W 100W 60W 40E 60E 80E 100E -0.7
1 (d) ATL v (cm/s) PD (0 ka) 1 (h) PAC v (cm/s) PD (0 ka) 1 (I) IND v (cm/s) PD (0 ka) -0.8
37 i -0.9
=2t {1 2f~»F 2t
g -1.0
= 3t {1 3t 4 3
5 7-37.6 — >~
Sat {4t ' E A E
a
51 { st 51 .
60W 40W 20W 0 20E  140E 180 140W 100W 60W 40E 60E B80E 100E
Longitude Longitude Longitude

Figure 5. Meridional velocity (shading) and potential density (lines) referenced to 2000 m at 30° S during the LGM (20ka), 14.5ka, 12.9ka,
and the PD (O ka) in C-iTRACE. The shading contour interval is 0.1 cm s~1, and the black-line contour interval is 0.2 kg m~3. The southward
Deep Western Boundary Current is defined as the southward integrated volume transport within the highlighted red box in panels (a), (e),
and (i) for the Atlantic, Pacific, and Indian oceans, respectively. The export pathways of AABW in each basin are calculated as the northward
integrated volume transport within the black boxes in panels (a), (e), and (i), noted as A1 and A2 for the Atlantic, B1 and B2 for the Pacific,

and C1 and C2 for Indian Ocean.

very weak interior flow (Fig. 5). The southward DWBC in
the deep to intermediate layers is thus defined as the south-
ward integrated volume transport within the red box shown
in Fig. 5a, e, and i. The estimations of southward DWBC
and northward AABW DWBC are confirmed by the model
MOC:s (upper and abyssal cells in the figures). The upper
cell is diagnosed as the maximum in the overturning stream-
function between 0.6-3.5km at 30°S, and the abyssal cell
is diagnosed as the minimum in the overturning streamfunc-
tion below 2.5 km at 30° S. The calculated northward AABW
DWRBC transport aligns exceptionally well with the transport
of the model abyssal cell in each basin (Figs. 6a-b, 7a-b).
The transports of the southward DWBC and the model upper
cell are differed by the northward return flow in the interior
ocean (Figs. 6¢—d, 7c—d).

In the Atlantic Basin, the deglacial increase in ventilation
age is tied to the reduction of AABW transport. The IAGE

https://doi.org/10.5194/cp-20-1161-2024

averaged across the Atlantic Basin below 3.4 km increases
from 820 years at the LGM to its oldest age of 2260 years at
14.5 ka, followed by a decrease back towards 840 years at the
PD (Fig. 6e). The northward AABW DWBC transport tracks
the evolution of the IAGE more closely, as AABW transport
slows to 0.2 Sv at 14.5ka and then recovers to 3 Sv at the
PD (Fig. 6¢). Therefore, the weakening of AABW transport
during deglaciation corresponds to a slower ventilation rate
and, in turn, an older ventilation age in the abyssal Atlantic
Basin.

Transient dye tracer concentrations further support the
dominant role of the AABW transport in determining
deglacial deep ventilation age. The averaged AABW% de-
clines from LGM to 12.9ka, indicating a reduced AABW
transport flowing into the Atlantic (Fig. 6g). In the mean-
time, the NADW % rises to 25 % from the LGM to 12.9ka,
contributing to a relatively small portion of younger water

Clim. Past, 20, 1161-1175, 2024
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Figure 6. Atlantic deglacial evolutions in C-iTRACE. (a) South-
ward Deep Western Boundary Current (DWBC; light olive, unit in
Sv), defined as the southward integrated volume transport within
the red box in Fig. 5. (b) Upper cell (green, unit in Sv), defined
as the maximum in Atlantic Meridional Overturning Circulation
(AMOC) between 0.6-3.5 km at 30°S. (¢) AABW transport (cyan,
unit in Sv), defined as WAppw = — Zz:=_—131.4km J vdxdz, where v
is the meridional velocity component and H is the bottom seafloor.
(d) Abyssal cell (blue, unit in Sv), defined as the minimum in
AMOC below 2.5 km at 30° S. (e) IAGE (black, unit in years) aver-
aged below 3.4 km. (f) GMOC strength (brown, unit in Sv), defined
the same as in Fig. 1d. (g) Dye_S (purple, unit in %) averaged be-
low 3.4 km. (h) Dye_NA (yellow, unit in %) averaged below 3.4 km.
(i) The latitude of 20 % sea ice coverage averaged over the South-
ern Ocean (red). (j) The atmospheric CO, (gray, unit in ppmv).
The gray shadings delimit periods of abrupt change. LGM: Last
Glacial Maximum. HS1: Heinrich Stadial 1. BA: Bglling—Allergd.
YD: Younger Dryas.

flushing the deep Atlantic (Fig. 6h). Note that the ventila-
tion age of AABW mass is typically much older than the age
of NADW (Fig. 3). This is because the NADW water mass
characterizes the southward branch of the upper cell confined
to the Atlantic sector, which is interconnected with AABW
and thermocline ventilation, leading to relatively short res-
idence times through the ocean interior. The mean IAGE
for AABW mass increases from 836 years at the LGM to
1813 years at 14ka due to the weakening of AABW trans-
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Figure 7. Similar to Fig. 6 but for the Indo-Pacific basin.

port, while the age of NADW increases by up to 1500 years
during the period of 12-11ka. The increased water age of
NADW is attributed to a greater fraction of NADW sinking
into deeper Arctic depths (Fig. 2j-1), resulting in an increased
water age for NADW as the distance from the formation re-
gions increases and a lag of 2000 years between the max-
ima of Dye_NA and Dye_S (Fig. 3a—b). However, because
AABW% in the abyssal southern Atlantic is substantially
higher than NADW% (Fig. 6g-h), the presence of the old-
est water at 14.5 ka can mainly be attributed to the weakened
AABW transport.

The influence of weakened AABW on the deglacial in-
crease in ventilation age is also prominently evident in the
Indo-Pacific sector. The IAGE averaged across the Indo-
Pacific basin becomes older from the LGM to 12.9ka, co-
inciding with the decrease in northward AABW DWBC
transport to 2.1 Sv at 12.9ka (Fig. 7e—f). In addition, differ-
ently from NADW %, the AABW % decreases to its minimum
value at 12.9 ka, indicating a reduced AABW transport flow-
ing into the Indo-Pacific basin at that time (Fig. 7g—h). There-
fore, the deglacial increase in the IAGE in the Indo-Pacific
can mostly be explained by the weakening of AABW.

In addition to the AABW transport variations in each
basin, the export pathways of AABW from the South-
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Figure 8. Time evolutions of AABW export pathways into the
(a) Atlantic, (b) Pacific, and (¢) Indian oceans in C-iTRACE. Each
branch of AABW transport (unit in Sv) across basins is calculated
as the northward integrated volume transport within the black boxes
in Fig. 5a, e, and i, noted as A1 and A2 for the Atlantic, B1 and B2
for the Pacific, and C1 and C2 for the Indian Ocean.

ern Ocean into each basin are also explored. Particularly,
branches of AABW transport in each basin are calculated as
the northward integrated volume transport at 30° S within the
black boxes shown in Fig. 5a, e, and i. The deglacial changes
of each AABW branch are shown in Fig. 8. In the Atlantic at
30° S, the main export route occurs within broad belts east of
the Mid-Atlantic Ridge (Fig. 8a). The Pacific AABW flows
northward along the Southwest Pacific Basin and is a major
source of waters ventilating the deep Pacific basins (Fig. 8b).
In the Indian Ocean, however, the AABW transport is rela-
tively smaller than that in the Atlantic and Pacific oceans, and
deep pathway of AABW is mainly along the eastern Indian
Ocean basin (Fig. 8c). The AABW pathways in the Pacific
are generally consistent with the available modern observa-
tions (Purkey et al., 2018), but different circulation routes
of AABW in the Atlantic and Indian oceans are found in
C-iTRACE, probably due to model deficiencies such as the
coarse resolution and eddy parameterization.

4 iTRACE results

In addition to C-iTRACE, iTRACE simulation with a higher
resolution is also explored. Results in iTRACE and C-
iTRACE display some similarities. The iTRACE simulation
consistently simulates a younger ventilation age at the LGM
compared to the PD. The IAGE averaged below 1 km is 626
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Figure 9. Time evolutions in iTRACE. (a) The global mean ideal
age (IAGE; black), B-A age (yellow), and B-P age (blue) averaged
below 1 km. (b) The Pacific mean IAGE (black), B—A age (yellow),
and B-P age (blue) averaged below 1km. (c) The Atlantic mean
IAGE (black), B-A age (yellow), and B-P age (blue) averaged
below 1km. (d) The GMOC (black) and AABW strength (navy).
GMOC intensity is diagnosed as the maximum in the GMOC
streamfunction below 500 m over 33° S—60° N, and AABW strength
is diagnosed as the maximum in the GMOC streamfunction below
2 km from 2-70° S.

and 915 years at the LGM for the global mean and Pacific
mean, in contrast to 2011 and 3203 years at the PD, respec-
tively (Fig. 9a-b). The younger LGM IAGE also appears to
be linked to the strong AABW in iTRACE. The maximum
magnitude in the abyssal GMOC is 11.6 Sv at the LGM and
5.6 Sv at the PD (Fig. 9d). Hence, the simulation results in
both C-iTRACE and iTRACE point toward a robust younger
ventilation age at the LGM than at the PD, primarily because
of the faster overturning rate of AABW relative to the PD.
Moreover, the analysis of the deglacial ventilation age
and AABW transport across the different basins in iTRACE
supports results in C-iTRACE. The IAGE averaged below
3.4 km increases to its maximum of 2460 years at 14.7 ka in
the Atlantic (Fig. 11e) and 3500 years at 6.6 ka in the Indo-
Pacific basin (Fig. 12e). The older IAGE in the Pacific sug-
gests that the oldest water always occurs in the deep Pacific,
dominating the global ocean ventilation age during the last
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Figure 10. Meridional velocity (shading) and potential density (lines) referenced to 2000 m at 30° S during the LGM (20ka), 14.7 ka, and
the PD (Oka) in iTRACE. The shading contour interval is 0.1 cm s~1, and the black-line contour interval is 0.2 kg m~3. The Deep Western
Boundary Current excluding AABW is defined as the southward integrated volume transport within the highlighted red box in panels (a), (d),
and (g) for the Atlantic, Pacific, and Indian oceans, respectively. The export pathways of AABW in each basin is calculated as the northward
integrated volume transport within the black boxes in panels (a), (d), and (g), noted as A1 and A2 for the Atlantic, B1 and B2 for the Pacific,

and C1 and C2 for Indian Ocean.

deglaciation. The dominant role of the Pacific in the deglacial
ventilation age appears to be unsurprising, as the Indo-Pacific
sector is only gradually ventilated by upwelled AABW mass
through diapycnal diffusion, resulting in ventilation occur-
ring over the millennial timescale (Talley, 2013; Cessi, 2019;
Ito and Marshall, 2008).

More quantitatively, the northward AABW DWBC trans-
port in each basin is calculated from the meridional ve-
locity cross-section at 30° S, using the same method as in
C-iTRACE. This is due to the approximately similar flat
isopycnals below 3.4km at 30°S in the iTRACE simula-
tion (Fig. 10). The calculated southward DWBC and north-
ward AABW DWBC are consistent with the model MOCs,
which are defined the same as in C-ITRACE. The southward
DWBC transport and upper cell mainly differ by the north-
ward return flow in the interior oceans (Figs. 11a-b, 12a—
b). The calculated northward AABW DWBC transport cor-
responds well with the abyssal cell in each basin (Figs. 11c—
d, 12¢-d). Again, in iTRACE, consistent results are obtained
such that the correlation between the IAGE and northward
AABW transport is particularly evident in each basin. Specif-
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ically, in the Atlantic, the increase in the IAGE is in align-
ment with weakening of AAWB transport (Fig. 11c and e).
In the deep Indo-Pacific region, the IAGE increases from 825
years at the LGM to 3380 years at 11ka. After 11Kka, the
IAGE remains relatively old around 3400 years, correspond-
ing to the continuously weak AABW transport (Fig. 12¢ and
e). Overall, it can be suggested that weakening AABW trans-
port is the main cause of the old ventilation ages during
deglaciation.

Physically, the water in the deep overturning regions grad-
ually recirculates into the other ocean basins so that age gen-
erally increases with distance from the formation regions.
The reduced AABW transport amounts to longer transit time
from the formation site at the surface to the abyssal ocean,
leading to the increased IAGE. The weakening of AABW
is further suggested to be attributed to the surface buoy-
ancy forcing over the Southern Ocean mainly in response
to the deglacial atmospheric CO, increase and retreating ice
sheets on land (Ferrari et al., 2014; Jansen, 2017; Jansen
et al., 2018; Jansen and Nadeau, 2016; Liu, 2023; Pedro et
al., 2018). During HS1, the freshwater input in the north-
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Figure 11. Atlantic deglacial evolutions in iTRACE. (a) South-
ward DWBC (light olive, unit in Sv), defined as the southward in-
tegrated volume transport within the red box in Fig. 10. (b) Upper
cell (green, unit in Sv) defined as the maximum in AMOC between
0.6-3.5km at 30° S. (¢) AABW transport (cyan, unit in Sv), defined
as WAABW = — zz::_—I?IAkm [ vdxdz, where v is the meridional ve-
locity component and H is the bottom seafloor. (d) Abyssal cell
(blue, unit in Sv), defined as the minimum in AMOC below 2.5 km
at 30°S. (e) IAGE (black, unit in years) averaged below 3.4 km.
(f) GMOC strength (brown, unit in Sv). (g) The latitude of 20 %
sea ice coverage averaged over the Southern Ocean (red). The gray
shadings delimit periods of abrupt change. LGM: Last Glacial Max-
imum. HS1: Heinrich Stadial 1. BA: Bglling—Allergd. YD: Younger
Dryas.

ern North Atlantic reduces NADW formation, leading to
the slowdown in the Atlantic Meridional Overturning Cir-
culation (AMOC) and reduced heat transfer into the North
Atlantic. Consequently, heat accumulates in the Southern
Hemisphere, resulting in a warming in the Southern Ocean.
Collectively, with the deglacial increase in atmospheric CO3,
sea ice around Antarctica retreats with less brine rejection,
ultimately contributing to the weakening of AABW transport
towards the north (Figs. 6i—j, 7i—j, 11g, and 12g).

It should be noted that, in comparison with the bell-shaped
temporal pattern observed in C-iTRACE, the deglacial evo-
lution of the IAGE exhibits a distinct temporal behavior in
iTRACE, with the global deep IAGE increasing from the
LGM to HS1, followed by a continuous presence of old ven-
tilation age until the PD (Fig. 9a). A similar pattern is also
seen for the Pacific mean (Fig. 9b). Nevertheless, this distinct
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Figure 12. Similar to Fig. 11 but for the Indo-Pacific basin.

deglacial evolution of the IAGE is coupled with the transport
evolution of AABW (Fig. 9d). A strong AABW transport is
simulated at the LGM, followed by a significant reduction
during HS1 and small variability during the Bglling—Allergd
(BA; 14.7-12.9 ka) and YD intervals. After the Holocene, the
AABW transport slowly recovers to its present-day value,
which is about half (52 %) as small as the LGM value. Con-
sequently, the deep ocean is ventilated at a slower rate due
to weaker AABW transport during the Holocene, resulting
in a continuous presence of old ventilation age. This is obvi-
ously different from C-iTRACE. In C-iTRACE, the AABW
transport at the PD is only 20 % smaller than at the LGM.
This in turn results in a slightly older ventilation age at the
PD relative to the LGM in C-iTRACE. Furthermore, the ex-
port pathways of AABW from the Southern Ocean into each
basin in iTRACE are somewhat distinct from C-iTRACE re-
sults. The major difference between the two simulations lies
in the main export route in the Atlantic. In iTRACE, AABW
tends to flow northward into the Atlantic along the west of the
Mid-Atlantic Ridge in the Atlantic Ocean (Fig. 13a), along
the Southwest Pacific Basin (Fig. 13b), and along the eastern
Indian Ocean basin (Fig. 13c). Nonetheless, the correlation
between deep-ocean ventilation age and AABW intensity is
clearly robust in both simulations.
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Figure 13. Similar to Fig. 8 but in iTRACE (unit in Sv).

5 Summary

In this study, mechanisms of global ventilation age changes
during the last deglaciation have been assessed using the
ideal age tracer in two deglacial simulations, C-iTRACE and
iTRACE. Results from both simulations suggest that, in con-
trast to the radiocarbon ventilation ages showing poorly ven-
tilated glacial deep waters, the true model ventilation age
(IAGE) exhibits an overall modestly younger water age dur-
ing the LGM relative to the PD, with global means of 800
(630) years and 930 (2000) years at the LGM and present
day, respectively, in two simulations, mainly caused by the
faster overturning of AABW. This is also inferred from the
new approach of estimated deep-ocean water age using ra-
diocarbon age by considering multiple water mass contribu-
tions (Fig. 1). This implies that radiocarbon reconstructions
are likely biased and may fail to reproduce the true deep-
ocean ventilation age at the LGM. More importantly, the im-
portant role of AABW transport in shaping the global true
oceanic ventilation age during deglaciation is confirmed ro-
bustly across two transient simulations. The oldest water al-
ways occurs in the deep Pacific, dominating global ocean
ventilation age. The global mean ventilation ages peak at
1900 and 2200 years around 14—12 ka in the simulations, and
the increase in deglacial global deep-ocean ventilation age is
highly correlated with the reduced transport of the AABW
associated with the reduced sea ice coverage and negative
buoyancy flux over the Southern Ocean.

Howeyver, it should be noted that there are some differences
between these two simulations. A major difference is the dis-
tinct evolution of AABW volume transport, particularly in
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the Indo-Pacific sector. In iTRACE, the AABW transport is
simulated to be weaker during the Holocene compared to in
C-iTRACE, resulting in a continuous presence of old water
age from late HS1 to the early Holocene. This continuously
old TAGE during the Holocene is consistent with a recent
study showing high-precision radiocarbon results from the
Southern Ocean and North Atlantic, demonstrating the mil-
lennial stability of Holocene overturning circulation (Chen
et al., 2023). In this case, results from iTRACE with a higher
resolution seem to be more realistic, showing that the ven-
tilation age during the LGM can be much younger than the
age at the PD. Therefore, studies with multi-model intercom-
parisons are highly desirable to validate our findings, and in-
creased proxy observations would greatly contribute to fur-
ther constraining the changes in deglacial ventilation age in
the ocean reservoir.

Data availability. The C-iTRACE data used in this study
are available through the NCAR/UCAR Digital Asset Ser-
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