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Abstract One of the major phases of sea level rise during the last deglaciation (∼19–11 thousand years
before present [ka BP]) is Meltwater Pulse-1A (MWP-1A; ∼14.5 ka BP), when sea levels rose by 8.6 to 18 m
in less than 400 years. Whether the meltwater originated from the partial disintegration of northern
hemispheric ice sheets, from Antarctica, or both, remains controversial. Here we perform a series of
idealized transient simulations of the last deglaciation, focusing on MWP-1A, with a three-dimensional
oxygen-isotope enabled Earth System Climate Model. Three meltwater scenarios are considered during
MWP-1A: a sole northern hemispheric source discharging into the North Atlantic, a sole Antarctic source,
and a combined northern hemispheric-Antarctic source. A comparison of simulated changes in the
oxygen-isotope composition (𝛿18O) of seawater and calcite with published marine sediment records points
to a significant contribution from Antarctica. The best model-data fit is obtained with a contribution from
both hemispheres. While the simulated changes over the 350 years of MWP-1A are overestimated in our
simulations, the millennial-scale changes (∼14.6–13 ka BP) are underestimated, potentially alluding to
a longer and sustained meltwater input over the whole period. Meltwater was not applied in the Arctic, the
Gulf of Mexico, or the North Pacific in our simulations, and therefore, scenarios with meltwater
originating from these regions cannot be excluded.

1. Introduction
The last deglaciation (∼19–10 ka BP) represents a major transition in Earth's climate, during which global
temperatures increased by ∼3.5 ◦C (Jouzel et al., 2007; Shakun et al., 2012) and atmospheric carbon dioxide
concentration increased by ∼95 ppmv (Monnin et al., 2001). The disintegration of northern hemispheric
continental ice sheets, combined with Antarctic ice loss and thermal expansion, led to a global sea level rise
of ∼134 m (Lambeck et al., 2014).

During the early part of the last deglaciation, during Heinrich Stadial 1 (H1; ∼17.5–14.7 ka BP), the for-
mation of North Atlantic Deep Water (NADW) weakened significantly (Gherardi et al., 2005; McManus
et al., 2004), thus maintaining cold conditions in the North Atlantic region and over Greenland (Buizert
et al., 2014; Martrat et al., 2007), while the southern hemisphere warmed significantly (Denton et al., 2010;
Parrenin et al., 2012). NADW strengthening at the end of H1 is associated with the Bølling-Allerød warm
period (BA) (Buizert et al., 2014), while warming in Antarctica was interrupted by relatively cold condi-
tions (Jouzel et al., 2007; Petit et al., 1999) during the Antarctic Cold Reversal (ACR; 14.7–13 ka BP). The
ACR and the BA are in part an expression of the so-called bipolar seesaw effect (Broecker, 1998; Clark et al.,
2012; Stocker & Johnsen, 2003), whereby warming in the northern hemisphere is accompanied by cooling
at middle to high southern latitudes. It involves a strengthening of NADW formation, which increases the
meridional heat transport to the North Atlantic (Crowley, 1992; Liu et al., 2009; Menviel et al., 2011). The
warming from the BA could have caused excess loss from northern ice sheets. Previous modeling studies
suggest that the amplitude of the southern cooling during the ACR could be explained with (Menviel et al.,
2011; Weaver et al., 2003) or without (Pedro et al., 2016) meltwater input into the Southern Ocean.

Deschamps et al. (2012) refined the chronology of a major phase of sea level rise, known as Meltwater Pulse
1A (MWP-1A), and constrained its occurrence between 14.65 and 14.3 ka BP. With an estimated 8.6 to 18 m
of sea level rise in less than 400 years (Deschamps et al., 2012; Liu et al., 2016), MWP-1A displayed the fastest
rate of sea level rise during the last deglaciation (Bard et al., 1996; Hanebuth et al., 2000). The source and
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spatial origin of the meltwater causing MWP-1A is still debated. Ackert et al., 2007, Licht (2004), and Mack-
intosh et al. (2011) argue that Antarctic ice sheets were unlikely to be the sole or even dominant source of
meltwater, based on ice sheet constraints and modeling experiments. Gregoire et al. (2012),Gregoire et al.
(2016) also support the hypothesis of a major meltwater source originating from North America, highlight-
ing the possible disintegration of the Cordilleran-Laurentide ice saddle, which would have led to a global
mean sea level rise of up to 6 m. Although the separation of the Cordilleran-Laurentide ice sheet simulated
in Gregoire et al. (2016) occurs after 12 ka BP, possibly due to model biases, the authors suggest it might
have taken place close to 14.6 ka BP, since meltwater contribution amplified by the BA provides the best
match to geological data. However, by comparing sea level fingerprints, Clark et al. (2002) suggested that a
sole southern Laurentide Ice Sheet source could not have been sufficient and thus supported a substantial
meltwater contribution from the Antarctic ice sheets during MWP-1A. By forcing an Earth System model
of intermediate complexity with meltwater fluxes into the Southern Ocean, Weaver et al. (2003) simulated
a cooling at high southern latitudes and warming at high northern latitudes, with similarities to the onset
of both BA and ACR. However, this northern warming caused by a meltwater contribution in the Southern
Ocean is not replicated by all climate models. For example, in Stouffer et al. (2007), an Antarctic meltwater
flux leads to a cooling in the North Atlantic instead, as convection is suppressed due to the spreading of low
salinity waters to the north.

The occurrence of ice rafted debris in the South Atlantic at the time of MWP-1A (Weber et al., 2014) also
lends support to an Antarctic contribution to MWP-1A. These phases of ice rafted debris discharges were
contemporaneous with simulated Antarctic discharges (Golledge et al., 2014), which estimated an Antarctic
ice sheet sea level equivalent (s.l.e.) contribution of ∼2 m during the 350 years of MWP-1A and an additional
4 to 7.5 m between 15 and 13 ka BP. However, it is worth mentioning that the Antarctic disintegration
simulated by Golledge et al. (2014) at the time of MWP-1A was due to a subsurface warming, which itself
was obtained by adding a 5.3 m s.l.e into the Southern Ocean.

A review by Carlson and Clark (2012) suggests a total of 14 to 15 m of sea level rise during MWP-1A, with a
northern contribution of 6.5 to 10 m, and a significant Antarctic contribution. A more recent study by Liu
et al. (2016) indicates a global mean sea level rise of 8.6 to 14.6 m during MWP-1A (95% probability) but is
unable to support or refute the possibility of a significant contribution from Antarctica.

The oxygen isotopic composition of seawater provides a useful tool to assess the spatial origin of MWP-1A.
Owing to Rayleigh distillation during evaporation and precipitation, the oxygen isotopic composition

𝛿
18O =

( (18O∕16O
)

sample

(18O∕16O)standard
− 1

)
× 103 (1)

of continental ice sheets is significantly lower than that of seawater (𝛿18Ow). Consequently, extensive melt-
water input would temporarily impact 𝛿18Ow close to the continental ice sheets of origin. To reconstruct past
𝛿

18Ow, 𝛿18O is often measured in the calcite shells of foraminifera (𝛿18Oc). 𝛿18Oc is a function of local sea-
water temperature and 𝛿

18Ow, with the latter being a function of ocean circulation, mixing, precipitation,
evaporation, sea ice formation, and melting as well as discharge from land (rivers and ice sheet calving). The
separation of 𝛿18Oc into its 𝛿18Ow and temperature components poses a major challenge in paleoceanogra-
phy. While temperature can be estimated from a number of different techniques (e.g., Mg/Ca, Uk'37, and
foraminifera assemblages) so that a 𝛿

18Ow signal can then be determined from 𝛿
18Oc, not all 𝛿18Oc records

are associated with a temperature record, and some 𝛿
18Oc records may not have a sufficient resolution to

resolve the processes occurring at the time of MWP-1A.

Complementary information can be obtained by conducting simulations with oxygen-isotope-enabled
climate models and then comparing the 𝛿

18Oc signal calculated from simulated 𝛿
18Ow and seawater tem-

perature to the 𝛿
18Oc record from marine sediment cores. Given that previous studies have highlighted the

dominance of the temperature signal on benthic 𝛿18O (Bagniewski et al., 2015; Bagniewski et al., 2017; Zhang
et al., 2017) and that there are significant uncertainties associated with changes in deep Atlantic Ocean
temperatures, our model-data comparison focuses on the surface ocean.

Here, we use the UVic ESCM to conduct a series of transient simulations of the last deglaciation to investigate
the origin of the meltwater that caused MWP-1A. Results of the simulations are compared with planktic
𝛿

18Oc from the Atlantic and the Southern Oceans.
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2. Methods
2.1. Model Description
The UVic ESCM, Version 2.9, is a fully coupled three-dimensional climate model of intermediate complexity,
comprising atmosphere, land surface, vegetation, ocean, sea ice, and sediment components. The model is
fully described by Weaver et al. (2001) and Meissner et al. (2003). The spherical grid resolution of UVic
ESCM is 3.6◦ in longitude and 1.8◦ in latitude across all model components. UVic ESCM does not include
flux adjustments, and water, energy, and carbon are conserved to numerical precision.

The ocean component of UVic ESCM is an ocean general circulation model with rigid-lid approximation
(Pacanowski, 1995) that consists of 19 vertical levels, with a level thickness varying between 50 m at the
surface and 500 m at 5 km depth. Mesoscale eddies are parameterized by the isopyncal diffusion scheme
from Gent and McWilliams (1990). The atmospheric component is a vertically integrated two-dimensional
energy and moisture balance model. It is forced by seasonally varying insolation and reanalysis winds
from the National Center for Environmental Prediction (Kalnay et al., 1996), which are modified based on
geostrophic adjustment due to air temperature anomalies (Weaver et al., 2001). The land components are
the Met Office Surface Exchanges Scheme (MOSES) coupled to the dynamic global vegetation component
TRIFFID (Top-down Representation of Interactive Foliage and Flora Including Dynamics) (Meissner et al.,
2003). The UVic ESCM employs a standard thermodynamic-dynamic sea ice model (Hibler, 1979; Semtner,
1976), comprising subgridscale ice-covered and open-ocean categories, with elastic-viscous-plastic sea ice
dynamics Hunke & Dukowicz, 1997 and a height-varying sea ice layer. Snow that falls on sea-ice may grow
as a single height-varying snow layer.

The version of UVic ESCM that is used here includes oxygen isotopes (16O and 18O). These two stable iso-
topes are conserved in the model and incorporated in the atmosphere, ocean, land surface, and sea-ice
components (Bagniewski et al., 2015; Bagniewski et al., 2017; Brennan et al., 2012; Brennan et al., 2013).
They are exchanged across boundaries between the components, and fractionation is included during phase
changes (Brennan et al., 2012).

The UVic ESCM represents the first-order changes in atmospheric 𝛿
18Ow and compares well with observa-

tions and simulations with the NCAR CAM2 model under present-day boundary conditions (Brennan et al.,
2012). However, changes in atmospheric dynamics are not well represented and might impact 𝛿18Ow in pre-
cipitation and therefore the ocean surface fluxes, but these changes are likely small in comparison to the
changes induced by the depleted meltwater discharge and circulation changes.

2.2. Experimental Setup
Before the start of the transient simulations, the model was equilibrated for 11,000 model-years under con-
stant (LGM) boundary conditions, including an orbital configuration corresponding to 21 ka BP (Berger,
1978), northern hemispheric ice sheet extent, topography and surface ice albedo at 21 ka BP (Peltier, 1994),
an atmospheric carbon dioxide concentration of 189.65 ppm, and a global mean ocean 𝛿

18O of 2‰.

Starting from the equilibrated state at 21 ka BP, the model is transiently integrated for 3,000 years to 18 ka
BP under varying orbital parameters (Berger, 1978), carbon dioxide concentrations (Bereiter et al., 2012),
and continental ice sheet geometry (Peltier, 1994). This sets the stage for the beginning of H1 (17.5–14.7 ka
BP) during which we add a freshwater forcing of 0.075 Sv (1 Sv = 106m3s−1) into the North Atlantic, with a
𝛿

18Ow signature of −20‰ (Ferguson & Jasechko, 2015). This corresponds to the equivalent of approximately
20 m of sea level rise, in agreement with some paleoproxy reconstructions (Clark et al., 2009; Lambeck et al.,
2014) and results in a weakening of NADW (McManus et al., 2004; Ng et al., 2018). To enable the recovery
and overshoot of NADW (Liu et al., 2009) and therefore the transition to BA, a negative freshwater forcing
of −0.2 Sv without a 𝛿

18O signal (i.e., salt) is added to the same region of the North Atlantic between 15 and
14.65 ka BP.

We then perform four parallel transient simulations for the period between 14.65 and 13 ka BP. These sim-
ulations differ in the amount of freshwater forcing, the location at which this freshwater forcing is applied,
and the 𝛿

18O signal of the imposed freshwater fluxes. Details on the freshwater forcing applied in these
simulations are shown in Table 1.

For MWP-1A (14.65–14.3 ka BP), three different meltwater scenarios are considered. All add 0.46 Sv of melt-
water into the ocean over 350 years, which corresponds to 14 m s.l.e. In the first scenario (MWPfwNA),
meltwater is only added into the North Atlantic (green box in Figure 2a). The second scenario (MWPfwSO)
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Table 1
Freshwater Forcing and Its 𝛿18Ow Signature Used for Each of the Transient Simulations

Simulation stage H1 H1 recovery MWP-1A Recovery Post-recovery
Time (ka BP) 18–15 15–14.65 14.65–14.3 14.3–14.1 14.1–13

Freshwater flux North Atlantic 48.6–63.0◦N; 302.4–360.0◦E /
Input (Sv) 0.075 −0.2 0.46 / 0.16 / / −0.3 −0.2 /

𝛿
18Ow signal (‰) −20 / −20 / −20 / / / / /

Southern Ocean / / 82.8–63.0◦S; 169.2–360.0◦E / /
Input (Sv) / / / 0.46 0.3 / / / / /

𝛿
18Ow signal (‰) / / / −36 −36 / / / / /

Sim. name MWPfwNA • • • • •
MWPfwSO • • • • •
MWPfwC1 • • • • •
noforcing • • • • •

Note. H1 stands for Heinrich Stadial 1 and MWP-1A for Meltwater Pulse 1A. The locations of freshwater fluxes applied in MWP-1A are indicated in Figures 2a,
2d, and 2g.

involves a partial disintegration of the Antarctic ice sheet, where meltwater is added evenly across ocean
grid boxes in the Ross Sea and Weddell Sea sector, as indicated in Figure 2d (red box). Finally, in the third
scenario (MWPfwC1), the meltwater forcing is split between the North Atlantic (0.16 Sv) and the Ross Sea
and Weddell Sea sector (0.3 Sv; green and red boxes in Figure 2g). This third scenario has a southern contri-
bution of ∼9 m s.l.e. The isotopic composition of the meltwater sources varies between hemispheres; while
northern meltwater carries a 𝛿18O signal of −20‰ (Ferguson & Jasechko, 2015), southern meltwater is more
depleted in our simulations with −36‰ (Grootes & Stuiver, 1997). At the end of the freshwater forcing, a salt
flux is applied to the North Atlantic for simulations MWPfwNA and MWPfwC1, in order to enable NADW
to recover (14.3–14.1 ka BP). The forcing is equivalent to −0.3 and −0.2 Sv in MWPfwNA and MWPfwC1,
respectively. NADW does not shut down in MWPfwSO (Figure 1); hence, there is no need to apply a salt
flux. After the recovery period, all simulations are integrated until 13 ka BP. A control simulation (noforc-
ing), without any freshwater forcing after BA, is also integrated. All four simulations are transiently forced
with changes in orbital parameters, carbon dioxide concentrations, and continental ice sheets. The control
simulation therefore helps to attribute the impacts of the different meltwater scenarios.

2.3. Model-Data Comparison
The isotope-enabled UVic ESCM simulates 𝛿18Ow, while paleoproxy archives from marine sediment cores
record foraminiferal 𝛿18Oc. Since 𝛿18Oc is temperature dependent, a temperature effect must be added to the
simulated 𝛿

18Ow, in order to compare model simulations with paleoproxy records. Here, we use the equation
derived by Shackleton (1974):

T = 16.9 − 4.38
(
𝛿

18Oc − 𝛿
18Ow

)
+ 0.10

(
𝛿

18Oc − 𝛿
18Ow

)2
. (2)

If an ocean temperature record is available together with 𝛿
18Oc data for a given marine sediment core or if

there is an independent temperature record, the above equation can also be used to remove the temperature
effect from the foraminiferal 𝛿18Oc record, to derive a 𝛿

18Ow record that can be compared directly with the
simulated 𝛿

18Ow.

Given that the simulations produced the most significant changes in the North Atlantic and Southern
Oceans, comparisons are made in the South Atlantic, South Pacific, North Atlantic Oceans, and the Iberian
Margin, where paleoproxy records of planktic 𝛿

18Oc with sufficient resolution to resolve the period 15 to
13.5 ka BP are available. SST reconstructions from cores where planktic 𝛿

18Oc has been measured are also
included. Details of the paleoproxy records used in this study are listed in Table A1 in Appendix A.

3. Model Results
For all model simulations, freshwater forcing significantly affects the ocean circulation (Figure 1). Meltwa-
ter input into the North Atlantic during H1 reduces the surface density, thus leading to a collapse of NADW

YEUNG ET AL. 2034
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Figure 1. Time series of (from top to bottom) freshwater input into the North Atlantic (FwF N) and Southern Ocean (FwF S), corresponding global s.l.e. (sea
level equivalent, GSL) only accounting for the meltwater input that carries a 𝛿

18O signal, North Atlantic Deep Water (NADW), and Antarctic Bottom Water
(AABW) transport. Each column represents a different experiment (from left to right): a sole northern hemispheric source (MWPfwNA), a sole Antarctic source
(MWPfwSO), a combined northern hemispheric and Antarctic source (MWPfwC1), and a control run with no meltwater input during MWP-1A (noforcing).
Note that the time axes are not linear, the time between 15 and 14 ka BP has been expanded by a factor of 3 for better readability during MWP-1A.

formation between 18 and 15 ka BP (Figure 1). Salt addition into the North Atlantic at the end of H1 leads
to a resumption and overshoot (24 Sv) of NADW during the BA, as well as a slight strengthening of Antarc-
tic Bottom Water (AABW) due to salt advection into the Southern Ocean. In the noforcing run, when no
freshwater forcing is applied after the BA, NADW drops to ∼15 Sv at ∼14.5 ka BP and then slowly increases
over the remaining 1,500 years of the simulations to ∼19 Sv. At the same time, AABW strengthens, reaches
∼12 Sv at ∼14.5 ka BP, and then weakens linearly to ∼8 Sv by 13 ka BP (Figure 1, right column, noforcing).

3.1. North Atlantic Meltwater Input
When meltwater is added into the North Atlantic during MWP-1A, it causes a rapid shutdown of NADW for-
mation, while AABW weakens to ∼8 Sv (Figure 1, left column, MWPfwNA). When the freshwater forcing is
replaced by a salt flux at 14.3 ka BP, NADW recovers and reaches∼15 Sv. Similar to the simulation with a sole
North Atlantic meltwater source (MWPfwNA, 0.46 Sv), meltwater addition into the North Atlantic (0.16 Sv)
in the combined simulation (MWPfwC1) causes a NADW shutdown, albeit at a slower rate (Figure 1,
third column). The subsequent recovery of NADW following MWP-1A is also similar to that produced in
MWPfwNA.

The meltwater addition into the North Atlantic Ocean has a 𝛿
18Ow signature of −20‰. The addition of

depleted freshwater in combination with changes in ocean dynamics (Bagniewski et al., 2015) leads to a
decrease in 𝛿

18Ow of 2 to 4‰ at the surface of the North Atlantic in MWPfwNA (Figure 2a) and up to 1.8‰ in
MWPfwC1 (Figure 2g). The 18O-depleted surface water in MWPfwNA is carried into the South Atlantic by
the northern subtropical gyre and the Brazil current, resulting in a surface water decrease of 0.6 to 1.2‰ in
the South Atlantic. This signal also reaches intermediate depths and is seen in the top 1,000 m of the ocean
(not shown).

The shutdown of NADW in both MWPfwNA and MWPfwC1 leads to a reduction in meridional heat trans-
port, causing a decrease in sea surface temperature (SST) of over 5 ◦C in the North Atlantic (Figures 2c and
2i). A warming is simulated in the South Atlantic in MWPfwNA. Since a temperature decrease results in a

YEUNG ET AL. 2035
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Figure 2. Surface anomalies as simulated in Experiments MWPfwNA (a–c), MWPfwSO (d–f), and MWPfwC1 (g–i) at 14.3 ka BP compared to 14.65 ka BP.
(a,d,g) 𝛿18Ow (‰), (b,e,h) 𝛿18Oc (‰), and (c,f,i) SST (◦C). The green and red boxes in (a), (d), and (g) indicate the areas where meltwater is added in the
corresponding experiment.

𝛿
18Oc increase (equation (2)), the decrease in surface 𝛿

18Oc during MWP-1A over the North Atlantic is not
as prominent as in surface 𝛿

18Ow (Figures 2a and 2b and 2g and 2h).

3.2. Southern Ocean Meltwater Input
In agreement with previous studies, meltwater addition to the Southern Ocean leads to increased stratifica-
tion that reduces AABW formation from 10 to 6 Sv between 14.65 and 14.3 ka BP (Figure 1, second column)
and decreases SSTs between 40◦S and 60◦S (Figure 2f). This increases the southern hemisphere sea ice extent
(Menviel et al., 2010). However, in the region south of 60◦S, SST increases by up to 1.8 ◦C in the Ross Sea
(Figure 2f). NADW drops from over 24 Sv at the start of MWP-1A to ∼13 Sv (Figure 1, second column). This
decrease is largely due to the system readjusting after the overshoot during the BA, as a similar pattern is
observed in noforcing (Figure 1, right column). Similar to MWPfwSO, meltwater addition into the Southern
Ocean (0.3 Sv) in MWPfwC1 causes a weakening of AABW to 5 Sv.

Freshwater addition into the Southern Ocean with a 𝛿
18O signature of −36‰, combined with associated

changes in ocean dynamics, causes a 𝛿
18Ow decrease of over 4‰ in the Southern Ocean in MWPfwSO

(Figure 2d) and over 2.4‰ in MWPfwC1 (Figure 2g), particularly in the Ross and Weddell Sea sectors. Unlike

YEUNG ET AL. 2036
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Figure 3. Time series of simulated surface 𝛿
18Oc (a, b), SST (c), and 𝛿

18Ow
(s) anomalies (reference point taken at 15 ka BP) in the South Atlantic for
experiments MWPfwNA (green), MWPfwSO (purple), MWPfwC1 (blue),
and noforcing (orange), compared to planktic 𝛿

18Oc data from two
foraminifera species: Neogloboquadrina pachyderma (N. pach.) (a) and
Globigerina bulloides (G. bull.) (b), from MD07-3076Q (Gottschalk et al.,
2015), RC11-83 (Charles et al., 1996), and ODP1089 (Hodell et al., 2003).
Solid squares in black represent the age tie points of RC11-83 (age tie point
methods are listed in Appendix A). A 𝛿

18Oc stack is inferred for both
species. Estimates of change in 𝛿

18Ow are derived from 𝛿
18Oc stacks and

SST record from MD07-3076Q (Riveiros et al., 2010).

in simulation MWPfwNA, where the 𝛿
18Ow signal is advected into the

Southern Hemisphere, the Southern Ocean freshwater signal largely
remains south of 40◦S (Figure 2d).

In MWPfwSO, a 4 ◦C cooling is simulated south of Greenland, while a 3 ◦C
SST increase is simulated at ∼40◦N on the North American continental
shelf (Figure 2f). This bipolar pattern is due to a weakening of the Gulf
Stream and points to a shift in North Atlantic deep convection sites. The
overall spatial distribution of changes in 𝛿

18Oc (Figure 2e) is similar to
𝛿

18Ow (Figure 2d), but 𝛿18Oc decreases less in the South Pacific as the SSTs
over this region cool.

In general, spatial changes in surface 𝛿
18Ow, 𝛿

18Oc, and SSTs in
MWPfwC1 (Figures 2g–2i) can be largely interpreted as a combination of
the results obtained in MWPfwNA and MWPfwSO.

4. Model-Data Comparison
In this section, simulated changes in planktic 𝛿

18Oc, SSTs, and 𝛿
18Ow

between 15 and 13.5 ka BP are compared against a number of paleoproxy
records from the South Atlantic, the South Pacific, the North Atlantic
Oceans, and the Iberian Margin. In general, most SST and 𝛿

18Oc records
show good agreement with model results up to 15 ka BP. Due to uncer-
tainties in constraining the timing of MWP-1A in proxies, model-data
comparisons in Figure 5–8 share a reference point at 15 ka BP, in order
to include any potential MWP-1A signal in the proxy data and better
compare with model results.

4.1. South Atlantic Ocean
In the South Atlantic (Figure 3, 42.3◦S, 9◦E), the surface 𝛿18Ow in the con-
trol simulation (noforcing) remains stable throughout BA and MWP-1A,
while MWPfwNA, MWPfwSO, and MWPfwC1 all experience a drop in
surface 𝛿

18Ow between 14.65 and 14.3 ka BP (Figure 3d). Due to the
amount of 18O-depleted meltwater added to the Southern Ocean, the
signal is the strongest in MWPfwSO (Figure 3, purple), followed by
MWPfwC1 (blue) and MWPfwNA (green). A decrease in surface 𝛿

18Ow
is also seen in the simulation forced with a sole northern hemispheric
source (MWPfwNA), albeit to a lesser extent and with a greater time lag,
since the low-𝛿18Ow meltwater signal takes time to propagate southward
from the North Atlantic and becomes diluted on its way.

Local SSTs in the South Atlantic (42.3◦S, 9◦E) increase by 1.5 ◦C for MWPfwNA and decrease by up to 1 ◦C
for simulations including southern hemispheric meltwater sources (MWPfwSO and MWPfwC1; Figure 3c).
Similar to the 𝛿18Ow response, the SST response in the South Atlantic due to northern-originated meltwater
(MWPfwNA) is slower.

There is a divergence between the model and data from 15 ka BP because the model simulates a cooling while
the proxy records a warming. This could be due to the simulated AMOC recovery occurring 200 years too
early. In all simulations (except noforcing), the resulting 𝛿

18Oc decreases in the South Atlantic (Figure 3a),
in relative agreement with the Neogloboquadrina pachyderma (N. pachyderma) record of MD07-3076Q
(Gottschalk et al., 2015), and ODP1089 (Hodell et al., 2003) Globigerina bulloides (G. bulloides; Figure 3b)
record. However, no significant 𝛿18Oc changes are apparent in RC11-83 (Charles et al., 1996).

The magnitude of the simulated 𝛿
18Oc decrease is ∼1‰ in 350 years compared to 0.3 to 0.5‰ in 1,500 years

in the records, but it should be noted that the forcing applied in these simulations is idealized both in time
and space. Taking dating uncertainties into account and the spread across the proxy records, this data-model
comparison in the South Atlantic does neither validate nor exclude any of the scenarios presented. However,
the drop of 0.7‰ from 15 to 14.4 ka BP and 1.4‰ at ∼14.2 ka BP in MD07-3076Q does favor the existence of
a southern meltwater contribution.

YEUNG ET AL. 2037
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Figure 4. Time series of simulated surface 𝛿
18Oc (a), SST (b) and 𝛿

18Ow (c) anomalies (reference point taken at 15 ka
BP) in the South Pacific for Experiments MWPfwNA (green), MWPfwSO (purple), MWPfwC1 (blue), and noforcing
(orange), compared to planktic (Globigerina bulloides, G. bull.) 𝛿18Oc data from RR0503-79 (Schiraldi et al., 2014),
MD97-2120 (Pahnke et al., 2003), and MD97-2121 (Carter et al., 2008). Solid symbols in black represent the age tie
points of corresponding records (Appendix A). SST paleoproxy records from MD97-2120 and MD97-2121 (Pahnke and
Sachs (2006), using calibration of Prahl et al. (1988) and Sikes and Volkman (1993)) are shown. 𝛿18Oc and SST stacks
are generated from these cores and used to derive a 𝛿

18Ow signal.

4.2. South Pacific Ocean
The time series of simulated 𝛿

18Ow in the South Pacific (36.9◦S, 178.2◦E) (Figure 4) are similar to the ones
in the South Atlantic, with all three meltwater simulations showing a significant decrease in 𝛿

18Ow. For
MWPfwNA, SST decreases by ∼0.5 ◦C in the South Pacific (Figure 4), unlike the warming simulated in the
South Atlantic which amplifies the 𝛿

18Oc decrease (Figure 3). As a result in the South Pacific, the 𝛿
18Oc

decrease in MWPfwNA is suppressed by the cooling SST.

The stack of SST reconstructions shows a long-term rising trend between 15 and 13.5 ka BP, which is not
simulated in our experiments. However, the SST reconstruction of MD97-2120 does capture a similar short
cooling from 14.4 to 14.2 ka BP as the one we simulate, though the simulated cooling occurs ∼300 years
earlier due to the timing of the forcing applied.

Planktic 𝛿18Oc records from the South Pacific display high variability from 15 to 13.5 ka BP. All 𝛿18Oc records,
RR0503-79 (Schiraldi et al., 2014), MD97-2120 (Pahnke et al., 2003), and MD97-2121, (Pahnk & Sachs, 2006)
show negative excursions of 0.5 to 0.8‰ at times and a long-term decrease of over 0.7‰ from 15 to 13.5 ka
BP. The long-term 𝛿

18Oc decrease is not simulated, partially due to a lack of long-term SST increase in our
simulations, but also pointing to an addition of 18O-depleted meltwater over a longer period as the 𝛿

18Ow
stack also suggests a long-term decrease of 0.5‰.

Given such high variability in the 𝛿18Oc records, it is difficult to reach a firm conclusion from our data-model
comparison. However, MD97-2120 and to some extend RR0503-79 do display a 𝛿

18Oc decrease of over
0.5‰ that would fit with the decrease simulated in MWPfwSO and MWPfwC1, indicating a potential south-
ern meltwater source. Also, given that MWPfwSO and MWPfwC1 produce a 𝛿18Oc decrease that is over twice

YEUNG ET AL. 2038
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Figure 5. Time series of simulated surface 𝛿
18Oc (a, b), SST (c, d), and 𝛿

18Ow (e, f) anomalies (reference point taken at
15 ka BP) in the North Atlantic (left: 62.1◦N, 1.8◦W; right: 53.1◦N, 34.2◦W) for experiments MWPfwNA (green),
MWPfwSO (purple), MWPfwC1 (blue), and noforcing (orange), compared to planktic 𝛿

18Oc data from two foraminifera
species: Neogloboquadrina pachyderma (N. pach.) and Globigerina bulloides (G. bull.), from MD95-2010 (Dokken &
Jansen, 1999), ENAM93-21 (Rasmussen et al., 1996), and JPC-13 (Hodell et al., 2010). The solid circles in black
represent the age tie points of JPC-13 (Appendix A). 𝛿18Oc stacks are shown for each species.

as large as the drop simulated in MWPfwNA, it suggests a sole NH meltwater source only leads to a small
𝛿

18Oc decrease in the South Pacific. If the MWP-1A signal could be better isolated in the proxy record, the
magnitude of 𝛿18Oc decrease could theoretically clearly identify a potential southern hemispheric meltwater
source contribution.

4.3. North Atlantic Ocean
Simulated changes at two different locations in the North Atlantic (62.1◦N, 1.8◦W and 53.1◦N, 34.2◦W)
are compared with sediment records in Figure 5. As expected, the largest surface 𝛿

18Ow decrease (of up
to 3.5‰) is simulated in the experiment with sole northern hemispheric meltwater forcing (MWPfwNA).
In all simulations, an abrupt warming is simulated over Greenland and the North Atlantic during the BA
due to the AMOC resumption following H1. The simulated peak warming occurs at 14.65 ka BP, which is
potentially 100 to 200 years earlier than estimated from Greenland ice core records (Buizert et al., 2014), but
within dating uncertainties. As NADW weakens in all simulations at the beginning of MWP-1A (Figure 1),
a rather abrupt North Atlantic SST decrease is simulated. This cooling is more pronounced for simulations
forced with freshwater in the North Atlantic (MWPfwNA and MWPfwC1), than in the control simulation
and MWPfwSO. Even though this local cooling contributes to an increase in 𝛿

18Oc, the decrease in 𝛿
18Ow

due to the addition of 18O-depleted meltwater dominates the signal in all simulations.

Simulated and 𝛿
18Oc records in the North Atlantic largely agree before 15 ka BP (not shown), but they

diverge starting from ∼15 ka BP as a decrease in 𝛿
18Oc is not simulated in the model between 15 and 14.7 ka

BP (Figure 5a). This could imply a mismatch of MWP-1A timing of ∼300 years. While the planktic 𝛿
18Oc

record of ENAM93-21 (Rasmussen et al., 1996) and JPC-13 (G. bulloides) (Hodell et al., 2010) do briefly show
a drop of up to 1.5‰ in 𝛿

18Oc (Figures 5a and 5b), the magnitude is much less than the drop simulated in

YEUNG ET AL. 2039
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Figure 6. Time series of simulated surface 𝛿
18Oc (a), SST (b), and 𝛿

18Ow (c) anomalies (reference point taken at 18 ka
BP) at the Iberian Margin for experiments MWPfwNA (green), MWPfwSO (purple), MWPfwC1 (blue), and noforcing
(orange), compared to planktic 𝛿

18Oc data from Globigerina bulloides (G. bull.), from MD95-2040 (Voelker & de Abreu,
2013), MD95-2042 (Shackleton et al., 2000), MD99-2334 (Skinner et al., 2003), MD99-2339 (Voelker et al., 2006), and
MD01-2444 (Hodell et al., 2013). Solid symbols in black represent the age tie points of corresponding records
(Appendix A). SST paleoproxy records from MD95-2040, MD95-2042 (Pailler & Bard, 2002), and MD01-2444 (Martrat
et al., 2007) are shown. 𝛿18Oc and SST stacks are generated from these cores and used to derive a 𝛿

18Ow signal.

MWPfwNA (green). As such, a case where significant southern meltwater is involved fits better with the
paleoproxy records here.

4.4. Iberian Margin
The simulated time series of 𝛿18Ow and planktic 𝛿

18Oc off the Iberian Margin (36.9◦N, 9◦W; Figure 6) are
similar to those of the North Atlantic during MWP-1A (Figure 5). In simulations with northern hemispheric
freshwater forcing, the NADW weakening leads to a SST decrease of ∼3 ◦C (MWPfwNA and MWPfwC1).
For simulations without meltwater forcing in the North Atlantic (noforcing and MWPfwSO), SSTs off the
Iberian Margin do not experience a sharp drop during MWP-1A as was seen in the North Atlantic locations,
implying that southern-originated meltwater forcing does not significantly affect SSTs at the Iberian Margin
in our model (Figure 2f), in relative agreement with proxy records which do not show a significant cooling at
this time. The greatest decrease in SST records shown in Figure 6b is ∼1.5 ◦C, which is half of the decrease as
simulated in MWPfwNA. Planktic 𝛿18Oc records from the Iberian Margin show a coherent trend (Figure 6a).
They decrease by an average of 0.7‰ during the period from 15 to 14.3 ka BP, compared to a simulated
reduction of over 2‰ in MWPfwNA and 0.5‰ and 1.5‰ in MWPfwSO and MWPfwC1, respectively, within
350 years. Similar to North Atlantic, simulated and planktic 𝛿

18Oc records at the Iberian Margin generally
agree before 15 ka BP (not shown), but there is a divergence afterward, possibly due to an earlier MWP-1A
than simulated. Even when accounting for dating uncertainties, this is a strong indication that the decrease
in 𝛿

18Ow and SST is overestimated in our simulation with sole northern hemispheric freshwater forcing.

YEUNG ET AL. 2040
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Comparison of simulated changes in 𝛿
18Oc with existing planktic 𝛿18Oc records indicates that our simulated

sole North American/ Eurasian meltwater source for MWP-1A is inconsistent with the available marine
sediment data. Best agreement between the paleoproxy records and simulations are obtained for experiment
MWPfwC1, which was forced with meltwater input into both the North Atlantic and Southern Ocean; while
a sole southern source (MWPfwSO) cannot be ruled out.

5. Discussion
As meltwater from disintegrating continental ice sheets enters the ocean, it impacts the oxygen isotopic
composition of the surrounding waters (Bagniewski et al., 2015) but also the large-scale oceanic circulation
(Rahmstorf, 2002) and thus oceanic and atmospheric temperature and carbon reservoirs (Marcott et al.,
2014). MWP-1A is a particularly important period of the last deglaciation, as sea levels rose by 8.6 to 18 m
within a few centuries (Deschamps et al., 2012; Liu et al., 2016). However, the origin of the meltwater that
was discharged during MWP-1A is still debated (Golledge et al., 2014; Gregoire et al., 2012; Gregoire et al.,
2016; Ivanovic et al., 2018; Weber et al., 2014).

Ivanovic et al. (2018) recently suggested that the effects of a meltwater pulse into the North Atlantic would
dominate the climatic response during MWP-1A, even if meltwater originating from Antarctic ice sheets
would be twice its magnitude, thus making it difficult to detect a potential southern contribution by simply
examining surface temperature change. Similar to Ivanovic et al. (2018) and other previous studies (Menviel
et al., 2010; Swingedouw et al., 2009), our results suggest that a meltwater pulse into the Southern Ocean
induces climatic changes that are often restricted to the southern hemisphere. This contrasts with North
Atlantic meltwater pulses that have far-reaching climatic impacts (Kageyama et al., 2013; Stouffer et al.,
2006). However, given that continental ice sheets have a significantly lower 𝛿

18O content than seawater,
changes in 𝛿

18Ow can provide new insights into the origin of MWP-1A.

Here, we have investigated the temperature, 𝛿18Ow, and 𝛿
18Oc changes induced by meltwater pulses entering

the North Atlantic, the Southern Ocean, and both combined and compared our results with marine sedi-
ment records. The amplitude of changes in surface 𝛿

18Ow is closely linked to the proximity of the region of
freshwater forcing: A North Atlantic meltwater pulse induces a significant 𝛿18Ow decrease at the surface of
the North Atlantic, and a meltwater pulse originating from the Antarctic ice sheets induces a 𝛿18Ow decrease
at the surface of the Southern Ocean. Even though a surface cooling is also simulated in the regions sur-
rounding the freshwater forcing area, thus locally increasing 𝛿

18Oc, the 𝛿
18Ow signal generally dominates

the total response of 𝛿18Oc in our simulations leading to a local overall decrease.

The comparison of our model simulations with planktic 𝛿
18Oc records from the North Atlantic (Figure 5)

and Iberian Margin (Figure 6) suggests that most of the meltwater responsible for MWP-1A must have orig-
inated from Antarctic ice sheets. The planktic 𝛿18Oc records from the North Atlantic and Iberian Margin are
fairly consistent over the period 15 to 13.5 ka BP, with stacks showing negative excursions of ∼1‰. How-
ever, the simulated decrease in MWPfwNA is over twice as large and occurs over a much shorter period of
time compared to 𝛿

18Oc records. The drop in SST at the Iberian Margin in MWPfwNA (Figure 6) is also over-
estimated when compared to the brief decreases shown in SST reconstructions at 14.6 ka BP. In contrast,
𝛿

18Oc records in the North Atlantic and at the Iberian Margin, and the derived 𝛿
18Ow trend at the Iberian

Margin fits much better with simulated scenarios where most of the meltwater originates from Antarctica
(MWPfwSO and MWPfwC1).

Comparisons to the South Pacific records (Figure 4) support a potential southern meltwater source, while
comparisons to the South Atlantic records (Figure 3) are relatively less conclusive. Though displaying con-
siderable variability, planktic 𝛿18Oc data in the South Atlantic and South Pacific record an overall decreasing
trend between 15 and 13.5 ka BP. In addition, some records do indicate fairly large (∼0.6‰) and rapid 𝛿

18Oc
decreases between 14.6 and 14 ka BP, in agreement with a meltwater pulse into the Southern Ocean. How-
ever, the derived 𝛿

18Ow signal from 𝛿
18Oc records and SST reconstructions suggests the simulated 𝛿

18Ow
decrease in a southern-meltwater-only scenario (MWPfwSO) might be overestimated and points toward a
scenario where at least some meltwater originated from northern hemispheric ice sheets. Another possibil-
ity is that meltwater originating from the Antarctic ice sheet was added over a longer period of time than
simulated here.

YEUNG ET AL. 2041
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Simulation MWPfwC1 mimics a scenario during which an equivalent of ∼5 m sea level rise was added to the
North Atlantic and an equivalent of ∼9 m sea level rise to the Southern Ocean. In our experimental design,
the freshwater forcing into the Southern Ocean was set to be greater than the North Atlantic contribution for
two reasons: (i) to moderate the amplitude and slowdown the rate of NADW weakening (as opposed to the
rapid shutdown simulated in MWPfwNA) and (ii) to obtain a clear 𝛿18Ow signal in the Southern Hemisphere.

Our model-data comparison in the North Atlantic supports a 0 to ∼5 m s.l.e. contribution from the north-
ern hemispheric ice sheet into the North Atlantic during MWP-1A, in agreement with previous ice sheet
modeling studies, which suggest a 3 to 6 m contribution from the North American ice sheet (Gregoire et al.,
2016). The Southern Ocean model-data comparison cannot provide quantitative estimates of the Antarctic
ice sheet contribution but leans toward a scenario with a substantial contribution, of possibly 9 m or more.

In this study we did not assess a potential meltwater input into the Arctic, the Gulf of Mexico, or the North
Pacific, even though there is some evidence of meltwater discharge into these regions. For example, paleo-
proxy records from the Gulf of Mexico have highlighted a significant 𝛿18O decrease surrounding the time of
MWP-1A, thus suggesting that meltwater from the Laurentide ice sheet could have been routed toward the
Gulf of Mexico instead of the North Altantic (Flower et al., 2004; Vetter et al., 2017). Planktic 𝛿18Oc records
from the Gulf of Alaska and the northwest Pacific also indicate meltwater addition during the broad period
of MWP-1A (Davies et al., 2011; Gorbarenko et al., 2019). Finally, meltwater input into the Arctic cannot be
ruled out either (Poore et al., 1999).

While only a few records suggest a sharp 𝛿
18Oc drop as seen in our simulations during the ∼400 years of

MWP-1A, the longer-term changes in the Southern Hemisphere are usually underestimated in our simula-
tions, suggesting a continuous meltwater input over the period 14.6 to 13 ka BP. This model-data comparison
thus indicates either that (i) the model is too sensitive to the meltwater input on centennial timescales; (ii)
the paleoproxy records do not have the necessary resolution due to sedimentation rates or sampling inter-
val to record the sharp change occurring during MWP-1A; (iii) the paleoproxy records are influenced by
bioturbation or aliasing, such that if MWP-1A did produce a dramatic change in 𝛿

18Ow or SST, the 𝛿
18Oc

record would have a less pronounced signal; (iv) meltwater was added to other regions, such as the Arctic
(Poore et al., 1999), the Gulf of Mexico (Flower et al., 2004; Vetter et al., 2017), or the North Pacific; or (v)
that meltwater was added over a longer time period.

The data-model comparison part of this study was limited by the number, resolution, and chronology of
planktic 𝛿

18Oc records available. Additional high-resolution records over the period of MWP-1A would be
very valuable to improve our understanding of this important episode of fast sea level rise. Due to the general
lack of carbonate sediments in the Southern Ocean, potential regions of interest include the midsouthern
latitudes and the North Atlantic.

6. Conclusion
A suite of transient simulations of the last deglaciation was conducted with an oxygen-isotope enabled
climate model to constrain the origin of the meltwater leading to the sea level rise during MWP-1A
(∼14.6–14.3 ka BP). Three meltwater scenarios were investigated: a sole northern hemispheric contribution
added into the North Atlantic, a sole Antarctic contribution added into the Southern Ocean, and a combined
contribution from the Laurentide and/or Eurasian ice sheets and Antarctic ice sheets. All scenarios lead to
a significant weakening of NADW and AABW formation, thus impacting ocean temperatures. Simulated
changes in oceanic seawater and calcite 𝛿

18O (𝛿18Ow and 𝛿
18Oc) were compared to a number of planktic

𝛿
18Oc records from the South Atlantic, South Pacific, North Atlantic Oceans, and Iberian Margin.

The experiment with a sole northern source during MWP-1A is the least consistent with the paleoproxy data
considered here. A combined source suggesting a disintegration of both the north hemispheric ice sheets
and Antarctic ice sheets offers a better match, which is in broad agreement with recent studies suggesting a
major Northern Hemisphere (Gregoire et al., 2016) and a moderate Antarctic origin (Golledge et al., 2014;
Weber et al., 2014) of MWP-1A. A scenario with a sole southern source cannot be ruled out. Our experiments
did not test other source regions and therefore do not exclude scenarios with meltwater input to the Arctic,
the Gulf of Mexico, or the North Pacific. This study points to the need of additional high-resolution planktic
𝛿

18Oc and SST records particularly in the Southern Ocean.

YEUNG ET AL. 2042
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Appendix A : Details of Planktic 𝜹
18Oc and SST Records

Details the location, age model and reference of the d18Oc and SST records used in this study.
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