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11

During the last deglaciation, sea levels rose as ice sheets retreated. This climate

12

transition was punctuated by periods of more intense melting; the largest and most rapid

13

of these – Meltwater Pulse 1A – occurred about 14,500 years ago, with rates of sea level

14

rise reaching approximately 4 m per century1-3. Such rates of rise suggest ice-sheet

15

instability, but the meltwater sources are poorly constrained, thus limiting our

16

understanding of the causes and impacts of the event4-7. In particular, geophysical

17

modelling studies constrained by tropical sea-level records1,8,9 suggest an Antarctic

18

contribution of more than seven meters, whereas most reconstructions from Antarctica

19

indicate no substantial change in ice-sheet volume around the time of Meltwater Pulse

20

1A10. Here we use a glacial isostatic adjustment model to reinterpret tropical sea level

21

reconstructions from Barbados2, the Sunda Shelf3 and Tahiti1. According to our results,

22

global mean sea level rise during Meltwater Pulse 1A was between 8.6 and 14.6 metres

23

(95% probability). As for the melt partitioning, we find an allowable contribution from

24

Antarctica of either 4.1 to 10.0 m or 0 to 6.9 m (95% probability), using two recent
1

1

estimates11,12 of the contribution from the North American ice sheets. We conclude that a

2

significant contribution of melt from the Antarctic ice sheets is not necessarily required to

3

explain the documented sea level rise during Meltwater Pulse 1A.

4

Using a glacial isostatic adjustment (GIA) sea-level model (see Methods), global sea-

5

level changes for a wide range of ice histories were calculated and then compared to palaeo-sea

6

level reconstructions (based on sedimentary and geomorphological indicators, such as corals and

7

mangroves, including their uncertainties) to assess whether a given Meltwater Pulse 1A (MWP-

8

1A) source scenario is compatible with the field constraints. We focused on modelling the

9

relative sea level (rsl) change across MWP-1A in order to reduce the sensitivity of the analysis to

10

mantle viscosity structure, which is not precisely known. A primary limitation of this approach

11

is that there are only three far-field sites (locations in low latitudes distant from ice sheets) where

12

sea-level records constrain the amplitude of MWP-1A: Barbados, Sunda Shelf, and Tahiti.

13

Within this limited data framework, a key aim of this study is to quantify the possible MWP-1A

14

source constraints via a sea-level fingerprinting8,13 analysis when both data and model

15

uncertainty are taken into consideration.

16

MWP-1A was first identified at Barbados from reef framework-forming corals with

17

species-dependent depth ranges14,15,16. By assuming that the coral growth could keep pace with

18

sea level during periods of rapid sea-level rise, previous work2 estimated that MWP-1A occurred

19

between 14.2 ka and 13.5 ka and had a rsl amplitude of 14 -24 m. However, dated samples of the

20

shallow-water coral species (Acropora palmata) prior to 14.2 ka suggest that this interpretation

21

may be incorrect: specifically, the rate of sea-level rise had already increased prior to 14.2 ka

22

(ref. 11) and the shallow-water corals were already in the process of drowning due to rapid rates

23

of sea-level rise7,17. A recent study of coral records from Tahiti supports the latter interpretation

2

1

by constraining MWP-1A to have occurred within the period 14.65-14.31 ka (ref. 1), thus

2

defining a maximum duration of 340 years for the event. Adopting 14.31 ka as the end of MWP-

3

1A, Deschamps et al.1 estimated the Barbados MWP-1A amplitude to be ~15 m (Fig. 1). In this

4

study, we extended this reappraisal by considering the depth and age uncertainties of the

5

Barbados coral record, and arrived at a MWP-1A amplitude range of 9.7-33.6 m at this location

6

(Fig. 1 and caption). The maximum estimate is large and could likely be reduced via a more

7

sophisticated approach that considers additional information, such as reef morphology and

8

stratigraphy; however, this is beyond the scope of this study. Furthermore, we note that the

9

upper bound at this site does not play an important role in our final results (see below).

10

The Sunda Shelf record3 is defined by rooted mangrove trees, which, like corals, grow in

11

a specific elevation range relative to mean sea level. Fossil mangrove roots were recovered from

12

sediment cores distributed over a relatively large area of the shelf (Fig. 2a). Assuming that all the

13

core sites reflect the same sea-level history suggests that MWP-1A had a rsl amplitude of 12-20

14

m and occurred at the same time as it did in Tahiti1,3 (Fig. 2b). There is, however, a considerable

15

sea-level gradient across the region due to water loading associated with flooding of the shelf18

16

(Fig. 2a); this gradient influences the estimated MWP-1A amplitude since the core locations are

17

widely separated. Using the GIA sea-level model introduced above with two alternative ice

18

models and 162 combinations of earth-model parameters, we translated the Sunda Shelf

19

observations to their equivalent values at a single location, site 18300 (Fig. 2a, black star; see

20

Methods). The model results indicate that this translation leads to a 2 to 4 m correction in rsl at

21

sites where samples define the beginning (Fig. 2a, blue dot) and end (Fig. 2a, red dot) of MWP-

22

1A. Correcting for the spatial sea-level gradient yields a MWP-1A amplitude of 7.5 to 17.3 m

23

(Fig. 2c), which is significantly reduced compared to the original interpretation3 (Fig. 2b).

3

1

The final observations we consider are from Tahiti, which, as described earlier, are from

2

a well-dated high-resolution coral record1. A large number of cores were drilled, resulting in a

3

local sea-level record that agrees with a heterogeneous reef-accretion model20 and indicates a

4

local MWP-1A amplitude of 12 to 22 m (ref. 1).

5

We applied the sea-level fingerprinting technique within a Bayesian statistical framework

6

to assess the likelihood of different MWP-1A source geometries (see Methods). Nine spatial

7

functions were defined to represent ice thickness changes across MWP-1A. Elastic-Earth sea-

8

level fingerprints were computed for each of these and then combined using different weighting

9

coefficients to test a large number of source scenarios (order 10,000) to satisfy statistical

10

requirements. The contribution of viscous Earth deformation due to ice-ocean loading and

11

rotational changes prior to MWP-1A was included via a model-correction to the observed MWP-

12

1A amplitudes described above (Supp. Table 1).

13

The nine spatial functions are based on deglaciation models of the Antarctic ice sheets

14

(AIS)21,22,23, North American ice sheets (NAIS)12,24,25, Fennoscandian ice sheet (FIS)26, and

15

Greenland ice sheet (GIS)27. Since the focus of this analysis is the AIS and NAIS, we

16

decomposed these ice complexes into several spatial functions, which are based on common

17

elements from different deglaciation models and so are relatively robust. The Antarctic

18

contribution to MWP-1A is defined using four spatial functions, corresponding to Wilkes Land,

19

the Weddell Sea, the Ross Sea, and the Antarctic Peninsula (Supp. Fig. 2). The North American

20

contribution is defined using three spatial functions based on recent modelling results for this ice

21

complex11,24,25 (Supplementary Fig. 3a-c). A single spatial function is defined for each of the FIS

22

and GIS, since the contribution of these ice sheets to MWP-1A was relatively minor and is less

4

1

debated11. Their spatial functions are taken directly from recent reconstructions26,27 across the

2

appropriate time window (Supplementary Fig. 3d,e).

3

For each spatial function except that of the NAIS saddle-collapse (Supp. Fig. 3c), the

4

prior probability distribution of melt amplitude was taken as uniformly distributed between zero

5

and twice the maximum melt contribution suggested in the source literature (Supplementary

6

Table 3). For the saddle-collapse scenario, the upper bound of the amplitude prior was set equal

7

to the estimated MWP-1A amplitude (15 m sea-level equivalent (sle))1. The contributions from

8

the AIS as a whole, the NAIS as a whole, and the FIS and GIS were treated as uncorrelated.

9

Contributions from individual components of the AIS and of the NAIS were treated as

10
11

uncorrelated prior to conditioning upon the total AIS or NAIS contribution.
We randomly sampled 40,000 individual MWP-1A source scenarios from the prior

12

probability distribution (Supp. Table 3 and Supp. Figs 4 & 5). The likelihood of each scenario

13

was then determined by comparing the calculated rsl rise to the model-corrected observations

14

(Supp. Tables 1 & 2). Figure 3 shows the joint posterior probability distribution for the NAIS

15

and AIS contributions when the original (Fig. 3a) and our revised (Fig. 3b) estimates of MWP-

16

1A amplitude at Barbados and Sunda Shelf are adopted (the Tahiti amplitude range is the same

17

in each case, 12-22.4 m (model corrected range from ref. 1)). As expected, the NAIS and AIS

18

contributions are negatively correlated: as the contribution from one increases, less mass is

19

required from the other. Posterior contribution estimates (95% probability) for the FIS and GIS

20

are 0 to 2 m and 0 to 0.4 m sle, respectively (Table 1). These values are similar to the prior

21

ranges (0-2.2 m and 0-0.4 m sle), indicating that the far-field data considered do not provide

22

useful constraints on the contribution of these ice sheets to MWP-1A.

5

1

Two recent studies11,12 considered near-field evidence to constrain the NAIS MWP-1A

2

contribution to either 2.8–3.7 m or 6.4–9.0 m sle (solid11 and dashed-dotted12 black boxes in Fig.

3

3a,c; the values provided in these studies, 6.7–8.7 over 800 years (ref. 11) and 9.4–13.2 m over

4

500 years (ref. 12), were scaled linearly to determine amplitudes for the 340-year interval from

5

Tahiti1). These estimates are based on both field and model constraints but apply different

6

approaches to arrive at the ranges given. Rather than argue for the veracity of one over the other,

7

we consider each to be equally plausible.

8
9

Jointly conditioning the prior probability distribution upon these alternative near-field
constraints and the model-corrected MWP-1A original amplitudes inferred at Barbados2 and

10

Sunda Shelf3, as well as the more recent Tahiti constraint1, indicates a 95% credible AIS

11

contribution of either 5.9–10.1 m (ref. 11) or 2.1–9.1 m (ref. 12) sle (magenta curves in Fig. 3a),

12

corresponding to a global mean sea-level rise of 11.2-16.1 m or 11.8-16.7 m, respectively. In

13

comparison, using our revised far-field estimates leads to plausible MWP-1A source scenarios

14

(Fig. 3b) with AIS contributions of 4.1–10.0 m (ref. 11) or 0–6.9 m (ref. 12) sle, and an

15

estimated global mean sea-level rise of 9.3–14.6 m or 8.6-14.4 m sle, respectively (see Table 1

16

for a summary of results).

17

A recent fingerprinting analysis28 to evaluate the plausibility of a large (~10 m) NAIS

18

contribution to MWP-1A via a saddle collapse between the Cordilleran and Laurentide ice sheets

19

demonstrated that the far-field constraints (different to those considered here for Barbados and

20

Tahiti) are compatible with such a scenario. This study also concluded that the observations do

21

not exclude the case of a dominant AIS contribution. The results in Fig. 3c are consistent with

22

the results of ref. 28.
6

1

The 95% credible estimates of the local MWP-1A rsl amplitudes are 9.1-16.3 m at

2

Barbados, 11.7-17.9 m at Sunda Shelf, and 12.5-19.0 m at Tahiti (red and yellow ranges in Fig.

3

3c). The results in Fig. 3c indicate that the observed lower bound on MWP-1A amplitude at

4

Barbados and Tahiti and upper bound at Sunda Shelf provide the primary constraints on the

5

possible solution space. Therefore, new evidence from these locations that improve upon the

6

observational precision of these specific aspects of the local MWP-1A amplitude would reduce

7

the posterior uncertainties. As an example, increasing the value of the lower bound at Barbados

8

leads to estimates with a larger AIS contribution (Supp. Fig. 6). Note, however, that a relatively

9

large change in this value is required to markedly influence the results.

10

Our analysis conclusively demonstrates that, when data and model uncertainties are

11

carefully accounted for, the presently available far-field rsl reconstructions do not provide tightly

12

bounded constraints on MWP-1A partitioning: specifically, the 95% credible AIS contribution to

13

MWP-1A is 0–10.0 m sle when recent estimates of the NAIS contribution are considered11,12.

14

Accordingly, our reassessment indicates that a significant AIS contribution may not be required,

15

thus potentially reconciling the apparent inconsistency between near-field10 and far-field

16

evidence. At the same time, however, our results suggest that a dominant AIS contribution

17

remains equally plausible. We note that any future improvements on the total NAIS contribution

18

can be directly applied to our AIS-NAIS partitioning diagram (Fig. 3c) and anticipate that the

19

approach taken here will provide the means to further constrain the source regions of MWP-1A

20

as more geological evidence becomes available. At present, uncertainty in the source distribution

21

of MWP-1A remains a primary limitation in our understanding of the causes and consequences

22

of this extreme event.

23
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Figure and Table Legends
Figure 1 Illustration of method used to estimate MWP-1A amplitude at Barbados using
age and depth information from coral samples. Horizontal bars denote age uncertainties and
hard lower bounds. Vertical bars denote depth uncertainties. Purple points are from site 9,
orange from Site 12, and black from site 15 of Peltier and Fairbanks2. Grey box denotes MWP1A timing based on the Tahitian record of Deschamps et al1. A maximum MWP-1A sea-level
change is set by lowest slope that is consistent with the observations within uncertainty of sea
level after MWP-1A(blue dotted line), and a minimum sea-level change is set by the steepest
consistent slope (red dotted line). Since the first two sample observations plotted (black and leftmost purple index points) are the same age within uncertainty, we took the overlapping depth
range and total combined age range for these two index points to define our earliest data
constraint and extrapolated back to 14.65 ka, the earliest that MWP-1A could have begun1, to
get the starting depth of MWP-1A. The solid blue and red lines show how the MWP-1A
amplitudes were determined from extrapolation. Thick blue and red bars denote the
corresponding estimates of maximum and minimum MWP-1A amplitudes. The solid green line
indicates the result of Deschamps et al.1, who did not consider data uncertainty and extrapolated
back in time to the first index point shown, rather than 14.65 ka as we have done. The thick
green bar shows the MWP-1A amplitude estimated by Deschamps et al.1
Figure 2 Relative sea level reconstructions for the Sunda Shelf and model estimate of
sea-level gradient across this region at the time of MWP-1A. (a) Sea-level contour lines
across Sunda Shelf are the mean of a model ensemble (see Methods). Black star denotes site
18300, to which all other sites are reduced; cyan dot marks site 18299, blue 18301, magenta
18302, purple 18307, red 18308, green 18309, and tan 18310 from the Hanebuth et al3 study.
(b) and (c) show relative sea-level constraints at Sunda Shelf before and after the spatial
correction is made, with colours corresponding to different core sites as defined in (a) and
yellow stars marking in-situ samples. Horizontal bars mark age uncertainty. Vertical bars mark
depth uncertainty, which includes GIA model uncertainty in (c). Blue and red bars depict the
maximum and minimum local MWP-1A amplitude. Grey box denotes MWP-1A timing1.
Figure 3 Posterior distribution of NAIS and AIS sea-level contributions conditioned on
far-field rsl reconstructions. Results for previously-published far-field MWP-1A amplitude
estimates1,2,3 (a) and for our revised amplitude estimates (c), with solution density indicated by
the color scale. The magenta contour indicates the central 95% credible range. The black
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outlines indicate two recent estimates of the NAIS contribution to MWP-1A based on near-field
evidence: 2.8-3.7 m sle (solid line; ref. 11) and 6.4-9.0 m sle (dashed-dotted line; ref. 12). In (b)
and (d), the thin vertical bars denote the MWP-1A amplitudes and uncertainties at each of farfield sites corresponding to (a) and (c), respectively, while the colored bars show the local
MWP-1A amplitudes produced by scenarios that satisfy all far-field constraints. Cyan, yellow,
and red bars show the 99%, 95%, and 67% credible intervals, respectively. Note that the
model-corrected upper bound of MWP-1A amplitude at Barbados (33.6 m) is not visible.

Table 1 Posterior estimates on MWP-1A source partitioning. Quoted results are 95% credible
intervals. Ice volumes given as metres of sea-level equivalent calculated using the present-day
ocean area.

Methods
Sea-Level Model
The glacial isostatic adjustment (GIA) model adopted in this study computes sea-level changes
due to solid Earth deformation and gravity changes associated with the redistribution of ice and
water on the Earth’s surface29-31. In addition to the ice-ocean loading, the model also includes the
influence of changes in Earth rotation due to GIA32-34 as this can contribute significantly to the
sea-level response, particularly during rapid and large events such as Meltwater Pulse 1A
(MWP-1A)8,28,35.
The two primary inputs to the model are a space-time reconstruction of grounded ice thickness
and a model of Earth sub-surface density and rheology structure. Different ice models are
applied in this study and they are defined and described where appropriate. The adopted Earth
model is spherically symmetric and so includes only changes in parameters with depth. The
elastic and density depth profiles are taken from a seismic model36 and are defined with a depth
resolution of 5-25 km. These profiles were not varied in this analysis. The viscous structure is
less precisely known and so a large range of parameters were considered (details below where
appropriate). Given the relatively large uncertainty in this model aspect, the depth
parameterisation of the viscosity profile was considerably lower resolution compared to that for
the elastic and density changes. Following a number of previous GIA analyses, we define an
outer shell with very high viscosity (1043 Pas) to simulate an elastic lithosphere; the thickness of
this outer shell is varied in the modelling. We define an “upper mantle” region from the base of
the model lithosphere to 670 km depth and a “lower mantle” region from 670 km to the CoreMantle boundary. Viscosity is defined to be uniform in these two regions.
Determining MWP-1A Amplitude From the Sunda Shelf Sea-Level Reconstructions
Given the relatively large spatial spread in the locations where relative sea level (rsl) was
reconstructed on the Sunda Shelf, it is necessary to reduce the observations to a single locality in
order to accurately determine the local MWP-1A amplitude. We applied the model described in
Section 1 for this purpose and computed rsl in the region for a total of 324 parameter sets
11
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comprising two ice models (ICE5G37 and that of Bassett et al9) and 162 Earth viscosity models
(lithosphere thickness of 71, 96, and 120 km; upper mantle viscosity of 0.1, 0.2, 0.3, 0.5, 0.8, and
1 x 1021 Pas; and lower mantle viscosity of 1, 2, 3, 5, 8, 10, 20, 30, and 50 x 1021 Pas). We used
the mean difference between the sea-level at each core location and that at core site 18300 to
define a spatial correction for each rsl data point, calibrated with IntCal1338, around the MWP1A period (Fig 2a, main text). The uncertainty in the model correction was taken to be the spread
in results produced by the parameter ranges defined above. By reducing the rsl index points to a
single location (core site 18300: 4.3630° N, 108.6536° E), we found a revised MWP-1A
amplitude of 7.5 to 17.3 m, compared with 12 to 20 m for the uncorrected data.
We are confident that the range in model parameters considered provides a conservative estimate
of the model uncertainty in the spatial correction applied. Given that the primary contributor to
the spatial rsl gradient in this region is ocean loading, the sensitivity of the results to the ice
history is largely through the time variation in the global ice volume (or sea level equivalent, sle)
rather than differences in the spatial distribution of ice through time. Both of the ice models
adopted have been calibrated to fit far-field RSL observations for considerably different Earth
viscosity models, leading to significant differences in their respective sle curves9,37 Furthermore,
the two models are based on contrasting source scenarios for MWP-1A (one37 solely northern
and the other9 dominantly southern). Therefore, we believe that these two models likely bound
the uncertainty associated with the aspect of the ice model that influences the modelled ocean
loading. With regard to the Earth model viscosity structure, the parameter ranges adopted likely
overestimate the uncertainty in this model input.

Contribution of viscous Earth deformation to the sea-level fingerprints
Spatial patterns of rsl change associated with melting bodies of land ice are governed by the
geographic distribution of ice and the associated deformational response of the solid Earth39.
Over relatively short timescales (a few centuries), the contribution of viscous Earth deformation
to the pattern of rsl change is relatively small compared to changes over longer time periods
(multi-millennial to deglacial) that have been more commonly considered in GIA modelling
studies. Thus, a primary benefit of short-time-scale problems such as MWP-1A is that sensitivity
to Earth viscosity is relatively low8,28 and so the considerable uncertainty in this model parameter
is less influential on the results. However, viscous deformation can contribute as much as a metre
or so to the computed sea-level fingerprints8,28 and so we consider its impact by estimating and
then removing it from the far-field rsl constraints of local MWP-1A amplitude.
There are two components of viscous solid Earth deformation that contribute to the spatial
pattern (or fingerprint) of rsl change during MWP-1A: that associated with ice-ocean loading
and rotational changes prior to the event and that due to these changes during the event. We
consider only the former as computing the viscous deformation associated with the large number
of source scenarios (10s of thousands) required to ensure our results were statistically robust is
computationally prohibitive.
The magnitude of the pre-MWP-1A viscous “overprint” depends on a number of factors,
including the amplitude and timing of the loading and rotational changes prior to MWP-1A, the
12
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viscosity structure of the Earth and the duration of MWP-1A28 (the longer the duration, the larger
the viscous contribution will be). We computed the viscous response due to loading before
MWP-1A at all three sites using the suite of ice and Earth model parameters described in Section
2 (324 model runs in total) by running the full time history of the ice model: from the end of the
last interglacial up to 14.5 ka. The model was then run for an additional time step of 500 years
with no further loading or rotational changes to determine the viscous contribution over the
period 14.5 to 14.0 ka. Given that the viscous signal is approximately linear over this period28,
we scaled the results to be representative of a 340 year interval as adopted elsewhere in this
analysis. Our results (Supplementary Fig. 1), agree in sign and are similar in amplitude to those
in ref. 28 (see their Fig. 3). However, since we neglected the viscous deformation during MWP1A, the mean of our model spread is less than the values presented in ref. 28.
The pre-MWP-1A viscous signal shown in Supplementary Fig. 1 was incorporated into our final
results (Fig. 3, main text) by considering the full range of the model spread. The model spread
was combined directly to the observed values in order to produce a conservative estimate of the
uncertainty associated with the pre-MWP-1A viscous contribution. The raw and model-corrected
MWP-1A amplitudes are given in Supplementary Table 1. To test the impact of pre-MWP-1A
viscous deformation on our final results, we computed the posterior probability estimates without
applying this model correction (i.e. ignoring all viscous effects) (Supplementary Table 2). The
results show that the estimated AIS contribution is affected but those for the FIS and GIS are not.
The differences in the AIS 95%-credible ranges, with and without the viscous correction, are
relatively small and depend on the adopted range for the NAIS contribution.
Melt source geometries
To compute rsl fingerprints associated with ice sheet changes during MWP-1A, it is necessary to
define the melt source geometries to be tested. As described in the main text, we did this by
specifying nine spatial functions identified from a number of recent ice model reconstructions.
For Antarctica and North America, specific source regions within these ice complexes were
defined (Supplementary Figs 2 & 3a-c, respectively). For these regions, more than one model
reconstruction was considered (see main text) so as to determine source regions that are
compatible with multiple studies and thus more robust. In contrast, the melt distributions for
Fennoscandia and Greenland were taken directly from single studies (see main text;
Supplementary Fig. 3d,e) given that their contribution to MWP-1A is relatively minor and less
debated11.
We note that the spatial functions defined in Supplementary Figs 2 & 3 have relatively crude
spatial fidelity as they were not intended to accurately define the changes in ice distribution
during MWP-1A. Rather, they were intended only to provide an approximate representation of
these changes for each region. While our final results (Fig. 3, main text) indicate that the far-field
rsl constraints show a clear sensitivity to the partitioning of mass loss between the Antarctic and
North American ice sheets, their sensitivity to the partitioning of mass loss within these regions
is much less pronounced, particularly for Antarctica. Therefore, we believe that the spatial
fidelity of the AIS and NAIS source functions is more than adequate given the limited
geographic distribution and precision of the rsl data considered.
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The nine functions defining ice changes during MWP-1A were used as input to the GIA sealevel model to compute the rsl rise at each of the three far-field sites for the case of an elastic
Earth rheology. The computed rise at each site was normalised by the volume of ice loss (in
metres sle) to define a “fingerprint” for each melt source.
Statistical Methodology
We quantify the Bayesian probability of different alternative source region contributions to
MWP-1A. If H is a particular set of ice sheet contributions, F the far-field observational
constraints, and N the near-field observational constraints, then by Bayes’ theorem,

11

P(H|F,N) ~ P(F,N|H) P(H)

(1)
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To estimate the posterior probability distribution P(H|F,N), we took 40,000 maximin Latin
hypercube samples from the prior probability distribution P(H), which is described below, and
weight each sample by its likelihood, P(F,N|H). We assume that the far-field observations have
uniform likelihoods in terms of rsl (which is a linear transformation of H, generated using the
spatial functions described above). In particular, we assume that Barbados, Sunda Shelf and
Tahiti have likelihoods that are, respectively, uniform between 9.0-33.6 m, 7.5–17.9 m, and
12.0–22.4 m rsl (Supplementary Table 1). We further assume that the near-field observations
have uniform likelihoods in terms of ice volume; thus, they serve simply to truncate the posterior
distribution calculated by conditioning on far-field distributions. As a result of the uniform
likelihoods, each sample from P(H) has a relative weight of either zero or 1/n, where n is the
total number of samples with non-zero likelihoods.
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The priors for the individual source regions are shown in Supplementary Table 3. To help
account for differences in the interpretation of near-field data11 and to remain consistent with the
conservative nature of this analysis, the upper bound to the uniform prior for eight of the nine
source regions was set equal to twice that indicated in the source literature. For the region that
represents the saddle collapse signal12,25 (Supplementary Fig. 3c), the upper bound for the
uniform prior was set equal to 15 m sle (Supplementary Table 3). For each component source
region in the AIS and NAIS, we used a uniform prior that is conditioned upon the uniform prior
for the ice sheet as a whole; these were sampled by first sampling from the prior for the ice sheet
as a whole, then randomly dividing the ice sheet into sections and rejecting those divisions
incompatible with the uniform priors for the individual source regions.
Supplementary Fig. 4 shows the sampling density for the NAIS versus the AIS as well as
histograms indicating the number of samples for a given total contribution from each of the four
source regions. From the sampled total contribution of the AIS and NAIS, contributions from the
sub-sectors were sampled until all sub-sector constraints compatible with the specified total
AIS/NAIS contribution were satisfied. Supplementary Fig. 5 provides histograms of the number
of times a given sub-sector contribution was sampled.
Code availability: The code used for the statistical analysis is available upon request.
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Location
Barbados
Sunda Shelf
Tahiti

Observed MWP-1A
amplitude (m)
9.7 to 33.6
7.5 to 17.3
12.0 to 22.0

Model-corrected MWP1A amplitude (m)
9.0 to 33.6
7.5 to 17.9
12.0 to 22.4

Supplementary Table 1: MWP-1A amplitude estimates with and without model-correction for
solid Earth viscous contribution associated with ice-ocean loading and rotational changes prior to
MWP-1A. Note that ranges given include the model spread shown in Supplementary Fig 1. The
model-corrected values were used to generate the results in Fig. 3 (main text).

Ice Sheet(s)
AIS
NAIS
FIS
GIS
TOTAL

Prior
Distribution
0 to 10.2 m
0 to 32.4 m
0 to 2.2 m
0 to 0.4 m
0 to 45.2 m

Given NAIS constraints of
2.8-3.7 m (ref. 11)
Including
Not Including
Viscous Signal
Viscous Signal
(as in main text)
4.1 to 10.0 m
3.5 to 10.1 m
2.8 to 3.7 m
2.8 to 3.7 m
0 to 2.2 m
0 to 2.2 m
0 to 0.4 m
0 to 0.4 m
9.3 to 14.6 m
8.9 to 14.0 m

Given NAIS constraints of
6.4-9.0 m (ref. 12)
Including
Not Including
Viscous Signal
Viscous Signal
(as in main text)
0 to 6.9 m
0 to 6.5 m
6.4 to 9.0 m
6.4 to 9 m
0 to 2.2 m
0 to 2.2 m
0 to 0.4 m
0 to 0.4 m
8.6 to 14.4 m
9.1 to 13.9 m

Supplementary Table 2: Constraints on MWP-1A source partitioning with and without
incorporating model estimates of the pre-MWP-1A viscous contribution (see Supplementary
Table 1). Ice volumes are given as metres of sea-level equivalent calculated using the presentday ocean area.
Ice Sheet

AIS

NAIS

FIS
GIS

Spatial Weighting
Function

Corresponding Prior
Figure
Probability
Distribution
(m)

Wilkes Land
Weddell
Ross
Peninsula
Total AIS
Localized signal in
Northwest
Broader signal of
regional mass
losses and gains
“Saddle collapse”
separating LIS and
CIS
Total NAIS
Full signal
Full signal

Supp. Fig. 2a
Supp. Fig. 2b
Supp. Fig. 2c
Supp. Fig. 2d

U(0, 2.0)
U(0, 2.4)
U(0, 3.0)
U(0, 2.8)
U(0, 10.2)

Supp. Fig. 3a
U(0, 3.8)
Supp. Fig. 3b
U(0,13.6)
Supp. Fig. 3c

Supp. Fig. 3d
Supp. Fig. 3e

U(0,15.0)
U(0,32.4)
U(0, 2.2)
U(0, 0.4)

Supplementary Table 3: Prior melt volume ranges (in sea-level equivalent) for each of the
spatial area weighting functions considered. Ice volumes are given as metres of sea-level
equivalent calculated using the present-day ocean area.

Supplementary Fig. 1: Three hundred and twenty four model realisations of the viscous sealevel response across the MWP-1A time window due to ice-ocean loading and rotational changes
prior to this event at Barbados (a), Sunda Shelf (b) and Tahiti (c). Model parameter values are
described in Methods.

Supplementary Fig. 2: Antarctic spatial melting functions based on recent models of AIS
deglaciation21,22,23. These define the spatial distribution of ice melt for: (a) Wilkes Land, (b)
Weddell Sea, (c) Ross Sea, and (d) Antarctic Peninsula. Note that the functions in (c) and (d) are
spatially uniform within the areas indicated. The maximum volume loss for each sector is
indicated in Supplementary Table 3.

Supplementary Fig. 3: Northern Hemisphere spatial melting functions. These functions define
the modelled melt distribution from: (a) the northwest of the NAIS12, (b) the broader mass loss
and gains across the NAIS24, (c) the saddle collapse separation of the CIS and LIS12,25 (d) the
FIS26, and (e) the GIS27. Note that the functions in (a) and (c) are spatially uniform within the
areas indicated. The maximum volume loss for each sector is indicated in Supplementary Table
3.

Supplementary Fig. 4: Sampling distribution from the prior probability. Latin Hypercube
sampling of North American vs. Antarctic contributions (left) and from all source regions
considered (right).

Supplementary Fig. 5: Sampling distribution of sub-sectors of the AIS (top) and NAIS
(bottom).

Supplementary Fig. 6: Posterior estimates (95% and higher probability) for different values of
the minimum MWP-1A amplitude at Barbados (as indicated by the different colours). The black
outlines indicate two recent estimates of the NAIS contribution to MWP-1A based on near-field
evidence: 2.8-3.7 m sle (solid line; ref. 11) and 6.4-9.0 m sle (dashed-dotted line; ref. 12)

