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Supplementary Fig. 1: Flow chart of the iterative inversion procedure adopted in this study. Green boxes denote steps where GIA
modelling is used to isolate the fingerprint signal, blue boxes represent steps in the data-driven statistical inversion, and purple
boxes are conditional statements.
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Supplementary Fig. 2: Spatial distribution of RSL across (a) Sunda Shelf (at 14.5 ka BP) and (b) Northwest Scotland (at 14.53 ka
BP) due to far-field ice loss. The contour lines are determined from the mean of 240 GIA models. Red stars denote the location of
site 18300 (Sunda Shelf) and site Applecross (Northwest Scotland), to which all other sites are referenced when correcting for the
sea-level spatial gradient. Triangles with different colours are the different coring sites, Sunda Shelf: site 18301 (yellow), site
18302 (purple), site 18309 (cyan) and site 18308 (orange); Northwest Scotland: Arisaig (orange). Colours correspond to those
used in main text Fig. 2c-f. The RSL prediction shown in (b) is derived using the global ice models of ICE6G_C and ANU without
the British-Irish Ice Sheet component.
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Supplementary Fig. 3: Distribution of the pre-MWP-1A viscous contribution to sea-level change at our six sites based on 240 GIA
model parameter combinations. GBR = Great Barrier Reef.
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Supplementary Fig. 4: The viscous signal at our six sites due to far-field ice melt during MWP-1A. The results shown here are
derived by combining 240 Earth models with the MWP-1A ice melt geometries determined by the ensemble mean of our final
iteration: 13.1 m NAIS, 1.5 m AIS, and 3.3 m SIS (see Methods). CI = confidence interval.
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Supplementary Fig. 5: Extrapolation of relative sea-level at (a) Hydrographer’s Passage and (b) Noggin Pass. Extrapolation is
implemented using Monte Carlo linear regression and the uniform scenario for coral-based index points. The sea-level index
points are plotted as error boxes indicating the depth range and 2σ age uncertainty. The orange square denotes the extrapolated 2σ
depth and age uncertainty.
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Supplementary Fig. 6: Estimated local MWP-1A sea-level rise trend at six selected sites using our uniform scenario. Same as Fig.
2 in main text but using the uniform distribution scenario for coral sea-level indicators.
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Supplementary Note 1 Local GIA Signal in Northwest Scotland
The effects of the local GIA signal caused by variations of the British-Irish Ice Sheet (BIIS) are shown in Supplementary Fig.
7. We computed the likely range of the local GIA signal by combining three BIIS ice history models with 120 Earth models
(Supplementary Fig. 7d-f). By subtracting the mean of the GIA ensemble from the original RSL reconstructions (blue error
bars), the non-local ice-sheet induced sea-level rise signal in Northwest Scotland can be obtained (black error bars). These
corrected RSL reconstructions are input into the Monte Carlo linear regression and used to estimate the local MWP-1A magnitude
(Supplementary Fig. 7g-i). There are clear differences between the GIA signals associated with the three BIIS models (up to 15
m) due to differences in local ice thickness and timing of deglaciation (see original publications1–5 for details). However, these
differences do not impact on our estimate of the local MWP-1A magnitude because this only depends on the gradient of the local
GIA signal between the initiation and termination of MWP-1A, which is similar for all three ice models. Consequently, the three
ice models result in similar values for the local MWP-1A magnitude (Supplementary Fig. 7g-i).

Figs. 7g-i show the distributions of the local MWP-1A magnitude estimations produced by carrying out 3,000 Monte Carlo linear
regression iterations for each of ice/Earth model combination (white histograms). For each ice model, the distribution of the
median result for each Earth model is shown in blue. The uncertainty associated with the choice of Earth model (∼0.5 m) is much
smaller than that associated with the choice of ice model, which contributes to up to ∼2 m difference.
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Supplementary Fig. 7: Local GIA signal correction and MWP-1A magnitude estimates using three different British-Irish Ice Sheet
reconstructions2,4,5. (a-c) Blue error bars represent the original RSL reconstructions from sites Applecross and Arisaig6 with 2σ
age and depth uncertainties, corresponding to the blue axis shown on the right side of the figure. Black error bars represent the
local GIA-corrected RSL reconstructions, with vertical error bars incorporating the 2σ uncertainty associated with 120 Earth
models (index points from Arisaig have been corrected for spatial sea-level gradient), corresponding to the black axis. (d-f)
Uncertainty range of the local GIA signal at Arisaig, determined using 120 Earth models. (g-i) Histograms of local MWP-1A
magnitude estimates derived by combining 120 Earth models with each of the three BIIS models. After applying the local GIA
signal correction associated with each Earth model, 3,000 iterations of Monte Carlo (MC) linear regression are applied to obtain
ensembles of the local MWP-1A magnitude assuming a 500-year duration. A total of 360,000 outputs are shown in each the white
histogram (left, black axis). For each Earth model, we calculate the median value of the associated 3,000-member ensemble and
combine the results in the blue histograms (right, blue axis).
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Supplementary Note 2 Jackknife Resampling - Robustness of Results

The degree to which our inversion results depend on the choice of RSL sites is assessed by jackknife resampling, which also reveal
each site’s contribution to the final inversion result. The inversion is repeated six times, each time removing one site from the
six-site database. The results (shown in Supplementary Fig. 8) are generally consistent, pointing to a dominant NAIS contribution,
except for the result obtained by excluding Barbados (third panel in Supplementary Fig. 8). When Barbados is excluded, Northwest
Scotland becomes the only site that is sensitive to the source of meltwater (all other far-field sites are insensitive; see main text Fig.
1). Under this circumstance, due to the proximity of Northwest Scotland to the SIS, the Northwest Scotland MWP-1A magnitude
predominantly determines the SIS inversion with the contributions from the NAIS and AIS essentially unconstrained, resulting in
large uncertainty ranges (third panel in Supplementary Fig. 8). Another important feature is that excluding Northwest Scotland
causes the melt contribution from the NAIS to become very large and the contribution from the SIS to become very small. The
reason for this is similar, excluding Northwest Scotland leaves Barbados as the only site that is sensitive to the source of meltwater.
Since Barbados is mainly sensitive to sources from the NAIS and AIS (main text Fig. 1), it is possible to partition the contribution
from the NAIS and AIS, but not from the SIS. These two features are also reflected in the feasible distributions of our final
inversion results shown in Supplementary Fig. 9 (same distribution as shown in main text Fig. 5 but different data representation).
It is clear that the NAIS and AIS contributions to MWP-1A are strongly negatively correlated (R = -0.96), reflecting the Barbados
sensitivity to the contributions from these two ice sheets. In contrast, the SIS contribution shows a weak correlation to the NAIS
and AIS contributions (R = -0.30 and 0.28), indicating that the inverted SIS contribution is primarily dependent on the isolation
basin stratigraphy evidence from Northwest Scotland.

We seek to resolve the ambiguities indicated by the above jackknifing process by re-running the jackknife method but excluding
the SIS fingerprint, to allow us to just identify the partitioning of the NAIS and AIS contributions, which were mostly debated to
be the dominant source of MWP-1A7–12. The results of this test are shown in Table 1, which indicates a stable solution with a
dominant NAIS source (∼15.5 m) and a small Antarctic contribution (∼2 m). This result provides robust evidence for a NAIS
dominant scenario rather than an AIS dominant scenario. However, to obtain a similarly stable jackknife result when inverting
sources from three ice sheets, at least one more sea-level data site at a location that is sensitive to the MWP-1A sources is needed.

Sea-level index points from the Argentine Shelf could provide a powerful constraint since local RSL variation will be sensitive
to melt from the nearby AIS. However, although shell sediment records from the Argentine Shelf have been dated through the
MWP-1A interval13, the indicative meaning of shell sea-level indicators remains problematic (see Guilderson et al.13). Additionally,
RSL change on the Argentine Shelf will be influenced by variations in the adjacent Patagonian Ice Sheet, the deglaciation history
of which, though improved by a recent glacial geomorphology data compilation of Davies et al.14, has not yet been calibrated
with sea-level data. Sea-level index points from locations such as Bonaparte Gulf15,16 and Echigo Plain, Japan17 are also dated
to across MWP-1A, but due to the lack of temporal resolution and their insensitivity to the sources of MWP-1A, they are not
particularly useful for our fingerprinting technique. Lastly, using the local GIA correction method introduced in this study, it would
be possible to use other near-field sea-level constraints for MWP-1A source inversion (e.g., records from southwest Norway18).
However, estimating the local GIA signal requires a well-studied local deglaciation history and sufficient temporal resolution
during MWP-1A, which currently is only achieved in Northwest Scotland.
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Supplementary Fig. 8: A violin plot showing the jackknife resampling results. The first panel shows the MWP-1A source inversion
results obtained using all six sites in the database, and the second to seventh panel show the results when excluding each named
site from the six-site database. Each panel consists of three violin plots, corresponding to the contribution from each ice sheet:
NAIS, AIS, and SIS. The blue/orange tone of the violin plot indicates the result generated using the uniform/empirical scenario for
coral records.
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Supplementary Fig. 9: Feasible distributions of sea-level oscillation limit constrained inversion result. This is an alternative
representation of the information shown in Fig. 5 of the main text. Each scatter point represents an inversion result from one of
20,000 MC simulations. In each plot, the MWP-1A contribution of the ice sheet that is not listed on the x and y axes is represented
by the colour of the dots. The correlation coefficient of each scatter plot is listed within the plot.

Excluded Site NAIS (m) AIS (m)
Tahiti 15.48 [10.10-19.61] 2.16 [0-6.13]
Barbados 15.98 [11.52-19.40] 1.26 [0.00-0.31]
Sunda Shelf 15.84 [11.52-19.40] 2.03 [0.00-5.25]
Hydrographer’s Passage
(GBR)

14.68 [9.24-18.92] 2.64 [0.00-6.74]

Noggin Pass (GBR) 15.21 [10.42-19.18] 2.34 [0.00-6.01]
NW Scotland 14.36 [7.61-19.73] 3.83 [0.00-9.10]
Bias-Contained Result 15.57 [11.03-19.28] 2.16 [0.00-5.63]
Jackknife Average 15.26 [11.12-19.05] 2.38 [0.00-4.83]
Bias-Corrected Result 15.89 [11.38-19.60] 1.95 [0.00-5.41]

Supplementary Table 1: Jackknife resampling results when excluding the Scandinavian Ice Sheet contribution. The results are
based on the empirical distribution scenario for coral-based index points. Rows with site location shown on the left document
the inversion results when that site is removed from the six-site database. The last three rows show the bias-contained inversion
result, the averaged results of the six jackknife tests, and the bias-corrected result, respectively. The first value in each box is the
ensemble mean value of 20,000 iterations of the inversion process, the values in square brackets are the 68% confidence interval.
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Supplementary Note 3 Isolation Basin Evidence

This section provides detailed interpretations of Scottish isolation basin stratigraphy to support the definition of the sea-level
oscillation limit used in the main text.

In addition to providing sea-level index points, the isolation basin records from Northwest Scotland provide a unique insight
into the magnitude and sources of MWP-1A due to their near-field location and the wealth of information contained within
the sedimentation staircase19. Prior to MWP-1A, the dominant signal recorded by Northwest Scotland sea-level index points
is uplift-induced sea-level fall triggered by local ice loss. With this continuous sea-level fall, some basins that were originally
connected with the ocean would become isolated. This process is represented by a sediment phase transition from a marine phase
(silt/clay) to a freshwater phase (organic mud and peat, Supplementary Fig. 10a). During MWP-1A, if the rate of sea-level rise
due to melt from the NAIS, AIS and SIS outpaced the local rate of land uplift, it would case isolation basins in the right height
window to reconnect to the ocean, resulting in two isolation events (i.e., marine-freshwater-marine-freshwater, so-called sea-level
oscillation), which should be recorded by sediment stratigraphy (Supplementary Fig. 10b). However, for all isolation basins at four
sites across Northwest Scotland (Applecross, Arisaig, Kentra and Kintyre; main text Fig. 4g) that were isolated shortly before
or during MWP-1A, there is no sea-level oscillation recorded (see isolation basin stratigraphic reconstructions in Shennan et
al.20–23). These records therefore provide strong evidence that during MWP-1A the rate of sea-level rise in Northwest Scotland
due to far-field ice melt cannot have significantly outpaced the local land uplift rate (i.e., there was no or only a very minor RSL
oscillation19,22–25).

This condition is met by our MWP-1A source partition, the RSL predictions generated by the ANU_MWP ice model (Supplemen-
tary fig. 11a-d) show a monotonic sea-level fall across MWP-1A and provide good fit to SLIPs at different periods for Arisaig,
Kentra and Kintyre. The only minor sea-level oscillation occurs at Applecross where local RSL is underestimated, indicating the
adopted ice thickness in this region is too thin in the ANU_MWP ice model.

We place an upper bound on the rate of land uplift (i.e., sea level oscillation limit) at Arisaig during MWP-1A by identifying the
largest rate predicted by combining the ANU and BRITICE-CHRONO ice models with 120 Earth models that closely reflect
mantle properties beneath the British Isles26. The maximum rate produces 9.8 m uplift in 500 years obtained by combining the
ANU model with the weakest upper and lower mantle model of 4/100 × 1020 Pa s, respectively. The PATTON2017 model may
produce a larger land uplift rate, but it has not been calibrated to any sea-level records across Scotland and therefore the resulting
land uplift rate is less meaningful as a constraint for MWP-1A magnitude.

Several previous studies have used isolation basin evidence to constrain the MWP-1A magnitude and sources6,21,23,27. When a
regional BIIS model is combined with a global ice model (e.g., a revised version of the model of Bassett et al.9) with a dominant
AIS contribution to MWP-1A28,29, this results in a strong sea-level oscillation across Scotland during MWP-1A (see Fig. 10 of
Shennan et al.6). Because the idea of a substantial SIS contribution has only recently been proposed, previous studies inferred a
lower global MWP-1A magnitude to avoid this RSL oscillation, but this is inconsistent with our estimations 20 m sea-level rise in
the far field. One way to improve this inconsistency is to estimate MWP-1A magnitude and sources using far-field and near-field
data together. Liu27 provides a novel method that combines isolation basin evidence with far-field sea-level records from Tahiti,
Barbados and Sunda Shelf to infer the MWP-1A sources from the NAIS and AIS. However, the method adopted to remove the
local GIA signal for Scotland in that study results in significant uncertainty, which makes the sea-level index points from Scotland
less useful for inverting the MWP-1A sources. Liu27 therefore was not able to exclusively rule out either a small or large Antarctic
contribution.
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Supplementary Fig. 10: Two stratigraphic models of the isolation process. (a) A single isolation process model, indicating no RSL
oscillation across MWP-1A; (b) A double isolation process model, indicating an RSL oscillation across MWP-1A.
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Supplementary Fig. 11: Predicted relative sea-level across Northwest Scotland. (a-d) Relative sea-level predictions generated
using the ANU_MWP model (with optimum Earth model of 65 km lithospheric thickness, 4/200 × 1020 Pa s upper/lower mantle
viscosity) at Applecross, Arisaig, Kentra and Kintyre, respectively. Error bars show 2σ depth and age uncertainties. (e) Locations
of four Scottish sites, Applecross (blue), Arisaig (red), Kentra (purple) and Kintyre (orange).
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Ice Sheet Method Duration (yrs) MWP-1A Contribution (m) Reference
NAIS Data-driven inversion with GIA mod-

elling
500 5.6-15.4 this study

NAIS Ice area-volume transition 800 6.7 – 8.7 (SLE) Carlson et al.30

NAIS GIA analysis (ICE-5G) 500 20-20.5 Peltier et al.8

NAIS GIA analysis (ICE-6G_C) 500 16.5-18 Peltier et al.31

NAIS 3D glacial systems model 500 7.7-10.2 Tarasov et al.32

NAIS Revisited glacial systems model with
Bayesian style calibration

500 9.4-13.2 Tarasov et al.12

NAIS Saddle collapse ice dynamic 340 (500) 5.7-11 (10.4) Gregoire et al.11,33; Gomez et
al.34

NAIS GIA and tilting of glacial lake shore-
line analysis

600 ∼ 18.7 Lambeck et al.35

AIS Data-driven inversion with GIA mod-
elling

500 0-5.9 this study

AIS GIA analysis (ICE6G_C) 500 1.5-2 Argus et al.36

AIS Global sea-level budget analysis 500 ∼0.5 Lambeck et al.2

AIS Ice sheet dynamic modelling 500 0.5/1.5 (W12/W12 S2) Whitehouse et al.37,38

AIS Ice sheet dynamic modelling forced by
output from an earth system modelling

500 Up to 2 Golledge et al.39

AIS Coupled ice-sheet and sea-level mod-
elling

340 1.0-2.0 (SLE) Gomez et al.40

AIS GIA analysis of far-field sea-level data
within a Bayesian framework

340 Either 4.1-10 or 0-6.9 Liu et al.41

AIS GIA analysis of far-/near-field sea-
level data within a Bayesian frame-
work

340 Either 5-10 or 2-7 Liu27

AIS GIA analysis of far-field sea-level data 340 At least 7 Deshamps et al.10

AIS GIA analysis of far-field sea-level data 1000 Preferably 15 Bassett et al.9

SIS Data-driven inversion with GIA mod-
elling

500 3.2-6.4 this study

SIS Thermomechanical ice modelling 340 2.5 (SLE) Patton et al.3,4

SIS GIA analysis (ICE-6G_C) 500 3.5-4 Peltier et al.31

SIS GIA analysis 500 0.8-1 Lambeck et al.2

SIS Compilation of large geomorphologi-
cal dataset; ice area-volume transition

500 1.7-2 Hughes et al.42

SIS Chronological reinterpretation of SIS
ice sheet margin; ice area-volume tran-
sition

500 4.5-7.9 (SLE) Brendryen et al.43

SIS Ice area-volume transition 1000 4.1-5.7 (SLE) Carlson et al.30

Supplementary Table 2: Estimates of the contribution of each ice sheet to MWP-1A. NAIS = North American Ice Sheet; AIS =
Antarctic Ice Sheet; SIS = Scandinavian & Barents Sea Ice Sheet. Estimates derived using the ice area-volume transition method
are presented in sea-level equivalent (SLE), which includes the contribution from ice that lies below hydrostatic equilibrium (which
will not contribute to global sea-level rise); other estimates reflect the eustatic sea level contribution.
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Ice Sheet NAISa NAIS NAIS NAIS WLIS ELIS SISa SIS SISb

Ice Model ANU35 ICE6G_C31 GLAC_1D12 G1211,34 ICE6G_C31 BRITICE
CHRONO5

PATTON20174 PATTON20174

Sea-level fingerprint value
Tahiti 1.21 1.21 1.22 1.24c 1.27 1.19 0.98 0.98 0.99
Barbados 0.82 0.79 0.81 0.85c 0.96 0.69 0.97 0.97 0.97
Sunda Shelf 1.08 1.08 1.09 1.09c 1.11 1.08 1.00 0.99 1.00
HYD (GBR) 1.04 1.03 1.04 1.07c 1.12 1.00 0.97 0.97 0.98
NOG (GBR) 1.03 1.02 1.03 1.06c 1.10 0.99 0.96 0.97 0.98
NW Scotland 0.75 0.75 0.79 0.82c 0.93 0.64 -0.74 -0.76 -0.60

Inversion results
Total (m) 17.9 [15.6-20.3] 18.1 [15.7-20.6] 17.7 [15.6-20.3] 17.6 [15.4-19.4] 18.1 [15.3-21.3] 17.9 [15.6-20.3] 17.9 [15.6-20.3] 17.8 [15.6-20.3]
NAIS (m) 13.1 [6.0-18.3] 12.9 [5.3-18.0] 12.7 [5.6-17.8] 12.7 [5.8-17.4] 4.4 [0-12.5] 8.7 [0-16.8] 13.1 [6.0-18.3] 13.1 [6.0-18.3] 12.8 [6.0-18.1]
AIS (m) 1.5 [0-6.9] 1.7 [0-7.2] 1.5 [0-6.9] 1.2 [0-6.6] 1.5 [0-6.9] 1.5 [0-6.9] 1.5 [0-6.9] 1.4 [0-6.8]
SIS (m) 3.3 [0.5-6.0] 3.5 [0.7-6.3] 3.7 [0.7-6.4] 3.7 [0.7-6.3] 3.5 [0.4-6.1] 3.3 [0.5-6.0] 3.3 [0.4-5.9] 3.6 [0.5-6.6]

Supplementary Table 3: Sea-level fingerprint values and inversion results associated with using different ice melt geometries.
The inversion results shown here have not been constrained by the sea-level oscillation limit. For the inversion results, the first
value in each box is the ensemble mean value of 20,000 iterations of the inversion process, the values in square brackets are the
95% confidence interval. WLIS = West Laurentide Ice Sheet, ELIS = East Laurentide Ice Sheet, separated by 110° W. (a) Ice
melt geometries used in our inversion. (b) SIS melt geometry associated with Southern Barents Sea sector collapse. (c) Sea-level
fingerprints were estimated from Gomez et al.34 in their Fig. 2.
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