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Abstract

High global mean sea level during the Last Interglacial (LIG) was likely to have largely
been driven by Greenland and Antarctic melt, but the timings, rates, and relative
magnitudes of these contributions remain elusive. Due to the geometry of ice-sheet
fingerprints, relative sea level records in the Eurasian region are likely to be sensitive to
ice mass changes in Antarctica while being relatively insensitive to changes in Greenland,
making them ideal targets for identifying scenarios of past Last Interglacial ice-sheet
melt. We produce an ensemble of Eurasian relative sea level models, driven by regional
glacial-isostatic adjustment due to the penultimate glacial cycle, and a systematic suite
of Antarctic melt scenarios in order to compare our simulations against Last Interglacial
relative sea level records from the WALIS sea level database. By performing regional
sensitivity analysis, we identify Eurasian data regions most sensitive to Antarctic ice
sheet melt. Through the use of a bespoke Bayesian history matching framework, we
uncover glacial isostatic adjustment and Antarctic ice sheet melt scenarios that most
closely match regional relative sea level data within uncertainty. Our results show that
data points off the coast of Wales, northwest France, and the English Channel are most
sensitive to Antarctic melt but that all modelled relative sea level scenarios are able to
fit the suite of relative sea level data within 3-sigma uncertainty. Despite this, by
utilising relative sea level data that we have identified as strongly sensitive to Antarctic
ice-sheet changes, our data-model analysis reveals a clear preference for high
magnitudes of total melt, identifying an Antarctic contribution of between 3.2 - 9.3 m to
the Last Interglacial global mean sea level highstand (likely, 66th percentile).

Author summary

Sea level is rising as the climate warms, but it remains difficult to determine how much
of this rise will result from melting of the Antarctic Ice Sheet. The Last Interglacial,
about 130,000 to 116,000 years ago, was a recent warm period when sea level was higher
than today. Geological sea-level records from northwest Eurasia can help us understand
past Antarctic ice loss because this region is more sensitive to Antarctic melting than to
melting in Greenland. We combined these records with hundreds of computer
simulations that represent uncertainty in the Earth’s structure, former Eurasian ice
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sheets, and the timing and size of Antarctic ice loss. Records from Wales, northwest
France, and the English Channel were the most informative. Although current data and
model uncertainty cannot exclude individual scenarios, the best-matching simulations
favour substantial Antarctic melting: 3.2-9.3 m of global mean sea-level rise during the
Last Interglacial. Better-dated sea-level records from these sensitive regions could
provide stronger constraints on future Antarctic ice-sheet change.
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Introduction )
Modern anthropogenic activity is driving wide-scale sustained warming of Earth’s climate and, in response, -
global mean sea level (GMSL) is projected to rise by upwards of 5 m under high emission scenarios by 3

2300 [1]. Despite this, our understanding of the response of modern-day ice sheets to future warming remains
highly uncertain, particularly beyond 2300, primarily as a consequence of the need for numerical models to 5
simulate ice-sheet behaviour outside of the window of modern observations [2,/3]. The Earth system has been s
subjected to similar warming events during previous Quaternary interglacial periods and, of these events, the -
LIG (Marine Isotope Stage (MIS) 5e; c. 130-116 ka) represents the most recent, well-studied and data-rich 8
past interglacial in which the Greenland Ice Sheet (GrIS) and Antarctic Ice Sheet (AIS) were thought to be
smaller than those of today [4,5]. Constraining the evolution of the GrIS and AIS during the LIG would help 1

to elucidate the sensitivity and response of these ice sheets to future warming. 1
There is wide agreement that GMSL during the LIG was higher than today, but studies differ in their 12
estimates of its magnitude, varying between 1.2 m and 10 m above the current values, with even higher 13

values not currently ruled out [6H9]. The contribution of thermal expansion to the LIG sea-level highstand 1
has been constrained to 0.4 — 0.8 m [10,|11] while melt from mountain glaciers may have contributed up to 1
0.32 £ 0.08 m SLE [12] meaning that higher LIG sea levels cannot be explained without large contributions 1
from the GrIS and/or AIS, or potentially the presence of ice over North America late in the interglacial [13]. 1
Dynamic ice-sheet models driven by climate forcing assumed to be representative of the LIG, have been 18
applied to the GrIS resulting in wide-ranging estimates of its LIG GMSL contribution of between 0.6 m 19
SLE [14] and 5.3 m SLE [15], depending on the climate forcing, ice-sheet model, and proxy data constraints 2
employed in the experimental design |[14H16|. These estimates are of similar magnitude to those inferred from =
recent data studies that place GrIS between 0.6 - 3.5 m SLE [7]. AIS modelling studies have placed emphasis =
on identifying the distinct behaviour and drivers of the East Antarctic Ice Sheet (EAIS) and West Antarctic =
Ice Sheet (WAIS) melt. Coupled, dynamic ice-sheet simulations of the marine-based WAIS have suggested a2

LIG GMSL contribution of 1 - 5 m [17419], driven primarily by the ice sheet’s vulnerability to Southern 2
Ocean warming |11], but these estimates may be under predicted by up to 30% if water expulsion from 2
post-glacial rebound is accounted for |20]. The majority of the EAIS is relatively insensitive to ocean forcing, =
as most of the ice sheet sits on bedrock that lies above the sea-surface elevation, and has therefore been 28
assumed to be relatively stable [21,/22]. However, modelling by Fogwill et al. [23] found that the EAIS may
be vulnerable to changes in Southern-Hemispheric wind patterns and the resulting local surface warming, 30

driving 3 - 5 m LIG SLE contribution. AIS Penultimate Deglaciation to LIG melt scenarios in the study by =«
Bradley et al. [24], in which such scenarios were evaluated against ice-core derived evidence of ice thickness, =
estimated that the majority of EAIS change occurs prior to 126 ka and found no more than a 1.1 m SLE LIG
contribution from the EAIS using their reference ice-sheet model, while their adapted idealised Wilkes and =~ 34

Aurora basins retreat scenario contributed 1 m SLE. 3

Through the combined effects of Earth rotation, viscoelestic deformation and gravitational affects, the 3
particular location and geometry of ice-sheet melt results in a distinct spatial pattern of relative sea level 37
(RSL) (sometimes termed ’sea-level fingerprint’) that, in turn, result in large differences in regional 38

sensitivity to LIG AIS melt [13,25,26]. Efforts have been made to derive estimates of LIG AIS melt from 39
records of RSL, in regions targeted for their high sensitivity to AIS changes, through the use of statistical 40

methods [27,28]. Such work relies on well-constrained chronologies, quantified contributions of local a
processes, and assumptions about the contribution of the GrIS and, as a result, studies typically focus on a  «
single region or record, for example, Barnett et al. [27] utilised a database of 27 absolute-dated LIG data a3
points (7 limiting, 20 sea-level index points), primarily located in the English Channel region, corrected for 4
regional glacial isostatic adjustment (GIA) and processes driving vertical land motion, to produce a single a5
time series for regional LIG sea-level change. By subtracting an estimate for the GrIS contribution, the 4
remaining time series was attributed to AIS melt and, using an estimate of the magnitude of the northwest
Eurasia AIS fingerprint, was converted into an estimate for LIG AIS contribution of 5.7 m (median, 50th a8
percentile), with a range of 3.6 to 8.7 m (central 68% probability). In other work, Dutton et al. [7] estimate a 4
LIG AIS contribution of 4.6 + 1.7 m by subtracting estimated GrIS, thermosteric, and mountain glacier 50
contributions from the sea-level signal recorded by LIG corals in the Seychelles. Significant uncertainties 51

remain in the rate, timing and magnitudes of LIG AIS melt, as well as in the relative contributions of WAIS =
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and EAIS, and yet these constraints are vital for realising the potential of the LIG as a rich archive of 53
empirical ocean, ice, and climate constraints for the calibrations of climate and ice sheet models used in 54
future projections that inform present-day decision-making and policy [291[30]. 55

With the goal of better constraining the evolution of the LIG AIS, we develop a new data-model 56

comparison framework that considers the underlying uncertainties in the LIG RSL datasets [31], the ice-sheet =
histories during LIG and the preceding glacial period [13}28}32] and the rheological model which underpins s

the solid Earth response to changes in ice load over time [261[33]. Consideration of these combined 59
uncertainties are not typically account for in published research to-date. We use a statistical uncertainty 60
quantification procedure to identify the most plausible LIG AIS melt scenarios when compared against 61
northwest Eurasian LIG RSL data. We ran a large ensemble of gravitationally self-consistent sea-level model &
simulations that span uncertainties in AIS evolution during the LIG, Eurasian ice sheet penultimate 63
deglaciation, and solid earth structure and compared them against an extensive, newly compiled Eurasian 64
LIG RSL database. Sensitivity analysis of our ensemble enables us to determine the relative sensitivity of 6
northwest Eurasian regions to AIS melt and our ”history matching” uncertainty quantification procedure 66
allowed us to identify regions of our parameter space that best match northwest Eurasian records of RSL. 67
Finally, we combine information gained from this analysis to identify the most likely scenarios of LIG AIS 68
evolution. 69
Models, methods and data 70
Using a gravitationally self-consistent sea-level model [34], we simulated LIG RSL constructing an ensemble  n
of possible input AIS melt histories spanning a range of timings, durations, and volumes. We ran an 7
ensemble of sea level simulations that efficiently spanned the range of uncertainties in AIS melt histories, 73

Earth model parameters, global ice sheet histories and the Eurasian penultimate deglaciation. The resulting 7
model outputs were then evaluated against a European RSL database [31] using an implausibility metric that
accounts for uncertainty in the amplitude and timing of the data and accounts for model biases. 7

Global ice-sheet and Earth structure models 7

We use the gravitationally self-consistent sea-level model described in Han et al. [34] which follows the theory s

and algorithm described in [35]. The model takes global ice-sheet thickness changes and a 1D model of 70
viscoelastic Earth structure as input in order to generate solutions to the Sea Level Equation, accounting for s
the effects of gravitation, Earth rotation and viscoelastic deformation of the solid Earth and shoreline 81
migration including migration of water into areas freed of marine based ice [36[37]. Sea-level model 8
calculations are performed using a pseudo-spectral algorithm up spherical harmonic degree 512 and, as a 8

result, model RSL and topography outputs, as well as ice-sheet history inputs, are provided on a 512 by 1024 &
Gauss—Legendre latitude-longitude grid (hereafter referred to as the model grid). The Earth model assumes s
an elastically compressible 1D Maxwell structure with a radially varying, stepped viscosity profile which is s
parameterised by an upper-mantle viscosity vy s, lower mantle viscosity v s, and lithospheric thickness I &

and which preserves the location of Preliminary Reference Earth Model (PREM) discontinuities. As 88
demonstrated by Pollard et al. [33], the Earth model uncertainty is a dominant contributor to LIG RSL 8
uncertainty in our study area and therefore, we include systematic exploration of the viscoelastic Earth %
structure in our experimental design. We adopt the Earth model parameter ranges developed for the o1
northwest European region by Bradley et al. [38] of 0.1 - 1 x 10?! Pa s for vy, 0.1 — 5 x 10*2 Pa s for vpys o
and 71 — 96 x 10% km for L, based upon regional published literature [38-40]. %

Interglacial RSL values are sensitive to ice-sheet changes from at least 3 glacial cycles prior to the o4

interglacial period of interest, as shown by Dendy et al. [39], while the sea-level model requires the ice-sheet o
history to extend to modern-day to enable convergence to modern topography. Therefore, we prescribe global o
ice-sheet changes from 420 ka until the modern day by scaling the Peltier et al. [41] ICE-6G global ice-sheet o
model of the Last Glacial Period to a global ice-sheet volume curve derived from the §'®O reconstruction of o
Waelbroeck et al. [42]. Since the Penultimate Glacial Period ice-sheet configuration in North America and %
Eurasia was likely very different to that of the Last Glacial Period we modify the Penultimate Glacial Period 100
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section of our ice history by replacing the Eurasian ice-sheet with an ensemble of deglaciation geometries, as 1a
outlined in Pollard et al. [33], and re-scale the North American ice-sheet in order to match the total global 10
ice-sheet budget at the Penultimate Glacial Maximum (PGM). Our previous study demonstrated that LIG 10
RSL in Eurasia is relatively insensitive to the timing of North American and Eurasian deglaciation [33] and 10
so we prescribe a fixed PGM timing for both the Eurasian and North American ice sheets of 139 ka and also 10
terminate their deglaciations at 129 ka. During the LIG portion of our ice-sheet history (between 129 ka and 106
116 ka) we only vary AIS melt between ensemble members. We prescribe a set melt scenario for the /acgris 107

while setting all other ice sheets to their static, pre-industrial configurations. 108
Last Interglacial Antarctic melt scenarios 100
We construct a range of LIG AIS melt scenarios that differ in the rate, timing, and magnitude of both WAIS 110
and EAIS melt contributions. To generate our scenarios, we consider the evolution of WAIS and EAIS m
separately. We generate time series of ice volume change for each ice sheet during the LIG (that prescribe 112
when ice is lost /gained) which are then converted into corresponding AIS ice-thickness changes by u3
interpolating a series of pre-modelled AIS thickness configurations (henceforth termed ’the base model’). 114

Our base model is the Representative Concentration Pathway (RCP) 8.5 high emission, marine ice cliff  us
instability (MICI) inclusive scenario of Deconto et al. [30], chosen as it spans a large range of AIS volumes, s

maximising the range of melt scenarios we are able to test. The model consists of 56 model time-steps 7
spanning from the modern-day (pre-industrial) AIS configuration until 2500, which we interpolate onto the us
same lat-long model grid as used in our study. To prepare this model for use in our interpolation 119
methodology, we first split the DeConto model into separate EAIS and WAIS ice-thickness series with the 120
boundary between the two given by the MEaSUREs Antarctic Boundaries dataset [43], before then 121
calculating the volume of grounded ice for each region and model time step. The 56 ice-thickness 122
configurations for EAIS and WAIS are then tied to an ice-sheet volume rather than a time step so that their 12
ice-thickness values can be interpolated between with respect to ice-sheet volume. In its modern 124

configuration and topography, the Deconto et al. [30] model simulation contains 5.6 m SLE and 50.2 m SLE s
grounded ice volume for WAIS and EAIS respectively and, in its minimum configuration, this reduces to 1.6 12
m SLE for WAIS and 42.9 m SLE for EAIS. The regionally divided ice-sheet model combined with calculated 1

grounded ice-sheet volumes allows for interpolating ice configurations that correspond to any prescribed 128
value of grounded ice volume and, by extension, melt contribution. 120

We parameterise the LIG AIS melt scenarios (Fig[l]) with one set of parameters controlling the evolution 1z
of WAIS volume and another set of parameters controlling the EAIS. We describe WAIS melt with four 131
parameters: melt start time T lt, the time at which melting from the default, present-day configuration 132
occurs; melt volume Vmelt, descrlblng the maximum magnitude of melting; duratlon of melt dm o 133
determining how long the transition from present-day to maximum melt configuration takes; and the 134
stability duration d*V4, , which determines how long WALIS will remain in the fully melted configuration 135

before returmng to modern at 116 ka. To avoid T melt + dmelt + dsmble > 116 ka, we determine dstable by the 13
parameter p"¥4 controlling the percentage of the LIG after T melt + dmelt that should remain stable. After 1

sampling, we convert values of psmble to dsmble by, 138
WA
dstable pstable<Tmelt + Dmelt 116) (1)

The transition between the modern configuration, pre-melt state and the fully melted state follows a half 139
cosine decay function (see example in Fig ) reflecting our assumption of a fast initial melting that 140
decelerates towards Vmelt, as supported by Golledge et al. |[19], while a linear transition is assumed between 1a
the end of al&mble and the return to the modern state at 116 ka. 142

For the EAIS, we assume that changes in volume occurred more gradually and that the ice sheet likely 143
never equilibrated. In addition, since evidence suggests the possibility EAIS growth under modern-day 144
warming [44], we do not rule out the possibility of EAIS growth during the LIG. Therefore, we allow 15
scenarios to include negative values of EAIS volume and, for clarity, refer to EAIS parameters as determining 14
ice-sheet change rather than melt. We do not include a period of stability as we do for the WALIS, but 17
otherwise similarly describe EAIS scenarios with three parameters: change start time 754 change> change volume 14
Vﬁg‘n ger and duration of change dchan ger 1O reflect the assumption of a more gradual EAIS evolution, we use 140

I
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Fig 1. Antarctic Melt Parameterisation. (A) The last interglacial is divided into periods of ice-sheet melt
(blue), stability (yellow) and growth (red) and different parameters control East and West Antarctic ice
sheets. For the EAIS, we parameterise the magnitude (V,24,), duration (d£4,) and initial time of melt
(TE4). We define equivalent parameters for WAIS but with the addition of pV4,  which determines the
percentage of the melt period (between T4 and 116 ka) for which WAIS remains in a stable, minimum

volume configuration. (B) An illustrative example of an AIS melt scenario labelled with each parameter.

a low degree (N=1.3) polynomial transition function but keep the assumption of linear growth from V4 150

change
back to the modern-day configuration at 116 ka. For scenarios that test EAIS ice-sheet growth, we require  1s

EAIS ice thickness configurations thicker than exist in the DeConto series and so, in this case, we uniformly 15

scale the base model ice configuration to match the required volume. 153
For each member in our ensemble of volume time-series for EAIS and WAIS, we generated an AIS 154
ice-sheet history based on the ice-sheet geometries of the modern-day DeConto model. To do so, we first 155

calculated the grounded ice-sheet volume associated with each DeConto model time step when placed on LIG 156
topography. We then discarded the temporal ordering of these ice-sheet geometries and re-ordered them to 1
be monotonically increasing in terms of grounded ice-sheet volume. This allowed us to generate a new 158
ice-sheet geometry of a given grounded-ice volume by linearly interpolating this series of volumes and then s
uniformly applying the same interpolant to the associated series of ice-sheet thickness pixels. The ensemble 160

of Antarctic melt scenarios thus generated is shown in Fig 161

We chose to use LIG topography, as opposed to the original modern-day topography, to avoid 162
discrepancies in grounded ice-sheet volumes and therefore the total potential global mean sea-level 163
contribution of each geometry. When compared, we found an absolute reduction of 0.4 m SLE and 0.3 m 164
SLE for WAIS and EAIS volumes between modern and LIG topographies, respectively. The DeConto 165
modern topography is temporally variable, while our LIG topography was not. However, we found a 166
near-linear relationship between the modern-day and LIG Vifn ge (gradient 0.97) and Vmweﬁ (gradient 0.94) 1
topography-derived volume values, demonstrating negligible impact of these temporal changes on the total 168
grounded ice-sheet volume. 160

Table 1. Antarctic melt scenario parameters and their corresponding ranges.

Name Symbol Range Unit

WAIS Melt Start Time T}T/lve’l‘i 129 - 124 ka

WAIS Melt Duration v, 0.5-3 ka

WAIS Melt Volume ywa 0-5.5 m SLE

WAIS Stability Percentage v 0.2-0.8 1

EAIS Change Start Time T g 129 - 124 ka

EAIS Change Duration dfh‘zn ge 1-9 ka

EAIS Volume Change chf;g‘nge —-1-5 m SLE
Relative sea-level ensemble design 170
In addition to the 7 parameters controlling the evolution of LIG Antarctic melt (Table , our ensemble 171
design consists of 3 parameters describing the viscoelastic Earth model and 3 derived parameters describing 17
the regional ice-sheet volume of the Eurasian ice-sheet during the Penultimate Deglaciation (Table . 173
Pollard et al. [33] demonstrated that the Eurasian ice-sheet volume was, in some Eurasian regions, the 174
dominant contributor to uncertainty in LIG RSL. To account for this source of uncertainty, we design our 175
ensemble to use the suite of 532 Eurasian deglaciation geometries as generated by Pollard et al. [33]. 176

Alongside, we generate a 532-member latin hypercube sample (LHS) of our 3 Earth model parameters (Table 17
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1) and 7 AIS history parameters assuming a uniform distribution across parameter ranges (Table [2) resulting s

in 532 Earth models and LIG Antarctic melt scenarios to test. We run the resulting set of 532 global 179
ice-sheet histories and Earth model configurations with the sea-level model to produce an ensemble of RSL 150
simulations spanning from 420 ka until the present day. 181

Table 2. Relative Sea-Level Ensemble Parameters. Earth model and Eurasian ice-sheet model parameters
varied in our ensemble of simulations. Probability distributions used for the sampling are noted as

U(min, max) for a uniform distribution between min and max or N(u, o) for a normal distribution with
mean p and standard deviation o.

Name Symbol Distribution Unit
Upper Mantle Viscosity VUM U(0.1,1) x 10% Pas
Lower Mantle Viscosity VLM U(0.1,5) x 1022 Pas
Lithospheric Thickness L U(71,96) x 103 km
Barents-Kara Sea Eurasian Ice- Vg N(28,4) m SLE
Sheet Volume

Fennoscandian Eurasian Ice-Sheet vEr N(24,3) m SLE
Volume

British-Irish Eurasian Ice-Sheet Ve N(1.8,0.1) m SLE
Volume

Fig 2. Antarctica Ensemble. Ensemble of Antarctic melt scenarios generated with our parameterisation.
(Top) WAIS, EAIS, and total AIS sea-level contributions during the LIG with ensemble 5th and 9th
percentile (light shading), 32 and 68th percentile (dark shading), and median value (solid line). Individual
ensemble members are shown as light grey lines. (Bottom) AIS ice-sheet thickness ensemble mean (blue) and
standard deviation (purple) at 128, 124, 122, and 118 ka.

Last Interglacial sea-level database 182

Empirical observations of LIG RSL were sourced from World Atlas of Last Interglacial Shorelines (WALIS), a 183
state-of-the-art LIG RSL database containing 6600 RSL data points [31]. Each RSL value, representing RSL 1
at a specified location, can broadly be categorised as either a: sea-level index, representing a value that RSL 1
attained; marine limiting, representing a value that RSL exceeded; and terrestrial limiting, which RSL 186
remained below [45]. In addition, the age associated with each data point can be categorised as absolute, 187
which provides a specific age value with uncertainty (e.g. an OSL date); or relative (or floating), whereby the s
data point may have occurred at any time within a time range determined by the chronological constraint to  1se
which it is tied to (e.g. pollen biostratigraphy). We initially filtered the WALIS dataset to only include data 100
points: (i) at locations within the northwest Eurasian region (which comprises the regional compilations of 1
Cohen et al. [46], and Dalton et al. [47]), (ii) with an age range overlapping with the timing of LIG (129 - 116 1
ka, [7]), and (iii) those data points that include a specified RSL uncertainty (see Fig[3). After this filtering, 10
our dataset contains 93 sea-level index, 210 marine limiting, and 14 terrestrial limiting data points, of which 10
120 have absolute ages and 197 have relative ages, at 141 unique locations, as shown in Fig[dl Also shown in 1
Fig 4] are the 13 regions used to group the data points for regional-specific analysis and comparison against 1
the RSL ensemble. 107

Fig 3. Relative Sea-Level Data Filtering. Schematic of the filtering process applied to RSL data points.

RSL and associated uncertainty values from WALIS represent the observed RSL as inferred from the 108
geological record at each study site, and this value represents the influence of vertical land motion (VLM) 199

/2
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from all local processes. Some processes cannot be quantified (e.g. tidal range changes) and are assumed the 20
same as modern; however, in order to compare against our ensemble of GIA and Antarctic melt scenarios, we 2u
subtract the influence of dynamic topography (VLM due to mantle convection), and in the case of offshore 20
North Sea data points, subsidence due to sediment loading, from each record, assuming that active tectonics 203
make a negligible contribution given the distance from active plate margins. By converting the magnitude of 20
dynamic topography since 125 ka into a rate, we utilise the Austermann et al. [48] dataset to estimate the 205
dynamic topography contribution to RSL for the WALIS data points, assuming the mean age for absolute 206
ages and the mid-value for relative ages. Similarly, we consider the contribution of sediment loading in the 207
southern North Sea where significant sediment has accumulated over the Quaternary [49,50], using the rates 20
fields provided by Cohen et al. [46]. Fig 4| shows the resulting time series of data-point values plotted for 200

each sea-level region after correcting for the VLM factors, with the exception of GIA. In this form, the 210
database of sea-level records and their corresponding values can be compared against our modelled RSL am
values through a model-data comparison process known as history matching. 212
Sea-level data-matching framework 13
History matching is a procedure used in model uncertainty quantification to rule out areas of the model 214

parameter space (i.e. combinations of input parameter values) that are unable to match observational data 2
within the bounds of model and data uncertainty [51-53]. To compare model output and observational data, 2
we use an implausibility metric, as employed by Pollard et al. [33], which effectively calculates the minimum 27
distance in space and time between the modelled RSL time-series and a sea-level data point, normalised by 2
uncertainty. For each simulation we run, we calculate an implausibility value based on the normalised 210
distance between the model and observations. Let y be the real-world value of some quantity and z be an 220
observation of y that differs by an error e such that z = y 4+ e. Our numerical model can make a prediction of 2z

y with some parameter combination p, given by f(p), but since our numerical model is not a perfect 2
representation of the real world, all predictions f(p) are separated from y by model structural discrepancy € 23
such that, for the hypothetical perfect parameter combination p*, y = f(p*) + €. Therefore, E(e), the 24

expectation of ¢, represents the model bias and E(e€) # 0 indicates that f(p) contains a systematic bias from 2
observation z. In the case that f is an emulated quantity from our original numerical model, we additionally 2
define the emulator uncertainty Var(f(p)). The implausibility I(p) of a parameter combination p is therefore 27
given by, 228

1) = \/VGT(E(f(ﬁ))—z—E(e))Q @

(e) + Var(e) + Var(f(p))

A RSL data point i consists of a location 4;, RSL value z[**F an age 2!, and a data type. Implausibility 2
calculations of RSL model outputs must, therefore, account for the RSL implausibility I7%, temporal 230
implausibility I}, and use a different form of this function to account for the specific interpretation of each  »u
RSL and age-data type. We assume that only model values at location z; are relevant for calculating the 23

implausibility of data point i, and therefore let f;(p,t) = f(p,t,& = x;), where ¢ is a modelled time from the 23
discrete set of model times T'. In addition, since we are only interested in LIG simulations, we only consider 23
the subset of modelled RSL values that fall within Tprq, where Trre = {t € T|t <129 ka and ¢t > 116 ka}. 2

Beginning with the temporal implausibility, a sea-level data point can be associated with either an 236
absolute age or a relative age. In the case of absolute ages, we assume that the age probability is normally 23
distributed centred around the reported age z! with standard deviation given by reported uncertainty 238
/Var(el). Using Equation [2| and assuming no temporal model bias or structural uncertainty, we define If(t) 2
for absolute ages to be, 240

t — 21)2
IHt) = (7’ 3
i (1) Var(el (3)
In the case of relative ages, the temporal probability distribution is assumed as uniform between the lower  2a
bound %,,,;, and the upper bound t,,,, of the reported age range, such that, 202
0, if Stmin < < Htmas
Ii(t) = T (4)
o0, else
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The RSL component of a data point can either be an index point, marine limiting, or terrestrial limiting. In 23

the case of a sea level index point, RSL is assumed to be normally distributed and centred around the 204
reported RSL value 2% with standard deviation given by reported uncertainty /Var(efF). In this case, s
we can use Equation [2| to express IiRSL as, 26

st - | B G0) B
¢ ’ Var(eFSL) + Var(eFSE) + Var(f:(p, t))

(5)

Limiting data points 247

In the case of a limiting data point, a RSL observation value 2% represents the boundary between possible 2

and impossible RSL values and, by extension, Var(z%5L) represents uncertainty in the position of this 249
boundary. Consider a RSL value at some distance above an uncertain marine limiting RSL boundary: the 250
probability of the RSL value represents the cumulative probability of all boundary values below it whereas a  2s
RSL value above this limit is only possible for boundary positions above it. By extension, we expect that a 2
RSL value exactly on the mean of a normally distributed boundary position should have a probability of 0.5. 253

Using this interpretation, the probability distribution of a modelled value f around this limit can be 254

represented as the cumulative distribution function of a normal distribution. However, in order to include 255

this alternative probability distribution within our history-matching framework we must first think of the 256

standard implausibility of a model value f as, effectively, the distance, in terms of standard deviations, that s

this value lies away from the mean of a normal distribution given by, 258
N (u =2+ E(e),0 =\/Var(e) + Var(e) + Var(f(ﬁ))) . (6)

With this interpretation, there exists a normalised probability P associated with each I, that can be 250

calculated from the normalised probability density function associated with Equation [f] such that, 260
P=e3l, (7)

By solving Equation [7] for I, we can express I in terms of P such that, 261

I=+/—2log(P). (8)

Let CDF be the cumulative distribution function associated with Equation [6] and, therefore, for limiting
data points we can express the probability P, of a modelled RSL value f(p) as, 263

CDF(f(p)), if marine limiting,

9
1 —CDF(f(p)), if terrestrial limiting. ©)

Combining Equation [§] and Equation [J] we can calculate the associated I as, 264

1(p) = v/—=210g Piim (f (D). (10)

Combined implausibility 265

The implausibility I;(p, t) of a model value f;(p,t), representing the normalised model-data distance in time s

and space, is given by, 267
15, 1) = \(IFSE(p.1))? + (IL(1))? (11)

Since a sea-level model ensemble member at a location & consists of a time series of RSL values, we 268

characterise the overall implausibility of p against i as, 269
Ii(p) = min{I;(p,t) : t € Trrc} (12)

Finally, we combine implausibility from all data points 7 into a single average implausibility for a given set of 2n0

parameter values p by, n
I(p) = mean{[;(p) : i € N} (13)

029
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Estimating model structural discrepancy 272

A misfit between modelled RSL and data that is common to all ensemble members may indicate the presence 13
of a structural model bias, such that E(e) # 0. We account for this bias in our implausibility metric by 274
defining the terms E(e®L) and Var(ef*ST) in Equation [2} We make the assumption that E(e®5L) and 275
Var(eftST), for the LIG, are time-invariant spatial fields which we can sample from at each data location to 27
derive E(ef*5) and Var(ef*ST). Intuitively, this means that we assume modelled RSL may be more incorrect — 2r7
in some locations than others but that there is no change in this error as the LIG progresses. In reality, this 2

bias may be larger at some times than others due to, for example, the influence of missing ice-sheet 279
contributions. However, spatial data sparsity, when grouped by model time step would limit the temporal 280
resolution at which these fields could be estimated. In order to estimate E(e*F) and Var(e®5T) we first 281
calculate the RSL discrepancy d;(p) at z! such that, 282
di(p) = f(pit = 2f) — = (14)

with d;(p) = 0 if 7 is a limiting data point and f(p,t = z!) falls on the 'possible’ side of the limit boundary. 2
By calculating d(p) = mean{|d;(p)| : i € N} we can determine the best fitting 10% of ensemble members 280
Pyest- We then assume that this discrepancy is representative of /%L at each data-point location i such that s

E(el*ST) and Var(efS%) are the mean and variance of the set {d;(p) : p € Ppest}. In this form F(ef*F) and

Var(elRSL ) are only defined at locations i and so, to aid the physical interpretation of the structural 287
discrepancy, we spatially interpolate onto the northwest Eurasian region using a 2D Gaussian Process with a  2ss
Matern-52 kernel, the results of which are shown in the Model bias subsection. 289
Results and analysis 290
Relative sea-level ensemble 201

Our ensemble of 532 RSL outputs shows a distinctive, Eurasian ice-sheet-driven pattern of higher LIG RSL 20
under areas previously loaded by the Eurasian ice sheet, with values exceeding 100 + 20 m in regions such as 203
the White Sea, and lower RSL beyond the former ice-sheet margins (Fig . Our ensemble has a high rate of 20
RSL change, averaged over the whole LIG, of up to 10 mm yr~! in the Greenland-Iceland-Norwegian (GIN) 0
Seas region, while the English Channel, North Atlantic, and southern North Sea regions show more moderate 20
rates of change of 2 mm yr—!. As the LIG progresses, areas underneath the former ice-sheet load experience 2o
RSL fall as a result of isostatic rebound, averaging —3 mm yr—! in the central North Sea region, and with 2
regions such as the Barents-Kara sea experiencing rates higher than —20 mm yr~!. Uncertainty in the rate 20
of RSL change is highest in regions dominated by isostatic rebound, reaching £12 mm yr~—! in the Baltic Sea 30
compared to just 3 mm yr~—! in the GIN Seas. 301

The variance of our ensemble is estimating the range of possible RSL values given the specified 302
uncertainty in viscoelastic Earth structure, Eurasian ice-sheet volume during the Penultimate Deglaciation, s
and the LIG evolution of AIS. In subsequent sections, we utilise this ensemble to quantify the sensitivity of 30
each region to the evolution of AIS (sensitivity analysis), as well as to identify the region of our input 305
parameter space most able to match observations of RSL (history matching). Sensitivity analysis requires 306
RSL model output values at specific locations within the parameter space, while history matching is aided by  sor
far larger ensemble sizes than is feasible to directly compute with the sea-level model. Therefore, to aid both 30
analyses, we train a Gaussian process emulator for each of the 141 unique data locations so that we are able 30

to approximate RSL values at each location, including quantified prediction uncertainty, for arbitrary 310
parameter input combinations. 311
Regional sensitivity analysis 312

The variance in our ensemble of Eurasian RSL results from the combined, propagated uncertainty in all of 13
our model parameters and the magnitude of each model parameter’s contribution to this variance is spatially s
variable. In Pollard et al. |33], we attributed individual model-parameter contributions to this spatial pattern s
of uncertainty and found that viscoelastic Earth model parameters are typically dominant across Eurasia, 316
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while regions directly underneath ice-sheet loads are sensitive to respective regional volumes of the Eurasian a7
ice sheet. Here, we perform an expanded and targeted sensitivity analysis that includes AIS parameters by s
performing a Sobol Sensitivity analysis [54,55]. To do this, we sample a 1024-member Sobol sequence [55] w0
from our suite of Gaussian process emulators to calculate Sobol sensitivity indices at all site locations in the 0
filtered RSL database. This computes the ”first order” sensitivity of modelled RSL to each input parameter sz
at every data location (i.e. the effect of a single parameter relative to the effect of all parameters), as well as 32
the effects of interactions between parameters included in the ”total-order” sensitivites [54]. To simplify the s
analysis and interpretation, we sum the individual parameter sensitivity indices into three parameter groups: 3
Earth model, Eurasian ice volume, and Antarctic ice melt scenario. Finally, for each parameter group, we 325

calculate a mean sensitivity value for each region that represents the average contribution of a given 326
parameter group to uncertainty at data sites within a given region (as defined in Fig . Crucially, this 327
analysis allows us to determine the sensitivity of each region’s data to AIS ice-sheet melt. 328

Our results show that uncertainty in the Earth model parameters is the dominant contributor to RSL 329

uncertainty in most regions, with an average contribution across all regions of 80%, compared with 12% from s
Eurasian ice-sheet volume and 3% from Antarctica (note that first-order contributions do not sum to 100% s
due to the influence of parameter interactions) as shown in Fig @ The influence of GIA is particularly 332
dominant in Greenland, likely due to lower influence from Eurasian ice-sheet changes, and in the North Sea, 333
where it averages 91% across the Denmark, French North Sea, and Netherlands regions. The volume of the 33
Eurasia ice sheet contributes little first-order sensitivity in these same North Sea regions, averaging 5%, but s
is far more dominant in the North Baltic Sea, South Baltic Sea, and White Sea regions, averaging 25%. By sz
contrast, we find that the sensitivity to the Antarctic contribution is localised to the southwest subset of our s
sea-level regions where it contributes 6% to the English Channel, 4% to the English North Sea, 6% to the 338

French Atlantic, and 16% to Wales. 330
Our sensitivity analysis results indicate that data points within the southwest subset of our Eurasian RSL 340
data regions (Fig4) are most sensitive to our parameterisation of AIS melt and, as such, are likely to be 3a1

most informative about Antarctic melt scenarios. We now compare our ensemble with our refined database 3
of RSL data points in order to: (i) identify regions of systematic misfit between model and data; (ii) filter s
out ensemble members that do not fit the sea-level data within uncertainty; (iii) identify AIS melt scenarios s
and Earth model configuration that best fit the data (in the Ensemble history matching subsection). 345

Model bias 346

RS

The model bias term e#9% as discussed in the Sea-level data-matching framework subsection, reflects the a7

systematic misfit between modelled and observed values of RSL. In this work, we assume that e®5 is a 348
spatially variable, temporally invariant field that we estimate by calculating the discrepancy between the 349
mean modelled RSL value of the top 10% of ensemble members based on their fit against all data points 350
following [32]. This field is used to correct our ensemble of RSL values in locations where the systematic 351
misfit causes the RSL ensemble to be far from the data points, thus allowing all sea-level data to fairly 352
inform our history-matching procedure. We find that our model exhibits spatially coherent patterns of e s
demonstrating both that the empirical RSL data is regionally consistent in its measurements of RSL and 354
that our model contains biases, likely due to misrepresented ice-sheet volume and Earth model structure, on s
a regional scale. 356

We find that data points within the North Sea regions have a localised, negative mean model bias of 357
O(50) m (of the order of 50 m), indicating that our ensemble of modelled RSL is higher than is suggested by s
the RSL data in these regions. However, this negative mean bias does not extend to the adjacent English 350
Channel, Norwegian North Sea, or southern Baltic Sea region data points (Fig ) Within North Sea 360

regions, the standard deviation (or uncertainty) of the model bias (or model structural error) is higher for s
data points in the Netherlands region, reaching O(10) m, whereas the English North Sea has an uncertainty se
of only O(2) m (Fig[7B). Both the mean and uncertainty in the model bias are negligible for data points in s
the English Channel, French Atlantic, and Wales regions, indicating that there is a reasonable intersection  se
between our modelled range of RSL values and data points in these regions. Most data points in the eastern e
data regions of Svalbard, the Norwegian North Sea, southern Baltic Sea, northern Baltic Sea, White Sea, and 365
the central Barents-Kara Sea also show negligible mean bias, although the higher proportion of limiting data s
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points in this region may make these data points less able to constrain any bias. However, there is a large 368
bias variance in the northern Baltic Sea of O(10) m, indicating that the best-fitting subset of our ensemble 350
has high variability in this region. The North Barents-Kara Sea and Greenland regions have a strong positive s
bias of O(50) m with low accompanying uncertainty O(2) m, indicating that our modelled RSL values are s
systematically lower than expected in this region and that this correction is reasonably uniform across the s
best-fitting subset of ensemble members. 73

Ensemble history matching 374

Utilising our RSL ensemble, model-bias correction, and filtered subset of the WALIS sea-level database, we s
calculate the implausibility of a given sea-level model input parameter combination, with lower implausibility s
values corresponding to a closer model-data agreement. To perform this assessment, we utilise our suite of a7
Gaussian process emulators to perform a 10*-member LHS of our parameter space at each of the 141 unique s
data locations. The resulting 10* generated LIG RSL time series are compared against the 317 data points s

via the history matching methodology outlined in the Sea-level data-matching framework subsection to 380
calculate the implausibility value I;(p) corresponding to each parameter sample p at each location i. In order ss
to determine the resulting overall implausibility I(p) associated with each p we then calculate the mean 382
implausibility over all ¢ for each p. In addition, since our goal is to refine parameters describing scenarios of  ss3
AIS melt, we utilise the information gained from our sensitivity analysis to perform a more selective 384
history-matching procedure using only the subset of i that fall within regions most sensitive to AIS 385
parameters: the English Channel, English North Sea, French Atlantic, and Wales. This reduced data subset s
contains 70 data points (43 more than those used by Barnett et al. [27]) consisting of 52 sea-level index 387
points, 6 marine limiting, and 12 terrestrial limiting points, of which 37 and 33 are associated with absolute sss
and relative ages, respectively. 389

The average implausibility of all parameter combinations against all data is 1.4, and the average 300
implausibility against the AIS sensitive regional subset 1.2, while the maximum implausibility in our 301
ensemble is 2.9. This means that all parameter combinations tested have an average implausibility within the s
3-sigma uncertainty threshold Pukelsheim et al. [56] typically used in history matching [57.[58] and, as a 393
result, all parameter combinations are deemed NROY when compared against all RSL data. However, 304

despite the classification as NROY, differences in implausibility values between sample members can still be 205
used to extract useful information about preferred parameter distributions. We therefore use the 10% subset 30
of our parameter sample with the lowest implausibility values as representative of the best-fitting subset of 3o
parameters and refer to this subset as the refined subset. 308

Our refined parameter space, history matched against all data regions (blue distributions in Fig , shows 30
a clear preference for lower vyp; values than our original range, with a mean value of 2.2 x 10%° Pa s and an 40

upper value of 4.1 x 10%° Pa s (99th percentile), falling well below the original uniform upper bound of 401
10 x 10%° Pa s. We find that the higher v, values of our original uniform range are preferred, with the 402
lower 1st percentile falling at 1 x 10?2 Pa s compared with the original 0.1 x 10?2 Pa s lower bound, with the o
mean value shifting to 3 x 10?2 Pa s. Lower values of L are preferred, but the 95th percentile still lies at 404

94 x 10% km and, therefore, remains close to the original upper bound of 100 x 10 km, while the mean has o
shifted to 84 x 10% km. The regional subset shows similar overall preferences for Earth model parameters but o
has a stronger preference for lower vy, with a mean and 99th percentile of 1.7 x 102° Pa s and 2.9 x 10%° Pa 4

s, respectively. We also find values close to the upper bound of vy, are less preferred and the L refined 408
distribution is more similar to that of the original uniform sample. 409
Our full-data history matching prefers larger Barents-Kara Sea ice-sheet volume, with the Vpxig 410

distribution shifting from an original 28 +£4 m SLE (mean =+ standard deviation as a normal distribution) to
30 +3 m SLE. By contrast, there is no change within uncertainty in the preferred Vg distribution, while the a2
Vr shows a preference for a small regional ice-sheet load, reducing from 24 + 3 m SLE to 22 + 3 m SLE. The a3

regional subset shows no change in the refined normal distributions for regional Barents-Kara Sea, a14
British-Irish, or Fennoscandian Eurasian ice-sheet volume, within uncertainty. Our history-matching 415
procedure reveals no significant preference for parameters controlling the timing or duration of WAIS or a16
EAIS LIG evolution, with ch;b‘énge, df,;?mge, T};};ﬁ, T};}’eﬁ, and dr‘{(ﬁ)l . following similar distributions as the a7
original sample. However, refined distributions from both all data regions and the subset of regions a1
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sensitivity to AIS changes reveal preferences for higher ice-sheet melt contributions for both Vn‘;‘;fé and 410
bA ge- Our sensitive subset suggests a contribution of 0.5 - 4.9 m from WAIS (very likely, 90th percentile) o
and -0.4 - 4 m from EAIS (very likely) but prefers higher volume contributions of 2.1 - 4.9 m from WAIS o
(likely, 66th percentile) and 1.1 - 4.4 m from EAIS (likely), and thus a total AIS melt contribution of 3.2 - 9.3 2
m (likely). These results show that high ice-sheet melt from EAIS and/or WAIS produce lower values of 423
model implausibility. However, we find that our results cannot distinguish between an East and West source
of melt and this is investigated in the Discussion. 45
Our resulting posterior parameter distributions for AIS scenarios, history matched against regionally 426
sensitive data, can be inverted to produce a refined ensemble of AIS melt scenarios (Fig@, demonstrating the 47
range of tested AIS scenarios best able to match the AIS sensitive subset of northwest Eurasian RSL data. s

Discussion 029

Antarctic melt-scenario methodology 430

We have simulated Eurasian RSL during the LIG using a range of possible scenarios for LIG AIS evolution 4
via our new parameterisation of AIS melt scenarios. This parameterisation has allowed us to systematically

test the timing, duration, and magnitude of LIG WAIS and EAIS volume changes based on ice-sheet 433
thickness configurations from the Deconto et al. |[30] model. Our simple approach made use of dynamic a3
ice-sheet model outputs in an experimental design that differs in several ways from traditional dynamic 435
ice-sheet modelling studies. Firstly, by utilising a pre-existing set of ice-sheet configurations, each ice-sheet 43
input to our sea-level model is computationally inexpensive to assemble, allowing for the execution of our 437
large-ensemble experimental design that would otherwise be computationally challenging with a coupled 438
climate-ice model without the use of coarse model grids [59], simplified climate inputs |14], or model 430

emulation [29]. Secondly, we are able to test a greater range of possible ice-sheet melt scenarios than may be o
possible with the use of dynamic ice-sheet models since the range of ice-sheet evolutions produced by such
models is constrained by the choice of implemented model physics [2]. While in-built model physics provides s
useful constraints on possible ice-sheet configurations, this range is dependent on the particular model’s e
choice of included ice-sheet physical processes, the specific numerical implementation of these processes, and s
the range of model boundary conditions tested [60-62]. In the context of the LIG, a lack of observations of s
the AIS physical response to changes in the ocean and climate system, and the resulting large uncertainties s
on dynamic model boundary conditions and parameterisation of physical processes, can cast doubt on the 44
reliability of dynamic model-based constraints from a single model on ice-sheet behaviour [63H65]. 448
While our approach allows for flexibility in the range of scenarios tested it also requires prior assumptions 0
to be made about suitable distributions of the timing, duration, and volume of LIG AIS changes, based upon s
previous work and understanding of WAIS and EAIS dynamics. Our range of dVV, values allows for rapid
WAIS retreat of up to 0.5 ka and reflects the view of previous work that the WAIS has the potential for rapid s
ice-sheet loss [66]. The Antarctic BUttressing model Intercomparison Project (ABUMIP) of Sun et al. [67] 4
investigated possible rates of AIS mass loss from grounding line retreat, including marine ice sheet instability s
(MISI) and MICT effects, and found multi-meter retreats over O(0.5) ka in all sensitivity experiments. While s
basins within the EAIS may also be subject to rapid responses to ocean and climate forcing they make up a  sss
smaller portion of the ice-sheet mass and, as such, we prescribe a more moderate minimum bound for d24 ge
of 1 ka since the rate of EAIS overall mass loss is therefore likely to be lower. There is little agreement as to s
the timing of initial LIG WAIS and EAIS melt, as well as the duration and timing of ice-sheet growth, and so s
we allow a 5 ka window for the initiation of LIG retreat, beginning at 129 ka, for both ice sheets, while also 0
allowing a wide time window for the duration of ice growth. After running the sea-level model ensemble, our 46

original sample of SLE contribution parameters, ranging from 0 - 5.5 m for V,Kﬁ and -5 to 5 m for Vﬁfn ger 2

457

were corrected to account for LIG topography changes, shifting their ranges to -0.25 - 5m for Vn‘f;fé and -1.2 - 46
4.5 m for VF4 (in the Relative sea-level ensemble subsection). After this correction, our volume ranges e

change
encompass the majority of projected ranges of mass loss from dynamic ice-sheet modelling studies of 1 - 5 m s
for WAIS [11}[17H19] and -1 to 5 m for EAIS [23,44], providing a independent constraint on these likely 466

ice-sheet contribution during the LIG. Uplift from GIA-driven Antarctic topography deformation during the s

13/123


http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 I nternational
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

LIG may act to reduce the volume of the surrounding ocean basin thus driving additional GMSL rise, a 468
process known as water expulsion, which may represent an underestimation of up to 30% from our sea-level s
contribution values for a given AIS scenario |20]. 470
Regional sensitivity i
We have quantified the relative sensitivity of RSL within different regions of Eurasia to changes in the LIG
AIS, uncertainty in the viscoelastic Earth model and uncertainties in the Penultimate Deglaciation of the a3
Eurasian ice sheet. We found that, in most regions, AIS uncertainty was dwarfed by the considerable ara

contribution of regional GIA uncertainty and that AIS influence was only pronounced in the regions in our s
study area far from local ice-sheet changes. Among these regions, Wales had the largest sensitivity to AIS s
changes, likely due to the relatively small load from the British-Irish ice sheet reducing both the direct ar7
influence of ice-sheet volume uncertainty as well as consequential influences of viscoelastic deformation. The 4
French Atlantic, English Channel, and English North Sea regions also exhibit proportionally high influence
from AIS and, as they are less proximal to centres of large Eurasian ice-sheet load, thus lowering sensitivity sso

to Eurasian ice-sheet volume. Our conclusions suggest that the southwest subset of our Eurasian data 481
regions (Fig ) has the potential to be more informative about AIS than other Eurasian regions when utilised s
in model-data comparison studies since the greatest proportion of the observed RSL values and regional 483
model uncertainty can be explained by AIS melt. a8
History matching 455
In order to quantify the fit of our RSL ensemble against the northwest Eurasian subset of the WALIS 486
sea-level database, we calculated the implausibility of our parameter space using a bespoke Bayesian ag7
history-matching framework that accounts for uncertainty in observed and modelled RSL values, limiting 488
data points, and model structural error and bias. Our results show that no areas of our explored parameter s
space are deemed as implausible within 3-sigma uncertainty. As such, we concluded that current 490

uncertainties in temporal and RSL data values, combined with the magnitude of modelled RSL uncertainty, s
cannot decisively identify implausible modelled RSL scenarios and, by extension, AIS melt scenarios. Despite a0
this, we have been able to deduce information within the subset of our parameter space with the lowest 10% 403
implausibility and, within this subset, we observed a clear preference for the choice of viscoelastic Earth 404
model, Eurasian ice-sheet volume, and the magnitude of AIS melt. In particular, low vyps values in the 495
best-fitting subset, contain virtually no model runs with vy, greater than 5 x 1020 Pa s, suggesting a lower s
viscosity Earth structure and, as a result, more pronounced (and more rapid) deformation is better able to s
match observational data. Our results also indicate that a thinner Eurasian lithosphere is more likely, 408
preferring lower values of L (70 x 103 - 85 x 10% km, 66th percentile) in our full-regional history matching, s
combined with low vy, although these preferences are not expressed by our southwest regional subset. The  sw0
post-Last Glacial Maximum (LGM) and Holocene British-Irish ice sheet focused GIA study of Bradley et 501
al. [38] also showed a slight preference for higher vy s values of between 3 x 10?2 Pa s and 5 x 10?2 Pa s but, s
in contrast to our results, found a slightly better model-data fit for runs with higher vy values of 5 x 1020 s
Pa s as opposed to 3 x 1020 Pa s. However, some of this difference in viscosity preference could be explained  sos
by the differences in British-Irish ice-sheet volumes between our PGM simulations and the Bradley LGM 505

model. Our full-regional history matching also showed a pronounced preference for higher volumes of the 506
VBKks, suggesting that RSL data in the Barents-Kara Sea region have undergone high levels of subsidence. In 5o
contrast, a preference for lower Vi suggests that our mean ice-sheet load in Fennoscandia may be driving 508
subsidence rates larger than indicated by observational constraints and, thus, our ice-sheet model may be too s
thick in this region. 510

We did not find significant preferences for parameters controlling the timing or duration of AIS mass 511
changes and this is likely a result of the large temporal uncertainties present in the RSL data points. 512

However, we found a clear preference for high values of melt from both Vmweﬁ and VC‘,EL;“R ge» especially from 513
the subset of data regions sensitive to AIS melt. However, it is not clear from this analysis whether Eurasian s
sea-level data is sensitive to EAIS and WAIS sea-level contributions seperately, or simply the total AIS 515

contribution. In order to determine whether distinct preferences for EAIS and WAIS contributions can be s
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disentangled, we perform a pairwise implausibility calculation to identify any differences in implausibility 517
values for equal total AIS melt contributions composed of different EAIS and WAIS contributions (Fig . 518
Each pixel within Fig[I0| represents the average implausibility for fixed values of both WAIS and EAIS 519

sea-level contribution, indicated by cell position, over a 1000-member random sample of all other parameters. s
We used a 30-part, linear discretisation of EAIS and WAIS value ranges, resulting in a 30 by 30 pixel matrix, sz
totalling 900 pixels and representing the evaluation of 9 x 10° parameter combinations with each of our 522
Gaussian process emulators. Our results do not show a major distinction in preference between equal total s
AIS contributions with differing EAIS and WAIS contributions, and thus we conclude that it is currently not s
possible to distinguish the AIS source of ice-sheet melt with our current model framework and available data. s

Model bias 526
In history matching our ensemble, we accounted for the spatial pattern of the model structural error and 527
bias, allowing the extraction of useful information from RSL records even in regions where there exists a 528
consistent model-data mismatch. Our methodology allows us to transparently present the regional 529

shortcomings of our model for interpretation and targeted future improvement. Prior to correcting for this s
systematic model bias, we found that the current range of ice-sheet and viscoelastic Earth model parameters sa
were unable to match RSL values inferred by some rate-corrected observational records in the WALIS 532
database. We estimated the model bias at each location by calculating the average discrepancy between the s
overall best-fitting 10% of ensemble members (against all records) and each sea-level record. In addition, we s
performed a 2D interpolation procedure in order to estimate the spatial structure of the model bias and aid  s3s

interpretation, thus revealing a strong spatial structure to the model-data discrepancy. In particular, we 536
found that modelled RSL in the southern North Sea region is over-estimated; RSL at sites beneath the 537
former Eurasian ice sheet tended to be under-estimated; and records in the North Atlantic, English Channel s
and Wales regions showed good fit against our model. We found that the mean shift in parameter ranges 530

controlling the Earth’s viscoelastic structure was strongly controlled by the region against which they were s
compared, revealing that no one Earth model parameter combination can best match all Eurasian LIG RSL  sa
data. Instead, our work shows the importance of a spatially varying Earth structure and, in future work, we s«

suggest that studies may need to incorporate 3D Earth models into their analysis. 543
The discrepancy between data and our modelled North Sea RSL may reflect an overestimation of 544
ice-sheet thickness in this region as generated by our ensemble of Eurasian Penultimate Deglaciation 545

geometries calculated using a simple ice-sheet model [32,/68]. This portion of the Eurasian ice sheet is known s
to be difficult to simulate during the Last Deglaciation, even when applying more complex ice-sheet models s«
and available greater data constraints, due to the strong influence of dynamic ice-sheet processes that control s

the separation of the British-Irish and Fennoscandian ice sheet sectors and the influence of the deep 549
Norwegian channel [69H72]. In addition to being influenced by variation in Earth’s viscosity structure, 550
model-data discrepancy may also be influenced by the assumption of a single Eurasian PGM ice-sheet 551

margin for all ensemble members. Pollard et al. [33] found some regional sensitivity to parameters controlling ss
the asynchrony of ice-sheet margin retreat but, since this sensitivity was relatively localised to some areas of  ss3
the Barents-Kara Sea, we removed parameters controlling this influence to reduce the size of our parameter  ss
space. As a result, reintroducing this parameterisation and expanding the assessment of margin extent and  sss

timing uncertainty to other areas of the ice-sheet margin may help to improve model-data fit in locations 556
proximal to the ice-sheet margin. 557
Alternative sources of Last Interglacial sea-level rise 556
LIG GrIS mass-loss estimates generally are thought to be lower than those of the AIS with most studies 559
estimating a contribution of between 0.6 and 3.5 m SLE [5,/14,|73}|74] but higher contributions from GrIS of se
+5 m have also been suggested [15]/16]. In this work, we assume that Greenland ice-sheet melt during the 561

LIG had a relatively small impact on Northwest European RSL values when compared against AIS [27,[75]. se
In order to validate this assumption we performed an additional simulation that focused on LIG Greenland  ses
ice-sheet melt. As input, we used the Greenland LIG deglaciation model of Sommers et al. [74], which runs se
from 127 ka to 119 ka, as the Greenland component in our global ice-sheet model. We followed the same 565
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procedure as used for simulating AIS melt, whereby all other ice-sheets (including AIS) were kept in their 566
pre-industrial configurations throughout the LIG, but we allowed the ice-sheet model to follow it’s original s

temporal evolution. We used our interpolation methodology to smoothly join the final Sommers et al. |[74]  ses
Greenland ice-sheet configuration at 119 ka with the pre-industrial configuration at 116 ka. Since we 569
simulated a single evolution of the Greenland ice-sheet, we selected single Earth model and Eurasian 570

ice-sheet model ensemble members that lay closest to the ensemble mean. Our results showed that Greenland  sn
contributed up to 1 m of RSL change in the southern North Sea and Baltic Sea, reducing to up to 0.5 m in  s»
the northern North Sea and across the northern Fenoscandian coastline, in keeping with the results of Hay et s

al. [25]. While our work does not encompass a full probabilistic estimation of the Greenland contribution, 574
these results demonstrate the limited value that the inclusion of a parameterised Greenland would make to s
our final results. 576

In order to simplify the identification of Antarctic influence, our work also assumes that all other 577
terrestrial ice-sheet deglaciation (e.g. Laurentide) are complete prior to the LIG and thus do not directly 578

contribute to ocean water volume changes. However, Zhou et al. [76] have suggested that the Laurentide ice s
sheet may have persisted into the LIG, indicated by a Laurentide outburst flood event at 125 ka. Based on  ss
this work and the pattern of LIG RSL in some far-field records Creel et al. [13,/77] have proposed that the  sa
Laurentide may have contributed to ongoing LIG melt. Furthermore, if the thermal expansion contribution s
estimate of 0.4 + 0.3 m from Mckay et al. [10] and mountain glacial melt contribution estimate of 0.32 &= 0.08  ss

m SLE from Marzeion et al. |[12] are considered they may, combined, lower our AIS LIG contribution 584
estimate by 0.7 = 0.4 m, but this correction value is small compared against RSL data uncertainty. It is 585
therefore plausible that a small proportion of our attributed AIS contribution may, in fact, be due to the 586
combined influence of GrlIS and Laurentide melt, alongside thermal expansion, and a more comprehensive 587
assessment of these contributions should be explored in future work. 588
Conclusions 99
Significant uncertainties in both observational constraints and modelled simulations make model-data 590

comparison studies of LIG RSL a significant challenge, particularly when focused on identifying AIS ice-sheet  sa
melt. To address this problem, we developed a simple parameterisation of AIS LIG evolution that specifies  so

the timing, duration, and magnitude of WAIS and EAIS ice-sheet changes and used this to produce a 503
532-member ensemble of Eurasian LIG RSL simulations that vary in viscoelastic Earth structure, the 504
Penultimate Deglaciation of the Eurasian ice sheet, and AIS evolution. We utilise sensitivity analysis to 595
quantify the contribution of AIS uncertainty to the variance in 15 regions of northwest Eurasian and found s
that AIS sensitivity was concentrated in the southwestern sector of these study areas, particularly in the 507
English Channel, English North Sea, French Atlantic, and Wales. We compared our ensemble of RSL against s
data contained within the state-of-the-art WALIS RSL database [31] by using a comprehensive 599
history-matching framework that accounts for structural errors in our numerical model, parameter space 600

uncertainty, and both age and RSL uncertainty in observational constraints. In addition, we expanded this en
framework to incorporate information from limiting RSL data points as well as those associated with relative s
age constraints. Our history-matching procedure allowed us to determine the implausibility of our parameter o3
space and, after correcting for regional model bias, we found that all of our model outputs were able to fit o0
sea-level data within 3-sigma uncertainty. 605

Despite not being able to explicitly rule out portions of our parameter space, individual parameter 606
combinations could still be compared by their relative implausibility values. When compared against RSL oo
data within regions sensitive to AIS melt, the best-fitting 10% subset of our parameter space shows a distinct oo

preference for high values of AIS melt, but cannot distinguish between East and West Antarctic 609
contributions. In addition, our refined viscoelastic earth model parameter distributions showed a strong 610
preference for low upper mantle viscosity values as well as moderate preferences for thin lithospheric 611
thickness values and higher values of lower mantle viscosity. However, we find evidence for differences in 612
regional viscoelastic parameter preferences, indicating a need to account for a spatially varying Earth 613

structure across the Eurasian region. To conclude, our work suggests that, of all northwest Eurasian regions e
that we have considered, RSL data within the English Channel, Wales, and French Atlantic regions are most e
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sensitive to AIS melt and that a high total AIS melt contribution of 3.2 - 9.3 m (likely, 66th percentile) is 616
best able to explain this RSL data. However, a greater quantity of high-quality, low-uncertainty RSL data e

points in regions sensitive to the AIS sea-level fingerprint, combined with more detailed assessments of 618
temporal constraints, are needed to be able to rule out models of RSL and make decisive conclusions about e
the most likely patterns of LIG AIS evolution. 620
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Fig 4. Relative Sea-Level Dataset. (Top) Map of RSL data locations across northwest Eurasia grouped in 13
regions based upon similar RSL trends. (Bottom) For each region, timeseries of marine limiting (blue,
up-arrow marker), terrestrial limiting (green, down-arrow marker) and sea-level index points (orange, round
marker) are shown with 1o uncertainty bounds in age and RSL for absolute dated ages (curved uncertainty)
and age range with 1o RSL uncertainty for relative ages (square uncertainty).

Fig 5. Eurasian Relative Sea-Level Ensemble. Simulated RSL ensemble mean over Eurasia at (A) 122 ka,
(B) 118 ka, and corresponding standard deviation at (D) 122 ka and (E) 118 ka. Panels also show the (C)
mean and (F) standard deviation of the average rate of RSL change over the LIG.

Fig 6. Regional sensitivities. Map showing each sea-level region (defined in Fig4)) coloured by the
magnitude of the relative first-order sensitivity contribution of (A) Antarctic, (B) Eurasian ice-sheet volume,
and (C) GIA model parameters. Regional mean values are a result of mean sensitivity indices calculated at
each data site.

Fig 7. Relative Sea-Level Model Bias. Maps showing the (A) mean and (B) standard deviation of the
estimated model bias field. Data points are coloured with the calculated model bias value.

Fig 8. Optimum input values. Probability density functions of the posterior model input parameter
distributions. Distributions are of the closest 10% of simulation, determined via history matching, to RSL
data from (blue) all regions and (orange) the subset of regions most sensitive to Antarctica. The dashed grey
line shows the probability density functions of the original, prior parameter sample.

Fig 9. Refined Last Interglacial Antarctic Melt Scenarios. Ensemble of LIG AIS melt scenarios before (left,
orange) and after (right, blue) history matching against sea-level data in regions sensitive to AIS melt. Plots
show the ensemble median (solid line), 66th percentile likely (dark shaded region), and 90th percentile very
likely (light shaded region) ranges of AIS sea-level equivalent volume contribution during the LIG.

Fig 10. Pairwise Implausibility Pattern of East and West Antarctic Melt. Panel showing the pattern of
average implausibility for EAIS and WAIS melt across their respective, discretised value ranges. Each pixel
represents the average implausibility given fixed values of EAIS and WAIS sea-level contributions over a
1000-member random parameter sample of all other parameters. A darker pixel colour refers to a lower
average implausibility value. The simple diagonal gradient pattern indicates that similar implausibility values
are observed for similar total melt contributions, regardless of whether they are sourced from EAIS or WAIS.
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