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Abstract

The melting of the Greenland ice sheet (GrIS) is a major contributor to past and future global sea-
level rise. Understanding the response of the GrIS to times in the past when temperatures were as
warm or warmer than today offers insights into its current and future response to climate change.
In the southwest sector, the GrIS retreated inland beyond its current margin during the (at least
regionally) warmer-than-present mid-Holocene, before it readvanced to the historical maximum
position during the Little Ice Age. This was then followed by a slight retreat to its current position.

To investigate the timing and magnitude of southwest GrIS retreat and readvance in response to
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Holocene warmth, we model the response of the solid Earth and local relative sea level (RSL) to
past ice sheet change. We test a suite of eleven ice sheet scenarios that are based on ICE-6G_C but
are modified in the timing and magnitude of ice retreat and readvance and pair them with four
different viscoelastic Earth structures. We compare model predictions to observations of paleo sea
level, present-day sea-level change, and present-day vertical land motion (VLM) around Nuuk,
Greenland. We find that the modeled timing and magnitude of the Holocene retreat and readvance
have a significant impact on modern sea-level change and VLM in Nuuk. Models that assume a
readvance approaching the southwest GrIS’ historical maximum between 2 and 1 ka are most
consistent with observations. The RSL response, however, is less sensitive to the timing of the
minimum GrIS extent. Nonetheless, better data-model fits are generally obtained when the
minimum ice sheet extent is reached between 5 and 3 ka, within the tested range of 6-3 ka.
Comparing this timing to local and regional records of temperature and ice-sheet change suggest
that the evolution of the southwestern GrIS presented here was in-phase with the likely evolution
of southwestern GrIS mass balance through the Holocene. Our results have implications for future
ice sheet modeling studies targeting southwestern Greenland by providing additional constraints
and strengthening existing ones. Moreover, this work provides a deeper understanding of the

interactions between the climate and the cryosphere and thus of future ice sheet change.

1. Introduction

Understanding the response of the Greenland ice sheet (GrIS) to a warming climate is crucial for
accurately predicting future ice melt and consequent sea-level change. This is particularly pertinent
given the projected atmospheric warming in the coming decades, which is amplified in the Arctic

(Rantanen et al., 2022; Serreze and Francis, 2006). Reconstructing paleo responses of the GrIS to
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similar or warmer climatic conditions than today can aid in understanding future GrIS stability

(Fischer et al., 2018).

The most recent period when local temperatures in Greenland were warmer than today is the
Holocene Thermal Maximum (HTM; ~7-4 ka) (Briner et al., 2016). During the majority of this
time, Greenland’s mean summer atmospheric temperature was ~3.3 °C higher than during the 1950
Common Era (CE) (Buizert et al., 2018). Temperatures in the northwest and over the central ice
sheet were 3-5 °C higher than in the mid-twentieth century and temperatures in the south were 1-
2 °C higher. A reconstructed seasonal temperature record using the Community Climate System
Model version 3 and the Summit 3!° N temperature reconstruction suggests that the HTM
temperatures in Greenland were most pronounced during the summer (Liu et al., 2009; Buizert et

al., 2018).

It is widely accepted that the southwestern GrIS region responded to HTM warmth with inland
retreat of the ice margin east of its current position (Larsen et al., 2015; Lecavalier et al., 2014;
Lesnek et al., 2020; Young et al., 2021, 2020; Young and Briner, 2015). Reconstructing the exact
timing and magnitude of the Holocene GrIS minimum, however, remains challenging because
direct terrestrial evidence (e.g. moraines) of previous ice sheet minima has since been overrun by
ice readvance in the late Holocene. Nonetheless, constraints have been reported on the timing and
magnitude of the GrIS minimum by using sediment-based proxies, cosmogenic isotope
measurements, and sea-level modeling. A suite of geological constraints suggests that the
southwestern GrIS margin had largely retreated behind its present margin by ~7 ka, and likely

achieved a minimum extent sometime between ~5-3 ka (Briner et al., 2010; Larsen et al., 2015;
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Lesnek et al., 2020; Young et al., 2021, 2020; Young and Briner, 2015). While the precise
magnitude of inland retreat is difficult to constrain, these same geological records suggest that
inland retreat was likely no more than a few 10s of km and perhaps as little as <10 km in some
locations (Larsen et al., 2015; Lesnek et al., 2020; Young et al., 2021; Young and Briner, 2015).
Following the southwestern GrIS minimum extent, ice-margin readvance culminated in the
deposition of the historical moraine ~1850-1900 CE (Weidick et al., 2012; Weidick and Bennike,
2007). Yet, sediment archives from proglacial lakes suggest that the southwestern GrIS may have
approached, but not quite reached, the eventual historical maximum ice-margin position as early
as ~1-2 ka (Larsen et al., 2015; Pearce et al., 2022; Young et al., 2021). Broadly supporting this
ice-margin history is a modeling study that places the southwestern GrIS Holocene minimum
extent ~40-60 km inland of its present position at 4 ka (Huy3; Lecavalier et al., 2014). However,
the modern ice margin in this reconstruction misses the observed one by several 10s of km, partly
due to the coarse 20 km mesh resolution of Huy3. This can lead to physically-inconsistent ice
margin dynamics during periods of high ablation as the coarse mesh is not able to resolve the fine-
scale bedrock geometry and the often-narrow ablation zone at the ice margin. In contrast, the ICE-
6G_C ice sheet reconstruction exhibits a retreat of ~130-140 km at 6 ka (Argus et al., 2014; Peltier
et al., 2015; Stuhne and Peltier, 2015), but does readvance to the correct modern margin. More
recently, paleo-benchmarked model runs of southwestern GrlIS change through the Holocene using
the Ice Sheet and Sea-level System model (ISSM) point to mid-Holocene ice-margin retreat on the
order of only a few 10s of km (Briner et al., 2020; Cuzzone et al., 2022; Young et al., 2021).
Differences in the magnitude and timing of maximum retreat in ice sheet model-based
reconstructions (Huy3 and ISSM) may be driven by differences in the incorporated model physics

and resolution. These uncertainties make it difficult to correlate ice sheet behavior with other



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

climate proxies and inhibit understanding the exact response time and sensitivity of the ice sheet

to warming.

One approach to better understand the past behavior of the GrIS is to study historic and present-
day local sea-level variability. Holocene ice sheet changes affect past and present sea-level change
due to glacial isostatic adjustment (GIA), which is the response of the viscoelastic solid Earth, its
gravity field, and its rotation axis to changes in ice and ocean load. The Holocene retreat and
readvance of the southwest GrIS causes a local sea-level curve with a classic “J-shape” where sea
level falls to a minimum in response to ice retreat before rising to the modern level (readvance
phase), which is characteristic of southwest Greenland (Lecavalier et al., 2014; Long et al., 2011).
Further, southwest Greenland is located on the subsiding peripheral bulge of the Laurentide ice
sheet (LIS), which causes a superimposed RSL rise (Khan et al., 2016). Additionally, the southwest
GrIS briefly advanced and retreated during the Little Ice Age (LIA; ~1450-1900 CE) in response
to colder-than-present temperatures. For example, near the Kangiata Nunaata Sermia (KNS)
region, the ice sheet reached its maximum historical extent around 1761-1808 CE resulting in the
deposition of the so-called historical moraine (Lea et al., 2014; Pearce et al., 2022). The brief
advance and retreat cause a contribution to present-day RSL fall due to GIA. In addition to GIA
effects, contemporaneous global ice mass changes, changes in water stored on land (Slangen,
2012), thermosteric effects, and ocean dynamics (Levitus et al., 2012) all affect modern sea level
change in Greenland. These combined processes lead to a present-day RSL rise in southwest

Greenland rather than a RSL fall, as is the case around most of Greenland (Lecavalier et al., 2014;

Spada et al., 2014).


https://www.zotero.org/google-docs/?broken=L2gJlh
https://www.zotero.org/google-docs/?broken=L2gJlh

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

Here, we investigate the timing of retreat and readvance of the southwestern GrIS during the
Holocene by modeling the GIA effects of different Greenland ice sheet reconstructions on RSL
and solid Earth deformation in Nuuk (Figure 1). We compare RSL predictions, driven by a range
of retreat and readvance scenarios that are informed by geological constraints of the ice margin
position, to paleo sea-level data. We then use the Nuuk tide gauge record and global navigation
satellite system (GNSS) observations of modern vertical land motion (VLM) to further test our
RSL and VLM predictions during the modern era. This comparison requires a series of corrections
related to changes in global ice mass, sterodynamic effects, and changes in terrestrial water mass
exchange. This approach allows us to evaluate which Holocene ice retreat and readvance scenario

1s most consistent with sea-level and GNSS observations.

2. Data and methods

2.1 GIA model

We investigate the sea-level response to an evolving global ice and ocean load by solving the sea-
level equation using a gravitationally self-consistent GIA model (Kendall et al., 2005). The model
is based on a pseudo-spectral approach with a maximum spherical harmonic degree and order of
512 and it accounts for Maxwell viscoelastic solid Earth deformation, gravitational changes of
Earth, ice and ocean loading, changes in Earth’s rotation axis, and shoreline migration. As input,
this model requires a prescribed past ice history and a viscoelastic Earth structure. We run the GIA
model with a suite of Earth models and a suite of GrIS reconstructions based on the ICE-6G_C ice

model (Peltier et al., 2015).
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Figure 1: ICE-6G_C ice margin positions (Peltier et al., 2015) for a) southwestern GriS and b)
full GrIS at 9 ka (red), 6 ka (orange), 3 ka (vellow), and present-day (black), at the original
resolution with the tide gauge and GPS location in Nuuk (vellow dot; 64.17° N, 51.73° W) and the
Nuuk paleo sea-level data location (red diamond; 64.48° N, 50.997° W). Additional paleo sea-
level data is shown for Sisimiut (black dot; 66.63° N, 53.64° W), Sondre (black downward triangle;
66.848° N, 50.98° W), Godmouth (black upward triangle; 64.37° N, 51.697° W), and Godhead
(black square; 64.434° N, 50.33° W). The modeled ice sheet is coarser than the land margin shown

here, which results in some apparent present-day offshore ice margins.
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ICE-6G_C provides global ice thickness values and follows first-order physical mass balance
variations (Argus et al., 2014; Peltier et al., 2015; Stuhne and Peltier, 2015). It is manually adjusted
to fit an array of global GPS measurements, time-dependent gravity data from GRACE, and
radiocarbon-dated relative sea-level histories. While ICE-6G_C is only an ice model for the
deglaciation, a glaciation phase (120-26 ka) has been added to account for any remaining
viscoelastic deformation driven by ice change during this time period. To include this phase in the
ice history we follow the eustatic curve of Peltier and Fairbanks (2006), assuming that times of
equal ice volume follow equal ice geometry. The GrIS component is based on the Gr.B model
(Tarasov and Peltier, 2003, 2002). The Holocene ice extent minimum of the southwest GrIS, at
the latitude of Nuuk (64.17° N), occurs at 6 ka and the ice margin readvances to a maximum extent
by 2 ka (Figure 1), after which it remains stationary. To test how changes in retreat history affect
sea-level observations we modify the ice history of the GrIS (and let the other ice sheets follow
the original ICE-6G_C) to construct a suite of ice scenarios (Figure 2). Exploring later times of ice
retreat and readvance is based on the findings by Young et al. (2021) and Pearce et al. (2022), who
suggest that the southwest GrIS ice margin minimum likely occurred after ~5 ka and that the ice
margin closely approached (but not yet reached) its historical maximum extent by ~2 ka or later.
Our suite of scenarios include: (1) no retreat and readvance (hereafter referred to as “no retreat”),
which is achieved by enforcing a linear change of ice thickness from 8 ka until 2 ka, after which
the ice thickness is constant until the present-day. We start the linear change in ice thickness at 8
ka to avoid affecting the RSL curve in the period around the paleo RSL data (section 2.2.1). The
ice volume therefore exhibits a minimum at 8 ka in this scenario. There is, however, no ice margin
retreat in this scenario; (2) delayed minimum ice extent, where we delay the minimum extent from

6 ka to 5 ka, 4 ka, and 3 ka (3 separate scenarios); and (3) delayed maximum ice extent, where we



170  vary the time of readvance to the maximum extent between 2 ka, 1 ka and present-day (3 separate
171 scenarios). We pair each delayed minimum with each delayed maximum scenario to yield nine
172 different simulations. To modify the timing of ice retreat and readvance we apply a linear
173  adjustment to the rate of GrIS mass change between 8§ ka and the timing of the minimum extent to
174  allow for a slower retreat and a later minimum. Similarly, we adjust the rate of change between
175  the subsequent minimum and maximum times accordingly to allow for a later maximum. Adding
176  these nine scenarios to the original ice history and the no retreat and readvance scenario yields
177  eleven different ice histories. We calculate the global sea-level response for each ice reconstruction
178  between 122 ka (last interglacial; LIG) and the present-day (1950 CE), with a temporal resolution
179  of 0.25 kyr during the Holocene and 0.5-2 kyr before the Holocene, following the original
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184  Figure 2: Southwest Greenland ice volume fraction, relative to the ice volume at 12 ka. ICE-6G_C

185  refers to the original ICE-6G_C ice history. Ice histories with adjusted timings are referred to as,
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for instance, 5-1 ka, indicating that the Holocene minimum extent is reached at 5 ka and the

historical maximum extent is approached at 1 ka.

The Huy3 Greenland ice sheet reconstruction is based on a physical ice sheet model (Lecavalier
et al., 2014) and has less retreat and readvance, which is more in line with field observations
(Briner etal., 2020; Cuzzone et al., 2022; Young et al., 2021). However, the present-day ice margin
in Huy3 near Nuuk is located ~70km west of the observed margin. Contrary to ICE-6G_C, where
the observed present-day margin is prescribed in the model. Given the sensitivity of RSL and GIA
to the position of the present-day margin we choose the ICE-6G_C model as our base model as

described above.

We note that ICE-6G_C does not account for ice mass changes associated with the LIA, during
which the ice sheet slightly advanced to its historical maximum before receding to its current
position. The maximum extent in ICE-6G_C, therefore, refers to both a pre-LIA extent that closely
approached but did not yet reach the historical maximum (i.e. LIA) extent, as well as the post-LIA
(i.e. present-day) extent. We use the LIA ice history from Adhikari et al. (2021) to account for the
effects of ice mass changes during the LIA on modern sea level and VLM as a separate component
(described in more detail in section 2.2.2). We note that this causes a slight inconsistency in one
set of our models, those in which ICE-6G_C is modified to reach its modern maximum extent at
the present day. In those scenarios, the effects of ice changes during the LIA are superimposed
onto the effects of a linearly increasing (instead of stationary) ice mass between the ice margin
minimum and the present day. Nonetheless, we consider this run instructive to understand the

effects of the latest possible historical maximum extent on sea level change.
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We employ a suite of Maxwell viscoelastic Earth structures to calculate the sea-level response.
The density and elastic properties of the Earth models follow the 1D Preliminary Reference Earth
Model (Dziewonski and Anderson, 1981). We employ three radially symmetric (1D) viscosity
profiles (Table 1). The 1D profiles were obtained by fitting RSL observations around Greenland
(Fleming and Lambeck, 2004; Lecavalier et al., 2014; Roy and Peltier, 2017). While some of these
profiles were obtained when paired with different ice histories, we argue that they still provide a
sensible range to explore the sensitivity of our results to mantle viscosity. Further, we run a smaller
set of sensitivity tests only on the original and “no retreat” scenarios using a radially and laterally
heterogeneous (3D) viscosity structure where 3D perturbations are imposed onto an average
lithosphere thickness and upper and lower mantle viscosity (Table 1). The radial and lateral
variations are derived from shear wave speed (see Austermann et al., 2021 for details; Richards et

al., 2020) and are based on the tomography model by Schaeffer and Lebedev (2014).

In addition to predicting past sea level change, we also calculate the present-day rate of change
over the last time step (0.25-0 ka), which we compare to observations that are described in section
2.2. Note that the rate of change does not vary appreciably over the last 250 years of the model.

We further calculate the present-day vertical land motion rate.

Table 1: Earth viscosity profiles used to model the RSL response, with elastic thickness of the
lithosphere (LT), upper mantle viscosity (UMV), and lower mantle viscosity (LMV). The boundary
between the upper and lower mantle is at 670 km depth. Earth model E2 is VM5a (Roy and Peltier,

2017), which has separate viscosities for the upper and lower sections of the lower mantle. This
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model has an elastic lithosphere down to 60 km and a high viscosity between 60 and 100 km (10

Pa s). Values for the 3D viscosity model correspond to the radial averages.

Model | LT (km) | UMV (10*' Pas) | LMV (10*' Pas) [ 1D/3D | Reference
El 80 0.4 10 1D (Fleming and Lambeck,
2004)
E2 60 (100) 0.5 1.57/3.23 ID | (Roy and Peltier, 2017)
(upper/lower)
E3 120 0.5 2 1D (Lecavalier et al., 2014)
E4 96 0.5 5 3D (Austermann et al., 2021)

2.2 Data constraints

2.2.1 Paleo sea-level data

We use three sea-level index points and two terrestrial upper-limiting points from the site ‘Nuu’,

as described in Lecavalier et al., (2014). This site is closest to the location of the tide gauge and

VLM records in Nuuk and will therefore be used as a paleo constraint to evaluate the modeled

RSL responses for each combination of ice sheet history and Earth model. Further, we use the

marine limit which constrains the highest point the RSL reached during deglaciated conditions.

The sea-level records are derived from previous mapping efforts of the regional marine limit

(Weidick, 1974) and radiocarbon-dated lake sediment packages from a site ~50 km northeast of

Nuuk in Godthébsfjord (Fredskild, 1983; Lecavalier et al., 2014) (Figure 1). Additional sea-level

index points, terrestrial upper-limiting points, and lower-limiting points at Sisimiut, Sondre,
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Godmouth, and Godhead, as summarized by Lecavalier et al., (2014), exist in the region and will

be compared to the inferred RSL history in the discussion section 4.1.

2.2.2 Relative sea level budget and tide gauge data

We compare our GIA modeling results to the present-day RSL rate, derived from a 1958-2002 tide
gauge record from Nuuk (64.17 N, 51.73 W; Figure 1), using the RSL budget framework laid out
in Spada et al. (2014). By splitting the Nuuk tide gauge time series into empirically orthogonal
intrinsic mode functions, which describe the variations in cyclicity, and removing the dominant
components from the record including the 18.6-year nodal tide cycle, a standard linear regression

on the residual results in an RSL rate of 1.93 + 0.18 mm/yr.

We use the observed RSL rate to solve the RSL budget in Nuuk (Spada et al., 2014), which consists

of several components:

Sgia = St — (SGIA_LIA + Sgris + Sais + Sgic + Ster T SSDY) (1)

where sci4 1s the rate of sea-level change driven by deglacial and Holocene ice sheet variability.
In this section, we describe how we obtain a data-driven estimate of this quantity, which we will
then compare to the model-driven estimate of this quantity as described in section 2.1. s7c is the
observed RSL rate from Spada et al. (2014), sci4_114 1s the rate of sea-level change driven by GIA
effects related to recent ice mass changes (1000-2003 CE; related to the LIA), sGs, s4is, and scic
are the sea-level changes driven by present-day ice mass changes associated with the GrIS, AIS,

and other glaciers and ice caps, respectively, s7zr is the rate of sea-level change driven by changes
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in terrestrial water mass exchange; and sspy is the rate of sea-level change rate driven by

sterodynamic effects.

In the Nuuk/KNS region, the maximum historical extent was reached during the LIA in the 18th
century (Lea et al., 2014; Pearce et al., 2022; Weidick et al., 2012). Adhikari et al. (2021) suggest
that these relatively recent ice mass changes paired with low viscosities in the asthenosphere
contribute to modern VLM, reconciling a longstanding mismatch between observed and modeled
estimates of GNSS-derived VLM (Khan et al., 2016). Adhikari et al. (2021) justify a lower
viscosity for these ice sheet changes that occurred more recently by invoking transient behavior in
rheology (Paxman et al., 2023). We use the ice history from Adhikari et al. (2021) that extends
from AD 1000 - 2003 and pair it with 120 Earth models that range in lithospheric thickness (60 -
240 km) and mantle viscosities (isoviscous, 0.4 - 2.5 - 10%° Pa s). These ranges in Earth parameters
have been shown to produce fits to VLM Greenland-wide. Adhikari et al. (2021) show that the
resulting VLM is not very sensitive to the mass anomaly prior to the little ice age and the timing
of'its onset (within the range tested). They do, however, show that data constrain the mass anomaly
during the little ice age and the timing of retreat (AD 1865 + 30). We use their preferred timing of
maximum ice extent and retreat and ice mass anomalies. We use the GIA model described in
section 2.1 to predict sea-level change and vertical land motion driven by this mass anomaly
between 1965-2003. Note that no ice mass change is assumed during this time as the modern
contribution of the GrIS is captured in sgus. We calculate the model likelihood for each Earth
structure based on fits to observed VLM from 57 GPS stations around Greenland from the
Greenland Global Positioning System Network (GNET), a set of bedrock-based GNSS

installations around Greenland (Bevis et al., 2012), following the approach by Adhikari et al.
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(2021). Using the likelihood as model weights allows calculating a weighted mean and weighted

standard deviation of the RSL rate (sGr4_c14).

For the terms saris, s4is, and scic, we use sea-level fingerprints from Spada et al. (2014) to translate
global mean (or ice equivalent) sea-level change to local sea-level change. Spada et al. (2014)
determined sea-level fingerprints at the tide gauge location in Nuuk of -5.5, 1.1, and 0.25 for GrIS,
AIS, and GIC melt, respectively, by solving the sea-level equation using SELEN (Spada and
Stocchi, 2007). The authors calculate the sea-level fingerprints assuming uniform mass variation
for the period 1961-2003 as reported by the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (Solomon et al., 2007). Because more recent estimates of the global
mean contributions of the GrIS, AIS, and GIC are not directly available over the exact period 1958-
2002 (Fox-Kemper et al., 2021), we use the available estimates that cover the periods 1901-1990,
1971-2018, 1993-2018, and 1901-2018. For each estimate of the GrIS, AIS, and GIC and for each
period, we calculate the weighted contribution based on the fraction of the 1958-2002 period that

it covers and then determine the weighted mean for the GrIS, AIS, and GIC.

The global mean contribution together with the fingerprint allows calculation of the local RSL rate
in Nuuk (Table 2). The contribution from terrestrial water storage (s7er), assumed to be globally
uniform with a rate of -0.07 + 0.07 mm/yr and similar over the tide gauge period (1958-2002), is
calculated from a combination of groundwater extraction and reservoir impoundment data over
the period 1961-2003 (Slangen, 2012). Lastly, sterodynamic effects (sspr) can affect the RSL in
Nuuk. These include steric effects, which refer to variations in sea level due to changes in ocean

water density through temperature changes (thermosteric) and salinity changes (halosteric), as well
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as dynamic effects, which refer to changes in ocean circulation in response to steric sea-level
changes. The ocean dynamics response is particularly unconstrained in remote shallow coastal
areas with limited observational data, such as the tide gauge location in Nuuk. To account for this
uncertainty we calculate the variation from 23 ocean reanalyses (Dangendorf et al., 2021), which
results in a 16 uncertainty of 2.19 mm/yr. Since the individual ocean reanalysis runs show limited
skill in explaining the observed RSL in Nuuk, we do not include a mean sterodynamic contribution

in our RSL budget.

We use the values described here (with uncertainties propagated) to obtain a data-driven estimate

of sci4. We then compare this to the RSL rates predicted from the 35 sc4 scenarios described in

section 2.1.

Table 2: RSL rates in Nuuk for the period 1958-2002 for each contributor.

Contributor | Global SL rate Fingerprint | Contribution to
[mm/yr] in Nuuk [-] Nuuk RSL rate
[mm/yr]
GrIS 0.33 £0.042 -5.5 -1.82 £0.23
AIS 0.088 £0.051 1.1 0.097 £ 0.056
GIC 0.54 £0.071 0.25 0.14 £0.018
TER -0.07 £0.07
SDY 0+2.19
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2.2.3 GNSS data

We use data from the Greenland Global Positioning System Network (GNET), a set of bedrock-
based GNSS installations around Greenland (Bevis et al., 2012). Khan et al. (2016) modeled the
Earth’s elastic response to present-day ice mass loss by assimilating a suite of remote sensing laser
and radar altimetry data and removed it from the GNET GPS signal to isolate a VLM rate due to
viscoelastic effects (GIA) of -1.3 = 0.3 mm/yr for the period 2009-2016, co-located and partly
contemporaneous with the tide gauge. Adhikari et al. (2021) performed a similar correction with
an updated ice history for the period 2011-2017 and obtained a higher VLM rate due to GIA of -
0.44 £ 0.48 mm/yr. These significant differences highlight the importance and uncertainty of the
elastic correction. In our analysis, we choose to use both estimates to account for potential

systematic biases in the elastic correction.

We use the observed and modeled viscous VLM rates to solve the VLM budget at Nuuk:

Teia = Teps—elastic — TGiA_LiA (2)

The left-hand side (rc14) compares to the VLM rate predicted from the suite of runs described in
section 2.1. 7Gps-elastic 1S the GPS-derived VLM rate that has been corrected for the elastic effect of
contemporaneous ice mass changes and rci4_ri4 refers to the GIA effects of more recent ice mass
changes on VLM during the LIA. rc14_r14 is calculated as described in section 2.2.2 (rGi4_r14) but

by extracting VLM rather than sea level from the model prediction. We use the values described
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here (with uncertainties propagated) to quantify the data-driven estimate of 7614 and compare it to

the VLM rates estimated from the 35 764 scenarios described in section 2.1.

3. Results

3.1 Holocene relative sea-level curves

Holocene RSL changes at the paleo sea-level observation location near Nuuk exhibit considerable
variability depending on the local ice history, lithosphere thickness, and upper and lower mantle
viscosities (Figure 3). The retreat and readvance in the original ICE-6G_C ice history leads to an
RSL fall several meters below the modern RSL at Nuuk during the late Holocene and a subsequent
RSL rise closer to the present day, forming the characteristic J-shape, which is visible for all Earth
model parameters (Figure 3, yellow lines). The magnitude and timing of the drop, however, depend
on the solid Earth properties. Simulations with a thick elastic lithosphere (120, E3; and 96 km, E4)
lead to a low RSL at ~10 ka which is consistent with the marine limit. Conversely, simulations
with a thinner elastic lithosphere (60/100km, E2; and 80km, E1) are not consistent with the marine
limit at ~10 ka. Further, simulations with a thin lithosphere and low lower mantle viscosity
(1.57/3.23 10*' Pa s; E2) lead to the highest sea-level low-stand during the mid-Holocene
compared to simulations with the other Earth models. The Earth structures also vary in lower
mantle viscosity, which may contribute to differences in RSL given the influence of the Laurentide
ice sheet in this region. The fit to the sea-level index points is best for the 3D viscosity model E4,
which shows the closest fit to all three points. The fit is slightly worse for models E1, E2, and E3.
It should be noted that a perfect fit to all three index points within uncertainty is not likely given

the general shape of our sea-level curves.
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The adjusted ice history without retreat and readvance (Figure 3, red lines) shows a clear deviation
from the original ice history with a less pronounced RSL drop (E3 and E4) or even a lack of

negative RSL (E1 and E2).

Omitting the retreat and readvance tends to lower the RSL curve during the early Holocene,
slightly increasing the fit of the modeled RSL curves and the youngest sea-level index points for
models E1 and E2. For E3 and E4, it is not clear whether omitting retreat improves the fit to the

index points.
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Figure 3: Modeled Holocene RSL curves at the paleo sea-level observation location near Nuuk
(64.48° N, 50.997° W) for the original ICE-6G_C (orange) and “no retreat” ICE-6G_C (red) ice
histories, a) last 12 ka, b) last 4 ka. Both ice history variations are combined with four Earth

models as described in Table 1. Paleo sea-level observations (+ 16) are denoted by crosses (index
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points) and downward triangles (terrestrial upper-limiting). The marine limit is denoted by the
dashed grey line (Lecavalier et al., 2014). Note that the LIA ice variability is not included in the

ICE-6G_C runs.

The timing of retreat and readvance shapes the Holocene RSL curves. A later retreat (minimum at
5, 4, and 3 ka) delays the ice mass unloading and leads to higher RSL during the early and mid-
Holocene and lower RSL in the late Holocene, and thus a more pronounced RSL drop below 0 m
(Figure 4). Similar to the original ice histories (Figure 3), the choice of Earth model results in
different magnitudes and timings of the RSL maxima and minima. Delaying the readvance to 1 ka
or the present causes a later sea-level reversal and consequently (since RSL curves are sea level
relative to the present) an overall higher RSL curve with a later, shallower sea-level dip.
Simulations with Earth model E3 provide the best fit to the sea-level index points and most runs
remain below the marine limit (Figure 4c), while the early-Holocene RSL for simulations with
Earth models E1 and E2 are not consistent with the marine limit. For all Earth models, the data-

model fit is slightly higher if the ice sheet approaches its maximum at 1 or 2 ka.
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Figure 4: Modeled Holocene RSL curves at the paleo sea-level observation location near Nuuk
(64.48° N, 50.997° W) for the ICE-6G_C ice histories with adjusted timing of ice the sheet
minimum and adjusted timing of when the ice sheet reaches its current maximum extent (legend
shows the periods from the minimum to the maximum extents), combined with Earth model: a) E1,
b) E2, and c) E3. Plots d, e, and f show the same sea-level curves as plots a, b, and c, but zoomed
in on the last 4 ka. Paleo sea-level observations (+ 1) are denoted by crosses (index points) and
downward triangles (terrestrial upper-limiting). The marine limit is denoted by the dashed grey
line (Lecavalier et al., 2014). Note that the LIA ice variability is not included in the ICE-6G_C

runs.
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Overall, the original and “no retreat” ice histories, as well as the ice histories with adjusted timings
paired with Earth model E3 produce RSL curves that are most consistent with the paleo sea-level
observations. Most of these ice scenario-Earth model combinations cross or closely approach at
least one index point (most often the youngest index point). The 3D Earth model (E4) RSL curves
without retreat have the highest data-model fits by closely approaching all three index points,
showing that the 3D variations in the solid Earth parameters improve the fit of the modeled RSL

to the sea-level observations.

3.2 Present-day relative sea-level rates

The modeled present-day RSL rate at Nuuk is contingent on the choice of ice history and solid
Earth properties. We test the modeled RSL rates by comparing them with the observationally
inferred deglacial GIA rate (r.h.s of Equation 1; 4.92 + 2.24 mm/yr), which consists of correcting
the tide gauge inferred sea-level rate for several components detailed in section 2.2 (Figure 5). One
of the components that we model separately is the RSL rate due to ice mass changes during the
LIA (scia_i4). We find that this causes a present-day rate of sea-level change of -1.34 + 0.34
mm/yr. An RSL fall for this component is expected since the ice mass unloading of the late-LIA
retreat results in present-day solid Earth uplift and decreased gravitational attraction of ocean

water.
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Figure 5: Individual contributions of each component to sci4 (right-hand-side of Equation 1, Table

2) in Nuuk for the period 1958-2002.

The RSL rates driven by the original ICE-6G_C ice history predict sea-level rise, which is driven
by the GIA effects associated with ice readvance. However, the rates underestimate the
observationally constrained target value, with models E1 and E3 producing a closer fit to the
observations than E2 and E4 (Figure 6, empty orange squares). The RSL rates using the “no
retreat” ice history are lower than those with retreat because their RSL curve lacks a “dip” (Figure
3). As a result, these data fit the observational constraints worse than the original ice history,
indicating that some inland retreat of the ice margin is necessary. The ice histories where the ice
sheet minimum is shifted to 5, 4, and 3 ka, perform similarly to the original ICE-6G_C ice history
(Figure 6, small squares) with slightly higher rates for a later minimum. This indicates that the

RSL rate is only slightly sensitive to the timing of the ice sheet minimum within the range 6-3 ka.
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Forcing the ice sheet to approach the historical maximum closer to the present day, instead of at 2
ka, significantly increases the RSL rate and the data-model fit. For model E1, model runs that
approach the historical maximum at 1 ka or the present (with a minimum achieved sometime
between 5-3 ka) lead to RSL rates that fall within the uncertainty of the observationally constrained
rate (Figure 6, light grey band). It should be noted that, as described in section 2.1, the scenario in
which the ice margin does not approach the historical maximum extent until present-day is not
strictly consistent with geological constraints. Nonetheless, we show this scenario here to
understand the effect of a slower rate of Holocene ice mass growth on the present-day sea level
rate. For model E2, only runs that reach the maximum extent at present-day are able to fit the data
constraints within uncertainty (i.e. fall within the light grey region in Figure 6). In the case of
model E3, most simulations with a delayed minimum at or after 5 ka, and an approach to the
historical maximum at or after 2 ka, fall within the data uncertainty. Neglecting uncertainties
associated with the sterodynamic component would significantly decrease the target range (Figure
6, dark grey band) and reduce the number of model runs consistent with the observationally

constrained estimates only allowing models with a later (1 ka to present) readvance.

In addition to changes in the timing, it has been suggested that the magnitude of retreat and
readvance in ICE-6G_C is overestimated by a factor of 3-4 (Lesnek et al., 2020; Young et al.,
2021). A retreat of smaller magnitude is expected to cause an RSL dip of lower magnitude, similar
to the effect of the “no retreat” scenario, and would therefore produce a lower RSL rate in each
scenario. That means it would likely limit the range of models that fall within the observational

constraints to those that readvance close to present-day.
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We tested the impact of the LIS on the present-day RSL rate in Nuuk (Figure 6, filled orange
squares) by substituting the LIS in ICE-6G_C with the LIS from the ice sheet model GLAC1-D
(Tarasov et al., 2012). The resulting RSL rates are slightly higher, showing some sensitivity to the

LIS, but do not significantly affect the results.
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Figure 6: Comparison of modeled present-day RSL rates in Nuuk (64.17° N, 51.73° W) driven by
deglacial GIA for every ICE-6G_C ice history: original (empty orange), no retreat (red),; and ice
sheet minimum at 5 ka (dark green), 4 ka (green), and 3 ka (light green). The size of the
dark/normal/light green markers indicates the timing when the ice sheet reaches its current
maximum extent at: 2 ka (small), 1 ka (medium), and present-day (large). Filled orange squares
show modeled RSL rates where the LIS in ICE-6G_C was substituted with the LIS in GLACI-D
(Tarasov etal., 2012). The observationally estimated RSL rate driven by deglacial GIA (as detailed
in section 2.2, Equation 1) is denoted by the light grey shaded area (£ 1o range). The dark grey

area indicates a more restricted uncertainty that excludes the uncertainty in sterodynamic effects.
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3.3 Present-day vertical land motion rates

We evaluate the modeled VLM rates through comparison with the observationally inferred
deglacial VLM rate (r.h.s of Equation 2) which yields a value of -2.88 + (0.48 mm/yr when using
rGps-elasiic from Khan et al. (2016) and -2.02 + 0.58 mm/yr with rGps-ciastic from Adhikari et al.
(2021). We find the modeled VLM rate due to ice mass changes during the LIA (rci4_r14) to be

1.58 £ 0.38 mm/yr. As expected, ice mass loss since the LIA leads to rebound.

The VLM rates using the original ICE-6G_C ice history, paired with models E1, E3, and E4 fall
within the observationally derived VLM rate (Figure 7) when using rGps-elasiic of Khan et al. (2016).
The original ice history paired with E2 overestimates the observationally derived VLM rates for
both estimates of rgprs-eisic. For all Earth models, predictions for the “no retreat” ice history
overestimate the observationally derived VLM rates. For E1l, E2, and E3, a later timing of the
minimum extent (closer to 3 ka) lowers the modeled VLM rates. For E1 and E3, the modeled VLM
rates remain within the uncertainty of the observationally derived VLM rates. For E2, a later timing
of the minimum extent brings the prediction closer to the observed VLM rates. However, for E1,
E2, and E3, the sensitivity to the timing of the minimum extent is again relatively small. Forcing
the historical maximum to be approached at 1 ka and present-day lowers the modeled VLM rates
more significantly. For El, the modeled VLM rates remain within the uncertainty of the
observationally derived VLM rate using rGps-ciasiic from Adhikari et al. (2021) when the maximum
extent is approached at 1 ka, but underestimates the observed VLM rates when the maximum is
reached at present-day. For E2, forcing the maximum extent to be approached at 1 ka increases the

fit to the observationally derived VLM rates, where a late minimum extent (3 ka) provides the best
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fit. For E3, the modeled VLM rates underestimate the observationally derived VLM rates when

the maximum extent is reached at 1 ka or present-day.

A smaller magnitude of retreat and readvance (than in ICE-6G_C) as suggested by Lesnek et al.
(2020) and Young et al. (2021) is expected to cause a less pronounced present-day solid Earth
deformation, similar to the effect of the “no retreat” scenario. The modeled VLM rates would,
therefore, be less negative and, for E1 and E3 would improve the fit to the observationally derived
VLM rate, while for E2 and E4, this would reduce the data-model fit. This would likely limit the

range of models that fall within the observational constraints.

Similar to the RSL rate analysis, we tested the impact of the LIS on the present-day VLM rate.
Substitution with the LIS from GLACI-D results in slightly lower VLM rates, but the results are

not significantly affected.
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Figure 7: Comparison of negative modeled present-day VLM rates in Nuuk (64.17° N, 51.73° W)
for every ICE-6G_C ice history: original (orange), no retreat (red); and ice sheet minimum at 5
ka (dark green), 4 ka (green), and 3 ka (light green). The size of the dark/normal/light green
markers indicates the timing when the ice sheet reaches its current maximum extent at: 2 ka
(small), 1 ka (medium), and present-day (large). Filled orange squares show modeled RSL rates
where the LIS in ICE-6G_C was substituted with the LIS in GLACI-D. The observationally
inferred deglacial VLM rate (Equation 2) is denoted by the blue and red shaded areas (= 1o range),
With rGps-elasiic from Khan et al. (2016) and Adhikari et al. (2021), respectively. The purple shaded

area denotes where the two estimates overlap. The Earth model used is indicated at the bottom.

4. Discussion

4.1 Constraints on ice retreat and readvance in SW Greenland

Our results suggest that some degree of inland ice sheet retreat in southwestern Greenland near
Nuuk is necessary during the mid/late-Holocene to fit the model output to the data. The RSL and
VLM rates using Earth model E1 simultaneously satisfy the observational constraints if the
historical maximum extent is approached at 1 ka without a strong constraint on the timing of
retreat. Note, however, that the RSL predictions are at the edge of the data-derived uncertainty
range, while the VLM predictions are well within the observational constraints. For model E2, the
RSL and VLM predictions only satisfy both data-derived constraints simultaneously if the
maximum extent is reached at present-day, which is an unlikely end-member since this setup is
not consistent with geological constraints. This Earth model therefore seems the least appropriate
for this region. The RSL and VLM rates using model E3 satisfy the observational constraints if

the historical maximum is reached at 2 ka and the minimum occurred at 5 ka or later. Note that the
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RSL predictions are again at the edge of the data-derived uncertainty range. However, simulations
with Earth model E3 satisfy the early-Holocene marine limit and closely approach the sea-level
index points. For model E4, the RSL and VLM predictions for the original ICE-6G_C and the “no
retreat” ice histories are not consistent with the observational constraints, suggesting that this Earth
model would also require a delayed timing of the minimum and maximum extents. Based on these
results we argue that the minimum extent of the southwest GrIS near Nuuk was likely reached at
or after 5 ka, and perhaps as late as 3 ka. Additionally, we conclude that the historical maximum

extent of the southwest GrIS was likely approached between 2 and 1 ka.

To further test these inferences, we simulated the RSL history at four additional locations in
southwest Greenland (Figure 1). Earth model E2 produces a reasonable fit in Sisimiut (Figure 8a)
but systematically shows a poor alignment with the remaining paleo sea level data (Figures 8 c, e,
and g), which agrees with the results discussed above. The preferred model setup (model E3,
minimum at 5 ka or after, maximum between 2 and 1 ka) does not show a good fit in Sisimiut
(Figure 8b) but generally satisfies the sea level constraints at the other locations except for
overpredicting sea level in the early Holocene (Figures 8 d, f, and h). This further supports our

preference for this ice history and Earth model configuration.
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Figure 8: Modeled Holocene RSL curves for the original ICE-6G_C (orange) and “no retreat”
ICE-6G_C (red) ice histories at a) Sisimiut, c) Sondre, ¢) Godmouth, and g) Godhead. Both ice
history variations are combined with four Earth models as described in Table 1. Modeled
Holocene RSL curves, paired with Earth model E3, with adjusted timing of the minimum ice extent
(5, 4, and 3 ka) at b) Sisimiut, d) Sondre, f) Godmouth, and h) Godhead. The maximum ice extent
is reached at 2 ka for all three runs. Paleo sea-level observations (= 1a) are denoted by crosses
(index points), downward triangles (terrestrial upper-limiting), and upward triangles (marine
lower-limiting). The marine limit is denoted by the dashed grey line (Lecavalier et al., 2014). Note

that the LIA ice variability is not included in the ICE-6G_C runs.

The likely-overestimated ~130-140 km of retreat in ICE-6G_C can affect our modeled sea level
responses - a smaller retreat magnitude than in ICE-6G_C would likely cause a less pronounced
present-day solid Earth deformation, i.e. a less negative VLM and a less positive RSL rate, similar
to the effect of the “no retreat” scenario. This would delay the likely timing of the approach to the
historical maximum closer to the present day. We are not aware of an ice sheet model that broadly
fits sea level constraints, correctly simulates the present-day ice extent, and only simulates ~10 km
of ice retreat at the Holocene ice minimum. An ad-hoc combination of ice sheet models will likely
create edge/interpolation effects that could affect our results in a physically-inconsistent way. We
therefore opt to only incorporate ICE-6G_C into our model setup and acknowledge the impact of

the larger retreat.

Our results are consistent with the results from Young et al. (2021), who estimate that the

southwest GrIS minimum extent was likely reached after ~5 ka and that the late Holocene
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maximum extent was reached during historical times despite the GrIS perhaps approaching (but

not quite reaching) this eventual maximum as early as ~2 ka.

4.2 Sensitivity tests and model uncertainties

Adhikari et al. (2021) suggest that a transient rheology is necessary to fit VLM observations around
Greenland. Paxman et al. (2023) combine shear wave velocities with experimentally constrained
constitutive rheological models and also find that mechanical properties including the apparent
upper mantle viscosity and lithosphere thickness vary over time. While we assume a Maxwell
rheology in our GIA model setup that does not allow transient rheology, we do adopt a change in
viscosity of about one order of magnitude in our corrections for the LIA period. Modeled sea level
predictions are most sensitive to the inclusions of transient mantle deformation in regions near-
field and peripheral to former ice sheets (Simon et al., 2022), such as our study site near Nuuk.
While we acknowledge the value in investigating the effect of transient rheology in our model
setup, this aspect remains outside of the scope of this study. The choice of rheology as well as the
importance of transient deformation remain to be further explored and a more complex rheology

may affect our results.

The magnitude and timing of the disappearance of the LIS affects the modeled RSL in Nuuk.
Southwest Greenland resides on the forebulge of the LIS, which has been subsiding since the
melting of the LIS after the LGM. A larger LIS volume during the LGM, and thus a larger
forebulge, may lead to a larger present-day subsidence rate and thus a larger RSL rate in Nuuk.
Vice versa, a smaller LIS volume may result in a smaller RSL rate. Additionally, the timing of the

LIS melting may affect the RSL rate in Nuuk by forcing the present-day subsidence rate to be
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higher (lower) for a later (early) melting event. Nevertheless, we show that this effect is small:
substituting the LIS in ICE-6G_C with the LIS from GLACI1-D results in a minor change in our

modeled present-day RSL and VLM rates (Figures 6 and 7).

Sterodynamics play an important role in controlling RSL in southwest Greenland (Dangendorf et
al., 2021). Both steric and ocean dynamic effects show complex patterns in shallow and remote
coastal areas, such as our study location near Nuuk, that are currently understudied due to limited
observational data. While we account for potential sterodynamic effects by including a relatively
large sterodynamic uncertainty in our RSL budget, derived from ocean reanalyses (Dangendorf et
al., 2021), we do not include a mean sterodynamic contribution in our RSL budget since the
individual ocean reanalysis runs show limited skill in explaining the observed RSL in Nuuk.
Properly incorporating sterodynamics into our analysis requires further work and analyses of the

physical processes controlling sterics and ocean dynamics near Nuuk.

4.3 Relationship between ice sheet change and regional climate

Geologic reconstructions of ice-margin change and our modeling results presented here suggest
that the southwestern GrIS may not have achieved its Holocene minimum extent until sometime
after 5 ka, perhaps as late as 3 ka. The timing of this ice minimum is significantly later than what
might be predicted by various hemispheric to regional forcing mechanisms (Figure 9). For
example, high-latitude northern insolation peaked at ~11 ka (Berger and Loutre, 1991), whereas
temperature reconstructions generally depict maximum Holocene temperatures around 8 ka at the
GrIS summit (Kobashi et al., 2017). Moreover, simulations of GrIS change suggest mass loss was

highest between ~11-8 ka (Buizert et al., 2018), broadly consistent with the timing of peak
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insolation and maximum reconstructed temperatures from Summit Greenland. Yet, focusing in on
select records more proximal to southwestern Greenland reveals perhaps a different relationship

between ice-sheet behavior and temperature.

Badgeley et al., (2020) used a novel data assimilation approach to develop, arguably, the most
robust temperature reconstruction across the southwestern Greenland domain (Figure 9).
Interestingly, this reconstruction depicts rapidly warming temperatures between ~12-8 ka, peak
Holocene temperatures between ~6-5 ka followed by a 1-2 kyr-long plateau, and no significant
cooling until after ~4 ka (Badgeley et al., 2020; Briner et al., 2020). In the Sisimiut-Kangerlussuaq
region, the rate of ice-sheet retreat was highest between ~10.4 — 9.1 ka (Lesnek et al., 2020) and a
recent ensemble of geologically benchmarked simulations of ice-sheet change in southwestern
Greenland depict maximum rates of mass loss between ~12-7 ka followed by a relatively in-
balance ice sheet for the remainder of the Holocene until modern times (Briner et al., 2020).
Collectively, these records suggest that the rate of mass loss in southwestern Greenland was
highest in the early Holocene as the ice sheet was significantly out of balance with rapidly warming
temperatures and peak insolation. Through the middle Holocene, however, ice sheet mass balance
stabilized and was largely in equilibrium with regional climate as 1) the rate of climate warming
stabilized even if peak temperatures were slightly warmer (Badgeley et al., 2020; Figure 9), and
2) increased precipitation likely counteracted the effects of increased temperatures to some degree
(i.e., Briner et al., 2020; Downs et al., 2020). At face value, our ice-sheet minimum with the best
data-model fit in this study — after 5 ka, perhaps as late as 3 ka — is entirely consistent with the
reconstructed surface mass balance in southwestern Greenland. That is, the majority of significant

southwestern GrIS change had already occurred in the early Holocene, and slightly elevated
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temperatures between ~6-5 ka and increased precipitation would result in relatively minor net
retreat of the southwestern GrIS margin during the middle Holocene. The onset of significant
cooling at ~4 ka likely marked the approximate transition between the ice sheet minimum and the

regrowth towards the pre-industrial maximum ice extent, consistent with our modeling effort here.

On paleo and historical timescales, southwestern Greenland is dominated by surface mass balance
with both temperature and precipitation strongly affecting ice-margin evolution (Mouginot et al.,
2019; Cuzzone et al., 2019; Downs et al., 2020). Although, in the Nuuk region, ice dynamics likely
influence ice-margin migration on millennial timescales (Cuzzone et al., 2022). Nonetheless, our
results are consistent with the reconstructed evolution of ice sheet margin migration and mass
balance in southwestern Greenland (i.e., Briner et al., 2020; Young et al., 2021), while at the same
time highlighting the complicated balance between temperature, precipitation, and broad-scale ice

sheet behavior through the Holocene.
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673  the Greenland Ice Sheet Project 2 (GISP2) site reconstructed using gas-phase O0Ar-N:
674  measurements (20, Kobashi et al., 2017). c) Temperature anomalies over southwestern
675  Greenland (Badgeley et al., 2020, Briner et al., 2020). d) Simulated GrIS mass balance forced by
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reconstructions (Briner et al., 2020; Young et al., 2021). In bold (blue) are the two simulations
most consistent with the geologic record of ice-sheet change in southwestern Greenland (Young
etal., 2021). f) Modeled southwest Greenland ice volume fraction from this study, similar to Figure
2. Note the inverted y-axis in panels d), e), and f). Geologic constraints suggest that the

southwestern GrlS achieved its Holocene minimum sometime between 5-2 ka (Young et al., 2021).

5. Conclusions

Through our modeling approach, we explored a suite of scenarios of southwest GrIS retreat and
readvance during the Holocene and the associated impacts on past RSL and present-day RSL and
VLM changes near Nuuk. Our findings highlight the sensitivity of the Holocene and modern RSL
and VLM to ice sheet history and Earth structure. Models that incorporate a retreat of the ice
margin to the Holocene minimum extent between 5 and 3 ka and approach the historic maximum
extent between 2 and 1 ka align most closely with our observational constraints. This provides
valuable insight on the behavior of the GrIS to warmer temperatures. These constraints suggest
that the timing of the southwest GrIS minimum reconstructed here is consistent with the likely
evolution of southwestern GrIS mass balance through the Holocene. The GrIS is already
responding to current warming and our results indicate that ice retreat will almost certainly
continue as regional temperatures continue to increase. Yet, the exact response time of the
southwestern GrIS to climate variability is difficult to establish given the century-to-millennial
timescales of temperature maximum and ice sheet minimum events. Moreover, the inherent
uncertainties of the observational data used in this study limit the strictness of the ice sheet
behavior constraints. Nonetheless, the constraints highlighted in this study have implications for

future ice sheet modeling of southwestern Greenland and provide a broader understanding of the
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interactions between the climate and the cryosphere and, ultimately, of future ice sheet change.
Major areas for future work include improving the constraints on Earth structure and rheology
around Greenland and improving the sterodynamic contribution to RSL along the Greenland coast.
Further studies on the response of the GrlS to a changing climate are essential for understanding
ice sheet behavior and for refining sea level rise predictions and the consequences to coastal

regions around the world.
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