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Abstract 15 

The melting of the Greenland ice sheet (GrIS) is a major contributor to past and future global sea-16 

level rise. Understanding the response of the GrIS to times in the past when temperatures were as 17 

warm or warmer than today offers insights into its current and future response to climate change. 18 

In the southwest sector, the GrIS retreated inland beyond its current margin during the (at least 19 

regionally) warmer-than-present mid-Holocene, before it readvanced to the historical maximum 20 

position during the Little Ice Age. This was then followed by a slight retreat to its current position. 21 

To investigate the timing and magnitude of southwest GrIS retreat and readvance in response to 22 



 

Holocene warmth, we model the response of the solid Earth and local relative sea level (RSL) to 23 

past ice sheet change. We test a suite of eleven ice sheet scenarios that are based on ICE-6G_C but 24 

are modified in the timing and magnitude of ice retreat and readvance and pair them with four 25 

different viscoelastic Earth structures. We compare model predictions to observations of paleo sea 26 

level, present-day sea-level change, and present-day vertical land motion (VLM) around Nuuk, 27 

Greenland. We find that the modeled timing and magnitude of the Holocene retreat and readvance 28 

have a significant impact on modern sea-level change and VLM in Nuuk. Models that assume a 29 

readvance approaching the southwest GrIS’ historical maximum between 2 and 1 ka are most 30 

consistent with observations. The RSL response, however, is less sensitive to the timing of the 31 

minimum GrIS extent. Nonetheless, better data-model fits are generally obtained when the 32 

minimum ice sheet extent is reached between 5 and 3 ka, within the tested range of 6-3 ka. 33 

Comparing this timing to local and regional records of temperature and ice-sheet change suggest 34 

that the evolution of the southwestern GrIS presented here was in-phase with the likely evolution 35 

of southwestern GrIS mass balance through the Holocene. Our results have implications for future 36 

ice sheet modeling studies targeting southwestern Greenland by providing additional constraints 37 

and strengthening existing ones. Moreover, this work provides a deeper understanding of the 38 

interactions between the climate and the cryosphere and thus of future ice sheet change. 39 

 40 

1. Introduction 41 

Understanding the response of the Greenland ice sheet (GrIS) to a warming climate is crucial for 42 

accurately predicting future ice melt and consequent sea-level change. This is particularly pertinent 43 

given the projected atmospheric warming in the coming decades, which is amplified in the Arctic 44 

(Rantanen et al., 2022; Serreze and Francis, 2006). Reconstructing paleo responses of the GrIS to 45 



 

similar or warmer climatic conditions than today can aid in understanding future GrIS stability 46 

(Fischer et al., 2018). 47 

 48 

The most recent period when local temperatures in Greenland were warmer than today is the 49 

Holocene Thermal Maximum (HTM; ~7-4 ka) (Briner et al., 2016). During the majority of this 50 

time, Greenland’s mean summer atmospheric temperature was ~3.3 °C higher than during the 1950 51 

Common Era (CE) (Buizert et al., 2018). Temperatures in the northwest and over the central ice 52 

sheet were 3-5 °C higher than in the mid-twentieth century and temperatures in the south were 1-53 

2 °C higher. A reconstructed seasonal temperature record using the Community Climate System 54 

Model version 3 and the Summit δ15 N temperature reconstruction suggests that the HTM 55 

temperatures in Greenland were most pronounced during the summer (Liu et al., 2009; Buizert et 56 

al., 2018). 57 

 58 

It is widely accepted that the southwestern GrIS region responded to HTM warmth with inland 59 

retreat of the ice margin east of its current position (Larsen et al., 2015; Lecavalier et al., 2014; 60 

Lesnek et al., 2020; Young et al., 2021, 2020; Young and Briner, 2015). Reconstructing the exact 61 

timing and magnitude of the Holocene GrIS minimum, however, remains challenging because 62 

direct terrestrial evidence (e.g. moraines) of previous ice sheet minima has since been overrun by 63 

ice readvance in the late Holocene. Nonetheless, constraints have been reported on the timing and 64 

magnitude of the GrIS minimum by using sediment-based proxies, cosmogenic isotope 65 

measurements, and sea-level modeling. A suite of geological constraints suggests that the 66 

southwestern GrIS margin had largely retreated behind its present margin by ~7 ka, and likely 67 

achieved a minimum extent sometime between ~5-3 ka (Briner et al., 2010; Larsen et al., 2015; 68 



 

Lesnek et al., 2020; Young et al., 2021, 2020; Young and Briner, 2015). While the precise 69 

magnitude of inland retreat is difficult to constrain, these same geological records suggest that 70 

inland retreat was likely no more than a few 10s of km and perhaps as little as ≤10 km in some 71 

locations (Larsen et al., 2015; Lesnek et al., 2020; Young et al., 2021; Young and Briner, 2015). 72 

Following the southwestern GrIS minimum extent, ice-margin readvance culminated in the 73 

deposition of the historical moraine ~1850-1900 CE (Weidick et al., 2012; Weidick and Bennike, 74 

2007). Yet, sediment archives from proglacial lakes suggest that the southwestern GrIS may have 75 

approached, but not quite reached, the eventual historical maximum ice-margin position as early 76 

as ~1-2 ka (Larsen et al., 2015; Pearce et al., 2022; Young et al., 2021). Broadly supporting this 77 

ice-margin history is a modeling study that places the southwestern GrIS Holocene minimum 78 

extent ~40-60 km inland of its present position at 4 ka (Huy3; Lecavalier et al., 2014). However, 79 

the modern ice margin in this reconstruction misses the observed one by several 10s of km, partly 80 

due to the coarse 20 km mesh resolution of Huy3. This can lead to physically-inconsistent ice 81 

margin dynamics during periods of high ablation as the coarse mesh is not able to resolve the fine-82 

scale bedrock geometry and the often-narrow ablation zone at the ice margin. In contrast, the ICE-83 

6G_C ice sheet reconstruction exhibits a retreat of ~130-140 km at 6 ka (Argus et al., 2014; Peltier 84 

et al., 2015; Stuhne and Peltier, 2015), but does readvance to the correct modern margin. More 85 

recently, paleo-benchmarked model runs of southwestern GrIS change through the Holocene using 86 

the Ice Sheet and Sea-level System model (ISSM) point to mid-Holocene ice-margin retreat on the 87 

order of only a few 10s of km (Briner et al., 2020; Cuzzone et al., 2022; Young et al., 2021). 88 

Differences in the magnitude and timing of maximum retreat in ice sheet model-based 89 

reconstructions (Huy3 and ISSM) may be driven by differences in the incorporated model physics 90 

and resolution. These uncertainties make it difficult to correlate ice sheet behavior with other 91 



 

climate proxies and inhibit understanding the exact response time and sensitivity of the ice sheet 92 

to warming. 93 

 94 

One approach to better understand the past behavior of the GrIS is to study historic and present-95 

day local sea-level variability. Holocene ice sheet changes affect past and present sea-level change 96 

due to glacial isostatic adjustment (GIA), which is the response of the viscoelastic solid Earth, its 97 

gravity field, and its rotation axis to changes in ice and ocean load. The Holocene retreat and 98 

readvance of the southwest GrIS causes a local sea-level curve with a classic “J-shape” where sea 99 

level falls to a minimum in response to ice retreat before rising to the modern level (readvance 100 

phase), which is characteristic of southwest Greenland (Lecavalier et al., 2014; Long et al., 2011). 101 

Further, southwest Greenland is located on the subsiding peripheral bulge of the Laurentide ice 102 

sheet (LIS), which causes a superimposed RSL rise (Khan et al., 2016). Additionally, the southwest 103 

GrIS briefly advanced and retreated during the Little Ice Age (LIA; ~1450-1900 CE) in response 104 

to colder-than-present temperatures. For example, near the Kangiata Nunaata Sermia (KNS) 105 

region, the ice sheet reached its maximum historical extent around 1761-1808 CE resulting in the 106 

deposition of the so-called historical moraine (Lea et al., 2014; Pearce et al., 2022). The brief 107 

advance and retreat cause a contribution to present-day RSL fall due to GIA. In addition to GIA 108 

effects, contemporaneous global ice mass changes, changes in water stored on land (Slangen, 109 

2012), thermosteric effects, and ocean dynamics (Levitus et al., 2012) all affect modern sea level 110 

change in Greenland. These combined processes lead to a present-day RSL rise in southwest 111 

Greenland rather than a RSL fall, as is the case around most of Greenland (Lecavalier et al., 2014; 112 

Spada et al., 2014). 113 

 114 

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


 

Here, we investigate the timing of retreat and readvance of the southwestern GrIS during the 115 

Holocene by modeling the GIA effects of different Greenland ice sheet reconstructions on RSL 116 

and solid Earth deformation in Nuuk (Figure 1). We compare RSL predictions, driven by a range 117 

of retreat and readvance scenarios that are informed by geological constraints of the ice margin 118 

position, to paleo sea-level data. We then use the Nuuk tide gauge record and global navigation 119 

satellite system (GNSS) observations of modern vertical land motion (VLM) to further test our 120 

RSL and VLM predictions during the modern era. This comparison requires a series of corrections 121 

related to changes in global ice mass, sterodynamic effects, and changes in terrestrial water mass 122 

exchange. This approach allows us to evaluate which Holocene ice retreat and readvance scenario 123 

is most consistent with sea-level and GNSS observations. 124 

 125 

2. Data and methods 126 

2.1 GIA model 127 

We investigate the sea-level response to an evolving global ice and ocean load by solving the sea-128 

level equation using a gravitationally self-consistent GIA model (Kendall et al., 2005). The model 129 

is based on a pseudo-spectral approach with a maximum spherical harmonic degree and order of 130 

512 and it accounts for Maxwell viscoelastic solid Earth deformation, gravitational changes of 131 

Earth, ice and ocean loading, changes in Earth’s rotation axis, and shoreline migration. As input, 132 

this model requires a prescribed past ice history and a viscoelastic Earth structure. We run the GIA 133 

model with a suite of Earth models and a suite of GrIS reconstructions based on the ICE-6G_C ice 134 

model (Peltier et al., 2015). 135 

 136 



 

 137 

Figure 1: ICE-6G_C ice margin positions (Peltier et al., 2015) for a) southwestern GrIS and b) 138 

full GrIS at 9 ka (red), 6 ka (orange), 3 ka (yellow), and present-day (black), at the original 139 

resolution with the tide gauge and GPS location in Nuuk (yellow dot; 64.17° N, 51.73° W) and the 140 

Nuuk paleo sea-level data location (red diamond; 64.48° N, 50.997° W). Additional paleo sea-141 

level data is shown for Sisimiut (black dot; 66.63° N, 53.64° W), Sondre (black downward triangle; 142 

66.848° N, 50.98° W), Godmouth (black upward triangle; 64.37° N, 51.697° W), and Godhead 143 

(black square; 64.434° N, 50.33° W). The modeled ice sheet is coarser than the land margin shown 144 

here, which results in some apparent present-day offshore ice margins. 145 

 146 



 

ICE-6G_C provides global ice thickness values and follows first-order physical mass balance 147 

variations (Argus et al., 2014; Peltier et al., 2015; Stuhne and Peltier, 2015). It is manually adjusted 148 

to fit an array of global GPS measurements, time-dependent gravity data from GRACE, and 149 

radiocarbon-dated relative sea-level histories. While ICE-6G_C is only an ice model for the 150 

deglaciation, a glaciation phase (120–26 ka) has been added to account for any remaining 151 

viscoelastic deformation driven by ice change during this time period. To include this phase in the 152 

ice history we follow the eustatic curve of Peltier and Fairbanks (2006), assuming that times of 153 

equal ice volume follow equal ice geometry. The GrIS component is based on the Gr.B model 154 

(Tarasov and Peltier, 2003, 2002). The Holocene ice extent minimum of the southwest GrIS, at 155 

the latitude of Nuuk (64.17° N), occurs at 6 ka and the ice margin readvances to a maximum extent 156 

by 2 ka (Figure 1), after which it remains stationary. To test how changes in retreat history affect 157 

sea-level observations we modify the ice history of the GrIS (and let the other ice sheets follow 158 

the original ICE-6G_C) to construct a suite of ice scenarios (Figure 2). Exploring later times of ice 159 

retreat and readvance is based on the findings by Young et al. (2021) and Pearce et al. (2022), who 160 

suggest that the southwest GrIS ice margin minimum likely occurred after ~5 ka and that the ice 161 

margin closely approached (but not yet reached) its historical maximum extent by ~2 ka or later. 162 

Our suite of scenarios include: (1) no retreat and readvance (hereafter referred to as “no retreat”), 163 

which is achieved by enforcing a linear change of ice thickness from 8 ka until 2 ka, after which 164 

the ice thickness is constant until the present-day. We start the linear change in ice thickness at 8 165 

ka to avoid affecting the RSL curve in the period around the paleo RSL data (section 2.2.1). The 166 

ice volume therefore exhibits a minimum at 8 ka in this scenario. There is, however, no ice margin 167 

retreat in this scenario; (2) delayed minimum ice extent, where we delay the minimum extent from 168 

6 ka to 5 ka, 4 ka, and 3 ka (3 separate scenarios); and (3) delayed maximum ice extent, where we 169 



 

vary the time of readvance to the maximum extent between 2 ka, 1 ka and present-day (3 separate 170 

scenarios). We pair each delayed minimum with each delayed maximum scenario to yield nine 171 

different simulations. To modify the timing of ice retreat and readvance we apply a linear 172 

adjustment to the rate of GrIS mass change between 8 ka and the timing of the minimum extent to 173 

allow for a slower retreat and a later minimum. Similarly, we adjust the rate of change between 174 

the subsequent minimum and maximum times accordingly to allow for a later maximum. Adding 175 

these nine scenarios to the original ice history and the no retreat and readvance scenario yields 176 

eleven different ice histories. We calculate the global sea-level response for each ice reconstruction 177 

between 122 ka (last interglacial; LIG) and the present-day (1950 CE), with a temporal resolution 178 

of 0.25 kyr during the Holocene and 0.5-2 kyr before the Holocene, following the original 179 

resolution of ICE-6G_C. 180 

 181 

 182 

 183 

Figure 2: Southwest Greenland ice volume fraction, relative to the ice volume at 12 ka. ICE-6G_C 184 

refers to the original ICE-6G_C ice history. Ice histories with adjusted timings are referred to as, 185 



 

for instance, 5-1 ka, indicating that the Holocene minimum extent is reached at 5 ka and the 186 

historical maximum extent is approached at 1 ka. 187 

 188 

The Huy3 Greenland ice sheet reconstruction is based on a physical ice sheet model (Lecavalier 189 

et al., 2014) and has less retreat and readvance, which is more in line with field observations 190 

(Briner et al., 2020; Cuzzone et al., 2022; Young et al., 2021). However, the present-day ice margin 191 

in Huy3 near Nuuk is located ~70km west of the observed margin. Contrary to ICE-6G_C, where 192 

the observed present-day margin is prescribed in the model. Given the sensitivity of RSL and GIA 193 

to the position of the present-day margin we choose the ICE-6G_C model as our base model as 194 

described above. 195 

 196 

We note that ICE-6G_C does not account for ice mass changes associated with the LIA, during 197 

which the ice sheet slightly advanced to its historical maximum before receding to its current 198 

position. The maximum extent in ICE-6G_C, therefore, refers to both a pre-LIA extent that closely 199 

approached but did not yet reach the historical maximum (i.e. LIA) extent, as well as the post-LIA 200 

(i.e. present-day) extent. We use the LIA ice history from Adhikari et al. (2021) to account for the 201 

effects of ice mass changes during the LIA on modern sea level and VLM as a separate component 202 

(described in more detail in section 2.2.2). We note that this causes a slight inconsistency in one 203 

set of our models, those in which ICE-6G_C is modified to reach its modern maximum extent at 204 

the present day. In those scenarios, the effects of ice changes during the LIA are superimposed 205 

onto the effects of a linearly increasing (instead of stationary) ice mass between the ice margin 206 

minimum and the present day. Nonetheless, we consider this run instructive to understand the 207 

effects of the latest possible historical maximum extent on sea level change. 208 



 

 209 

We employ a suite of Maxwell viscoelastic Earth structures to calculate the sea-level response. 210 

The density and elastic properties of the Earth models follow the 1D Preliminary Reference Earth 211 

Model (Dziewonski and Anderson, 1981). We employ three radially symmetric (1D) viscosity 212 

profiles (Table 1). The 1D profiles were obtained by fitting RSL observations around Greenland 213 

(Fleming and Lambeck, 2004; Lecavalier et al., 2014; Roy and Peltier, 2017). While some of these 214 

profiles were obtained when paired with different ice histories, we argue that they still provide a 215 

sensible range to explore the sensitivity of our results to mantle viscosity. Further, we run a smaller 216 

set of sensitivity tests only on the original and “no retreat” scenarios using a radially and laterally 217 

heterogeneous (3D) viscosity structure where 3D perturbations are imposed onto an average 218 

lithosphere thickness and upper and lower mantle viscosity (Table 1). The radial and lateral 219 

variations are derived from shear wave speed (see Austermann et al., 2021 for details; Richards et 220 

al., 2020) and are based on the tomography model by Schaeffer and Lebedev (2014). 221 

 222 

In addition to predicting past sea level change, we also calculate the present-day rate of change 223 

over the last time step (0.25-0 ka), which we compare to observations that are described in section 224 

2.2. Note that the rate of change does not vary appreciably over the last 250 years of the model. 225 

We further calculate the present-day vertical land motion rate. 226 

 227 

Table 1: Earth viscosity profiles used to model the RSL response, with elastic thickness of the 228 

lithosphere (LT), upper mantle viscosity (UMV), and lower mantle viscosity (LMV). The boundary 229 

between the upper and lower mantle is at 670 km depth. Earth model E2 is VM5a (Roy and Peltier, 230 

2017), which has separate viscosities for the upper and lower sections of the lower mantle. This 231 



 

model has an elastic lithosphere down to 60 km and a high viscosity between 60 and 100 km (1022 232 

Pa s). Values for the 3D viscosity model correspond to the radial averages. 233 

Model LT (km) UMV (1021 Pa s) LMV (1021 Pa s) 1D/3D Reference 

E1 80 0.4 10 1D (Fleming and Lambeck, 

2004) 

E2 60 (100) 0.5 1.57/3.23 

(upper/lower) 

1D (Roy and Peltier, 2017) 

E3 120 0.5 2 1D (Lecavalier et al., 2014) 

E4 96 0.5 5 3D (Austermann et al., 2021) 

 234 

2.2 Data constraints 235 

2.2.1 Paleo sea-level data 236 

We use three sea-level index points and two terrestrial upper-limiting points from the site ‘Nuu’, 237 

as described in Lecavalier et al., (2014). This site is closest to the location of the tide gauge and 238 

VLM records in Nuuk and will therefore be used as a paleo constraint to evaluate the modeled 239 

RSL responses for each combination of ice sheet history and Earth model. Further, we use the 240 

marine limit which constrains the highest point the RSL reached during deglaciated conditions. 241 

The sea-level records are derived from previous mapping efforts of the regional marine limit 242 

(Weidick, 1974) and radiocarbon-dated lake sediment packages from a site ~50 km northeast of 243 

Nuuk in Godthåbsfjord (Fredskild, 1983; Lecavalier et al., 2014) (Figure 1). Additional sea-level 244 

index points, terrestrial upper-limiting points, and lower-limiting points at Sisimiut, Sondre, 245 



 

Godmouth, and Godhead, as summarized by Lecavalier et al., (2014), exist in the region and will 246 

be compared to the inferred RSL history in the discussion section 4.1. 247 

 248 

2.2.2 Relative sea level budget and tide gauge data 249 

We compare our GIA modeling results to the present-day RSL rate, derived from a 1958-2002 tide 250 

gauge record from Nuuk (64.17 N, 51.73 W; Figure 1), using the RSL budget framework laid out 251 

in Spada et al. (2014). By splitting the Nuuk tide gauge time series into empirically orthogonal 252 

intrinsic mode functions, which describe the variations in cyclicity, and removing the dominant 253 

components from the record including the 18.6-year nodal tide cycle, a standard linear regression 254 

on the residual results in an RSL rate of 1.93 ± 0.18 mm/yr. 255 

 256 

We use the observed RSL rate to solve the RSL budget in Nuuk (Spada et al., 2014), which consists 257 

of several components: 258 

 259 

𝑠𝐺𝐼𝐴  = 𝑠𝑇𝐺  − ( 𝑠𝐺𝐼𝐴_𝐿𝐼𝐴  +  𝑠𝐺𝑟𝐼𝑆  +  𝑠𝐴𝐼𝑆  +  𝑠𝐺𝐼𝐶  +  𝑠𝑇𝐸𝑅  +  𝑠𝑆𝐷𝑌)   (1) 260 

 261 

where sGIA is the rate of sea-level change driven by deglacial and Holocene ice sheet variability. 262 

In this section, we describe how we obtain a data-driven estimate of this quantity, which we will 263 

then compare to the model-driven estimate of this quantity as described in section 2.1. sTG is the 264 

observed RSL rate from Spada et al. (2014), sGIA_LIA is the rate of sea-level change driven by GIA 265 

effects related to recent ice mass changes (1000-2003 CE; related to the LIA), sGrIS, sAIS, and sGIC 266 

are the sea-level changes driven by present-day ice mass changes associated with the GrIS, AIS, 267 

and other glaciers and ice caps, respectively, sTER is the rate of sea-level change driven by changes 268 



 

in terrestrial water mass exchange; and sSDY is the rate of sea-level change rate driven by 269 

sterodynamic effects. 270 

 271 

In the Nuuk/KNS region, the maximum historical extent was reached during the LIA in the 18th 272 

century (Lea et al., 2014; Pearce et al., 2022; Weidick et al., 2012). Adhikari et al. (2021) suggest 273 

that these relatively recent ice mass changes paired with low viscosities in the asthenosphere 274 

contribute to modern VLM, reconciling a longstanding mismatch between observed and modeled 275 

estimates of GNSS-derived VLM (Khan et al., 2016). Adhikari et al. (2021) justify a lower 276 

viscosity for these ice sheet changes that occurred more recently by invoking transient behavior in 277 

rheology (Paxman et al., 2023). We use the ice history from Adhikari et al. (2021) that extends 278 

from AD 1000 - 2003 and pair it with 120 Earth models that range in lithospheric thickness (60 - 279 

240 km) and mantle viscosities (isoviscous, 0.4 - 2.5 ∙ 1020 Pa s). These ranges in Earth parameters 280 

have been shown to produce fits to VLM Greenland-wide. Adhikari et al. (2021) show that the 281 

resulting VLM is not very sensitive to the mass anomaly prior to the little ice age and the timing 282 

of its onset (within the range tested). They do, however, show that data constrain the mass anomaly 283 

during the little ice age and the timing of retreat (AD 1865 ± 30). We use their preferred timing of 284 

maximum ice extent and retreat and ice mass anomalies. We use the GIA model described in 285 

section 2.1 to predict sea-level change and vertical land motion driven by this mass anomaly 286 

between 1965-2003. Note that no ice mass change is assumed during this time as the modern 287 

contribution of the GrIS is captured in sGrIS. We calculate the model likelihood for each Earth 288 

structure based on fits to observed VLM from 57 GPS stations around Greenland from the 289 

Greenland Global Positioning System Network (GNET), a set of bedrock-based GNSS 290 

installations around Greenland (Bevis et al., 2012), following the approach by Adhikari et al. 291 



 

(2021). Using the likelihood as model weights allows calculating a weighted mean and weighted 292 

standard deviation of the RSL rate (sGIA_LIA). 293 

 294 

For the terms sGrIS, sAIS, and sGIC, we use sea-level fingerprints from Spada et al. (2014) to translate 295 

global mean (or ice equivalent) sea-level change to local sea-level change. Spada et al. (2014) 296 

determined sea-level fingerprints at the tide gauge location in Nuuk of -5.5, 1.1, and 0.25 for GrIS, 297 

AIS, and GIC melt, respectively, by solving the sea-level equation using SELEN (Spada and 298 

Stocchi, 2007). The authors calculate the sea-level fingerprints assuming uniform mass variation 299 

for the period 1961-2003 as reported by the Fourth Assessment Report of the Intergovernmental 300 

Panel on Climate Change (Solomon et al., 2007). Because more recent estimates of the global 301 

mean contributions of the GrIS, AIS, and GIC are not directly available over the exact period 1958-302 

2002 (Fox-Kemper et al., 2021), we use the available estimates that cover the periods 1901-1990, 303 

1971-2018, 1993-2018, and 1901-2018. For each estimate of the GrIS, AIS, and GIC and for each 304 

period, we calculate the weighted contribution based on the fraction of the 1958-2002 period that 305 

it covers and then determine the weighted mean for the GrIS, AIS, and GIC. 306 

 307 

The global mean contribution together with the fingerprint allows calculation of the local RSL rate 308 

in Nuuk (Table 2). The contribution from terrestrial water storage (sTER), assumed to be globally 309 

uniform with a rate of -0.07 ± 0.07 mm/yr and similar over the tide gauge period (1958-2002), is 310 

calculated from a combination of groundwater extraction and reservoir impoundment data over 311 

the period 1961-2003 (Slangen, 2012). Lastly, sterodynamic effects (sSDY) can affect the RSL in 312 

Nuuk. These include steric effects, which refer to variations in sea level due to changes in ocean 313 

water density through temperature changes (thermosteric) and salinity changes (halosteric), as well 314 



 

as dynamic effects, which refer to changes in ocean circulation in response to steric sea-level 315 

changes. The ocean dynamics response is particularly unconstrained in remote shallow coastal 316 

areas with limited observational data, such as the tide gauge location in Nuuk. To account for this 317 

uncertainty we calculate the variation from 23 ocean reanalyses (Dangendorf et al., 2021), which 318 

results in a 1σ uncertainty of 2.19 mm/yr. Since the individual ocean reanalysis runs show limited 319 

skill in explaining the observed RSL in Nuuk, we do not include a mean sterodynamic contribution 320 

in our RSL budget. 321 

 322 

We use the values described here (with uncertainties propagated) to obtain a data-driven estimate 323 

of sGIA. We then compare this to the RSL rates predicted from the 35 sGIA scenarios described in 324 

section 2.1. 325 

 326 

Table 2: RSL rates in Nuuk for the period 1958-2002 for each contributor. 327 

Contributor Global SL rate 

[mm/yr] 

Fingerprint 

in Nuuk [-] 

Contribution to 

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 



 

 328 

2.2.3 GNSS data 329 

We use data from the Greenland Global Positioning System Network (GNET), a set of bedrock-330 

based GNSS installations around Greenland (Bevis et al., 2012). Khan et al. (2016) modeled the 331 

Earth’s elastic response to present-day ice mass loss by assimilating a suite of remote sensing laser 332 

and radar altimetry data and removed it from the GNET GPS signal to isolate a VLM rate due to 333 

viscoelastic effects (GIA) of -1.3 ± 0.3 mm/yr for the period 2009-2016, co-located and partly 334 

contemporaneous with the tide gauge. Adhikari et al. (2021) performed a similar correction with 335 

an updated ice history for the period 2011-2017 and obtained a higher VLM rate due to GIA of -336 

0.44 ± 0.48 mm/yr. These significant differences highlight the importance and uncertainty of the 337 

elastic correction. In our analysis, we choose to use both estimates to account for potential 338 

systematic biases in the elastic correction. 339 

 340 

We use the observed and modeled viscous VLM rates to solve the VLM budget at Nuuk: 341 

 342 

𝑟𝐺𝐼𝐴  =  𝑟𝐺𝑃𝑆−𝑒𝑙𝑎𝑠𝑡𝑖𝑐  − 𝑟𝐺𝐼𝐴_𝐿𝐼𝐴     (2) 343 

 344 

The left-hand side (rGIA) compares to the VLM rate predicted from the suite of runs described in 345 

section 2.1. rGPS-elastic is the GPS-derived VLM rate that has been corrected for the elastic effect of 346 

contemporaneous ice mass changes and rGIA_LIA refers to the GIA effects of more recent ice mass 347 

changes on VLM during the LIA. rGIA_LIA is calculated as described in section 2.2.2 (rGIA_LIA) but 348 

by extracting VLM rather than sea level from the model prediction. We use the values described 349 



 

here (with uncertainties propagated) to quantify the data-driven estimate of rGIA and compare it to 350 

the VLM rates estimated from the 35 rGIA scenarios described in section 2.1. 351 

 352 

3. Results 353 

3.1 Holocene relative sea-level curves 354 

Holocene RSL changes at the paleo sea-level observation location near Nuuk exhibit considerable 355 

variability depending on the local ice history, lithosphere thickness, and upper and lower mantle 356 

viscosities (Figure 3). The retreat and readvance in the original ICE-6G_C ice history leads to an 357 

RSL fall several meters below the modern RSL at Nuuk during the late Holocene and a subsequent 358 

RSL rise closer to the present day, forming the characteristic J-shape, which is visible for all Earth 359 

model parameters (Figure 3, yellow lines). The magnitude and timing of the drop, however, depend 360 

on the solid Earth properties. Simulations with a thick elastic lithosphere (120, E3; and 96 km, E4) 361 

lead to a low RSL at ~10 ka which is consistent with the marine limit. Conversely, simulations 362 

with a thinner elastic lithosphere (60/100km, E2; and 80km, E1) are not consistent with the marine 363 

limit at ~10 ka. Further, simulations with a thin lithosphere and low lower mantle viscosity 364 

(1.57/3.23 1021 Pa s; E2) lead to the highest sea-level low-stand during the mid-Holocene 365 

compared to simulations with the other Earth models. The Earth structures also vary in lower 366 

mantle viscosity, which may contribute to differences in RSL given the influence of the Laurentide 367 

ice sheet in this region. The fit to the sea-level index points is best for the 3D viscosity model E4, 368 

which shows the closest fit to all three points. The fit is slightly worse for models E1, E2, and E3. 369 

It should be noted that a perfect fit to all three index points within uncertainty is not likely given 370 

the general shape of our sea-level curves. 371 

 372 



 

The adjusted ice history without retreat and readvance (Figure 3, red lines) shows a clear deviation 373 

from the original ice history with a less pronounced RSL drop (E3 and E4) or even a lack of 374 

negative RSL (E1 and E2). 375 

 376 

Omitting the retreat and readvance tends to lower the RSL curve during the early Holocene, 377 

slightly increasing the fit of the modeled RSL curves and the youngest sea-level index points for 378 

models E1 and E2. For E3 and E4, it is not clear whether omitting retreat improves the fit to the 379 

index points. 380 

 381 

 382 

Figure 3: Modeled Holocene RSL curves at the paleo sea-level observation location near Nuuk 383 

(64.48° N, 50.997° W) for the original ICE-6G_C (orange) and “no retreat” ICE-6G_C (red) ice 384 

histories, a) last 12 ka, b) last 4 ka. Both ice history variations are combined with four Earth 385 

models as described in Table 1. Paleo sea-level observations (± 1σ) are denoted by crosses (index 386 



 

points) and downward triangles (terrestrial upper-limiting). The marine limit is denoted by the 387 

dashed grey line (Lecavalier et al., 2014). Note that the LIA ice variability is not included in the 388 

ICE-6G_C runs. 389 

 390 

The timing of retreat and readvance shapes the Holocene RSL curves. A later retreat (minimum at 391 

5, 4, and 3 ka) delays the ice mass unloading and leads to higher RSL during the early and mid-392 

Holocene and lower RSL in the late Holocene, and thus a more pronounced RSL drop below 0 m 393 

(Figure 4). Similar to the original ice histories (Figure 3), the choice of Earth model results in 394 

different magnitudes and timings of the RSL maxima and minima. Delaying the readvance to 1 ka 395 

or the present causes a later sea-level reversal and consequently (since RSL curves are sea level 396 

relative to the present) an overall higher RSL curve with a later, shallower sea-level dip. 397 

Simulations with Earth model E3 provide the best fit to the sea-level index points and most runs 398 

remain below the marine limit (Figure 4c), while the early-Holocene RSL for simulations with 399 

Earth models E1 and E2 are not consistent with the marine limit. For all Earth models, the data-400 

model fit is slightly higher if the ice sheet approaches its maximum at 1 or 2 ka. 401 

 402 



 

 403 

Figure 4: Modeled Holocene RSL curves at the paleo sea-level observation location near Nuuk 404 

(64.48° N, 50.997° W) for the ICE-6G_C ice histories with adjusted timing of ice the sheet 405 

minimum and adjusted timing of when the ice sheet reaches its current maximum extent (legend 406 

shows the periods from the minimum to the maximum extents), combined with Earth model: a) E1, 407 

b) E2, and c) E3. Plots d, e, and f show the same sea-level curves as plots a, b, and c, but zoomed 408 

in on the last 4 ka. Paleo sea-level observations (± 1σ) are denoted by crosses (index points) and 409 

downward triangles (terrestrial upper-limiting). The marine limit is denoted by the dashed grey 410 

line (Lecavalier et al., 2014). Note that the LIA ice variability is not included in the ICE-6G_C 411 

runs. 412 

 413 



 

Overall, the original and “no retreat” ice histories, as well as the ice histories with adjusted timings 414 

paired with Earth model E3 produce RSL curves that are most consistent with the paleo sea-level 415 

observations. Most of these ice scenario-Earth model combinations cross or closely approach at 416 

least one index point (most often the youngest index point). The 3D Earth model (E4) RSL curves 417 

without retreat have the highest data-model fits by closely approaching all three index points, 418 

showing that the 3D variations in the solid Earth parameters improve the fit of the modeled RSL 419 

to the sea-level observations. 420 

 421 

3.2 Present-day relative sea-level rates 422 

The modeled present-day RSL rate at Nuuk is contingent on the choice of ice history and solid 423 

Earth properties. We test the modeled RSL rates by comparing them with the observationally 424 

inferred deglacial GIA rate (r.h.s of Equation 1; 4.92 ± 2.24 mm/yr), which consists of correcting 425 

the tide gauge inferred sea-level rate for several components detailed in section 2.2 (Figure 5). One 426 

of the components that we model separately is the RSL rate due to ice mass changes during the 427 

LIA (sGIA_LIA). We find that this causes a present-day rate of sea-level change of -1.34 ± 0.34 428 

mm/yr. An RSL fall for this component is expected since the ice mass unloading of the late-LIA 429 

retreat results in present-day solid Earth uplift and decreased gravitational attraction of ocean 430 

water. 431 

 432 



 

 433 

Figure 5: Individual contributions of each component to sGIA (right-hand-side of Equation 1, Table 434 

2) in Nuuk for the period 1958-2002. 435 

 436 

The RSL rates driven by the original ICE-6G_C ice history predict sea-level rise, which is driven 437 

by the GIA effects associated with ice readvance. However, the rates underestimate the 438 

observationally constrained target value, with models E1 and E3 producing a closer fit to the 439 

observations than E2 and E4 (Figure 6, empty orange squares). The RSL rates using the “no 440 

retreat” ice history are lower than those with retreat because their RSL curve lacks a “dip” (Figure 441 

3). As a result, these data fit the observational constraints worse than the original ice history, 442 

indicating that some inland retreat of the ice margin is necessary. The ice histories where the ice 443 

sheet minimum is shifted to 5, 4, and 3 ka, perform similarly to the original ICE-6G_C ice history 444 

(Figure 6, small squares) with slightly higher rates for a later minimum. This indicates that the 445 

RSL rate is only slightly sensitive to the timing of the ice sheet minimum within the range 6-3 ka. 446 



 

Forcing the ice sheet to approach the historical maximum closer to the present day, instead of at 2 447 

ka, significantly increases the RSL rate and the data-model fit. For model E1, model runs that 448 

approach the historical maximum at 1 ka or the present (with a minimum achieved sometime 449 

between 5-3 ka) lead to RSL rates that fall within the uncertainty of the observationally constrained 450 

rate (Figure 6, light grey band). It should be noted that, as described in section 2.1, the scenario in 451 

which the ice margin does not approach the historical maximum extent until present-day is not 452 

strictly consistent with geological constraints. Nonetheless, we show this scenario here to 453 

understand the effect of a slower rate of Holocene ice mass growth on the present-day sea level 454 

rate. For model E2, only runs that reach the maximum extent at present-day are able to fit the data 455 

constraints within uncertainty (i.e. fall within the light grey region in Figure 6). In the case of 456 

model E3, most simulations with a delayed minimum at or after 5 ka, and an approach to the 457 

historical maximum at or after 2 ka, fall within the data uncertainty. Neglecting uncertainties 458 

associated with the sterodynamic component would significantly decrease the target range (Figure 459 

6, dark grey band) and reduce the number of model runs consistent with the observationally 460 

constrained estimates only allowing models with a later (1 ka to present) readvance. 461 

 462 

In addition to changes in the timing, it has been suggested that the magnitude of retreat and 463 

readvance in ICE-6G_C is overestimated by a factor of 3-4 (Lesnek et al., 2020; Young et al., 464 

2021). A retreat of smaller magnitude is expected to cause an RSL dip of lower magnitude, similar 465 

to the effect of the “no retreat” scenario, and would therefore produce a lower RSL rate in each 466 

scenario. That means it would likely limit the range of models that fall within the observational 467 

constraints to those that readvance close to present-day. 468 

 469 



 

We tested the impact of the LIS on the present-day RSL rate in Nuuk (Figure 6, filled orange 470 

squares) by substituting the LIS in ICE-6G_C with the LIS from the ice sheet model GLAC1-D 471 

(Tarasov et al., 2012). The resulting RSL rates are slightly higher, showing some sensitivity to the 472 

LIS, but do not significantly affect the results. 473 

 474 

 475 

Figure 6: Comparison of modeled present-day RSL rates in Nuuk (64.17° N, 51.73° W) driven by 476 

deglacial GIA for every ICE-6G_C ice history: original (empty orange); no retreat (red); and ice 477 

sheet minimum at 5 ka (dark green), 4 ka (green), and 3 ka (light green). The size of the 478 

dark/normal/light green markers indicates the timing when the ice sheet reaches its current 479 

maximum extent at: 2 ka (small), 1 ka (medium), and present-day (large). Filled orange squares 480 

show modeled RSL rates where the LIS in ICE-6G_C was substituted with the LIS in GLAC1-D 481 

(Tarasov et al., 2012). The observationally estimated RSL rate driven by deglacial GIA (as detailed 482 

in section 2.2, Equation 1) is denoted by the light grey shaded area (± 1σ range). The dark grey 483 

area indicates a more restricted uncertainty that excludes the uncertainty in sterodynamic effects. 484 

 485 



 

3.3 Present-day vertical land motion rates 486 

We evaluate the modeled VLM rates through comparison with the observationally inferred 487 

deglacial VLM rate (r.h.s of Equation 2) which yields a value of -2.88 ± 0.48 mm/yr when using 488 

rGPS-elastic from Khan et al. (2016) and -2.02 ± 0.58 mm/yr with rGPS-elastic from Adhikari et al. 489 

(2021). We find the modeled VLM rate due to ice mass changes during the LIA (rGIA_LIA) to be 490 

1.58 ± 0.38 mm/yr. As expected, ice mass loss since the LIA leads to rebound. 491 

 492 

The VLM rates using the original ICE-6G_C ice history, paired with models E1, E3, and E4 fall 493 

within the observationally derived VLM rate (Figure 7) when using rGPS-elastic of Khan et al. (2016). 494 

The original ice history paired with E2 overestimates the observationally derived VLM rates for 495 

both estimates of rGPS-elastic. For all Earth models, predictions for the “no retreat” ice history 496 

overestimate the observationally derived VLM rates. For E1, E2, and E3, a later timing of the 497 

minimum extent (closer to 3 ka) lowers the modeled VLM rates. For E1 and E3, the modeled VLM 498 

rates remain within the uncertainty of the observationally derived VLM rates. For E2, a later timing 499 

of the minimum extent brings the prediction closer to the observed VLM rates. However, for E1, 500 

E2, and E3, the sensitivity to the timing of the minimum extent is again relatively small. Forcing 501 

the historical maximum to be approached at 1 ka and present-day lowers the modeled VLM rates 502 

more significantly. For E1, the modeled VLM rates remain within the uncertainty of the 503 

observationally derived VLM rate using rGPS-elastic from Adhikari et al. (2021) when the maximum 504 

extent is approached at 1 ka, but underestimates the observed VLM rates when the maximum is 505 

reached at present-day. For E2, forcing the maximum extent to be approached at 1 ka increases the 506 

fit to the observationally derived VLM rates, where a late minimum extent (3 ka) provides the best 507 



 

fit. For E3, the modeled VLM rates underestimate the observationally derived VLM rates when 508 

the maximum extent is reached at 1 ka or present-day. 509 

 510 

A smaller magnitude of retreat and readvance (than in ICE-6G_C) as suggested by Lesnek et al. 511 

(2020) and Young et al. (2021) is expected to cause a less pronounced present-day solid Earth 512 

deformation, similar to the effect of the “no retreat” scenario. The modeled VLM rates would, 513 

therefore, be less negative and, for E1 and E3 would improve the fit to the observationally derived 514 

VLM rate, while for E2 and E4, this would reduce the data-model fit. This would likely limit the 515 

range of models that fall within the observational constraints. 516 

 517 

Similar to the RSL rate analysis, we tested the impact of the LIS on the present-day VLM rate. 518 

Substitution with the LIS from GLAC1-D results in slightly lower VLM rates, but the results are 519 

not significantly affected. 520 

 521 

 522 



 

Figure 7: Comparison of negative modeled present-day VLM rates in Nuuk (64.17° N, 51.73° W) 523 

for every ICE-6G_C ice history: original (orange); no retreat (red); and ice sheet minimum at 5 524 

ka (dark green), 4 ka (green), and 3 ka (light green). The size of the dark/normal/light green 525 

markers indicates the timing when the ice sheet reaches its current maximum extent at: 2 ka 526 

(small), 1 ka (medium), and present-day (large). Filled orange squares show modeled RSL rates 527 

where the LIS in ICE-6G_C was substituted with the LIS in GLAC1-D. The observationally 528 

inferred deglacial VLM rate (Equation 2) is denoted by the blue and red shaded areas (± 1σ range), 529 

with rGPS-elastic from Khan et al. (2016) and Adhikari et al. (2021), respectively. The purple shaded 530 

area denotes where the two estimates overlap. The Earth model used is indicated at the bottom. 531 

 532 

4. Discussion 533 

4.1 Constraints on ice retreat and readvance in SW Greenland 534 

Our results suggest that some degree of inland ice sheet retreat in southwestern Greenland near 535 

Nuuk is necessary during the mid/late-Holocene to fit the model output to the data. The RSL and 536 

VLM rates using Earth model E1 simultaneously satisfy the observational constraints if the 537 

historical maximum extent is approached at 1 ka without a strong constraint on the timing of 538 

retreat. Note, however, that the RSL predictions are at the edge of the data-derived uncertainty 539 

range, while the VLM predictions are well within the observational constraints. For model E2, the 540 

RSL and VLM predictions only satisfy both data-derived constraints simultaneously if the 541 

maximum extent is reached at present-day, which is an unlikely end-member since this setup is 542 

not consistent with geological constraints. This Earth model therefore seems the least appropriate 543 

for this region. The RSL and VLM rates using model E3 satisfy the observational constraints if 544 

the historical maximum is reached at 2 ka and the minimum occurred at 5 ka or later. Note that the 545 



 

RSL predictions are again at the edge of the data-derived uncertainty range. However, simulations 546 

with Earth model E3 satisfy the early-Holocene marine limit and closely approach the sea-level 547 

index points. For model E4, the RSL and VLM predictions for the original ICE-6G_C and the “no 548 

retreat” ice histories are not consistent with the observational constraints, suggesting that this Earth 549 

model would also require a delayed timing of the minimum and maximum extents. Based on these 550 

results we argue that the minimum extent of the southwest GrIS near Nuuk was likely reached at 551 

or after 5 ka, and perhaps as late as 3 ka. Additionally, we conclude that the historical maximum 552 

extent of the southwest GrIS was likely approached between 2 and 1 ka.  553 

 554 

To further test these inferences, we simulated the RSL history at four additional locations in 555 

southwest Greenland (Figure 1). Earth model E2 produces a reasonable fit in Sisimiut (Figure 8a) 556 

but systematically shows a poor alignment with the remaining paleo sea level data (Figures 8 c, e, 557 

and g), which agrees with the results discussed above. The preferred model setup (model E3, 558 

minimum at 5 ka or after, maximum between 2 and 1 ka) does not show a good fit in Sisimiut 559 

(Figure 8b) but generally satisfies the sea level constraints at the other locations except for 560 

overpredicting sea level in the early Holocene (Figures 8 d, f, and h). This further supports our 561 

preference for this ice history and Earth model configuration. 562 

 563 



 

 564 



 

Figure 8: Modeled Holocene RSL curves for the original ICE-6G_C (orange) and “no retreat” 565 

ICE-6G_C (red) ice histories at a) Sisimiut, c) Sondre, e) Godmouth, and g) Godhead. Both ice 566 

history variations are combined with four Earth models as described in Table 1. Modeled 567 

Holocene RSL curves, paired with Earth model E3, with adjusted timing of the minimum ice extent 568 

(5, 4, and 3 ka) at b) Sisimiut, d) Sondre, f) Godmouth, and h) Godhead. The maximum ice extent 569 

is reached at 2 ka for all three runs. Paleo sea-level observations (± 1σ) are denoted by crosses 570 

(index points), downward triangles (terrestrial upper-limiting), and upward triangles (marine 571 

lower-limiting). The marine limit is denoted by the dashed grey line (Lecavalier et al., 2014). Note 572 

that the LIA ice variability is not included in the ICE-6G_C runs. 573 

 574 

The likely-overestimated ~130-140 km of retreat in ICE-6G_C can affect our modeled sea level 575 

responses - a smaller retreat magnitude than in ICE-6G_C would likely cause a less pronounced 576 

present-day solid Earth deformation, i.e. a less negative VLM and a less positive RSL rate, similar 577 

to the effect of the “no retreat” scenario. This would delay the likely timing of the approach to the 578 

historical maximum closer to the present day. We are not aware of an ice sheet model that broadly 579 

fits sea level constraints, correctly simulates the present-day ice extent, and only simulates ~10 km 580 

of ice retreat at the Holocene ice minimum. An ad-hoc combination of ice sheet models will likely 581 

create edge/interpolation effects that could affect our results in a physically-inconsistent way. We 582 

therefore opt to only incorporate ICE-6G_C into our model setup and acknowledge the impact of 583 

the larger retreat. 584 

 585 

Our results are consistent with the results from Young et al. (2021), who estimate that the 586 

southwest GrIS minimum extent was likely reached after ~5 ka and that the late Holocene 587 



 

maximum extent was reached during historical times despite the GrIS perhaps approaching (but 588 

not quite reaching) this eventual maximum as early as ~2 ka. 589 

 590 

4.2 Sensitivity tests and model uncertainties 591 

Adhikari et al. (2021) suggest that a transient rheology is necessary to fit VLM observations around 592 

Greenland. Paxman et al. (2023) combine shear wave velocities with experimentally constrained 593 

constitutive rheological models and also find that mechanical properties including the apparent 594 

upper mantle viscosity and lithosphere thickness vary over time. While we assume a Maxwell 595 

rheology in our GIA model setup that does not allow transient rheology, we do adopt a change in 596 

viscosity of about one order of magnitude in our corrections for the LIA period. Modeled sea level 597 

predictions are most sensitive to the inclusions of transient mantle deformation in regions near-598 

field and peripheral to former ice sheets (Simon et al., 2022), such as our study site near Nuuk. 599 

While we acknowledge the value in investigating the effect of transient rheology in our model 600 

setup, this aspect remains outside of the scope of this study. The choice of rheology as well as the 601 

importance of transient deformation remain to be further explored and a more complex rheology 602 

may affect our results. 603 

 604 

The magnitude and timing of the disappearance of the LIS affects the modeled RSL in Nuuk. 605 

Southwest Greenland resides on the forebulge of the LIS, which has been subsiding since the 606 

melting of the LIS after the LGM. A larger LIS volume during the LGM, and thus a larger 607 

forebulge, may lead to a larger present-day subsidence rate and thus a larger RSL rate in Nuuk. 608 

Vice versa, a smaller LIS volume may result in a smaller RSL rate. Additionally, the timing of the 609 

LIS melting may affect the RSL rate in Nuuk by forcing the present-day subsidence rate to be 610 



 

higher (lower) for a later (early) melting event. Nevertheless, we show that this effect is small: 611 

substituting the LIS in ICE-6G_C with the LIS from GLAC1-D results in a minor change in our 612 

modeled present-day RSL and VLM rates (Figures 6 and 7). 613 

 614 

Sterodynamics play an important role in controlling RSL in southwest Greenland (Dangendorf et 615 

al., 2021). Both steric and ocean dynamic effects show complex patterns in shallow and remote 616 

coastal areas, such as our study location near Nuuk, that are currently understudied due to limited 617 

observational data. While we account for potential sterodynamic effects by including a relatively 618 

large sterodynamic uncertainty in our RSL budget, derived from ocean reanalyses (Dangendorf et 619 

al., 2021), we do not include a mean sterodynamic contribution in our RSL budget since the 620 

individual ocean reanalysis runs show limited skill in explaining the observed RSL in Nuuk. 621 

Properly incorporating sterodynamics into our analysis requires further work and analyses of the 622 

physical processes controlling sterics and ocean dynamics near Nuuk. 623 

 624 

4.3 Relationship between ice sheet change and regional climate 625 

Geologic reconstructions of ice-margin change and our modeling results presented here suggest 626 

that the southwestern GrIS may not have achieved its Holocene minimum extent until sometime 627 

after 5 ka, perhaps as late as 3 ka. The timing of this ice minimum is significantly later than what 628 

might be predicted by various hemispheric to regional forcing mechanisms (Figure 9). For 629 

example, high-latitude northern insolation peaked at ~11 ka (Berger and Loutre, 1991), whereas 630 

temperature reconstructions generally depict maximum Holocene temperatures around 8 ka at the 631 

GrIS summit (Kobashi et al., 2017). Moreover, simulations of GrIS change suggest mass loss was 632 

highest between ~11-8 ka (Buizert et al., 2018), broadly consistent with the timing of peak 633 



 

insolation and maximum reconstructed temperatures from Summit Greenland. Yet, focusing in on 634 

select records more proximal to southwestern Greenland reveals perhaps a different relationship 635 

between ice-sheet behavior and temperature. 636 

 637 

Badgeley et al., (2020) used a novel data assimilation approach to develop, arguably, the most 638 

robust temperature reconstruction across the southwestern Greenland domain (Figure 9). 639 

Interestingly, this reconstruction depicts rapidly warming temperatures between ~12-8 ka, peak 640 

Holocene temperatures between ~6-5 ka followed by a 1-2 kyr-long plateau, and no significant 641 

cooling until after ~4 ka (Badgeley et al., 2020; Briner et al., 2020). In the Sisimiut-Kangerlussuaq 642 

region, the rate of ice-sheet retreat was highest between ~10.4 – 9.1 ka (Lesnek et al., 2020) and a 643 

recent ensemble of geologically benchmarked simulations of ice-sheet change in southwestern 644 

Greenland depict maximum rates of mass loss between ~12-7 ka followed by a relatively in-645 

balance ice sheet for the remainder of the Holocene until modern times (Briner et al., 2020). 646 

Collectively, these records suggest that the rate of mass loss in southwestern Greenland was 647 

highest in the early Holocene as the ice sheet was significantly out of balance with rapidly warming 648 

temperatures and peak insolation. Through the middle Holocene, however, ice sheet mass balance 649 

stabilized and was largely in equilibrium with regional climate as 1) the rate of climate warming 650 

stabilized even if peak temperatures were slightly warmer (Badgeley et al., 2020; Figure 9), and 651 

2) increased precipitation likely counteracted the effects of increased temperatures to some degree 652 

(i.e., Briner et al., 2020; Downs et al., 2020). At face value, our ice-sheet minimum with the best 653 

data-model fit in this study – after 5 ka, perhaps as late as 3 ka – is entirely consistent with the 654 

reconstructed surface mass balance in southwestern Greenland. That is, the majority of significant 655 

southwestern GrIS change had already occurred in the early Holocene, and slightly elevated 656 



 

temperatures between ~6-5 ka and increased precipitation would result in relatively minor net 657 

retreat of the southwestern GrIS margin during the middle Holocene. The onset of significant 658 

cooling at ~4 ka likely marked the approximate transition between the ice sheet minimum and the 659 

regrowth towards the pre-industrial maximum ice extent, consistent with our modeling effort here. 660 

 661 

On paleo and historical timescales, southwestern Greenland is dominated by surface mass balance 662 

with both temperature and precipitation strongly affecting ice-margin evolution (Mouginot et al., 663 

2019; Cuzzone et al., 2019; Downs et al., 2020). Although, in the Nuuk region, ice dynamics likely 664 

influence ice-margin migration on millennial timescales (Cuzzone et al., 2022). Nonetheless, our 665 

results are consistent with the reconstructed evolution of ice sheet margin migration and mass 666 

balance in southwestern Greenland (i.e., Briner et al., 2020; Young et al., 2021), while at the same 667 

time highlighting the complicated balance between temperature, precipitation, and broad-scale ice 668 

sheet behavior through the Holocene. 669 

 670 



 

 671 

Figure 9: a) June insolation at 60° N (Berger and Loutre, 1991). b) Mean annual temperatures at 672 

the Greenland Ice Sheet Project 2 (GISP2) site reconstructed using gas-phase δAr-N2 673 

measurements (±2σ; Kobashi et al., 2017). c) Temperature anomalies over southwestern 674 

Greenland (Badgeley et al., 2020; Briner et al., 2020). d) Simulated GrIS mass balance forced by 675 

fixed (black line) and variable (gray line) temperature seasonality (Buizert et al., 2018). e) Nine 676 

simulations of ice mass in southwest Greenland through the Holocene using various climate 677 



 

reconstructions (Briner et al., 2020; Young et al., 2021). In bold (blue) are the two simulations 678 

most consistent with the geologic record of ice-sheet change in southwestern Greenland (Young 679 

et al., 2021). f) Modeled southwest Greenland ice volume fraction from this study, similar to Figure 680 

2. Note the inverted y-axis in panels d), e), and f). Geologic constraints suggest that the 681 

southwestern GrIS achieved its Holocene minimum sometime between 5-2 ka (Young et al., 2021). 682 

 683 

5. Conclusions 684 

Through our modeling approach, we explored a suite of scenarios of southwest GrIS retreat and 685 

readvance during the Holocene and the associated impacts on past RSL and present-day RSL and 686 

VLM changes near Nuuk. Our findings highlight the sensitivity of the Holocene and modern RSL 687 

and VLM to ice sheet history and Earth structure. Models that incorporate a retreat of the ice 688 

margin to the Holocene minimum extent between 5 and 3 ka and approach the historic maximum 689 

extent between 2 and 1 ka align most closely with our observational constraints. This provides 690 

valuable insight on the behavior of the GrIS to warmer temperatures. These constraints suggest 691 

that the timing of the southwest GrIS minimum reconstructed here is consistent with the likely 692 

evolution of southwestern GrIS mass balance through the Holocene. The GrIS is already 693 

responding to current warming and our results indicate that ice retreat will almost certainly 694 

continue as regional temperatures continue to increase. Yet, the exact response time of the 695 

southwestern GrIS to climate variability is difficult to establish given the century-to-millennial 696 

timescales of temperature maximum and ice sheet minimum events. Moreover, the inherent 697 

uncertainties of the observational data used in this study limit the strictness of the ice sheet 698 

behavior constraints. Nonetheless, the constraints highlighted in this study have implications for 699 

future ice sheet modeling of southwestern Greenland and provide a broader understanding of the 700 



 

interactions between the climate and the cryosphere and, ultimately, of future ice sheet change. 701 

Major areas for future work include improving the constraints on Earth structure and rheology 702 

around Greenland and improving the sterodynamic contribution to RSL along the Greenland coast. 703 

Further studies on the response of the GrIS to a changing climate are essential for understanding 704 

ice sheet behavior and for refining sea level rise predictions and the consequences to coastal 705 

regions around the world. 706 
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