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Abstract. Antarctic ice cores are a unique invaluable archive of past climatic changes over the Antarctic ice sheet. However,

as reconstructions are based on the history of surface climate at the ice core site, variations of the surface geometry and the

ice flow patterns might result in biases within those reconstructions. In this study, we use results from three transient ice sheet

model simulations covering the last two million years to investigate surface height and ice divide variability for major Antarctic

ice core sites and ongoing prospective future drilling locations. We find that East Antarctic ice-core site elevations varied by5

up to 240 m over the glacial cycles of the last 800 kyr, whereas glacial–interglacial surface elevation variability is substantially

smaller during earlier periods relevant to prospective oldest ice sites. Simulations using different ice sheet models and climate-

forcing approaches produce substantially different long-term surface elevation trends. We further investigate the synchronicity

between Antarctic climatic change and simulated surface height variability and find a substantial shift between the timing of

maximum interglacial temperature and ice surface elevation. Further, we quantify the variability of the ice divide and ice dome10

position throughout the time period of the individual ice cores and up to 2 Ma before present for prospective oldest ice cores

which varies by up to 120 km. Our study suggests that uncertainty, in ice surface height has to be taken into account when

investigating ice core-based Antarctic temperature reconstructions. Further, the results presented in this study serve as initial

constraints for further simplified (e.g. 1D) and higher resolution regional simulations of Antarctic ice sheet dynamics at ice

core locations.15

1 Introduction

Ice core-based paleo-reconstructions of temperature at ice core sites serve as an invaluable archive of past climatic changes.

Especially, the combination of long continuous records, up to 800 thousand years (EPICA community members, 2004) and

beyond (Barbante, 2025), and their high temporal resolution enable studies of centennial to orbital scale changes in the climate

system (Brook and Buizert, 2018). While past atmospheric composition (e.g. greenhouse gas concentrations) is retrieved from20

air bubbles within the ice, past temperatures at the ice core site are derived from one of three approaches: water isotopes within

the ice itself (Jouzel et al., 2007), the age difference ∆age between the air bubble and the surrounding ice, or measured tem-
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peratures within the ice core borehole (Schwander and Stauffer, 1984; Severinghaus et al., 1998; Kindler et al., 2014; Buizert

et al., 2021). However, those reconstructions are subject to various uncertainties. Changing source regions and transport of

water vapor (Casado et al., 2018), variations in sea ice extent (Noone and Simmonds, 2004) or atmospheric circulation patterns25

(Kohfeld et al., 2013), together with changing sea surface temperatures (Risi et al., 2010) might have substantial impact on the

isotopic composition within the ice core (Buizert et al., 2021). In addition, changes in the ice sheet topography might influence

the Antarctic atmospheric condition and circulation and thus the isotopic precipitation pattern over ice core locations (Werner

et al., 2018; Buizert et al., 2021; Goursaud et al., 2021).

30

Regardless of the method used to reconstruct past Antarctic surface temperatures, variations in surface elevation, driven by

the atmospheric lapse rate, result in differences between the climatic temperature at a constant altitude relative to the present-

day geoid (Tclim) and the actual surface temperature (TS) as illustrated in Fig. 1. For ice core locations within the East Antarctic

Plateau, low glacial accumulation rates (Parrenin et al., 2016; Bouchet et al., 2023) suggest a reduced surface height during

glacials, which would attenuate the observed glacial cooling signal. Conversely, higher-than-present-day accumulation rates35

during interglacial periods might lead to the opposite effect, where lapse rate-induced cooling at the elevated surface height

could diminish the interglacial warming signal. In contrast, at ice core sites closer to the ice sheet grounding line, surface height

variations may be primarily influenced by ocean dynamics. As a result, the surface could be lower during warm interglacials

and higher during cold glacials, thereby amplifying the observed glacial-interglacial temperature variations. Several studies

used Ice Sheet Model (ISM) simulations to quantify and account for such height changes at different ice core locations. Early40

ISM simulations of the Antarctic Ice Sheet (AIS) by Ritz et al. (2001) were utilized to quantify surface height changes in

the Vostok ice core region. Further regional simulations (Huybrechts et al., 2007) and one-dimensional (1D) ice sheet models

(Parrenin et al., 2007b) were employed to account for potential surface height variations at the EPICA Dome C (EDC) ice

core (Jouzel et al., 2007) and the EPICA Dronning Maud Land (EDML) ice core (Huybrechts et al., 2007; Stenni et al., 2010).

Additionally, Cuffey et al. (2016) used surface height reconstructions and simulations of the West Antarctic Ice Sheet (WAIS)45

to evaluate their impact on temperature reconstructions from the WAIS Divide ice core (WDC). Ice sheet model simulations

by Sutter et al. (2019) investigated ice sheet thickness at various Antarctic ice core sites, supporting the quest for prospective

oldest ice core sites.

In addition to variations in surface height, the position of the ice divide or ice domes, where ice cores are typically drilled,50

may have shifted over time. Such shifts could result in ice from different spatial sources being incorporated into the ice core

column (see Fig. 1). This ice may be influenced by a distinct isotope-temperature relationship, or the paleo-ice divide may

have been at a higher elevation, causing a similar type of error as previously described. Notably, this scenario applies to the

EPICA Dronning Maud Land (EDML) ice core, a flank site where horizontal advection has transported ice from upstream,

higher-elevation deposition sites to the drill location (Huybrechts et al., 2007; Stenni et al., 2010).55
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Figure 1. (a) Impact of changing ice sheet surface height and (b) ice divide location on ice core based temperature reconstructions. Due

to variations in ice sheet surface height, reconstructed changes in surface temperature at the ice core site can deviate from the climatic

temperature changes (at constant elevation with respect to the present day geoid). Further the migration of the ice divide could result in parts

of the ice core to originate from a different (higher) location, introducing an additional bias.

Nevertheless, earlier ISM simulations and ice sheet reconstructions are often on coarse resolution grids and regional and

1D modeling approaches might not capture the full dynamics of the AIS, especially not the propagated and delayed impact of

downstream changes in ice flow. In addition, surface height variations and ice divide variability have not yet been quantified at

all prospective oldest ice core drilling sites (Fischer et al., 2013) and improved bedrock topography maps (Morlighem et al.,60

2020), but would be important as initial constraint also for 1D-modeling approaches (Parrenin et al., 2007b). In this study, we

use three different transient state-of-the-art ISM simulations, covering the last 2 million years of AIS evolution, to quantify

ice sheet surface height and ice divide variations and their potential impact on ice core based temperature reconstructions. In

detail, we aim to answer the following questions: (i) How much do surface height variations impact ice core-based climate

reconstructions across all three ISM simulations? (ii) Is there a de-synchronization between surface height variations and tem-65

perature changes (iii) How much did the position of the ice divides change at ice core sites within their covered time span? In

the following, we will introduce the utilized ISM simulations and how we analyze the ice sheet-climate synchronization. We

then present and discuss the results of our study for various Antarctic ice core locations with a special emphasis on EPICA

Dome C (EDC) and oldest ice core locations especially Little Dome C (LDC).

70

2 Methods

2.1 Ice Sheet Modeling

In this study we use ISM simulation results from the two independent ISMs: the Parallel Ice Sheet Model (PISM) (Bueler et al.,

2007; Winkelmann et al., 2011) and the Pennsylvania State University Ice Sheet Model (PSUISM) (Pollard and DeConto,

2012a).75
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2.1.1 PISM-CI

Here, we use PISM simulation results from Wirths et al. (2025) (Config. 1), which uses a climate index approach, interpolating

climate model snapshots along a paleoclimatic index (Sutter et al., 2019; Wirths et al., 2025), to force the ice sheet model.

Because the fields are linearly interpolated between snapshots, the method captures only a first-order, amplitude-scaled estimate

of past temperature and accumulation changes and cannot reproduce true shifts in the spatial climate patterns. Thus, an auxiliary80

PISM simulation was forced with transient simulation data from the Community Earth System Model (CESM) version 1.2 (Yun

et al., 2023). In both cases, PISM is run in a hybrid mode using both the shallow ice (SIA) and shallow shelf approximation

(SSA) (Winkelmann et al., 2011) on a 16 km horizontal resolution. Sliding at the base of the ice sheet, determined by the basal

shear stress is calculated following a pseudo-plastic sliding law (Cuffey and Paterson, 2010) as

τb =−τc
u

uq
threshold|u|1−q

, (1)85

with velocity u and parameter q. The yield stress τc is calculated following the Mohr-Coulomb law (Cuffey and Paterson,

2010),

τc = c0 + tan(ϕ)Ntill (2)

with the till friction angle ϕ, the effective till pressure Ntill and the "till cohesion" c0. In both simulations the till friction

angle is parametrized as a function of bed elevation below sea level (Winkelmann et al., 2011; Martin et al., 2011; Aschwanden90

et al., 2013). For a given bed topography b(x,y), ϕ is calculated by

ϕ(x,y) =





ϕmin, b(x,y)≤ bmin,

ϕmin +(b(x,y)− bmin)M, bmin < b(x,y)< bmax,

ϕmax, bmax ≤ b(x,y)

(3)

with minimum and maximum till friction angle (ϕmin, ϕmax), corresponding bed elevations (bmin, bmax) and gradient

M = (ϕmax−ϕmin)/(bmax− bmin). Basal melt in sub-shelf cavities is calculated through the PICO box model (Reese et al.,

2018), which simulates the overturning circulation underneath the ice shelf. Mass loss at the calving front is determined by95

the physically-based 2D-calving parameterization known as Eigen calving (Levermann et al., 2012) in combination with thick-

ness calving removing all ice shelves thinner than Hcrit = 75 m. The surface mass balance at the ice-atmosphere boundary is

calculated using a positive degree day model (Calov and Greve, 2005; Fausto et al., 2009) from precipitation and the surface

air temperature forcing. To account for the evolving ice sheet geometry, the surface air temperature is adjusted with a fixed

dry-adiabatic lapse rate (9.8 K km−1) applied to the simulated ice thickness change, and precipitation is scaled exponentially100

with this elevation-induced temperature change (C = 0.07 K−1; Wirths et al., 2025); an idealized cosine seasonal cycle between

annual mean and summer surface air temperature is employed for the degree-day integration. In the simulation from Wirths
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et al. (2025), hereafter referred to as PISM-CI, the forcing variables for annual mean surface air temperature, summer surface

air temperature, precipitation, ocean temperature and salinity integrated over 300 - 700 m depth, are derived from snapshots of

Community Earth System Models (COSMOS) (Stepanek and Lohmann, 2012) for the Last Glacial Maximum (Zhang et al.,105

2013), Last Interglacial (Pfeiffer and Lohmann, 2016) and mid-Piacenzian Warm Period (Stepanek et al., 2020) in combination

with a climate index time series representative for the climate evolution of the last 2 million years as described in Wirths et al.

(2025) and Sutter et al. (2019).

2.1.2 PISM-CESM110

As an alternative approach we utilized the identical PISM setup on 16 km resolution but replacing the climate index based forc-

ing with a recent 3 Ma transient climate simulation results from Yun et al. (2023). In their simulation, Yun et al. (2023) used

the CESM version 1.2 on a 3.8 degree horizontal atmospheric resolution. The model was forced with time-evolving Northern

Hemispheric ice sheet extent retrieved from an intermediate complexity model (Willeit et al., 2019) and a combination of ice

core-based (Lüthi et al., 2008; Bereiter et al., 2015) and simulated (Willeit et al., 2019) atmospheric CO2 concentrations, in115

conjunction with orbital forcing from Berger (1978). The climate simulation was performed by accelerating the forcings by a

factor of 5, and other greenhouse gas forcings beyond the ice-core based coverage were approximated by a regression with the

benthic oxygen LR04 stack (Lisiecki and Raymo, 2005; Yun et al., 2023).

To drive the ISM with annual mean and summer surface air temperature as well as the depth integrated ocean temperature120

and salinity from the CESM simulation, we correct for potential model biases in CESM. Thus, a forcing variable T i,j at

location (i,j) and time t can then be calculated by

T i,j(t) = T i,j
ref +

(
T i,j

CESM(t)−T i,j
CESM,ref

)
, (4)

with reference forcing T i,j
ref and the CESM climate representative for this reference period T i,j

CESM,ref . Similarly, we derive

the precipitation forcing P i,j by rescaling the reference precipitation pattern as125

P i,j(t) = P i,j
ref

(
P i,j

CESM(t)

P i,j
CESM,ref

)
. (5)

For both forcing cases (climate index approach and transient CESM1.2 forcing) we use the temporal average from 1979-2016

from the Regional Climate Model RACMO2.3p3 (van Dalum et al., 2022) as reference surface air temperature and precipitation

as well as the ISMIP6 forcing (Nowicki et al., 2020) as reference forcing for ocean temperature and salinity following Sutter

et al. (2019); Wirths et al. (2024, 2025). In both, the PISM-CI and PISM-CESM simulation, geothermal heat flux from Shapiro130

and Ritzwoller (2004) and sea-level forcing as in Wirths et al. (2024, 2025) were used to drive the model. Bedrock deformation

is simulated with the viscoelastic deformable Earth model of Bueler et al. (2007).
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Figure 2. Illustration of the methodology to relate time series to phase dynamics. (a) Two example cyclical time series of varying period

that are asynchronous with respect to each other; (b) phase angle ϕ(t) extracted from the original time series via the Hilbert transform-based

Analytical Signal approach; (c) amplitude-phase relationship for both time series revealed by plotting x(t) against ϕ(t).

2.1.3 PSUISM

In addition to the PISM simulations of the AIS, we use recent simulation data from the PSUISM (Yun and Timmermann, 2026).

The model has also been forced with the transient CESM1.2 results (Yun et al., 2023), simulating the AIS on a 20 km resolution135

using 100 year monthly bias corrected surface air temperature, precipitation, evaporation, solar radiation and 400 m mean

subsurface ocean temperatures. PSUISM applies an analogous bias correction to PISM-CESM, but relative to the 1979–2018

ERA5 climatological mean (Hersbach et al., 2020). Sea level was derived by inter-hemispheric coupling with the additionally

simulated northern hemispheric ice sheets as described in (Tigchelaar et al., 2018; Yun and Timmermann, 2026). PSUISM

calculates the surface mass balance from the monthly surface energy balance using the insolation–temperature melt scheme140

(Robinson et al., 2010). Surface air temperature and precipitation are obtained from the large-scale CESM output and scaled to

the evolving PSUISM surface with a fixed lapse rate correction (γ = 5 ◦C km−1) applied to the height difference between the

CESM and PSUISM orography. Precipitation is additionally reduced with increasing elevation via a Clausius–Clapeyron factor

of 2
−γ∆H
10◦C (Yun and Timmermann, 2026). Bedrock deformation follows an elastic-lithosphere/relaxing-asthenosphere (ELRA)

formulation with a single mantle relaxation timescale of 3,000 years (Pollard and DeConto, 2012b). Further, grounding-line145

ice fluxes and dynamics follow the implementation of Pollard and DeConto (2009, 2012a), based on the theoretical framework

of Schoof (2007).
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2.2 Phase analysis

We explore the relationship and synchronicity between surface elevation anomalies with respect to present-day (∆h) and the

climatic signal of the EDC δ18O record (Jouzel et al., 2007) for the last 800 ka and the LR04 benthic δ18O stack (Lisiecki150

and Raymo, 2005) for time periods older than 800 ka. To do so, we calculate the phase angle ϕ(t) of the δ18O time series

using the Analytical Signal approach (Gabor, 1946). In general, the analytical signal xa(t) of a real valued function x(t) can

be expressed by

xa(t) = x(t)+ iH(x(t)) =A(t)eiϕ(t), (6)

with Hilbert transform H(x(t)) of the time series x(t), phase angle ϕ(t) and real valued instantaneous amplitude A(t). For155

the phase angle to be meaningful, the signal must be sufficiently narrowband to approximately satisfy Bedrosian’s product

theorem (Honari et al., 2021). We therefore bandpass filter the δ18O record (as well as ∆h) to periods of 7–250 kyr using a

zero-phase Butterworth filter applied forward and backward, so that the filtering itself introduces no phase shift. Using this

decomposition, we then can compare ∆h and the climatic signal (δ18O) with respect to the phase angle ϕ as schematically

illustrated in Fig. 2 for two ideal cyclical time series. As can be seen, this method allows us to compare the phase synchroniza-160

tion within the signal although the period of the cycles is not constant. This allows us to identify timing of minima and maxima

as well as leads and lags of changes between the Antarctic or global climate and ∆h.

3 Results

3.1 Surface elevation variability at ice core sites

The change of ice surface elevation anomalies with respect to present-day elevation (∆h) within the three ISM simulations for165

the last 800 ka at major East Antarctic and the WAIS Divide ice core sites are illustrated in Fig. 3. At the three continental

ice core sites of EPICA Dome C (EDC), Dome Fuji (DF) and Vostok a similar pattern arises across all three ISM simulations.

Warmer interglacial periods are characterized by positive ∆h while during glacial periods ∆h decreases resulting in the largest

negative surface height anomaly around maximum glacial extent. For the last glacial cycle changes in ∆h (MIS 5 -LGM)

had an amplitude of 46-138 m for EDC, 21-152 m for DF and 17-104 m for Vostok (see Tab. 1 for additional details). How-170

ever, changes in ∆h lag behind climatic changes, especially in the PSUISM simulation, where we observe ice sheet growth

across the interglacial and far into the glacial periods for EDC, DF and Vostok. Further we observe, that PSUISM generally

exhibits higher values of ∆h compared to PISM based simulations. Variability of ∆h is dominated by the large-scale 100 kyr

glacial-interglacial cycles and modulated by weaker obliquity paced variability (see Fig. 3 b). In contrast, ice sheet surface

elevation anomalies show substantially higher variability for shorter (precessional) periods at the Talos Dome ice core site, in175

particular in simulations forced with the transient CESM climate simulation. For interglacial time periods within the ice core

covered time span all simulations indicate positive ∆h at the Talos Dome ice core site. However, especially during glacials,
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Figure 3. a) Evolution of the Antarctic climate represented by the EDC δ18O record (Jouzel et al., 2007) and ice sheet height anomalies over

the last 800 ka for the EPICA Dome C (EDC), Dome Fuji (DF), Vostok, Talos Dome (TALDICE), EPICA Dronning Maud Land (EDML)

and WAIS Divide (WDC) ice core location for all three ISM simulations. The colored dashed lines mark time periods which are not covered

by the ice core record. The vertical dotted lines indicate the Last Glacial Maximum (LGM, ∼21 ka BP), the beginning of MIS 5 (∼130 ka

BP), MIS 7 (∼243 ka BP), MIS 9 ∼336 ka BP) and MIS 11 (∼ 409 ka BP). b) Power Spectral Density (PSD) of the time series shown in

(a). The vertical dotted lines indicate a periodicity of 100, 41 and 21 kyrs.
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Ice core site ISM Min Max LGM MIS 5e MIS 5 PGM MIS 7 MIS 9 MIS 11

∆h [m] ∆h [m] ∆h [m] ∆h [m] ∆h [m] ∆h [m] ∆h [m] ∆h [m] ∆h [m]

EDC PISM-CI -119 25 -110 -35 -49 -96 -51 -36 8

PISM-CESM -173 66 -139 -4 -1 -71 -29 -55 60

PSUISM -81 104 -55 18 -9 -39 -13 -16 43

DF PISM-CI -106 17 -85 8 -40 -78 -42 -32 -1

PISM-CESM -178 45 -177 -20 -84 -146 -85 -88 15

PSUISM -60 74 -58 -2 -37 -52 -26 -20 25

Vostok PISM-CI -94 21 -93 6 -61 -91 -58 -45 18

PISM-CESM -110 57 -103 22 1 -44 -45 -71 50

PSUISM -57 68 -32 8 -15 -29 -5 -1 40

TALDICE PISM-CI -76 47 -40 40 25 -47 22 22

PISM-CESM -50 101 -12 62 85 55 44 75

PSUISM -109 62 -69 10 17 3 -11 -11

EDML PISM-CI -86 24 -80 -24 -13 -73

PISM-CESM -85 18 -47 -14 10 4

PSUISM -126 18 -111 -11 -54 -87

WDC PISM-CI -46 202 63

PISM-CESM -24 237 82

PSUISM -169 186 -8

Table 1. Minimum and Maximum ∆h anomalies through the ice core covered time period and ∆h for the Last Glacial Maximum (LGM,

∼21 ka BP), the Penultimate Glacial Maximum (∼140 ka BP), the end of MIS 5e (∼123 ka BP), MIS 5 (∼130 ka BP), MIS 7 (∼243 ka

BP), MIS 9 ∼336 ka BP) and MIS 11 (∼ 409 ka BP).

strong differences in ∆h arise across the ISMs. These differences are not even consistent in sign. Overall, ∆h at Talos Dome

spans from 47-101 (range indicates spread across all simulations) on the upper bound to -50 to -109 on the lower bound.

Similar to Talos Dome, ∆h variability at the EDML site exhibit more precession-paced variability than the more continental180

east Antarctic ice cores. However, an overall glacial cycle in ∆h arises with slightly positive ∆h during interglacials which

decrease across glacial periods. At the WDC site, an opposite picture in ∆h variability arises. While ∆h is increasing during

glacial periods, the onset of an interglacial results in a rapid decrease of ∆h or a complete collapse of the WAIS, driven by the

dynamic response of the ice sheet to enhanced oceanic melt and the crossing of substantial stability threshold within the WAIS

basins (Wirths et al., 2025). Importantly, during the last deglaciation we observe a substantial ∆h increase between 133-166 m185

(Holocene - LGM) across all models.
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Figure 4. Composite of the bandpass filtered (periodicity band: 7-250 kyr) EDC δ18O signal (Jouzel et al., 2007) and simulated ∆h anomalies

as function of phase angle ϕ of the δ18O time series using the Analytical Signal approach. The analysis was performed covering the last

800 kyr regardless of the ice-core covered time period. A phase angle of 0° or 360° here represents interglacial (IG) conditions and around a

phase angle of 180° glacial (G) conditions.

Across all ice core locations and in between ISM simulations, we observe different timing in local maxima and minima of

∆h, as apparent in Fig. 3. To illustrate this further and to relate the timing of ∆h peaks and valleys to the phase angle ϕ of

the ice age cycle we use the Analytical Signal approach to illustrate ∆h as a function of the phase angle derived from the190

EDC δ18O record (Jouzel et al., 2007), as shown in Fig. 4. While the EDC δ18O, which serves as proxy for the Antarctic

climate (and underlying forcing for the PISM-CI simulation), reaches a minimum for a phase angle between 170°-180°, at

East Antarctic ice core sites, simulated ∆h reaches its minimum for phase angles larger than 180° especially in the simulations

driven by the transient CESM simulation (PISM-CESM and PSUISM). The timing of ∆h maxima, shows similar differences

between ISM simulations and is delayed with respect to the EDC δ18O signal. This especially becomes apparent for the EDC,195

DF and Vostok ice core locations, where the timing of ∆h maxima is shifted by several millennia (e.g. up to 45 kyrs for the

Last Interglacial peak in PSUISM) between the different ISM simulations and likewise with respect to the δ18O climate record.

Across all ice core sites PISM-CI seems to be most in sync with the δ18O record, while PSUISM exhibits the largest phase shift.
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3.2 Ice divide and dome migration200

To estimate the variability of the ice divide position, we track the location of velocity minima near the ice core site over time.

This is achieved by iterating through the depth-integrated velocity field (only in both PISM simulations due to the lack of

corresponding velocity data from PSUISM) along the x and y directions independently. For each x-coordinate, we identify the

corresponding y-coordinate of the velocity minimum as long as it is lower than a threshold velocity of ūmax = 0.5m/yr, and

vice versa. This process produces a two-dimensional map that represents our estimate of the ice divide position. Further, we205

track the position of the ice dome at or close to the borehole site by finding the location of the local surface height maxima.

Figure 5 illustrates the temporal composite of the ice divide (shading) and ice dome (marker) position together with the simu-

lated present-day velocity field within the PISM-CI simulation for the six ice core sites discussed above. While the ice divide

and dome position does not perfectly align with the real ice core/dome location for all ISM simulations, there is a generally

good agreement with differences within a few grid cells. At EDC we observe an ice dome variability of approximately ∼120210

km in PISM-CI and in PISM-CESM, while PISM-CESM is more aligned with the present-day ice divide position. For Dome

Fuji the variability of the ice dome position narrows down to ∼45 km (PISM-CI) and ∼70 km (PISM-CESM), respectively.

The ice divide at Vostok varies by ∼50 km in the PISM-CI and ∼65 km in the PISM-CESM simulation. The nearest ice

dome varies by ∼65 km (PISM-CI) and ∼70 km (PISM-CESM). The ice dome position at Talos Dome disagrees between

both PISM simulations. However, throughout the simulation time covered by the Talos Dome ice core, the ice divide position215

stays constant (PISM-CESM) or only moves by one grid box (PISM-CI). However, both models fail to simulate the ice divide

position in agreement with the actual ice core location, due to the generally coarse resolution for the Talos Dome ice geometry.

At the EPICA Dronning Maud Land ice core site we estimate changes in ice dome position of up to ∼120 km in PISM-CI.

However, most of this variability occurs as the ice dome closest to the ice core drilling site vanishes for several time periods, as

the local height maximum flattens into the broader ice sheet surface.. Similarly in the PISM-CESM simulation no local surface220

height maximum develops in the vicinity of the ice core drilling site and the ice dome position only varies by one grid cell. For

WDC we estimated a variability in temporal variability of the ice dome position of up to ∼70 km in PISM-CI and ∼40 km in

PISM-CESM. Please note that all estimates of ice divide variations have an uncertainty of at least the grid resolution, which is

16 km.

225

In addition, we derived the temperature (see Fig. A3) and surface mass balance (SMB; see Fig. A4) difference between the

simulated temporally variable ice dome position (purple/gray marker in Fig. 5) and the fixed simulated present-day ice dome

position (red marker in Fig. 5) to broadly estimate the order of magnitude of a potential error in ice core-based reconstructions

introduced by the variable ice dome positions. In both cases we used the temperature and SMB forcing fields from each

simulation. Especially, the large spatial variability of the ice dome at the EDC site results in temperature fluctuations of up230

to 1°C and SMB changes of up to 10%. For Dome Fuji and Vostok the temperature effect is slightly smaller with ∼0.6 °C

and ∼0.4 °C respectively. However, at Vostok the impact of the variable ice dome location on the SMB is up to 15%. At

Talos Dome, the steep temperature gradient in our forcing data results in a 2°C temperature change in the PISM-CI simulation,
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Figure 5. Simulated spatial variation of the ice divide (shading) and ice dome (marker) position through the ice core covered time period

(cmp. Fig. 3) for the (a) EPICA Dome C (EDC), (b) Dome Fuji, (c) Vostok, (d) Talos Dome, (e) EPICA Dronning Maud Land, (f) WAIS

Divide ice core domain in the PISM-CI and PISM-CESM simulation. Velocity contours are simulated present-day conditions from the PISM-

CI simulation. Thick gray lines indicate the observed present-day ice divide after Rignot et al. (2011). Black cross markers the real drill site

location and red markers indicate the simulated present day ice dome location.

although the ice dome location varies only by up to ∼30 km. At EDML, the large jumps in ice dome location (see Fig. 5)

results in temperature differences of up to 4°C and SMB changes of over 20%.235
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Figure 6. a) Temporal evolution of the ice sheet surface height anomalies over the last 2 Ma for the prospective oldest ice core locations at

Little Dome C (LDC), Dome Fuji (DF) and Dome A (DA). b) Power Spectral Density (PSD) of the time series in (a). The vertical dotted

lines indicate a periodicity of 100, 41 and 21 kyrs.

3.3 Implications for Oldest Ice Core Sites

We further extend our analysis of ice core surface elevation changes towards locations of potential and verified "Oldest Ice"

drilling sites that may extend the ice core-records to the last 1.5-2 Myrs. Figure 6 shows the temporal evolution of ∆h through-

out the last 2 Ma for Little Dome C (LDC), Dome Fuji (DF), and Dome A (DA). Given the small geographic distance between

LDC and EDC, we observe the same pattern in ∆h variability throughout the the last 800 ka at LDC than at EDC. Between 850240

to 700 ka BP we observe substantially lower glacial ∆h values within the PISM-CESM and PSUISM simulation. In addition

we find a lower overall ∆h variability before 900 ka in PISM-CESM and PSUISM and before 1.2 Ma in PISM-CI. During

the same period the ∆h difference between the ISMs increases substantially mostly driven by a long term trend within the

PSUISM simulation. A similar pattern arises for Dome Fuji where PISM-CI indicates a positive long term surface height trend

in contrast to a negative surface height trend simulated by PSUISM. For Dome A, we also observe a long term surface height245

growth trend in the PISM-CI simulation. However, PISM-CESM and PSUISM show comparable interglacial ∆h values while

glacial ∆h are substantially lower for the last 800 ka than between 2.0-1.0 Ma BP.

We compare the timing of ∆h maxima and minima for the time period between 2.0-1.2 Ma BP for the prospective oldest ice

core sites using the phase angle retrieved from the LR04 benthic oxygen record (Lisiecki and Raymo, 2005) as shown in Fig.250

7. Across all three prospective Oldest Ice Core sites, ∆h changes of the PISM-CI simulation are synchronous to changes in

the benthic oxygen isotopes between 2.0-1.2 Ma BP. Further, the amplitude of glacial-interglacial ∆h changes approximately
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Figure 7. (Top) Composite of the bandpass filtered (7-250 kyr) EDC δ18O signal (Jouzel et al., 2007) and simulated ∆h anomalies at

prospective oldest ice core sites as function of phase angle ϕ of the δ18O for the last 800 ka. (Bottom) same as above but covering the period

from 2.0 Ma to 1.2 Ma BP, using the benthic δ18O LR04 stack (Lisiecki and Raymo, 2005) instead of the EDC δ18O signal.

halved when compared with the last 800 kyrs. The PISM-CESM simulation shows a delayed ∆h maximum with respect to

the benthic oxygen stack but the ∆h minimum is reached around a phase angle of 180° for all three oldest ice core sites syn-

chronous to the benthic oxygen stack. However, PISM-CESM ∆h values remain on a low level beyond a phase angle of 270°255

and into the glacial termination for DF and DA. The PSUISM simulation shows the smallest ∆h variation for all three oldest

ice core sites. For those sites, maximum ∆h values are reached at a phase angle between 70° to 90° (glacial inception) and a

minimum arises for phase angles between 180°-300° (glacial maximum and glacial termination).

For all three potential oldest ice core sites we probe the variability of the ice dome and ice divide position for the time period260

between 2.0 to 1.2 Ma BP as shown in Fig. 8. Across that time period, we estimate the spatial variation of the ice dome at

LDC to be around ∼50 km in PISM-CI and ∼30 km in PISM-CESM. At Dome A, we find similar variability of ∼50 km in

both simulations. At Dome Fuji, we find ice dome variability of up to ∼80 km (PISM-CESM) and ∼90 km (PISM-CI). At all

three oldest ice core sites, the ice dome variation leads to a temperature difference of less than 0.5°C when compared with the

fixed simulated present-day ice dome location (see Fig. A5). While we only observe SMB differences of up to 3% for LDC,265

the SMB differs up to 6% at Dome Fuji and up to 10% at Dome A between the variable and fixed ice dome location (see Fig.
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Figure 8. Simulated spatial variation of the ice divide (shading) and ice dome (marker) position between 2-1.2 Ma BP for the prospective (a)

Little Dome C (LDC), (b) Dome Fuji, (c) Dome A oldest ice core domain in the PISM-CI and PISM-CESM simulation. Velocity shading and

contours are simulated present-day conditions from the PISM-CI simulation. Thick gray lines indicate the observed present-day ice divide

after Rignot et al. (2011). Black cross markers the real drill site location.

A6).

4 Discussion

4.1 Impact of surface height variations on temperature reconstructions270

For all East Antarctic ice core sites investigated in this study, we find glacial-interglacial ∆h variations exceeding 100 m for

at least one or several ISMs. Depending on the lapse rate, these variations can introduce substantial bias in estimating climatic

temperature changes. Increased surface height during interglacial periods causes surface cooling, leading to an underestima-

tion of interglacial warming. Conversely, lower surface height during glacial periods induces a warm bias, thus resulting in

underestimation of glacial cooling. In combination, glacial-interglacial climatic temperature changes would be underestimated275

if ∆h variations are not accounted for. In comparison with results from Parrenin et al. (2007b) which were used in the initial

temperature reconstruction for EDC (Jouzel et al., 2007), both PISM simulations find similar ∆h values for the last four glacial

maxima also in agreement with values used in Buizert et al. (2021) and simulated by Sutter et al. (2019). However substantial

differences arise in comparison with PSUISM and for glacial inceptions and early glacials, especially for ice older than 400 ka.
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This might result in a considerable ∆h-induced uncertainty within ice core based reconstructions. However, our results suggest280

that during the last 800 kyrs ∆h values have not differed more than 152 m between all three simulation examined in this study.

Assuming a dry-adiabatic lapse rate of 9.8 K per km, this uncertainty (∼ 1.5 K) is around 10% of the reconstructed maximum

glacial interglacial temperature change at the EDC site of ∼ 15 K (Jouzel et al., 2007).

At the WDC site, our simulations, support the hypothesis of a WAIS high stand during the early Holocene as also suggested285

by independent modeling studies (Steig et al., 2001) and cosmogonic exposure records at nunataks (Ackert et al., 1999). Other

modeling studies find higher (Golledge et al., 2014, 2012) and lower (Pollard and DeConto, 2009) WAIS surface during the

LGM, emphasizing the substantial spread in simulated surface elevations across ISMs. Nevertheless, increased surface accu-

mulation at WDC during the deglaciation (Fudge et al., 2016), combined with a delayed response to deep ocean warming that

triggered increased ice discharge into the ocean, supports our modeled early Holocene surface highstand at the WDC site.290

From the LGM to the early-Holocene, we observe an increase in ∆h from 133-166 m within our simulations. Depending on

the lapse rate (∼ 7-9.8 K per km) this would result in cooling bias of 0.9 to 1.6 K. Yet this bias is lower than the uncertainty for

the reconstructed LGM to Holocene warming from 9.1 -12.4 K (Cuffey et al., 2016). Nevertheless, the consecutive Holocene

surface height decrease might substantially affect reconstructed Holocene temperature changes which range from 0.4-0.8 K

(Cuffey et al., 2016).295

For all prospective oldest ice core sites, we find a diverging long term trend between the ISMs, resulting in a ∆h spread

of 150-200 m at LDC for time periods before 1.5 Ma BP. Thus, surface height changes might be important to correctly quan-

tify Antarctica’s long-term temperature trends beyond the Mid-Pleistocene Transition (MPT). However, the glacial-interglacial

amplitude at all three prospective oldest ice core sites is substantially lowered before 1.2 Ma BP (see Fig. 7), indicating that300

analysis of glacial interglacial temperature variations during this time period would be substantially less affected by surface

height variations than during that last 800 kyrs. In addition, our work provides a model reference, which can be used to infer

the accumulation rate at the ice core site (Parrenin et al., 2007b) and to establish an ice core chronology (Parrenin et al., 2007a;

Bouchet et al., 2023).

305

4.2 Effect of asynchronous ice core surface elevation and Antarctic temperature

For many East Antarctic ice core sites we observe a shift in timing of minimum and maximum ∆h with respect to the evolution

of the Antarctic climate retrieved from the EDC δ18O record, especially in the PSUISM simulation. While parts of this de-

synchronization of Antarctic climate and surface height variation can be attributed to a de-synchronization of the precipitation

forcing (see Fig. A1), the de-synchronization is enhanced by the dynamical response of the AIS to climatic changes, chiefly310

in PSUISM. Such de-synchronization could in theory yield misleading results when the reconstructed Antarctic temperature

is compared with other climate variables retrieved from ice cores, like greenhouse gases. For example, the continuous surface

height increase during and beyond the interglacial, might result in decreasing reconstructed surface temperature while the cli-
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matic temperature stayed constant. If the biased reconstructed surface temperature is then compared for example with the CO2

record, this initial cooling could be misinterpreted as Antarctic temperature changes leading the CO2 record. However, for the315

last 3 interglacials (MIS 5, 7 and 9) at EDC we find that the ice sheet growth rate was smaller than 13.1 m per millennium

(see Tab. A2 for other ice core sites) indicating that a cooling trend larger than 0.13 K per millennium (assuming a lapse rate

of 9.8 K per km), could not solely be created by a surface height change itself. Similarly, for the Last and Penultimate Glacial

Maximum, we find a maximum surface height decrease rate of 2.5 m per millennium indicating that a warming larger than 0.02

K per millennium could not be solely explained by changes of the ice sheet surface height. Those numbers are considerably320

smaller than observed temperature trends at the onset of glacial inceptions and terminations within Antarctic ice cores (Jouzel

et al., 2007; Landais et al., 2021; Markle and Steig, 2022) such that we conclude that the effect of surface height-climate

de-synchronization on reconstructed temperature trends is of secondary importance.

For prospective oldest ice core sites, de-synchronization appears slightly weaker. In addition, from 2.0 to 1.2 Ma BP, the325

surface height change rate varied between -9.0 to 15.7 m per millennium (see Tab. A1), which suggests that surface height-

climate de-synchronization has only a minor effect on the analysis of prospective oldest ice cores. In general, a more precise

understanding of the surface height-climate-synchronization is hard to retrieve since ∆h depends on local/regional surface

accumulation as well as non-local ice dynamics (e.g. grounding line dynamics). The latter, varies between ISM parameteri-

zations, but is also affected by uncertainties in other forcing variables like oceanic warming. Reconstructing accumulation at330

ice core sites, is equally challenging as initial information on surface height changes is often required (Parrenin et al., 2007b),

which would result in a chicken-and-egg problem.

The diverging long-term trends in ∆h most likely result from structural differences between the ISMs rather than from the

climate forcing itself, as PISM-CESM and PSUISM are driven by the same transient CESM simulation (Yun et al., 2023) but335

show different long-term behavior. While both ISMs include an interactive height–SMB feedback (see Sect. 2.1), they differ

in the SMB scheme and applied lapse rate, the initialization, the treatment of bedrock deformation (viscoelastic Lingle–Clark

model vs. ELRA with a single 3,000-year relaxation timescale) and the marine ice sheet dynamics, where PSUISM includes

hydrofracturing, ice-cliff failure and a quadratic ocean melt parameterization (Pollard et al., 2015), while PISM uses the PICO

box model (Reese et al., 2018). The latter also affects interior sites, as grounding line changes within the marine Aurora and340

Wilkes basins can propagate upstream towards the Dome C region (Mengel and Levermann, 2014; Reese et al., 2018; Wirths

et al., 2025). However, as no proxy record of absolute surface elevation exists for the East Antarctic ice sheet interior for time

periods before the MPT, the diverging trends cannot be validated against observations and the resulting ∆h spread of 150-200

m at LDC should be interpreted as structural uncertainty of the simulated ∆h. The same structural differences most likely also

cause the different response times of the ISMs, as neither the ice rheology (all simulations use a Glen-type flow law) nor a345

missing height–SMB feedback can explain the long equilibration time of PSUISM (up to ∼45 kyr for the Last Interglacial ∆h

maximum).
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4.3 Ice Divide evolution

For all Antarctic ice core sites, we find considerable variability within the ice divide and dome positions across both PISM

simulations. This implies that the climatic information encapsulated within the ice core can originate form different (but still350

relatively close) locations within the Antarctic ice sheet. This is of particular importance for spatially variable climate variables

such as accumulation and temperature. Our broad estimates of this bias, obtained by comparing temperature and SMB at the

variable and fixed present-day ice dome positions, indicate that the potential bias in reconstructed temperature resulting from ice

dome variability is of the same order of magnitude as biases introduced by surface height variations. However, these numbers

should be considered only as first-order estimates, since the origin of ice segments within an ice core depends on the evolution355

of the velocity field rather than directly on the ice dome position. Regional three dimensional ice sheet simulations would

allow to trace every ice core segment back to its surface origin as was done for EDML by Huybrechts et al. (2007). However,

as the full velocity fields of the three simulations have not been saved on the necessary temporal resolution, performing such

an analysis is out of scope for this study. For oldest ice core locations, we find a substantially reduced ice dome variability at

LDC, which might be due to the dominance of the 41-kyr glacial-interglacial cycles previous to the MPT. Similarly, we find360

that a potential bias due to ice dome variability seems to be substantially lower at LDC previous to the MPT.

4.4 Model limitations

ISM simulations and therefore the results presented in this study are heavily affected by the resolution of the ISMs (Wang et al.,

2024), as especially the heterogeneous bedrock topography has an important influence on the ice flow and thus in particular

the ice divide position. Therefore, high-resolution simulations would be more favorable. Nevertheless, those high resolution365

simulations are computationally not feasible on a longer time and continental scale. In contrast, purely regional simulations

might not capture the full dynamics of the ice sheet as far-field effects (e.g. changing grounding line position of flux) are not

accounted for. Simulations of highly resolved ice core locations nested within coarser resolution continental scale ice sheet

simulation would be desirable, and simulation results from this study could be used as initial constraint of continental scale

ice sheet dynamics. In addition to the coarse grid resolution, uncertain knowledge of the climatic boundary conditions at the370

ice core site and on continental scale heavily affect the outcome of this study. As uncertainties in climate forcings are known

to have a large impact on past, present and future continental scale ice sheet simulations (Li et al., 2023; Wirths et al., 2024),

climate reconstructions at ice sheet sites might help as important constraints to improve ice sheet simulations as a whole.

However, as seen in this study those reconstructions are not necessarily independent of the evolution of the ice sheet itself.

Ideally, one would therefore retrieve climate- and ice sheet information simultaneously. Using isochrones (layers of same age)375

within the ice sheet as additional constraint for the ice sheet might allow to invert for both climatic and ice sheet conditions at

the same time (Rieckh et al., 2024).
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5 Conclusion

Here, we used results from three different continental ISM simulations of the AIS to investigate the temporal evolution of the

ice sheet surface height and the ice dome position at key Antarctic ice core locations up to two million years into the past. Our380

results showed that surface height changes could have led to an underestimation of amplitude of glacial interglacial temperature

change, if those changes are not accounted for. Comparison with the commonly used 1D modeling results for the EDC site

showed only limited differences with our simulations for maximum glacial extent and interglacial, but substantial differences

arose for glacial inceptions and early glacials. Further we compared the timing of maximum and minimum surface height

anomalies with the evolution of the Antarctic climate and found that, ice sheet height generally lags Antarctic climate during385

interglacials and glacial inceptions. We further, quantified the delayed ice sheet growth rate during interglacials and glacial

inceptions to test if this could affect the timing of the glacial inception recorded within the Antarctic ice cores – which is most

likely not the case, given the only small surface height change rates in our simulations. Finally, we investigated the variability

of the ice divide and ice dome position across the past, which showed variability of up to 120 km, indicating a potential bias

within the ice core record due to spatially heterogeneous sourced ice segments. The results presented in this study will assist390

ice core scientists in the interpretation of their results and serve as initial constraints of AIS dynamics for time periods beyond

800 ka BP, supporting the interpretation of further prospective oldest ice core records.
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Appendix A: Supplementary information

Ice core site ISM Min ∆h [m] Max ∆h [m] Min dh
dt

[m kyr−1] Max dh
dt

[m kyr−1]

LDC PISM-CI -119 25 13.4 -7.1

PISM-CESM -173 66 12.5 -9.0

PSUISM -81 104 6.9 -3.9

DF PISM-CI -106 17 15.7 -5.7

PISM-CESM -178 45 13.7 -8.3

PSUISM -60 74 4.3 -3.7

Dome A PISM-CI -94 21 12.1 -4.6

PISM-CESM -110 57 12.9 -7.5

PSUISM -57 68 3.5 -2.8

Table A1. Minimum and Maximum ∆h anomalies through the last 2 Ma BP as well as maximum and minimum height change rate between

2.0 to 1.2 Ma BP at the LDC, DF and DA ice core location.

Ice core site ISM LGM (21-15 ka BP) MIS 5 (125-110 ka BP) MIS 7 (240-228 ka BP) MIS 9 (336-321 ka BP)

[m kyr−1] [m kyr−1] [m kyr−1] [m kyr−1]

Max Min Max Min Max Min Max Min

EDC PISM-CI 4.6 -0.6 13.1 -13.3 5.2 -6.6 -2.5 -16.1

PISM-CESM 8.6 3.5 4.2 -5.4 3.5 -7.9 17.2 -4.6

PSUISM 0.6 -2.5 4.1 -0.16 4.5 -1.5 11.1 3.8

DF PISM-CI 3.1 -0.6 -3.1 -7.2 2.7 -6.4 -3.6 -7.9

PISM-CESM 6.5 1.2 11.0 -9.3 8.3 -4.9 19.9 -5.4

PSUISM 1.0 -0.8 4.8 1.22 4.2 0.0 7.4 4.5

Vostok PISM-CI 3.0 0 7.0 -4.0 5.3 -3.1 3.9 -3.5

PISM-CESM 4.8 -0.7 3.5 -6.2 3.5 -3.0 14.1 3.3

PSUISM -0.1 -2.1 4.1 1.0 3.3 -0.2 6.5 3.3

Table A2. Minimal and maximal surface height change rate at for the EDC, DF Vostok ice core site for time periods during and after the

LGM as well as during time periods around the last three glacial inceptions of MIS 5, 7 and 9.
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Figure A1. Composite of the bandpass filtered (7-250 kyr) simulated ∆h anomalies (blueish lines) and surface accumulation (dashed gray

lines) asfunction of phase angle ϕ of the EDC δ18O time series using the Analytical Signal approach. The analysis was performed covering

the last 800 kyr regardless of the ice-core covered time period. A phase angle of 0° or 360° here represents interglacial conditions and around

a phase angle of 180° interglacial conditions.

Figure A2. Temporal evolution of the ice sheet surface height anomalies over the last 800 ka for the EDC site, simulated in this study (blueish

lines) and from a 1D modeling approach (Parrenin et al., 2007b) utilized to correct EDC temperature reconstructions (Jouzel et al., 2007).
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Figure A3. Difference in surface air temperature between the simulated ice dome position through time and the simulated present-day (fixed)

ice dome position at major Antarctic ice core locations for PISM-CESM (purple) and PISM-CI (gray). The temperatures are retrieved from

the forcing of the respective ice sheet model simulations.
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Figure A4. Relative difference in SMB between the simulated ice dome position through time and the simulated present-day (fixed) ice

dome position at major Antarctic ice core locations for PISM-CESM (purple) and PISM-CI (gray). The SMB is retrieved from the forcing of

the respective ISM simulations.
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Figure A5. Difference in surface air temperature between the simulated ice dome position through time and the simulated present-day (fixed)

ice dome position at oldest ice core locations for PISM-CESM (purple) and PISM-CI (gray). The temperatures are retrieved from the forcing

of the respective ISM simulations.

Figure A6. Relative difference in SMB between the simulated ice dome position through time and the simulated present-day (fixed) ice dome

position at oldest ice core locations for PISM-CESM (purple) and PISM-CI (gray). The SMB is retrieved from the forcing of the respective

ISM simulations.
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Code and data availability. The PISM model code is publicly available under www.pism.io. The transient Pleistocene 3 Ma model data (Yun
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