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A B S T R A C T

Over geological time scales, the combination of solid-Earth deformation and climate-dependent surface processes 
have resulted in a distinct hypsometry (distribution of surface area with elevation) on Earth, with the highest 
concentration of surface area focused near the present-day sea surface. However, in addition to a single, well- 
defined maximum at the present-day sea surface, Earth’s hypsometry is also characterized by a prominent 
maximum ~2–5 m above this level, with the range accounting for uncertainties in recent digital elevation 
models. Here we explore the nature of this enigmatic maximum and examine, using a gravitationally self- 
consistent model of ice-age sea-level change, how it evolved over the last glacial cycle and may evolve mov
ing towards a near-ice-free future. We argue that the hypsometric maximum captures topographic conditions at 
the end of the last deglaciation phase and subsequent glacial isostatic adjustment (GIA) raised it from the sea 
surface to its present-day elevation. Moreover, ongoing GIA will raise the maximum a further ~2 m in the 
absence of future ice mass loss. If a portion of the hypsometric maximum has persisted for longer than Holocene 
time scales, the resulting GIA-converged elevation of the hypsometric maximum at +4–7 m above the sea surface 
implies a longer-term mean state of the Earth that may reflect lower ice volumes, trends in erosion, dynamic 
topography, or a combination of these. The signature of these various contributions on present-day hypsometry is 
intimately connected to the time scale of erosional and depositional processes near shorelines.

Introduction

Earth’s topography is shaped by a complex interplay between solid- 
Earth processes that deform the Earth from within and surface processes 
that modify the shape of the Earth at the surface. Over geological time 
scales, this interplay has resulted in a distinct hypsometric distribution 
(distribution of surface area with elevation; Fig. 1A-C, black curve). 
Most of Earth’s surface area constitutes ocean (~71% at present), 
wherein the vast abyssal plains between ~3–6 km depth comprise the 
larger part. However, the highest concentration of surface area on Earth 
is focused in a narrow elevation range near the present-day sea surface, 
which is also where a significant fraction of Earth’s population resides.

Previous work on Earth’s hypsometry has focused on onshore 

cumulative surface area and paleo-shorelines on million-year timescales 
from the middle Jurassic to Miocene age, to infer tectonically driven 
changes in global sea level and large-scale changes in continental 
hypsometry on these long (largely ice-free) geological time scales (e.g., 
Bond, 1978; Harrison et al., 1983; Algeo and Wilkinson, 1991; Rowley, 
2017). On shorter (more recent) geological time scales, where the Earth 
has been dominated by recurring glaciations and accompanying 
sea-level changes, previous work on Earth’s hypsometry has focused on 
high-elevation hypsometry, finding maxima in hypsometric distribu
tions to correlate with local snowline altitude (e.g., Brozovic et al., 1997; 
Mitchell and Montgomery, 2006; Egholm et al., 2009; Pedersen et al., 
2010). These studies argue for an efficient glacial-buzzsaw erosion 
mechanism that leaves only a limited amount of topography above the 
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Fig. 1. Present-day global hypsometry. A, Hypsometric distributions (distribution of surface area with elevation) for the entire Earth (black curve) and for distinct 
regions as defined in the inset, for the elevation span between − 6 to 6 km (GEBCO Compilation Group, 2023). Legend in D. B-C, A closer look at the hypsometric 
distributions in the intervals between − 200 and 450 m and − 5 and 10 m, respectively. Note that in C both the smoothed and the raw (un-smoothed) hypsometric 
curves are shown, whereas A-B show only smoothed curves. We note that the smoothened global hypsometric curve shows an intermediate hypsometric maximum at 
~3 m (merging the 0-m and the 5-m maxima). Circles in C represent peak prominence (findpeaks, The MathWorks Inc., 2023) for significant hypsometric maxima 
(top 3 within ±50 m from the sea surface) for each continental region and the global curve. D, Normalized cumulative surface area for the entire Earth (black curve) 
and the different regions (integrating the hypsometric distributions from the highest elevations to the deepest oceans; shown between − 6 to 6 km).
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local snowline – a glacial erosional base level recognized in hypsometric 
distributions worldwide (Egholm et al., 2009). However, the ultimate 
base level on Earth is set by the sea surface that, for most erosive agents, 
controls the transition between erosion that brings topography down to 
the sea surface and deposition that fills ocean basins up to the sea sur
face. Consequently, the largest concentration of surface area on Earth is 
found near the present sea surface (Fig. 1A-B).

However, on closer inspection, Earth’s hypsometry does not consti
tute a single well-defined maximum at the present-day sea surface (0 m). 
Instead, Earth’s hypsometry constitutes two hypsometric maxima near 
the present sea surface; a narrow maximum located exactly at 0 m and a 
second broader maximum located ~5 m above the present sea surface in 
the GEBCO Compilation Group (2023) digital elevation model (General 
Bathymetric Chart of the Oceans; GEBCO Compilation Group 2023; 
Fig. 1C). We note that the 0-m hypsometric maximum has not been a 
consistent feature in the global GEBCO DEMs (Fig. 2; GEBCO Compila
tion Group 2021, 2022, 2023), but has appeared with new ‘remove and 
restore’ blending procedures implemented since 2022, that aim to 
reduce edge effects between sparse regional data grids and the global 
base grid (e.g., Smith and Sandwell, 1997; Becker et al., 2009; Hell and 
Jakobsson, 2011). The 0-m peak that has appeared with these new 
procedures arises partly from updated input source data sets and partly 
through the grid generation process and may be associated with inter
polation biases as the GEBCO grid is not based on measured data in all 
shallower water areas (Global GEBCO Center, personal communication).

The appearance of the 0-m peak has reduced the peak width and 
prominence of the 5-m peak in the GEBCO DEM (GEBCO Compilation 
Group, 2021 versus GEBCO Compilation Group, 2023; Fig. S1) accord
ing to the definition of these metrics (findpeaks, The MathWorks Inc., 
2023), while the surrounding hypsometry has not changed significantly 
(Fig. 2). We note also that the ‘corrected’ digital surface model Del
taDTM (global coastal digital terrain model covering 0–10 m a.s.l.), as 
well as other similar models (Pronk et al., 2024), find the hypsometric 
maximum to be lower (~2–4 m a.s.l.). Nonetheless, the peak is a sig
nificant feature of all DEMs, and while we adopt the GEBCO Compilation 
Group (2023) DEM in the evolutionary calculations below, we take the 
range +2–5 m to be a measure of uncertainty in the elevation of the 
hypsometric maximum. This curious feature of Earth’s hypsometry and 
its origin remains unexplored.

The high concentration of surface area near the present-day sea 
surface (Fig. 1A-C) makes the global land fraction very sensitive to 
changes in sea level itself (Fig. 1D). Indeed, any sea-level change will 
result in an altered land-ocean fraction as dictated by the hypsometric 

distribution (Bond, 1978), and such a change in land fraction will 
modulate the conversion from ocean-volume changes to global sea-level 
changes. Global glacial isostatic adjustment (GIA) sea-level models 
consider the influence of hypsometry on ocean area inherently when 
including migrating shorelines and the growth and retreat of 
marine-based ice sheets (e.g., Mitrovica and Milne, 2003; Milne and 
Mitrovica, 2008), but it remains challenging to consider these effects in 
the context of regional ice-sheet modelling studies that explore the 
contribution of ice sheets to past and future sea level. In particular, the 
choice of ocean area and corrections related to marine-grounded ice 
below flotation (e.g., Adhikari et al., 2020; Goelzer et al., 2020) may 
influence the conversion of ice volume to water-equivalent sea-level 
changes by several meters at the Last Glacial Maximum (LGM). Likewise, 
recent work has highlighted the importance of solid-Earth deformation 
and water expulsion within previously glaciated marine settings for 
global scale sea-level changes and future sea-level projections (e.g., 
Gomez et al., 2010, 2024; Pan et al., 2021; Yousefi et al., 2022).

Here we explore the origin of the hypsometric maximum ~2–5 m 
above the sea surface by assessing its evolution in time and we consider 
the effect of Earth’s particular hypsometry (formed over millennial- to 
multi-million-year time scales) on the relationship between coastline 
evolution and global sea-level changes over the last glacial cycle. Vari
ations in global ice volume resulted in significant global excursions in 
sea level, modulated regionally by solid-Earth deformation, gravita
tional effects, and effects from Earth’s rotation (e.g., Farrell and Clark, 
1976; Mitrovica and Milne, 2003). To examine the behaviour of this 
hypsometric maximum and the influence of Earth’s hypsometry for 
global sea levels higher than today, we also consider a projection sce
nario where both the Greenland Ice Sheet (GrIS) and the Antarctic Ice 
Sheet (AIS) retreat over multi-millennial timescales. We emphasise that 
this scenario is not meant to represent a realistic future scenario per se, 
but rather an end-member model for Earth’s long-term future sea level.

Methods

Global hypsometry and land fraction

We calculate present-day global hypsometry based on the global 
GEBCO Compilation Group (2023) DEM including ice (GEBCO Compi
lation Group, 2023), with a resolution of 15 arc-seconds. The hypsom
etry is calculated using 1-m elevation bins and is subsequently smoothed 
using a loess filter over a moving average of 30 m (Fig. 1A-C, black 
curve). Hypsometry is calculated based on a DEM that includes ice, in 
part because bedrock elevations in areas of ice cover, notably the Ant
arctic, are vastly under sampled and uncertain to a level of 100s of 
meters (Morlighem et al., 2020).

For computational reasons, we calculate global hypsometry for each 
latitudinal band separately, and iteratively sum up their contributions to 
arrive at the global curve. The latitudinal dependence on the area of the 
GEBCO grid is handled using the haversine formula (e.g., Inmann, 
1835). Subsequently, we define a normalized curve for cumulative 
global surface area with elevation (Fig. 1D), integrating the global 
hypsometry from the top. This curve represents the total land area that 
exists above any given elevation, corresponding to a land fraction of 
~29% at the level of the present-day sea surface. In addition, we 
calculate hypsometry for seven regions worldwide (Fig. 1A-C). These 
regions (Fig. 1A, inset) are defined following major tectonic plate 
boundaries from Bird (2003) and Argus et al. (2011), although we have 
connected continents with their immediate oceanic regions. Since we 
focus on features of the hypsometric distributions near the present-day 
sea surface, this division of the deep ocean basins is of negligible 
importance. To assess Europe and Asia separately, we split the Eurasian 
plate in our analyses at longitude 45◦E.

To explore Earth’s hypsometry over the last glacial cycle and into 
deep future, we utilize a global, gravitationally self-consistent sea-level 
model that computes the time-varying deformation of a rotating, 

Fig. 2. Comparison of global hypsometry for different GEBCO releases (GEBCO 
Compilation Group 2021, 2022, 2023) near the present-day sea surface (− 8 to 
13 m).
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Maxwell viscoelastic Earth model with a depth-dependent Earth struc
ture (e.g., Kendall et al., 2005; Milne and Mitrovica, 1996). The model 
includes migrating shorelines, the inundation of water into regions 
previously covered by grounded, marine-based ice, and expulsion of 
water as grounded ice advances into such settings (Mitrovica and Milne, 
2003). The sea-level model is solved using a pseudo-spectral numerical 
scheme up to spherical harmonic degree and order 256 (Kendall et al., 
2005). We adopt, in our standard model, the VM5a Earth model and the 
corresponding global ICE6G_C ice history (Argus et al., 2014; Peltier 
et al., 2015) extending from 122 ka until the present (0 BP). The sea level 
simulation is run from 122 ka until the present, but we treat the first 30 
kyr of the model run as a spin-up phase that will not be considered in the 
interpretation of our results.

For our sea-level projections, we use ice-sheet model predictions 
from Aschwanden et al. (2019) and Garbe et al. (2020) for Greenland 
and Antarctica, respectively. The RCP8.5 control simulation of Asch
wanden et al. (2019) models the demise of the GrIS over a period of ~1, 
000 yrs (starting from calendar year 2008). For Antarctica, we use the 
quasi-static (transient) reference simulation of Garbe et al. (2020) under 
the assumption that the entire AIS disappears over ~10 kyr, starting 
from 1950, with most ice loss occurring within the first ~6,000 yrs. The 
global sea-level simulation is continued for 20 kyr into the future to 
account for ongoing GIA.

The temporal resolution of the sea-level simulation ranges from 
2,000 yrs to 250 yrs in the past (Peltier et al., 2015; Argus et al., 2014), 
whereas the resolution of the projections is ~30 yrs until the GrIS has 
dissapeared and ~100 yrs for the remainder of the simulation. We as
sume ice and water densities of 920 kg m− 3 and 1,000 kg m− 3, respec
tively. We note that our approach does not consider ocean-dynamic or 
steric sea-level changes.

To examine the evolution of Earth’s hypsometry over time, we 
interpolate our results from the global sea-level simulation onto the 
global high-resolution GEBCO grid using bilinear interpolation. For 
every time step we adjust the ice-free version of the present-day GEBCO 
DEM for global sea-level changes relative to present day and add the 
global distribution of grounded ice. From these reconstructions of past 
topography and bathymetry, we calculate global hypsometry in a similar 
fashion as for the present day. We emphasize that hypsometry is 
calculated based on the ice surface (bedrock topography + ice thickness) 
for regions where the ice is grounded. Regions with grounded, marine- 
based ice will thus contribute to hypsometry above the sea surface 
whereas regions with floating ice will be considered part of the ocean. 
This formulation ensures that the negative portion of the hypsometric 
curve represents the ocean basin only, while regions with grounded 
marine-based ice are considered part of the land mask. This approach is 
consistent with the ocean area being bounded either by the coastline or 
the grounding line in the case of marine-based ice, as is common when 
estimating sea-level changes (e.g., Adhikari et al., 2020; Goelzer et al., 
2020). We track sea-level change near the coastline and global land 
fraction through time and these will be used to calculate changes in 
global mean sea level (GMSL).

In addition to this standard model setup, we also search within our 
future scenario for a global ice-sheet and sea-level configuration that 
will bring the global hypsometric maximum (~2–5 m) to the sea surface. 
Specifically, we terminate our future scenario at a range of different 
times (i.e., different global ice-sheet configurations) and let the Earth 
system adjust to a steady-state sea-level configuration (until +20 kyr).

Global mean sea level

In this work we investigate how changes in surface area with 
elevation impacts shoreline migration over time, and thus the conver
sion from ice-volume changes to global water-equivalent mean sea-level 
changes. We calculate GMSL changes relative to present day over the last 
glacial cycle and into the future using either a fixed ocean area 
(ΔGMSLfixed) or a time-varying ocean area (ΔGMSLhyp). So, although the 

sea-level model used here includes shoreline migration, these different 
GMSL calculations demonstrate the consequence of excluding time- 
varying shorelines and how this assumption will modulate the conver
sion from ice-volume changes to global water-equivalent mean sea-level 
changes in a manner that depends on Earth’s particular hypsometry.

We adopt the approach by Rowley (2017) and calculate GMSL by 
summing the integral of the hypsometric curve from the deepest ocean 
up to the ocean surface for every timestep (Fig. 3A). Since mass con
servation is inherent to our global model formulation, changes in global 
ocean volume correspond directly to water-equivalent ice-volume 
changes. This method will automatically include local effects on ocean 
geometry associated with the influx of water into areas freed of 
marine-based ice and the subsequent outflux of water as these areas 
begin to rebound (e.g., Pan et al., 2021; Fig. 3B), as well as other changes 
in global sea level that result from GIA-driven changes across the entire 
ocean basin. Therefore, the difference between the two 
ΔGMSL calculations is due only to the time-varying ocean area that the 
changing water volume is distributed over (Fig. 3B).

ΔGMSLhyp is defined as (e.g., Milne and Mitrovica, 2008): 

ΔGMSLhyp(t) =
∫t

t=0

ΔV̇ocean(t)
Aocean(t)

dt (1) 

where ΔV̇ocean represents the rate of change in ocean volume and 
Aocean(t) is the time-varying ocean area calculated using the hypsometry- 
driven land fraction that we track throughout the model. In contrast, 
ΔGMSLfixed is given by: 

ΔGMSLfixed(t) =
ΔVocean(t)
Apresent ocean

(2) 

where Apresent ocean represents present-day ocean area (71%) and ΔVocean 
is the total change in ocean volume (i.e., water-equivalent ice-volume 
change) relative to present day.

For comparison, we also consider the approach of Pan et al. (2021) in 
our calculations of future sea level, which excludes from the GMSL 
calculation any area exposed by retreating of grounded marine-based ice 
(henceforth ΔGMSLPan). The equation governing this calculation is 
identical to Eq. (1) except that the surface integral does not include 
regions of future marine ice-sheet retreat and these regions are also 
excluded from the area term in the denominator. The Pan et al. (2021)
definition was designed to consider the mean sea-level change in the 
“open” ocean during grounded ice retreat and was not intended as a 
strictly global measure, but computing it provides insight into the 
relative contribution to ΔGMSLhyp from post-glacially uplifting sectors of 
retreat and the rest of the global ocean. We also consider a GMSL defi
nition consistent with Adhikari et al. (2020) that was designed for 
regional ice modeling. This definition departs from ΔGMSLhyp by not 
including shoreline migration outside the area of ice cover.

Results

Global hypsometry and land fraction

Different parts of the global hypsometric distribution are dominated 
by different regions (Fig. 1A-C). In the vicinity of the present-day sea 
surface (Fig. 1B), the global hypsometric curve is largely dominated by 
African hypsometry between ~250–1,100 m a.s.l., whereas the hypso
metric maximum ~90–140 m a.s.l. stems mainly from South America 
and Asia. A few peaks below the present-day sea surface result mainly 
from North America (~18 m and 45 m below) and Asia (~26 m below). 
Australia also shows a significant hypsometric maximum ~55 m below 
the present-day sea surface. These hypsometric features are also evident 
as trends in the regional cumulative surface area (Fig. 1D), where they 
are seen as a change in slope. All regions except Antarctica show a 
narrow hypsometric maximum limited to the 0-m elevation bin (Fig. 1C, 
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open circles at 0 m). These regions also show an additional maximum in 
the vicinity of the present-day sea surface (Fig. 1C, open circles above 
0 m elevation), with the exception of North America (including 
Greenland) and Europe that show a slightly wider maximum at 0 m 
instead. These additional hypsometric maxima are all located within 10 
m of the present-day sea surface. The resulting global hypsometric 
maximum for the GEBCO Compilation Group (2023) DEM is found +5 m 
above the present-day sea surface.

With the exception of Antarctica, the various regions show signifi
cant changes in cumulative surface area within a few hundred meters of 
the present-day sea surface, and a concave upward trend in cumulative 
surface area towards higher elevations (Fig. 1D). Antarctic hypsometry 
is dominated by the presence of the AIS (wide hypsometric maximum 
centered at ~3 km elevation) and the downwards shifting of the sur
rounding continental shelf regions due to the weight of the AIS (hyp
sometric maximum and a break-in-slope in cumulative surface area 
~450–500 m below the present sea surface; Fig. 1A, red curve).

As global sea level fell during the last glacial cycle, the +5-m global 
hypsometric maximum shifted upwards (Fig. 4A, 5A, Fig. S2A) reaching 
a highest elevation of ~113 m a.s.l. during the Last Glacial Maximum 
(LGM) at 26 ka in the ICE6G_C ice model. The same pattern is seen for 
most regions (Fig. S3), although some deviations occur due to regional 
changes in the shape of the hypsometric curve as well as the resulting 
GIA that drives geographically non-uniform shifts in topography (e.g., 
for North America, including Greenland; Fig. S3A). This shift in eleva
tion of the global hypsometric maximum at the LGM constitutes only 

~83% of the concurrent GMSL change from the LGM to modern (113 m 
versus 136 m; Fig. 5A,C). The cumulative surface area also shifts up
wards from the last interglacial and into the LGM (Fig. 4B, Fig. S2B), 
slowly increasing the land fraction to a maximum of 34% (Fig. 5A, blue 
curve).

We note that the global hypsometric maximum was sitting at the sea 
surface in the Mid Holocene between ~6,500–6,000 yrs BP. Since the 
ICE6G_C model has only marginal melting in the past 6,000 yrs, the 
adjustment in the elevation of the hypsometric maximum since Mid 
Holocene is dominated by the GIA process rather than changes in ice 
volume. We return to this key observation below.

For our future scenario, the +5-m global hypsometric maximum 
shifts downwards relative to the rising sea level, reaching a minimum 
elevation of ~59 m below the sea surface, before it slowly moves up
wards and converges at ~55 m below the sea surface ~15 kyr into the 
future (Fig. 4A, Fig. S2C, Fig. 5A). This final reversal in the elevation of 
the hypsometric maximum of a few meters takes place ~8,000 yrs into 
the future when the AIS (for our extreme scenario) is limited to small 
glaciers and ice caps in the Transantarctic mountains (Fig. 5B). Any 
subsequent changes in hypsometry and regional sea level are driven 
mainly by residual GIA.

Most regions show a similar downward shift of ~55 m in the future 
elevation of their hypsometric maximum (Fig. S3), although for North 
America including Greenland the shift is >100 m, owing to the nature of 
the hypsometric curve near sea level (Fig. S3A). We note that the global 
elevation shift constitutes only ~77% of the concurrent GMSL change 

Fig. 3. Schematic illustration of GMSL concepts. A, definition of ocean volume (Vocean), based on the integration of surface area (Ai) for each depth (i) in the global 
ocean, that is found by integration of the hypsometric curve, i.e., surface area (H) with elevation (y), from the deepest part of the ocean up to a given depth. The three 
peaks in the hypsometric curve arise from the ocean bottom, and the two shallow bathymetry regions, respectively. B, illustration of the difference in sea-surface area 
that arises because of shoreline migration and the retreat (or growth) of grounded marine-based ice sheets as well as ocean volume gained and the resulting 
hypsometric distributions. Note that we do not consider floating ice shelves here nor a change in crustal elevation related to added ocean water which will also 
provide accommodation space for meltwater.
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(Fig. 5A,C), emphasizing again that there is not a one-to-one relationship 
between a given sea-level change and the resulting change in elevation 
of the hypsometric maximum. During our future scenario, the land 
fraction drops below 26% as the cumulative surface-area curve shifts 
downwards relative to the rising sea level (Fig. 4B, Fig. S2D).

Global hypsometry and global mean sea level

When calculating GMSL changes using a fixed (present-day) ocean 
area, we predict a GMSL fall of ~130.3 m relative to present day for the 
LGM (ΔGMSLfixed; Fig. 5C). In contrast, the analogous value for 
ΔGMSLhyp is ~136.3 m (Fig. 5C). The larger magnitude is explained by a 
reduced ocean area as sea level is lowered, requiring a larger sea-level 
fall for ΔGMSLhyp to accommodate the same change in ocean volume. 
For our future scenario, ΔGMSLfixed reaches a maximum of ~72.9 m 
when both the GrIS and AIS have melted away completely and GIA has 
equilibrated to the new state (Fig. 5C), whereas ΔGMSLhyp reaches a 
maximum of ~71.1 m. The difference arises because the hypsometry- 
driven decrease in land fraction will require a smaller sea-level rise to 
accommodate the same change in ocean volume compared to a situation 
with a fixed ocean basin. The difference between ΔGMSLfixed and 

ΔGMSLhyp is explored in more detail in Fig. S4.
The distinct slopes in the cumulative surface area for different re

gions (Fig. S3) influence their relative changes in land fraction (flooded 
area) over time (Bond, 1978). This influence of Earth’s hypsometry and 
global variations in cumulative surface area on flooding is visualized in a 
global flooding-age map (Fig. 6A). Specifically, we extract the time 
where each cell in the grid evolves from being part of the land mask to 
being part of the ocean mask. Here, we focus on the large changes in land 
fraction from the LGM onwards and map the last time a region was 
flooded since ~21 ka. Regions with low (<15 m/percent) negative 
slopes in their cumulative surface area near the present-day sea surface 
(Fig. 1C; Europe, North America, and Asia) show the largest changes in 
flooding area over the last glacial cycle (16.8%, 9.4%, and 7.8%, 
respectively; Fig. 6B), as well as among the largest fractional changes 
during future flooding (− 5.4%, − 2.9%, and − 4.9%, respectively). 
Conversely, the regions that show relatively steep (>20 m/pct.) negative 
slopes (Fig. 1C; South America, Africa, and Australia) saw smaller 
land-fraction changes during the past glaciation (1.9%, 2.6%, and 5.4%, 
respectively; Fig. 6B), while the future scenario predicts smaller 
land-fraction changes (− 1.4%, − 2.4%, and − 2.2%, respectively).

Fig. 4. Transient hypsometry and cumulative surface area. A, global hypsometric distribution for each time step in our global sea-level model simulation after a burn- 
in phase of 30 kyr, from 92 ka until 15 kyr into the future (age indicated by color according to legend in B), for the elevation interval between − 150 m and +150 m. 
We note that the hypsometric curves are smoothed, leading to a merging of the 0-m and the 5-m hypsometric maxima (e.g., gray curve in Fig. 1C). The global (near- 
sea-level) hypsometric maxima are marked for each time step with a solid circle, while hypsometric maxima for the LGM, the present day, and the end of the 
simulation are highlighted by an open diamond, circle, and triangle, respectively. The hypsometric curves for the LGM, present day, and end of the simulation are 
highlighted by black dashed lines. B, Normalized cumulative surface area for each time step in our global sea-level simulation after a burn-in phase of 30 kyr, from 92 
ka until 15 kyr into the future. The land fraction at sea level is highlighted for the LGM, present day, and the end of the model with an open diamond, circle, and 
triangle, respectively. We note than an alternative version of this figure is available as Fig. S2, showing past and future curves in separate panels.
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An alternate GIA model

We repeated our calculations over the last glacial cycle using an 
alternative GIA model (PaleoMIST; Gowan et al. 2021). This ice-sheet 
reconstruction has a temporal resolution of 2,500 yrs over the last 80 
ka and is coupled to a 1D viscoelastic Earth model characterized by a 
lithospheric thickness of 120 km, and upper and lower mantle viscosities 
of 4 × 1020 Pa s and 4 × 1022 Pa s, respectively. Using this model, we 
predict a minor dip of ~1 m in elevation of the hypsometric maximum to 
a minimum of +4 m at 2,500 yrs BP before moving to +5 m at present. 
This muted signal over the current interglacial, compared to the 
ICE6G_C/VM5a simulation that places the hypsometric maximum at the 
sea surface at 6,500 yrs BP, is due to both ongoing melt in the PaeloMIST 
model (Fig. S5B), which compensates for the GIA-induced rise in the 
hypsometric maximum over the period, and higher mantle viscosity of 
the Earth model relative to VM5a, which slows the GIA response.

The PaleoMIST model predicts a larger shift in the hypsometric 
maximum over a glacial cycle, up to +120 m at the LGM, while the 
associated sea-level fall is less pronounced for both ΔGMSLfixed (123.9 
m) and ΔGMSLhyp (130.3 m) relative to our standard model simulation 
(Fig. S5). The difference between ΔGMSLfixed and ΔGMSLhyp of ~6.4 m is 
moderately larger than the analogous result based on ICE6G_C/VM5 

(~6.0 m).

Hypsometry projections

We searched within our future scenario for a global ice-sheet and 
steady-state sea-level configuration that will bring the +5-m hypso
metric maximum of GEBCO Compilation Group (2023) in accordance 
with the sea surface. That is, we halted ice-sheet melting at different 
times in the future portion of our simulation and allowed the model to 
reach steady state. Following this exercise, we find that a cessation of 
melting 986 yrs into the future yields a GMSL rise of 8.6 m and ulti
mately brings the +5-m hypsometric maximum down to the sea surface 
(GMSL refers to ΔGMSLhyp here and onwards unless specified otherwise; 
Fig. 7). At this time in our future scenario, the entire GrIS and parts of 
AIS have melted away (Fig. 7B). Allowing the Earth system to adjust to 
steady-state for this ice-sheet configuration results first in a significant 
sea-level rise due largely to ice-mass changes that initially brings the 
+5-m hypsometric maximum down to − 3 m (Fig. 7C). However, 
continuing GIA effects associated with the full ice-sheet history of our 
simulation eventually raise the hypsometric maximum to ~0 m 
(Fig. 7C), albeit with large regional variations in relative sea-level 
change (Fig. 7A).

Fig. 5. Evolution in global mean sea level (GMSL) relative to present. A, Evolution in the global (near-sea-level) hypsometric maximum (smoothed; black curve) and 
the land fraction at sea level (blue curve). B, Evolution in grounded ice volume. C, Evolution in GMSL relative to present, calculated using two different approaches 
(fixed versus hypsometric (hyp.); see text for explanation). C, Difference between the GMSL approaches ‘fixed’ and ‘hyp.’. A burn-in phase of 30 kyr is indicated on all 
panels with transparent colors.
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For comparison, we also considered the case where no future ice melt 
is introduced, to discern the GIA effect associated solely with the last 
glacial cycle. We found that the present-day hypsometric maximum at 
+5 m rises 2 m, ultimately converging at +7 m above the sea surface 
(Fig. S6A). This indicates that the rise of the hypsometric maximum from 
− 3 m to ~0 m that we observe in our future +8.6 m GMSL state is 
dominated by the Earth’s response to past ice-mass changes.

Other definitions of GMSL following the retreat of grounded, marine- 
based ice have been suggested for a range of different applications (e.g., 
Adhikari et al., 2020; Goelzer et al., 2020; Pan et al., 2021). Using the 
Pan et al. (2021) definition, which does not include regions exposed by 
retreating marine-based ice in the calculation of GMSL (ΔGMSLPan), we 
can isolate the impact of uplifted marine-based ice sectors on GMSL. For 
the same ice-loss scenario, we find that ΔGMSLPan is smaller (+7.7 m) 
compared to ΔGMSLhyp (+8.6 m) because the uplift of previously 
glaciated marine sectors leads to a loss of ocean volume in these sectors 
and an equal gain in ocean volume beyond these sectors.

GMSL change, as defined in the approach of Adhikari et al. (2020), 
was designed for regional ice-sheet modelling results. Their definition is 
similar to ΔGMSLhyp in that it adopts the margin of grounded, 

marine-based ice as the perimeter of the ocean, but it does not – since it 
is a regional study – include coastline migration in the open ocean. The 
impact of ignoring this latter effect on the computed GMSL change due 
to future melting is significantly smaller than the impact of adopting 
ΔGMSLPan, deviating only by 0.02 m from the +8.6 m rise associated 
with ΔGMSLhyp.

Discussion

Global hypsometry and global mean sea level

While GMSL change has in principle limited practical meaning since 
few places will experience this precise sea-level change, the concept is 
commonly used in the sea-level literature and is of particular importance 
at the intersection between paleo and modern ice-sheet and sea-level 
research. GMSL change is also widely used to quantify future pro
jections of ice-sheet contributions. However, the exact approach used to 
calculate GMSL changes is often not detailed explicitly and different 
approaches exist (e.g., Simms et al., 2019; Dumitru, et al., 2019; Gregory 
et al., 2019; Adhikari et al., 2020; Goelzer et al., 2020; Pan et al., 2021).

Fig. 6. Global flooding map and regional land-fraction changes. A, map showing the timing of flooding since the last deglaciation (since ~21 ka). We note that 
regions may not stay submerged owing to GIA effects that outpace GMSL changes. B, Changes in land fraction relative to the present day for each region, for the last 
glacial cycle (left panel) and the future scenario (right panel), respectively. A spin-up phase of 30 kyr is indicated with transparent colors.
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The effect of hypsometry on GMSL change is significant, particularly 
for past sea-level low stands such as the LGM, where the inclusion of 
Earth’s hypsometry (i.e., allowing shorelines to migrate as sea levels 
change) makes a difference of ~6 m for the GMSL calculation (ΔGMSLhyp 
versus ΔGMSLfixed), whereas the effect is more modest for our extreme 
near-ice-free future scenario (~2 m; Fig. 5D).

In our future scenario we found that a steady-state GMSL change of 
+8.6 m associated with ~33 × 105 km3 of ice melt over nearly 1,000 yrs 
brought the present-day +5-m hypsometry maximum down to 0 m. To 
test the robustness of this result, we repeated the calculation using an 
alternative ice-melt scenario with a significantly different time scale for 
AIS demise (~5 kyr versus ~10 kyr; Fig. S7). This alternative ice-melt 
scenario requires a moderately larger GMSL change of +9.0 m 
continuing until 725 yrs into the future to bring the hypsometric 
maximum to the sea surface. The impact on the non-linearity associated 
with the effect of hypsometry on GMSL (Fig. S4) is negligible (Fig. S8C).

Earth’s hypsometry and “normal” state

Our DEM analysis demonstrates that the hypsometric distributions of 
most regions show a maximum just above the present-day sea surface in 
addition to a narrow peak at 0 m (Fig. 1C). These additional maxima 
range from ~1–6 m elevation compared to the global average maximum 
at +5 m in GEBCO Compilation Group (2023). Antarctica does not show 
any hypsometric maxima near the present-day sea surface, whereas we 
speculate that the wider maxima at 0 m for North America and Europe 
may arise because the expected narrow 0-m maximum is indistin
guishable from an additional hypsometric maximum near 0 m (present 
in earlier data products; GEBCO Compilation Group, 2021). The global 
+5-m maximum is prevalent across several elevation bins and has been a 
robust feature between GEBCO data releases, whereas the 0-m hypso
metric maximum is represented by a single elevation bin and could be a 
technical artefact introduced since 2022, with at least 40% of the 0-m 
values in GEBCO Compilation Group (2023) resulting from interpola
tion (Fig. 2; Global GEBCO Center, personal communication).

As noted earlier, several recent ‘corrected’ digital surface models (e. 

Fig. 7. A, Sea-level change relative to today for the steady state +8.6 m sea-level world. We note that the colormap is saturated for regions that have experienced 
large changes in ice thickness (Greenland and Antarctica, see B), to emphasize GMSL changes. B, Ice-thickness changes for this state relative to present day. C, 
Evolution in the sea-surface-near hypsometric distribution (and hypsometric maxima) for this state of global ice-configuration and sea level, showing the future 
evolution only. Triangles highlight the elevation of hypsometric maxima today and in the future steady-state +8.6 m sea level world, where the present-day 5-m 
hypsometric maximum has been shifted to 0 m.
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g., Pronk et al., 2024) find the hypsometric maximum somewhat lower 
than is recorded in the global GEBCO data sets, specifically ~2–4 m 
above the present sea surface instead of +5 m. These data products 
correct DEMs using lidar data or regression methods to remove 
non-terrain cells (e.g., vegetation or human infrastructure) and fill these 
gaps with interpolation. While these new data products ostensibly pro
duce a more accurate result, they are not available globally, or are at a 
high spatial resolution, making then unsuited for global applications. 
Nevertheless, in the following discussion, this uncertainty must be kept 
in mind.

The distinct shape of Earth’s hypsometry near the present-day sea 
surface is a competition between long-term solid-Earth processes (e.g., 
dynamic topography, tectonics, GIA) that deform the Earth from within 
and climate-dependent processes that erode and redistribute material at 
the surface of the Earth. However, the time scales of these processes and 
their interactions are not fully understood (e.g., Molnar and England, 
1990; Burbank et al., 1996; Willett, 1999; Reiners et al., 2003; von 
Blanckenburg, 2006; Koppes and Montgomery, 2009; Whipple, 2009). 
Rowley (2013) proposed that the distinct hypsometric maximum at the 
present-day sea surface could suggest either 1) the time needed for 
Earth’s hypsometry to adjust to a changing sea level is short relative to 
the above processes, or 2) long-term (107–108 yr) mean sea level has not 
varied significantly from its present height, or both. The present-day 

global hypsometric maximum we have identified above the sea sur
face, at +5 m for the GEBCO Compilation Group (2023) DEM, adds 
insight and nuance to these arguments that we explore below by 
considering processes that may contribute to this feature.

We hypothesize that GIA is responsible for the present-day elevation 
of the global hypsometric maximum. This hypothesis is supported by our 
calculation demonstrating that a GIA simulation based on the ICE6G_C/ 
VM5a model shifted the global maximum from 0 m to +5 m over the past 
~6,000 yrs (Fig. 8). 6,000 yrs BP marks a time of transition in the ocean 
from a period of melt-dominated sea-level rise with progressive and 
rapid lowering of the hypsometry curve to a period of negligible sea- 
level change but non-negligible rising of the hypsometric maximum. 
This latter rise in the hypsometric maximum stems from a net uplift of 
continents and subsidence of ocean basins from the LGM onward 
because of mass transfer from land to the ocean. Given the ~1:2 ratio of 
continental versus oceanic areas, the net uplift rate on continents will be 
twice the rate of ocean basin subsidence. This process is continuously 
active, albeit at higher rates during most of the post-LGM phase, but 
prior to the last ~6,000 yrs it is swamped by the volume of meltwater 
entering the ocean. The adjustment of the hypsometric maximum since 
6,000 ka BP is also influenced by spatially variable sea-level changes 
that change the shape of the hypsometric curve, largely related to the 
processes of continental levering and ocean syphoning (e.g., Mitrovica 

Fig. 8. Hypsometry from 7,500 yrs BP until present day for distinct regions: A, North America; B, South America; C, Europe; D, Africa; E, Australia; F, Asia; G, 
Antarctica. H, The equivalent global hypsometry. The present-day curves are highlighted with a dotted black line while the curves representing 6,500 yrs BP (timing 
of minimum elevation of the global hypsometric maximum in the Holocene) are highlighted in black.
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and Milne, 2002).
If GIA is an explanation for Earth’s hypsometric maximum ~2–5 m 

above the sea surface, it implies that geomorphic processes of erosion 
and sedimentation were rapid enough to establish a global scale record 
of mean shoreline position at the end of the last deglaciation phase but 
not rapid enough to erode all evidence of this record in the subsequent 
~6,000 yrs. One test of this hypothesis, though potentially complicated 
by regional variations in lithology, is to compare the magnitude of the 
predicted changes in hypsometry due to GIA within different regions, 
with the variability in the elevation of the hypsometric maxima shown 
in Fig. 1C. To this end, we find that for three regions – Asia, South 
America, and Africa – the hypsometric maxima observed today at ~5 m, 
~4 m, and ~3–7 m, respectively, are all predicted to be at a consistent 
elevation at the sea surface at ~6,500 yrs BP (Fig. 8B, D, F). The hyp
sometric maxima of the other regions either show inconclusive patterns 
since ~6,500 yrs BP (Antarctica, North America, and Europe; Fig. 8A, C, 
G), or show a shift that does not correspond to the present elevation of 
the hypsometric maximum (Australia; Fig. 8E). We conclude that GIA is 
the primary driver of the present-day hypsometric maximum, although 
it is also possible that other processes must play a role since not all 
regional hypsometric maxima are reconstructed to a consistent elevation 
~6,500 yrs BP.

As we noted above, barring future melting, the ongoing GIA process 
will ultimately raise the present-day hypsometric maximum by an 
additional 2 m, to +7 m for GEBCO Compilation Group (2023), or to 
+4–7 m if we consider the uncertainty in the present-day elevation. This 
raises an interesting question, namely, what longer term processes may 
also have contributed non-negligibly to a “GIA-converged maximum” at 
this level?

One possibility is that the GIA-converged maximum reflects in part a 
more normal level of the sea surface (and ice volume) during Pleistocene 
interglacials that remains imprinted in the geological record of topog
raphy. A complexity for this suggestion is that in addition to GIA-driven 
changes in hypsometry, previous interglacials such as MIS 5e (Kopp 
et al., 2009; Dutton and Lambeck, 2012) and MIS 11 (Raymo and 
Mitrovica, 2012) were characterized by ice volumes significantly 
smaller (and GMSL higher) than at present day. In this case, the 
GIA-converged maximum may represent some spatial (across the globe) 
and temporal (i.e., across multiple interglacials) average of the level of 
the sea surface over the timescale of several glacial cycles (105–106 yrs). 
However, we note that the timing as well as the amplitude of the high 
stand depends strongly on the timing and amplitude of the excess ice 
melt (Dutton and Lambeck, 2012; Raymo and Mitrovica, 2012). The 
regional variability in the GIA-converged hypsometry may provide a test 
of this hypothesis.

A second possibility is that the GIA-converged maximum represents, 
in part, the mean level of the sea surface over a much longer, multi- 
million-year time window. This would be a variation of the argument 
by Rowley (2013) in the sense that it is not the present-day sea surface 
that represents the normal mean level of the sea surface, and ice volume, 
but rather some fraction of the GIA-converged maximum reflects Earth’s 
normal mean sea level. An example that may be of relevance would be 
hypsometry and ice volume in the time period after inception and sta
bilization of the Antarctic Ice Sheet and prior to the onset of northern 
hemisphere glaciation (Zachos et al., 2001).

As we have noted, the two possibilities discussed above imply a 
normal state with less global ice volume than at present day. These 
conjectures are consistent with the consensus that mean temperatures 
and global sea level were higher than at present during several previous 
interglacials (e.g., Rohling et al., 2009; Dutton et al., 2015) and, more 
generally, over the Plio-Pleistocene and beyond (e.g., Zachos et al., 
2001; Tierney et al., 2020).

A third possibility is that the GIA-converged maximum has a con
tribition from long-term trends in erosion and deposition. The models 
presented here do not include erosion and deposition, or the associated 
effects these processes may have on hypsometry, GIA, and sea level (e.g., 

Whitehouse, 2018). While erosion and deposition have proven impor
tant for sea-level change on a regional scale, even on time scales of a 
single glacial cycle (e.g., Ruetenik et al., 2020; Jungdal-Olesen et al., 
2023), their potential influence on sea level on a global scale is yet to be 
quantified. In addition, glacially dominated surface processes, such as 
the carving of deep fjords below sea level has been shown to elevate 
regional topography significantly in previously glaciated regions (e.g., 
Kessler et al., 2008; Pedersen et al., 2021), but herein we do not see such 
patterns in the present-day hypsometric distributions of previously 
glaciated regions (e.g., for North America and Europe).

Finally, if long-term preservation is possible, dynamic topography (e. 
g., Mitrovica et al., 1989; Gurnis, 1990a, b; Moucha et al. 2008, Petersen 
et al., 2010; Conrad, 2013; Flament et al., 2013) may also play a role in 
the present-day hypsometric maximum, and the process, together with 
more localized tectonic effects, would impart a regional signal on the 
present-day hypsometry and the GIA-converged maximum.

We emphasize once again that our model simulations demonstrate 
that a one-to-one relation does not exist between GMSL changes and the 
resulting elevation of the global hypsometric maximum. Indeed, as we 
have noted, the computed shift in the hypsometric maximum from 0 m 
to +5 m over the past ~6,000 yrs occurs during a period where GMSL 
changes by <1 m, whether defined as we have by ΔGMSLhypor with 
ΔGMSLfixed. Moreover, a future GMSL rise of ~9 m discussed in our 
simulations only shifts the current +5-m hypsometric maximum down 
to the sea surface, i.e., 0 m. This level of future GMSL rise would 
represent an upper bound if the present-day hypsometric maximum lies 
in the range +2–5 m.

Conclusions

Here we have analysed Earth’s hypsometry – globally and for indi
vidual regions – across a glacial cycle and into a deep future scenario. 
We have used a sea-level model that accurately accounts for shoreline 
migration due to the advance and retreat of grounded, marine-based ice 
and also at distance from these areas. We have focused on the distinct 
global hypsometric maximum above the present-day sea surface and 
how it has varied over the last glacial cycle and may vary as the Earth 
system evolves in a progressively warming world. Our analysis has 
emphasized the distinction between changes in sea level and hypsom
etry across this entire range. We find, for example, that the distinct 
global hypsometric maximum shifted ~113 m higher than today during 
the LGM whilst the GMSL change over the same period was ~136 m. 
Adopting a definition of GMSL change that assumes a fixed-to-present- 
day ocean area yields a GMSL change ~6 m smaller.

Different regions contribute differently to the global impact of 
Earth’s hypsometry on GMSL. Indeed, regions with low-sloping trends in 
the cumulative surface area (Europe, North America, and Asia), show 
the largest changes in flooding area over the last glacial cycle and into 
the future, whereas the regions with relatively steep-sloping trends in 
the cumulative surface area (South America, Africa, and Australia) show 
much smaller land-fraction changes during the past glaciation and into 
the future. Nevertheless, we find that most regions show a hypsometric 
maximum just above the present-day sea surface, albeit of varying 
elevation.

Our results, and particularly our regional analysis of evolving 
hypsometry, demonstrate that GIA is the primary contributor to the 
present-day hypsometric maximum above the sea surface. This is sup
ported by our GIA modelling that brings several of the regional hypso
metric maxima to a consistent elevation at 0 m at the end of the last 
deglaciation phase (6,500 yrs BP). In this case, the present-day global 
hypsometric maximum has been preserved in the geological record over 
this time period. Ongoing GIA will ultimately raise the maximum a 
further 2 m, to an elevation of 4–7 m if we consider the uncertainty 
suggested by various DEMs. If a portion of the hypsometric maximum 
has persisted for longer than Holocene time scales, the GIA-converged 
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level implies that the longer-term mean sea-level state of the Earth may 
differ from today. We have speculated on three possible reasons for this 
longer-term mean state, including lower ice volumes during either 
Pleistocene interglacial high stands or prior to Pliocene onset of glaci
ation in the northern hemisphere, as well as global trends in erosion. 
Exploring these issues will deepen our understanding of this feature of 
the Earth’s present-day topography as well the interplay between sea- 
level changes, variations in hypsometry, and the time scales of 
geomorphological processes, and this effort remains an avenue for 
future work.
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