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Abstract Sea-level rise predicted for the twenty-first century
and beyond will become increasingly hazardous to coastal
populations, economies, static infrastructure, and ecosystems.
Accurately predicting the magnitude and rate of future sea-
level rise at local, regional, and global scales is necessary to
effectively plan for andmanage this growing hazard. Sea-level
reconstructions show how high and how fast sea level rose
when Earth’s climate regime was similar to that anticipated
in the immediate future. We draw upon examples from the
past three million years, including the Pliocene (∼3 million
years ago), the Last Interglacial period (Marine Isotope
Stage 5e, ∼125,000 years ago), and the Common Era (last
∼2000 years) to provide a synopsis of what is known about
sea-level rise during these past warm periods and highlight
some of the benefits and challenges of using paleo sea-
level data to predict future changes.
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Introduction

Sea-level rise will be among the most costly and destructive
consequences of climate change because it threatens coastal
populations, economies, static infrastructure, and ecosystems
with more frequent flooding during storms and high tides [33,
67]. This vulnerability is heightened by historic and projected
increases in human activity along low-lying coastlines and, in
particular, at locations which are expected to experience sea-
level rise in excess of the global mean or at locations which
lack the physical and/or economic resources to manage future
change (e.g., [106]). Although consensus exists that climate
change in the twenty-first century and beyond will cause glob-
al mean sea-level (GMSL) rise, considerable uncertainty re-
mains as to the likely magnitude and spatial variability of
those changes. Using process-based models, the Intergovern-
mental Panel on Climate Change (IPCC) predicted a likely
increase in GMSL of 0.28–0.98 m by 2100 AD compared to
the average observed between 1986 AD and 2005 AD [12].
Alternative approaches to forecasting GMSL change, some
of which predict greater sea-level rise than the IPCC, include
semi-empirical modeling (e.g., [79, 87]), expert elicitation
(e.g., [38]), and probabilistic assessments (e.g., [44]). Howev-
er, GMSL projections do not reflect the expected spatial vari-
ability of local sea-level change that will range from sea-level
fall to a rise much greater than GMSL because of a range of
physical processes. Developing accurate predictions of sea-
level rise therefore remains a critical area of socially-relevant
scientific research, particularly on the local to regional spatial
scales and decadal to centennial timescales necessary for effec-
tive coastal planning and management (e.g., [68]).

The need to provide appropriate analogs for current trends,
and thus constraints on future changes, is a primary motiva-
tion for reconstructing paleoenvironmental changes. The geo-
logical record provides a history of coupled climate and sea-
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level changes that occurred under a range of boundary conditions
including varied paleogeographies, atmospheric CO2 concentra-
tions, and orbital forcing regimes. Although future changes will
be unique, the paleoenvironmental record includes time intervals
characterized by warmer mean temperatures and smaller-than-
present polar ice sheet configurations that offer insight into
how local, regional, and global sea levels might respond to the
climate changes predicted for the coming decades to centuries. In
particular, the Representative Concentration Pathways (RCPs)
are a series of socioeconomic scenarios that estimate future
changes in the atmospheric concentration of greenhouse gases
(e.g., [59, 65, 101]). The resulting forcing of the climate system
can be used to estimate global temperature changes through cli-
mate models such as the Model for the Assessment of
Greenhouse-gas Induced Climate Change (MAGICC; e.g., [45,
58]; Fig. 1). These scenarios serve as a guide for identifying
periods in Earth’s climate history that were similar to those pre-
dicted for the near future. By 2200 AD, CO2 concentrations
reached 1829 ppm under the high-end, business-as-usual RCP
8.5 pathway, resulting in predicted global mean temperatures that
are ∼7.6 °C warmer than the period 1981–2010 AD. In RCP 2.6,
greenhouse gas emissions are sharply curbed, resulting in a max-
imumCO2 concentration of 442 ppm in 2046 AD that declines to
384 ppm in 2200 AD. Under this scenario, global mean temper-
ature increases are limited to <1 °C compared to the 1981–2010
AD reference period. Two other scenarios (RCP 4.5 and RCP 6)
describe intermediate CO2 emission pathways and associated
temperature outcomes. We review relative sea-level (RSL) re-
constructions from three time periods (the Pliocene, the Last
Interglacial period, and the Common Era) to estimate how
high and how fast sea level rose under climate conditions
similar to those predicted under the RCP scenarios for the
next ∼200 years. These examples illustrate some of the

benefits and challenges of using paleo sea-level data to eval-
uate the likely outcome of future climate change.

Relative and Global Mean Sea Level

RSL is the difference in elevation between the sea surface and the
solid Earth at a specific location and time (e.g., [25]). RSL re-
constructions are based on empirical data that estimate the height
of paleo sea level. The reconstruction is produced by measuring
the elevation of a paleo sea-level indicator in the field with re-
spect to a modern tidal datum such as mean tide level. Sea-level
indicators are physical, chemical, or biological proxies with a
systematic and quantifiable relationship to contemporary tides
(e.g., [92, 99]) and include geomorphic features (e.g., [69]),
coral reefs (e.g., [24]), coral microatolls (e.g., [108]), and salt-
marsh plants (e.g., [103]) or micro-organisms (e.g., [41]).
Each type of indicator forms or accumulates at a particular
range of elevations that is termed the indicative range and
that can be established by direct measurement of modern
analogs (e.g., [109]).

The vertical uncertainty of a RSL reconstruction is primarily
determined by the indicative range of the sea-level indicator be-
cause modern surveying techniques allow accurate and precise
measurement of sample elevation. Importantly, vertical RSL er-
rors are not systematically larger for older reconstructions, al-
though paleo tidal range change is rarely corrected for [32, 91]
and often introduces an unquantified uncertainty. To reconstruct
RSL, the paleo sea-level indicator is also dated, either directly
through radiometric methods (e.g., 14C or U-series), by corre-
lation with an existing timescale such as marine oxygen
isotope stages and magnetic reversals, or by correlation to
other chronologies using biostratigraphy or chemostratigraphy.
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Fig. 1 a Projected changes in atmospheric concentration of CO2 under
four Representative Concentration Pathways (RCPs). Estimated CO2

concentrations during the mid-Pliocene warm period (MPWP) and Last
Interglacial period (LIG) are displayed as a shaded horizontal band and
solid line, respectively. b Modeled changes in global mean temperature

compared to the 1981-2010 AD reference period using the forcings
proscribed by the four RCPs. Solid lines represent the 50th percentile
result from the MAGICC climate model, and shaded envelopes are the
corresponding 67 % confidence interval (reproduced from [45])
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The resulting RSL reconstructions are characterized by age
and sea-level uncertainties and have incomplete and uneven
coverage in time and space resulting in temporal gaps and a
limited distribution of locations. Since projections focus on
relatively short timescales (typically <200 years), reconstruc-
tions with small chronological and sea-level uncertainties are
often sought as direct analogs for future sea-level change.
However, longer (e.g., multi-century) projections are valuable
for exploring scenarios of maximum possible sea-level rise,
estimating the commitment to sea-level rise beyond the stabi-
lization of greenhouse gas emissions, setting emission caps,
and developing long-term adaptation strategies. The multi-
centennial lag time from climate forcing to GMSL achieving
a new equilibrium is the primary reason that projections for
the next 100–200 years are less than GMSL reconstructions
from periods where atmospheric CO2 was less than, or similar
to, present [26, 28, 52, 83]. Therefore, paleo constraints on
future sea-level rise should also include coarser and more
extreme sea-level reconstructions that capture the full equilib-
rium response of GMSL to climate forcing.

Sea-level rise projections commonly focus onGMSL as the
quantity to be forecast. This variable is a convenient construct,
but local and regional RSL can depart significantly from
GMSL. Over long periods of time, even very slow processes
can cause multi-meter displacement of the sea-level indicators
used to reconstruct RSL. Differences between local RSL and
GMSL arise because of (1) processes causing vertical land
motion such as tectonics (e.g., [1, 104]) and sediment com-
paction (e.g., [10, 61]); (2) factors that alter the height of the
solid Earth and the geoid, such as glacio-isostatic adjustment
(e.g., [25, 74]), the gravitational fingerprint of ice sheet mass
loss (static equilibrium effect; [34, 64]), and crustal topo-
graphic differences arising frommantle convection and differ-
ences in continental buoyancy (termed dynamic topography;
e.g., [31, 66, 85, 86]); and (3) changes associated with
dynamic processes such as ocean circulation that cause
sea level to differ from the geoid (e.g., [110]). The con-
tribution from all of these processes is variable in time
and space. We examine the role and relative magnitude
of these processes as drivers of paleo sea-level changes
and the need to quantify their contribution to local RSL
reconstructions in order to estimate GMSL.

Glacio-Isostatic Adjustment

Loading and unloading of land-based ice during glacials and
interglacials cause deformation of the solid Earth and alteration
of the geoid in response to the changing distribution of water and
ice mass. This response is termed glacio-isostatic adjustment
(GIA) and can cause local RSL to depart from GMSL. The
contribution ofGIA to RSL can be large (meters to tens ofmeters
on timescales of hundreds to thousands of years), non-linear

through time, and spatially variable. Therefore, it is critical to
understand and quantify GIA in order to transform RSL recon-
structions into estimates of GMSL. Locations close to contem-
porary or former ice sheets experience a larger contribution from
GIA than far-field locations that will record RSL changes closer
to GMSL (e.g., [14, 25]). The contribution of GIA to a local RSL
reconstruction can be estimated using an Earth-ice model (e.g.,
[5, 16, 49, 63, 74]). The “Earth” component simulates the geo-
physical response to loading and unloading and is partly
constrained by the assumed structure and viscosity of the man-
tle. The “ice” model describes the evolving distribution and
volume of land-based ice in time and space and can be varied
independently of the Earth model. Models of Earth structure
and ice history are commonly coupled to make RSL hindcasts,
and therefore, the uncertainties in each model are often
underestimated. Corrections for GIA from Earth-ice models
are most sensitive to the choice of Earth model (e.g., mantle
viscosity), particularly in regions located close to former ice
sheets such as the US Atlantic coast (e.g., [82]). RSL recon-
structions provide data for testing and constraining Earth-ice
models. For example, databases of Holocene sea-level index
points provide a calibration target for Earth models that can
inform the decision to choose one mantle viscosity profile over
another [23, 62, 90]. The ability to reproduce reconstructed
Holocene RSL trends is a valuable test of Earth-ice models that
are applied to earlier time periods (see, for example, “The Pli-
ocene” section). Similarly, spatially-dispersed RSL reconstruc-
tions can help to constrain ice models by fingerprinting melt-
water sources [43, 64].

A key result from these models is that Earth’s response to
deglaciation continues for thousands of years after ice retreat,
making RSL reconstructions sensitive to earlier phases of ice
sheet behavior. This is illustrated by tide-gauge measurements
of local RSL changes which show the displacement of the
tide gauge by GIA at a linear rate over the historic period
(e.g., [13]). For example, The Battery tide gauge in New
York City measured a RSL rise since the mid-nineteenth
century, while the tide gauge in Oslo, Norway, measured a
RSL fall during the twentieth century (Fig. 2). The ICE-5G
(VM2) Earth-ice model [75] estimates that GIA contributed
+1.22 mm/year (RSL rise) to the measured RSL trend in
New York City and −4.21 mm/year (RSL fall) in Oslo. This
is a first-order contribution that must be removed before one
can estimate a GMSL trend driven by climate change. GIA
makes an ongoing contribution to measured RSL trends
because Earth’s response to deglaciation since the Last Gla-
cial Maximum (LGM; Marine Isotope Stage 2) is incom-
plete. Knowing the volume and distribution of ice at the
LGM is therefore a prerequisite for accurately estimating
current GMSL trends and for reconstructing paleo GMSL
(e.g., [2, 51, 76]). The influence of GIA is increasingly prob-
lematic and complex for older RSL reconstructions that expe-
rienced multiple and unique phases of glaciation and
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deglaciation between which isostatic equilibrium may, or may
not, have been achieved. Evidence of ice distribution prior to
the LGM is difficult to estimate because subsequent glacia-
tions often destroy, rework, or otherwise overprint the physi-
cal evidence of prior glaciations. However, RSL reconstruc-
tions fromwarmer periods are most strongly influenced by the
relaxation of Earth’s surface and gravity field since the LGM and
also the relative state of relaxation achieved during the unique
climate cycle being examined [20, 81, 82]. In effect, RSL recon-
structions from a previous warm period vary spatially due toGIA
andmust be corrected for this contribution to effectively estimate
paleo GMSL.

The Pliocene

During the Pliocene epoch (5.33–2.58 Ma), peak atmospheric
CO2 concentrations were ∼400 ppm and possibly reached
450 ppm based on reconstructions from alkenones in marine
algae [72, 88], the density of leaf stomata [100], and stable iso-
topes of carbon and boron measured in marine sediment [4,
80, 89]. These CO2 concentrations are similar to those pre-
dicted under the RCP 2.6 scenario (Fig. 1a) and measured in
the current atmosphere, although the current climate system
(including temperature and the volume of land-based ice) is
yet to achieve a new equilibrium with the present, elevated
concentration of CO2 in the atmosphere. Temperature recon-
structions and climate modeling indicate that Earth was 2–

4 °C warmer than preindustrial temperatures during the mid-
dle Pliocene (e.g., [11, 18, 19, 36, 37]), which is similar to
predictions for the end of the twenty-first century under the
RCP 8.0 and RCP 6.0 scenarios (Fig. 1b). The stacked oxygen
isotope record of Lisiecki and Raymo [53] shows that three
“super interglacials” occurred between ∼3.3 and 2.9 Ma. The-
se times likely corresponded to times of maximum GMSL
height, minimum ice sheet extent, and also (presumably) the
highest CO2 concentrations and surface temperatures of the
mid-Pliocene warm period (Fig. 3a).

Pliocene RSL has been reconstructed using estimates of
global ice volume from the temperature-corrected oxygen iso-
tope composition of foraminifera and ostracods (e.g., [42,
96]), from the height of erosional features caused by sea-
level fluctuations such as disconformities on atolls (e.g.,
[105]), and using paleoshoreline deposits. For example,
Dowsett and Cronin [17] recognized the Duplin Formation
(∼85 m above modern sea level) in the southeastern USA as
a mid-Pliocene warm period marine deposit based on micro-
paleontological evidence. The RSL reconstruction was
corrected for post-depositional uplift at 0.5-2.0 cm/kyr to es-
timate that GMSL was 35±18 m above present.

Estimating GMSL during the Pliocene is problematic be-
cause the time elapsed since the formation of the sea-level
indicators is ∼3 million years. This allows even very gradual
processes such as dynamic topography to create differences
between reconstructed RSL and GMSL of up to tens of meters
[66, 86]. Pliocene RSL reconstructions are also influenced by
ongoing GIA to numerous, post-depositional glacial-intergla-
cial cycles (Fig. 3a), although the largest and most influential
contribution comes from last glacial cycle [82]. Rovere et al.
[85] compiled and standardized Pliocene RSL reconstructions
from South Africa, Australia, and the southeastern USA and
removed a contribution from GIA that was estimated using a
suite of Earth models and an assumed ice history (Fig. 3b).
The remaining sea-level changes were primarily the result of
GMSL change and dynamic topography. Partitioning of this
sea-level rise was investigated using GMSL scenarios of 0, 14
(Fig. 3c), 22, and 30 m (Fig. 3d) in which the assumed con-
figuration of ice sheets results in spatial variability of sea-level
change caused by ice sheet growth since the mid-Pliocene
warm period. The remaining sea-level change was attributed
to dynamic topography. From this study, it is clear that uncer-
tainty in regional patterns of dynamic topography is the single
greatest obstacle to deriving an accurate estimate of GMSL
from Pliocene RSL reconstructions.

Despite these uncertainties, the most recent IPCC assess-
ment of paleo sea level concluded with high confidence that
Pliocene GMSL was >0 and <20 m above present [56]. We
believe that this assessment is at odds with the magnitude of
the uncertainties in GIA, dynamic topography, and
temperature-corrected calcite measurements. If all of the cur-
rent Greenland ice sheet deglaciated (a GMSL rise of ∼7 m;
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[3]), as well as all of West Antarctica (∼5 m; [29]), and we
added 2–3 m for steric effects and crustal rebound under West
Antarctica [82], the IPCC assessment suggests that <5 m of
deglaciation likely occurred in East Antarctica during the peak
warmth of the Pliocene (out of ∼52 m GMSL equivalent;
[54]). Given recent physical evidence suggesting that the East
Antarctic ice sheet may have experienced partial retreat during
parts of the early to middle Pliocene [15, 73], we feel that it is
premature to rule out the possibility of a much more dynamic
East Antarctic ice sheet. One solution to the problem of trying
to simultaneously understand GMSL change, GIA, and
dynamic topography during and since the Pliocene is to

increase the number and spatial distribution of RSL recon-
structions. With a large matrix of reconstructions, it should
be possible to derive a GMSL scenario that is most con-
sistent with model predictions of GIA and dynamic topog-
raphy that uses a unique and internally consistent set of
physical conditions [82, 85].

The Last Interglacial Period (∼125 ka)

The late Quaternary was characterized by periodic waxing and
waning of ice sheets in the Northern Hemisphere, during which
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atmospheric CO2 concentrations varied from ∼180 to 200 ppm
during glacials to ∼280 ppm during interglacials (e.g., [94]).
Marine Isotope Stage (MIS) 5e represents the peak intergla-
cial climate conditions of the Last Interglacial (LIG) period.
Although the peak LIG CO2 concentration of ∼285 ppm
(e.g., [77]) is considerably less than that of the present
(∼400 ppm; Fig. 1a), polar temperatures were warmer than
preindustrial conditions and comparable to those projected
for the twenty-first century (e.g., [60, 71, 77]). This pattern
was caused by orbital forcing with larger eccentricity than
during the Holocene interglacial and a different phasing of
the precession and obliquity components [6]. Reconstructions
of the peak height of LIG sea level and the nature of sea-
level rise (e.g., gradual or abrupt rates of change) can there-
fore shed light on the dynamic and equilibrium response of
ice sheets in Greenland and Antarctica when subjected to
prolonged warming (e.g., [20, 46, 47, 70]).

A common approach to reconstructing LIG sea level
is using U–Th dated corals that grew close to sea level
in tropical locations such as the Bahamas [98] or West-
ern Australia [97]. Despite being located in tropical lo-
cations that are far from the margins of former ice sheets,
RSL in these regions is still affected by Earth’s response
to deglaciations through a combination of glacio- and
hydro-isostatic processes (e.g., [20, 46, 50]) and coral-
based reconstructions must therefore be corrected for iso-
static (and sometimes also tectonic) contributions as a
necessary step in interpreting data and estimating past
GMSL.

The peak GMSL attained during the LIG period was re-
cently estimated using global ([20, 46, 47]; Fig. 4) and region-
al compilations of RSL reconstructions [21, 70] that were
corrected for the contribution from GIA. These studies con-
cluded that maximum GMSL during the LIG period was ∼6–
9 m above present, which is higher than the previous long-
standing estimate of 4–6 m based on data that was not
corrected for GIA (e.g., [7, 97]). Hay et al. [34] argued that
the 5.5–9-m range proposed by Dutton and Lambeck [20] that
is partially based on reconstructions from the Seychelles likely
overestimates GMSL by up to 15 % because sea-level rise in
the Seychelles would be higher than the global average re-
gardless of which polar ice sheet(s) collapsed. Consideration
of this sea-level fingerprint revises the GMSL estimate from
the Seychelles to 7.6±1.7 m, which remains in agreement with
a 6–9-m range of peak sea level [21]. Agreement in peak sea
level between this suite of studies, despite differences in data
and approach, implies some robustness to the interpretation,
but the 3-m range is still large relative to the ice equivalent
masses of the West Antarctic and Greenland ice sheets (see
previous section). A combination of data and models suggests
that a significant fraction of the Greenland ice sheet remained
intact throughout the LIG period, limiting its contribution to
∼2 m (North Greenland Eemian Ice Drilling Community
[60]). With a possible combined contribution of ∼1 m from
thermal expansion and melting of mountain glaciers [57, 78],
this implies that a significant contribution to LIG GMSL must
have come from Antarctic ice melt. However, direct observa-
tional evidence from the Antarctic region to confirm this
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interpretation of polar ice sheet mass loss is currently lacking.
Additional RSL reconstructions in mid- to high-latitude re-
gions will provide valuable constraints toward partitioning
mass balance contributions from Greenland and Antarctica.

Although there is high confidence that LIG ice sheets were
smaller than present, no consensus exists on the timing of
Antarctic ice sheet retreat within the span of the LIG sea-
level highstand (compare, for example, [9, 21, 70]). This is
an important constraint on the future response of ice sheets
and sea-level rise because it sets limits on potential rates of
change as well as lag times between forcing and response. A
debate also surrounds whether multiple GMSL oscillations
occurred during the LIG sea-level highstand [9, 46, 84, 98].
Resolving the number, timing, and causes of sub-orbital sea-
level oscillations smaller than ∼10 m during the LIG
highstand is important for establishing the potential for dy-
namic behavior of polar ice sheets. In particular, understand-
ing the climatic conditions associated with partial Antarctic
ice sheet collapse and constraining rates of GMSL change
during polar ice sheet retreat remain key challenges for this
time interval that have potential to inform projections of future
sea-level change under sustained warming.

The Common Era (The Last ∼2000 Years)

Common Era RSL reconstructions are largely derived from
salt marsh sediment (e.g., [27, 41]), coral microatolls (e.g.,
[107, 108]), and archaeological remains (e.g., [48, 95]). Com-
mon Era GMSL variability was probably less than ±0.25 m
around a stable sea level (order of tenths of mm/year for rates
of change) until the onset of historic, accelerated modern rates
of rise [12, 35]. Although this period is not a direct analog for
future changes, highly resolved Common Era sea-level recon-
structions can be paired with contemporary temperature re-
constructions (e.g., [55]) to look in detail at the response of
sea level to climate forcing on timescales (multi-decadal to
multi-centennial) and magnitudes similar to those that are
the focus of climate and sea-level projections. This makes
them well suited to understanding the relationship between
climate and sea level and constraining future trends for four
reasons. Firstly, the dynamic co-evolution of temperature and
sea-level changes (including lag times) is constrained by a
continuous time series. This is in contrast to proxy data from
other periods when discrete sea-level and temperature recon-
structions for a single time point could actually be up to sev-
eral thousand years different in age due to chronological un-
certainties. Secondly, the precision of Common Era sea-level
and temperature reconstructions is comparable to the warming
and sea-level rise anticipated for the next 100–200 years.
Thirdly, Common Era sea-level reconstructions include the
response to both warming (e.g., the Medieval Climate Anom-
aly) and cooling (e.g., the Little Ice Age) phases. Fourthly, the

GIA contribution to Common Era RSL reconstructions is
comparatively well constrained and approximately linear over
this interval (e.g., [22, 93]). It can be estimated using an Earth-
ice model or a linear trend fitted to regional compilations of
RSL reconstructions spanning the last 2000–4000 years, but
excluding the twentieth century. Both approaches assume that
meltwater input was negligible during that time interval and
that Common Era RSL trends were solely (Earth-ice models)
or primarily (proxy reconstructions) driven by GIA. The
Earth-ice model approach is able to estimate GIAwhere suit-
able geological data are unavailable and is well suited to com-
paring among reconstructions. Using linear RSL trends inher-
ently captures land-level changes driven by processes other
than GIA (e.g., tectonics and dynamic topography) and does
not rely on accurately modeling paleo ice distributions or
parameterizing Earth models. Since Common Era sea-
level variability was relatively small, the chosen rate of
GIA correction significantly influences reconstructed sea-
level trends. Therefore, the choice of GIA correction is
non-trivial and consequently influences the inferred sensi-
tivity of sea-level to climate forcing. Future work should aim
to incorporate uncertainty and non-linearity through time into
the GIA corrections applied to Common Era RSL
reconstructions.

Common Era RSL reconstructions provide valuable
constraints on predictive models. Processed-based models
estimate the individual contributions to sea-level rise
(e.g., melting of glaciers, ice caps and ice sheets, and
the increasing volume of existing ocean water as it
warms) that are summed to predict the magnitude of fu-
ture GMSL rise and are reliant upon an accurate under-
standing of each contribution. For example, sea-level pro-
jections in IPCC AR4 [7] omitted any contribution from
rapid, dynamical ice sheet change because it was poorly
understood. Scientific progress between AR4 and AR5
enabled the IPCC to make likely projections of GMSL
by including an estimate of this contribution [12].

Semi-empirical models offer a pragmatic, alternative
approach that projects sea level by linking the rate of
sea-level rise to global temperature [30, 79, 102]. They
are calibrated with past temperature and sea-level data
and then project GMSL under a scenario of future tem-
perature change. The choice of calibration period there-
fore influences model projections. Compared to the his-
torical record (last ∼150 years), Common Era sea-level
and temperature reconstructions offer a longer calibration
interval that includes periods of warming and cooling
(e.g., [30, 79, 102]). Bittermann et al. [8] showed that
combining a regional, GIA-corrected RSL reconstruction
from North Carolina [41] with global tide-gauge data
[39] provided a more robust model calibration than using
either sea-level data set in isolation. To date, semi-
empirical models developed using paleo sea-level
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reconstructions have (from necessity) combined local-to
regional-scale sea-level data with global temperature re-
constructions (e.g., [41]). Even after correction for GIA,
these models retain the influence of regional-scale pro-
cesses such as ocean dynamics or the fingerprint of ice
sheet melting that could cause departures from GMSL.
For example, differences in centennial and regional-
scale Common Era sea-level trends between New Jersey
and Florida on the US Atlantic coast were attributed to vari-
ability in the position and/or strength of the Gulf Stream by
Kemp et al. [40].

As the number and distribution of Common Era RSL
reconstructions grows, it will be possible to produce a
more robust estimate of GMSL for use alongside global
temperature reconstructions in predictive semi-empirical
models. This approach explicitly assumes a constant rela-
tionship between temperature and the rate of sea-level rise
through time. The validity of this assumption is likely to be
challenged for future scenarios of climate change where sea-
level change is increasingly driven bymass contributions from
Antarctic and Greenland melting that played a smaller role
during the model calibration period.

Conclusions

The need to provide local- to regional-scale sea-level projec-
tions for the coming decades and centuries remains a critical
area of socially-relevant scientific research because of the
growing concentration of socioeconomic activity along coast-
lines globally. In the absence of a historical record of a time
when global mean sea level (GMSL) was higher than present,
relative sea-level (RSL) reconstructions during past warm pe-
riods help us to understand the nature and timing of ice sheet
and GMSL response to temperatures similar to those predicted
for the future. Importantly, understanding past, present, and
future GMSL trends relies on accurately partitioning the
causes of reconstructed, local RSL change including GIA
and mantle dynamic topography. This remains a primary chal-
lenge for using paleo sea-level changes as a constraint on
future trends.

Although past warm periods are imperfect analogs for future
climate, GMSL reconstructions during the Last Interglacial pe-
riod (LIG; Marine Isotope Stage 5e) and the Pliocene suggest
that the Greenland and Antarctic ice sheets are yet to achieve
equilibriumwith the present climate. This interpretation rests on
the observation that even with atmospheric CO2 levels lower
than today (during the LIG period), GMSL was likely at least
6–9 m higher than today. This is significantly higher than pro-
jections for the twenty-first century, indicating a possible com-
mitment to significant, multi-century GMSL rise as polar ice
sheets gradually reach a new equilibrium. Importantly, GMSL

of 6–9 m above present can only be attained through a consid-
erable reduction of land-based ice volume in Greenland and/or
Antarctica. Therefore, understanding polar climates during pre-
vious warm periods will help to constrain the boundary condi-
tions necessary for such ice sheet retreat. Additionally, under-
standing how quickly ice sheet retreat andGMSL rise can occur
is one of the most societally relevant pieces of information that
sea-level reconstructions can bring to bear on projections for the
future and should therefore remain a high priority for research.
Common Era reconstructions demonstrate that sea level can
respond rapidly to climate change as evidenced by the late
nineteenth- or early twentieth-century increase in the rate of
sea-level rise from a long-term background pattern character-
ized by slow variability (tenths of mm/year) around a relatively
stable mean, to average twentieth-century rates of rise of
∼1.7 mm/year and a current rate of rise >3 mm/year (e.g., [12,
35, 41]). In particular, highly resolved Common Era sea-level
reconstructions can be paired with contemporary temperature
reconstructions to understand their co-evolution on the
decadal and century timescales that are important for
coastal planning.

The present spatial and temporal distribution of RSL
reconstructions is incomplete and highly uneven. Addi-
tional RSL reconstructions from key periods including
the LIG period, the Pliocene, and the Common Era will
increasingly help to constrain paleo GMSL estimates
that are internally consistent with one another as well
as with model predictions of physical processes such as
GIA and dynamic topography. Ideally, these models
should fit a global array of RSL reconstructions using
a unique set of physical conditions and assumptions
including the volume and distribution of land-based ice
masses in the past as well as mantle viscosity and con-
vection through time. Ultimately, these paleo constraints
will help us to project how high and how fast GMSL
will rise as a consequence of ongoing climate change
and how sea level will vary among regions. Therefore,
an iterative synergy between field-based RSL recon-
structions and modeling of physical processes should
remain a research priority if we are to effectively plan
for and manage the threat posed by sea-level rise to
coastal populations.
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