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• Why is regional sea-level rise different from global mean sea-
level rise?

• What do we actually see in local sea-level projections? How 
can this inform localization of sea-level projections?

• What can paleo-sea level rise patterns tell us about ice-sheet 
stability?

Road Map
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Global Sea Level change
is not the same as local sea level change
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• Ocean dynamic effects
• Mass redistribution effects: Gravitational, elastic and rotational
• Natural and groundwater withdrawal-related sediment compaction
• Long term: Isostasy and tectonics
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Figure 3 | Dynamic sea levels in the GFDL CM2.1. a, Observation11 (1992–2002). b, Simulation (1992–2002). c–e, Projected anomalies (2091–2100
relative to 1981–2000) in the A2 (c), A1B (d) and B1 (e) scenarios. f, The dynamic sea-level change induced by an idealized 0.1 Sv freshwater input
(water-hosing) into 50�–70� N of the Atlantic for 100 years (the mean of years 2091–2100 compared with the control). In the water-hosing run, radiative
forcing is kept constant at the 1990 level and the global mean SLR induced by the global ocean mass increase is removed. The AMOC weakens by 37%
over 100 years.

scenario independent. The maximum dynamic SLR occurs east of
Newfoundland, with significant rises extending to the coastal region
north of Cape Hatteras.

The dynamic SLR is mainly a result of the cessation of the deep
convection and deep-water formation in the Labrador Sea, and the
slowdown of the subpolar gyre. During 1981–2000, vigorous deep
convection occurs in the Labrador Sea, which can reach more than
1,000m depth (see Supplementary Fig. S4). Owing to ocean surface
warming and freshening, the deep convection in the Labrador Sea
shuts down by the end of the twenty-first century in all three
scenarios. Compared with other sites, the deep convection in the
Labrador Sea is very sensitive to the anomalies of the thermohaline
fluxes5, which probably results from positive feedbacks operating
in this region12. The subpolar gyre weakens significantly with
a northeastward shift of the barotropic (vertically independent)
streamfunction pattern (see Supplementary Fig. S4). A fall of the

dynamic sea level in the subtropical gyre and aNorthAtlantic dipole
pattern13,14 are also evident in Fig. 3c–e.

The dynamic SLR on the northeast coast of the United States
is closely related to the horizontal gradient of the steric SLR
and mass redistribution in the ocean (Fig. 4). In addition to
global thermal expansion, the weakening of the formation and
southward propagation of North Atlantic DeepWater causes a deep
warming and extra steric SLR along the route of the deep western
boundary current (Fig. 4a). From the maximum rise of about
0.35m east of Newfoundland, the magnitude of this steric SLR
reduces southward. In contrast, the steric SLR on the continental
shelf is small owing to the shallow water column. The sharp steric
SLR gradient across the shelf break (near the zero contour lines
in Fig. 4) cannot be balanced by geostrophic currents, therefore
leading to an increase in mass loading near the northeast coast
of the United States (Fig. 4b). At Boston, New York City and
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Figure 3 |Dynamic sea levels in the GFDL CM2.1. a, Observation11 (1992–2002). b, Simulation (1992–2002). c–e, Projected anomalies (2091–2100
relative to 1981–2000) in the A2 (c), A1B (d) and B1 (e) scenarios. f, The dynamic sea-level change induced by an idealized 0.1 Sv freshwater input
(water-hosing) into 50�–70� N of the Atlantic for 100 years (the mean of years 2091–2100 compared with the control). In the water-hosing run, radiative
forcing is kept constant at the 1990 level and the global mean SLR induced by the global ocean mass increase is removed. The AMOC weakens by 37%
over 100 years.

scenario independent. The maximum dynamic SLR occurs east of
Newfoundland, with significant rises extending to the coastal region
north of Cape Hatteras.

The dynamic SLR is mainly a result of the cessation of the deep
convection and deep-water formation in the Labrador Sea, and the
slowdown of the subpolar gyre. During 1981–2000, vigorous deep
convection occurs in the Labrador Sea, which can reach more than
1,000m depth (see Supplementary Fig. S4). Owing to ocean surface
warming and freshening, the deep convection in the Labrador Sea
shuts down by the end of the twenty-first century in all three
scenarios. Compared with other sites, the deep convection in the
Labrador Sea is very sensitive to the anomalies of the thermohaline
fluxes5, which probably results from positive feedbacks operating
in this region12. The subpolar gyre weakens significantly with
a northeastward shift of the barotropic (vertically independent)
streamfunction pattern (see Supplementary Fig. S4). A fall of the

dynamic sea level in the subtropical gyre and aNorthAtlantic dipole
pattern13,14 are also evident in Fig. 3c–e.

The dynamic SLR on the northeast coast of the United States
is closely related to the horizontal gradient of the steric SLR
and mass redistribution in the ocean (Fig. 4). In addition to
global thermal expansion, the weakening of the formation and
southward propagation of North Atlantic DeepWater causes a deep
warming and extra steric SLR along the route of the deep western
boundary current (Fig. 4a). From the maximum rise of about
0.35m east of Newfoundland, the magnitude of this steric SLR
reduces southward. In contrast, the steric SLR on the continental
shelf is small owing to the shallow water column. The sharp steric
SLR gradient across the shelf break (near the zero contour lines
in Fig. 4) cannot be balanced by geostrophic currents, therefore
leading to an increase in mass loading near the northeast coast
of the United States (Fig. 4b). At Boston, New York City and
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Not to scale!
Farrell & Clark (1976), after Woodward (1888)

n.b. ε(θ) = 0 at θ ~ 2 arcsin (.5 (ρE+3ρw)/3ρw)
                   ~ 30º
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Mitrovica et al. (2011)
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Figure 4. Global predictions of the present-day rate of change of relative sea level (mm yrx1; positive denotes sea-level rise). (a) is the prediction for
the case of a non-rotating earth, (b) is the signal due to variations in the Earth’s rotation, and (c) is the total signal (i.e. a+b) predicted for a rotating
planet. The scale at the bottom of the plot extends fromx0.8 to 0.6 mm yrx1. The deep red and blue evident in the near-field (polar) regions of (a) and
(c) are off this scale, and in these areas the colours provide only a measure of the geometry of the rebounding regions (red) and subsiding peripheral
bulges (blue). The colour scale is chosen so as to encompass the ‘rotation’ signal and to focus on the pattern of relative sea-level change in the far field,
beyond the main peripheral bulges.

Glacial isostatic adjustment on a rotating earth 567

# 2001 RAS, GJI 147, 562–578

Sea-level rise due to GIA (mm/y)

Mitrovica et al., 2001

• Ocean dynamic effects
• Mass redistribution effects: Gravitational, elastic and rotational
• Natural and groundwater withdrawal-related sediment compaction
• Long term: Isostasy and tectonics



GIA models agree to about 30% (!1.59 mm yr!1 for Peltier
and !1.27 mm yr!1 for Paulson et al). This difference is
almost entirely due to different secular rates for the degree 2,
order 1 Stokes coefficients ( _C21, _S21) predicted by the two
models. If those terms (and the global mean and degree 1
terms in Peltier’s model) are excluded, the ocean mass cor-
rections become !1.16mmyr!1 for Peltier and !1.24mmyr!1

for Paulson et al., a difference of only 4%. Note that
removing the ( _C21, _S21) contributions reduces the Peltier
correction by 27%, but only reduces the Paulson et al.
correction by about 2%. The reason is that those terms
constitute a much larger fraction of the total geoid rate in
Peltier’s model than in Paulson et al.’s model (Figure 1).
[14] Figure 1a shows the mapped geoid rate obtained from

6 years of GRACE data, with GLDAS hydrology and the
ocean dealiasing model removed. Figures 1b and 1c show the
same GRACE results but after removing the Paulson et al.
and Peltier models, respectively. Clearly, the Paulson et al.

model predicted geoid rates are closer to the rates observed by
GRACE (after removing modeled ocean and hydrology
trends). In fact, Figure 1c shows that the removal of Peltier’s
model introduces large secular geoid trends over central Asia,
the eastern United States, and the southern ocean, which are
not present in the uncorrected GRACE results. It is the
average of those features over the global ocean that is
responsible for most of the 30% difference between the
Paulson et al. and Peltier ocean mass values (after the mean
and degree 1 terms have been removed from Peltier’s model).
[15] The four anomalous features visible in Figure 1c

come from the large ( _C21, _S21) coefficients in Peltier’s
model. If Peltier’s values for these coefficients are correct,
some non‐GIA mechanism(s) would have to be producing
those four features. This issue was discussed in general
terms by Peltier and Luthcke [2009], who suggested that
perhaps present‐day changes in land ice have been pro-
ducing ( _C21, _S21) values that offset Peltier’s GIA cor-

Figure 1. Secular trends in geoid from August 2002 until November 2009 observed by (a) GRACE,
(b) GRACE corrected for the Paulson et al. GIA model, and (c) GRACE corrected for the Peltier GIA
model. (d) Same as Figure 1c, but degree 2, order 1 terms in Figure 1c have been scaled to remove the
effects of polar wander feedback. (e) Same as Figure 1c, but degree 2, order 1 values have been replaced
with values that are consistent with the polar wander rates of Peltier and Luthcke [2009]. For details of
calculations, see text.

CHAMBERS ET AL.: OCEAN MASS FROM GRACE AND GIA B11415B11415

4 of 9

Geoid trends inferred from GRACE, 2002-2009

Chambers et al. (2010)
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Gaussian process decomposition of tide gauge records
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so does not force a functional form on the interpretation of
the tide gauge records. Unlike EMD, however, it employs
a parametric estimate of the prior covariance of sea level;
this parameterized prior covariance allows easy separation
of global, regional, and local signals, and of linear trends,
smooth but non-linear variability, and red noise-type vari-
ability in a fashion consistent with prior expectations about
the behavior of sea level.

Below, I demonstrate this method through application to
tide gauge records from the eastern coast of North America
and employ it to assess claims about a regional “hot spot”
of SLR acceleration.

2. Methodology

Sea level is a spatio-temporal field f(x, t), which can be
viewed as the sum of several component fields:

f = (gl + gs + gn) + (rl + rs + rn) + (ll + ls + ln). (1)

In this expression, the g terms denote GSL, and the r

and l terms respectively denote regionally-coherent and lo-
cal (site-specific) sea-level anomalies (deviations from GSL).
The subscripts denote di↵erent temporal patterns of vari-
ability. The terms denoted by a subscript l appear linear
over the period of the tide gauge record, the terms denoted
by a subscript s are smooth deviations from linearity, and
the terms denoted by a subscript n are red-noise-like de-
viations from linearity. GIA appears as a linear, regional
sea-level anomaly (the dominant component of rl), while a
regional acceleration in SLR that is faster than the global av-
erage would be reflected by an accelerating smooth, regional
sea-level anomaly (r̈s > 0). Oceanographic variability will
appear primarily in the rs and rn terms.

Note that these terms may not always be easy to separate;
for example, an apparent regional acceleration in SLR (an
increase in ṙs + ṙn) could represent either a coincidence of
short-term variability (increasing ṙn) or a more lasting devi-
ation from the linear trend (increasing ṙs). Only sustained
observation allows their discrimination.

We model each term in equation 1 as a GP, as described in
detail in the Supplementary Information. The hyperparam-
eters characterizing the temporal scales of variability of g are
calibrated against the Church and White [2011] estimate of
GSL, while the hyperparameters characterizing the ampli-
tude and spatial scale of the variability of rl are calibrated
against the ICE-5G VM2-90 GIA model of Peltier [2004].
Hyperparameters describing the amplitude, spatial scale,
and temporal scale of other terms are maximum-likelihood
estimates from the tide-gauge records.

We analyze estimates of mean annual sea level from the
forty-seven eastern North America tide gauges, stretching
from Daytona Beach, Florida, to St. John’s, Newfound-
land, that are archived by the Permanent Service for Mean
Sea Level (http://www.psmsl.org/) and have a record length
> 30 years (Fig. S2). Data from other sites are indirectly
incorporated through the Church and White [2011] GSL es-
timate.

3. Decomposition of tide gauge signals

3.1. Linear components of sea-level anomaly

The linear trends ṙl+l̇l estimated at each site di↵er signif-
icantly from those projected using the ICE-5G VM2-90 GIA
model of Peltier [2004] (Fig. 1, Table S1). The discrepancy
is particularly severe in Virginia (e.g., Figs. S4, S5), where

GIA projections lay outside the 95% confidence interval of
the ṙl estimate. The discrepancy suggests either consider-
able error in the VM2-90 solid Earth parameters or the ICE-
5G ice sheet history, or the presence of an additional factor
causing a close-to-linear SLR over the period of the tide
gauge record. Davis and Mitrovica [1996] note that a lower-
mantle viscosity ⇠ 2.5 times higher than the mean lower-
mantle viscosity of VM2 [Peltier , 2004] would extend the
peripheral bulge region of elevated subsidence rates around
the former Laurentide margin and increase GIA-related sub-
sidence in Virginia. Their hypothesis is consistent with the
current analysis.

One possible confounding factor is sediment compaction,
which could be significant in sites, such as those in Virginia,
that rest upon Coastal Plain sediments. In addition to the
Virginia sites, high linear rates of SLR relative to the re-
gional trend are observed on the New Jersey Coastal Plain
at Sandy Hook and Atlantic City. The geographic spread of
the high rate of SLR throughout the mid-Atlantic Coastal
Plain, not just in the vicinity of the Chesapeake impact
structure, suggests a dominant role for sediment compaction
unrelated to the impact. Nevertheless, the four sites in the
southern Chesapeake vicinity of the impact structure ex-
hibit considerable variability, with long term rates (ṙl + l̇l)
ranging from 1.7± 0.7 (2�) mm/y at Kiptopeke to 2.6± 0.6
mm/y at Sewell’s Point (Table S1).

3.2. Non-linear components of regional sea level

The smooth, non-linear regional sea-level anomaly rate ṙs
shows four multi-decadal features (Fig. 2a): significant rates
of sea-level anomaly rise along the entire seaboard in the
1930s and 1940s; significant rates of sea-level anomaly fall
in the mid-Atlantic region in the 1970s, followed by slightly
delayed fall to the north; and current significant rates of sea-
level anomaly rise in the mid-Atlantic and significant rates
of sea-level anomaly fall in the southeastern U.S.

These patterns could be the result of either cryospheric or
oceanographic variability. From a cryospheric perspective,
the sea-level anomaly rise in the 1930s and 1940s is contem-
poraneous with high rates of GSL rise, which could reflect
the addition of meltwater to the ocean. The behavior of
the Greenland ice sheet during this period is the subject of
disagreement [Gregory et al., 2013], with some modelers sug-
gesting that the warm Northern Hemisphere temperatures of
the 1930s drove strong Greenland melt and others suggesting
that it drove enhanced accumulation. The observed pattern
of greater-than-global SLR o↵ North America during this
interval is consistent with that expected from West Antarc-
tic melt and the opposite of what would be expected from
the static sea level fingerprint of Greenland melt [Mitrovica
et al., 2001, 2009]. However, the e↵ects on AMOC of Green-
land melt might be expected to operate in the opposite di-
rection [Kopp et al., 2010]; it is therefore not possible from
regional data alone to infer the role of Greenland. A global
analysis as proposed by Hay et al. [2013] might succeed in
this regard.

As an exploratory analysis to identify possible oceano-
graphic factors related to regional sea level variability, con-
sider the cross-correlations between the non-linear regional
sea-level anomaly six indicative sites – Halifax, Portland,
New York City, Sewell’s Point (Norfolk), Charleston, and St.
George’s, Bermuda – and three annually-averaged climatic
or oceanographic indices (Figs. 2b, S10): the Atlantic Mul-
tidecadal Oscillation (AMO) [Van Oldenborgh et al., 2009],
the Hurrell [1995] winter North Atlantic Oscillation (NAO)
index, and the GS North Wall (GSNW) index [Taylor and
Stephens, 1998].

The AMO index averages detrended sea surface temper-
ature anomalies in the Atlantic between 25�N and 60�N.
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the former Laurentide margin and increase GIA-related sub-
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current analysis.
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that rest upon Coastal Plain sediments. In addition to the
Virginia sites, high linear rates of SLR relative to the re-
gional trend are observed on the New Jersey Coastal Plain
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the high rate of SLR throughout the mid-Atlantic Coastal
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ranging from 1.7± 0.7 (2�) mm/y at Kiptopeke to 2.6± 0.6
mm/y at Sewell’s Point (Table S1).
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shows four multi-decadal features (Fig. 2a): significant rates
of sea-level anomaly rise along the entire seaboard in the
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in the mid-Atlantic region in the 1970s, followed by slightly
delayed fall to the north; and current significant rates of sea-
level anomaly rise in the mid-Atlantic and significant rates
of sea-level anomaly fall in the southeastern U.S.

These patterns could be the result of either cryospheric or
oceanographic variability. From a cryospheric perspective,
the sea-level anomaly rise in the 1930s and 1940s is contem-
poraneous with high rates of GSL rise, which could reflect
the addition of meltwater to the ocean. The behavior of
the Greenland ice sheet during this period is the subject of
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gesting that the warm Northern Hemisphere temperatures of
the 1930s drove strong Greenland melt and others suggesting
that it drove enhanced accumulation. The observed pattern
of greater-than-global SLR o↵ North America during this
interval is consistent with that expected from West Antarc-
tic melt and the opposite of what would be expected from
the static sea level fingerprint of Greenland melt [Mitrovica
et al., 2001, 2009]. However, the e↵ects on AMOC of Green-
land melt might be expected to operate in the opposite di-
rection [Kopp et al., 2010]; it is therefore not possible from
regional data alone to infer the role of Greenland. A global
analysis as proposed by Hay et al. [2013] might succeed in
this regard.

As an exploratory analysis to identify possible oceano-
graphic factors related to regional sea level variability, con-
sider the cross-correlations between the non-linear regional
sea-level anomaly six indicative sites – Halifax, Portland,
New York City, Sewell’s Point (Norfolk), Charleston, and St.
George’s, Bermuda – and three annually-averaged climatic
or oceanographic indices (Figs. 2b, S10): the Atlantic Mul-
tidecadal Oscillation (AMO) [Van Oldenborgh et al., 2009],
the Hurrell [1995] winter North Atlantic Oscillation (NAO)
index, and the GS North Wall (GSNW) index [Taylor and
Stephens, 1998].

The AMO index averages detrended sea surface temper-
ature anomalies in the Atlantic between 25�N and 60�N.

complicated GIA
+ compact.

Erosion
+ compaction
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Hotspot of accelerated sea-level rise on the
Atlantic coast of North America
Asbury H. Sallenger Jr*, Kara S. Doran and Peter A. Howd

Climate warming does not force sea-level rise (SLR) at the
same rate everywhere. Rather, there are spatial variations of
SLR superimposed on a global average rise. These variations
are forced by dynamic processes1–4, arising from circulation
and variations in temperature and/or salinity, and by static
equilibrium processes5, arising from mass redistributions
changing gravity and the Earth’s rotation and shape. These sea-
level variations form unique spatial patterns, yet there are very
few observations verifying predicted patterns or fingerprints6.
Here, we present evidence of recently accelerated SLR in a
unique 1,000-km-long hotspot on the highly populated North
American Atlantic coast north of Cape Hatteras and show
that it is consistent with a modelled fingerprint of dynamic
SLR. Between 1950–1979 and 1980–2009, SLR rate increases
in this northeast hotspot were ⇠3–4 times higher than the
global average. Modelled dynamic plus steric SLR by 2100
at New York City ranges with Intergovernmental Panel on
Climate Change scenario from 36 to 51 cm (ref. 3); lower
emission scenarios project 24–36 cm (ref. 7). Extrapolations
from data herein range from 20 to 29 cm. SLR superimposed
on storm surge, wave run-up and set-up will increase the
vulnerability of coastal cities to flooding, and beaches and
wetlands to deterioration.

We test the hypothesis that a statistically significant observed
northeast hotspot (NEH) of accelerated SLR exists by deter-
mining its position and dimensions and comparing them with
model projections1–4.We explore correlations between rate changes
of observed NEH SLR and of climate indices potentially rele-
vant to NEH formation.

In the late twentieth century, sea levels were relatively low
along the North American east coast, particularly north of Cape
Hatteras8,9. Sea-surface gradients sloped down towards the coast
away from the Gulf Stream and its continuation to the northeast,
the North Atlantic Current10. The sharp pressure gradients balance
the Coriolis force to sustain these narrow and strong geostrophic
currents, leading to low coastal sea levels.

These low levels could rise with warming and/or freshening of
surface water in the subpolar north Atlantic, where less dense water
inhibits deep convection associated with the Atlantic Meridional
Overturning Current (AMOC). The AMOC weakens and pressure
gradients along the North American east coast decrease, raising
sea levels. The models considered here simulate this dynamic
SLR using Intergovernmental Panel for Climate Change (IPCC)
Special Report on Emissions Scenarios warming scenarios2–4 and/or
assumed freshening scenarios1,4. Gyre systemweakening by changes
in the North Atlantic Oscillation11,12 (NAO) could also reduce
sea-level gradients and raise sea levels.

St Petersburg Coastal and Marine Science Center, US Geological Survey, 600 4th Street South, St Petersburg, Florida 33701, USA.
*e-mail: asallenger@usgs.gov.

To establish the observed NEH, we analyse tide-gauge records
along the North American Atlantic coast for increasing rates of
SLR (see Methods and Supplementary Information). With least-
squares linear regression, rates of SLR were found for the first and
second halves of time-series windows and differenced (for example,
Supplementary Fig. S7, equation (2)). We also fitted quadratics
to each time-series window, computed accelerations, and showed
our results were not sensitive to method. As we are concerned
with detecting departures from long-term trends, rate differences,
or accelerations, can be compared between gauges without first
removing signals that are approximately linear over the time series.
Processes contributing solely to the longer-term trend (for example,
glacial isostatic adjustment) do not affect our analyses13.

Sea-level rate differences (SLRDs) for gauges along the North
American east coast show a distinct spatial pattern using time-series
windows of 60, 50 and 40 yr (Fig. 1a–c and Supplementary Figs S1
and S2). For 60 yr (1950–2009), the largest SLRDs occur from Cape
Hatteras to Boston (mean SLRD= 1.97±0.64mmyr�1; 2� ; confi-
dence intervals account for serial correlation, equations (3)–(5)).
South of Cape Hatteras, SLRDs are not statistically different
from zero (mean SLRDs = 0.11± 0.92mmyr�1), whereas north
of Boston, SLRDs are either negative or not different from zero
(mean= �0.94±0.88mmyr�1) . The 40-yr window (1970–2009)
exhibits the largest mean NEH SLRD (3.80± 1.06mmyr�1), and
positive differences continue north of Massachusetts and into
Canada. For all three durations, SLRDs south of Cape Hatteras are
not significantly different from zero. Similar patterns are found for
quadratic accelerations (Supplementary Fig. S2).

Mean NEH SLRD is a factor of ⇠3–4 larger than global SLRD.
For the 60-yr window, the global SLRD during 1950–2009 is 0.59±
0.26mmyr�1 (using reconstructed time series14), compared with
NEH SLRD of 1.97±0.64mmyr�1. For the 40-yr window, global
SLRD during 1970–2009 was 0.98±0.33mmyr�1, compared with
NEH SLRD of 3.80±1.06mmyr�1. These strong NEH SLRDs may
be associated with AMOC weakening; for observed NEH, model1,3
results suggest ⇠4.4–19 Sv of weakening by 2100 dependent on
scenario and regression window length.

The NEH is unique across coasts of North America between
the latitudes of Key West, Florida and St John’s, Newfoundland
(Fig. 2 and Supplementary Fig. S3). On the Gulf of Mexico
and Pacific coasts, most SLRDs using 60-yr windows are not
statistically different from zero or are negative (Fig. 2). Results
are similar for 50- and 40-yr windows (Supplementary Fig. S3).
The lack of positive acceleration through much of North America
is consistent with previous results15 showing that the recent
(about 1990) SLR acceleration occurred mostly in the tropics and
the Southern Ocean.

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange 1
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Climate warming does not force sea-level rise (SLR) at the
same rate everywhere. Rather, there are spatial variations of
SLR superimposed on a global average rise. These variations
are forced by dynamic processes1–4, arising from circulation
and variations in temperature and/or salinity, and by static
equilibrium processes5, arising from mass redistributions
changing gravity and the Earth’s rotation and shape. These sea-
level variations form unique spatial patterns, yet there are very
few observations verifying predicted patterns or fingerprints6.
Here, we present evidence of recently accelerated SLR in a
unique 1,000-km-long hotspot on the highly populated North
American Atlantic coast north of Cape Hatteras and show
that it is consistent with a modelled fingerprint of dynamic
SLR. Between 1950–1979 and 1980–2009, SLR rate increases
in this northeast hotspot were ⇠3–4 times higher than the
global average. Modelled dynamic plus steric SLR by 2100
at New York City ranges with Intergovernmental Panel on
Climate Change scenario from 36 to 51 cm (ref. 3); lower
emission scenarios project 24–36 cm (ref. 7). Extrapolations
from data herein range from 20 to 29 cm. SLR superimposed
on storm surge, wave run-up and set-up will increase the
vulnerability of coastal cities to flooding, and beaches and
wetlands to deterioration.

We test the hypothesis that a statistically significant observed
northeast hotspot (NEH) of accelerated SLR exists by deter-
mining its position and dimensions and comparing them with
model projections1–4.We explore correlations between rate changes
of observed NEH SLR and of climate indices potentially rele-
vant to NEH formation.

In the late twentieth century, sea levels were relatively low
along the North American east coast, particularly north of Cape
Hatteras8,9. Sea-surface gradients sloped down towards the coast
away from the Gulf Stream and its continuation to the northeast,
the North Atlantic Current10. The sharp pressure gradients balance
the Coriolis force to sustain these narrow and strong geostrophic
currents, leading to low coastal sea levels.

These low levels could rise with warming and/or freshening of
surface water in the subpolar north Atlantic, where less dense water
inhibits deep convection associated with the Atlantic Meridional
Overturning Current (AMOC). The AMOC weakens and pressure
gradients along the North American east coast decrease, raising
sea levels. The models considered here simulate this dynamic
SLR using Intergovernmental Panel for Climate Change (IPCC)
Special Report on Emissions Scenarios warming scenarios2–4 and/or
assumed freshening scenarios1,4. Gyre systemweakening by changes
in the North Atlantic Oscillation11,12 (NAO) could also reduce
sea-level gradients and raise sea levels.
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To establish the observed NEH, we analyse tide-gauge records
along the North American Atlantic coast for increasing rates of
SLR (see Methods and Supplementary Information). With least-
squares linear regression, rates of SLR were found for the first and
second halves of time-series windows and differenced (for example,
Supplementary Fig. S7, equation (2)). We also fitted quadratics
to each time-series window, computed accelerations, and showed
our results were not sensitive to method. As we are concerned
with detecting departures from long-term trends, rate differences,
or accelerations, can be compared between gauges without first
removing signals that are approximately linear over the time series.
Processes contributing solely to the longer-term trend (for example,
glacial isostatic adjustment) do not affect our analyses13.

Sea-level rate differences (SLRDs) for gauges along the North
American east coast show a distinct spatial pattern using time-series
windows of 60, 50 and 40 yr (Fig. 1a–c and Supplementary Figs S1
and S2). For 60 yr (1950–2009), the largest SLRDs occur from Cape
Hatteras to Boston (mean SLRD= 1.97±0.64mmyr�1; 2� ; confi-
dence intervals account for serial correlation, equations (3)–(5)).
South of Cape Hatteras, SLRDs are not statistically different
from zero (mean SLRDs = 0.11± 0.92mmyr�1), whereas north
of Boston, SLRDs are either negative or not different from zero
(mean= �0.94±0.88mmyr�1) . The 40-yr window (1970–2009)
exhibits the largest mean NEH SLRD (3.80± 1.06mmyr�1), and
positive differences continue north of Massachusetts and into
Canada. For all three durations, SLRDs south of Cape Hatteras are
not significantly different from zero. Similar patterns are found for
quadratic accelerations (Supplementary Fig. S2).

Mean NEH SLRD is a factor of ⇠3–4 larger than global SLRD.
For the 60-yr window, the global SLRD during 1950–2009 is 0.59±
0.26mmyr�1 (using reconstructed time series14), compared with
NEH SLRD of 1.97±0.64mmyr�1. For the 40-yr window, global
SLRD during 1970–2009 was 0.98±0.33mmyr�1, compared with
NEH SLRD of 3.80±1.06mmyr�1. These strong NEH SLRDs may
be associated with AMOC weakening; for observed NEH, model1,3
results suggest ⇠4.4–19 Sv of weakening by 2100 dependent on
scenario and regression window length.

The NEH is unique across coasts of North America between
the latitudes of Key West, Florida and St John’s, Newfoundland
(Fig. 2 and Supplementary Fig. S3). On the Gulf of Mexico
and Pacific coasts, most SLRDs using 60-yr windows are not
statistically different from zero or are negative (Fig. 2). Results
are similar for 50- and 40-yr windows (Supplementary Fig. S3).
The lack of positive acceleration through much of North America
is consistent with previous results15 showing that the recent
(about 1990) SLR acceleration occurred mostly in the tropics and
the Southern Ocean.

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange 1

1880 1900 1920 1940 1960 1980 2000 2020
28

30

32

34

36

38

40

42

44

46

48

Time

La
tit

ud
e

DAYTONA B
MAYPORT

FORT PULA

SPRINGMAI

PORTSMOUT
SOLOMON’S

ATLANTIC 
SANDY HOO
NEWPORT

SEAVEY IS
BAR HARBO

NORTH SYD
ARGENTIA

smooth non−linear regional sea level anomaly rate (mm/y)

 

 
a

−1.5

−1

−0.5

0

0.5

1

1.5

1900 1920 1940 1960 1980 2000
−40

−30

−20

−10

0

10

20

30

b New York City

 

 

AMO − 7 y

−NAO − 2 y

−GSNW − 0 y

m
m

Really? Yes, but it’s too early to tell if it goes beyond
natural variability...

Kopp (in press)

KOPP : A SEA-LEVEL RISE HOT SPOT? 2

so does not force a functional form on the interpretation of
the tide gauge records. Unlike EMD, however, it employs
a parametric estimate of the prior covariance of sea level;
this parameterized prior covariance allows easy separation
of global, regional, and local signals, and of linear trends,
smooth but non-linear variability, and red noise-type vari-
ability in a fashion consistent with prior expectations about
the behavior of sea level.

Below, I demonstrate this method through application to
tide gauge records from the eastern coast of North America
and employ it to assess claims about a regional “hot spot”
of SLR acceleration.

2. Methodology

Sea level is a spatio-temporal field f(x, t), which can be
viewed as the sum of several component fields:

f = (gl + gs + gn) + (rl + rs + rn) + (ll + ls + ln). (1)

In this expression, the g terms denote GSL, and the r

and l terms respectively denote regionally-coherent and lo-
cal (site-specific) sea-level anomalies (deviations from GSL).
The subscripts denote di↵erent temporal patterns of vari-
ability. The terms denoted by a subscript l appear linear
over the period of the tide gauge record, the terms denoted
by a subscript s are smooth deviations from linearity, and
the terms denoted by a subscript n are red-noise-like de-
viations from linearity. GIA appears as a linear, regional
sea-level anomaly (the dominant component of rl), while a
regional acceleration in SLR that is faster than the global av-
erage would be reflected by an accelerating smooth, regional
sea-level anomaly (r̈s > 0). Oceanographic variability will
appear primarily in the rs and rn terms.

Note that these terms may not always be easy to separate;
for example, an apparent regional acceleration in SLR (an
increase in ṙs + ṙn) could represent either a coincidence of
short-term variability (increasing ṙn) or a more lasting devi-
ation from the linear trend (increasing ṙs). Only sustained
observation allows their discrimination.

We model each term in equation 1 as a GP, as described in
detail in the Supplementary Information. The hyperparam-
eters characterizing the temporal scales of variability of g are
calibrated against the Church and White [2011] estimate of
GSL, while the hyperparameters characterizing the ampli-
tude and spatial scale of the variability of rl are calibrated
against the ICE-5G VM2-90 GIA model of Peltier [2004].
Hyperparameters describing the amplitude, spatial scale,
and temporal scale of other terms are maximum-likelihood
estimates from the tide-gauge records.

We analyze estimates of mean annual sea level from the
forty-seven eastern North America tide gauges, stretching
from Daytona Beach, Florida, to St. John’s, Newfound-
land, that are archived by the Permanent Service for Mean
Sea Level (http://www.psmsl.org/) and have a record length
> 30 years (Fig. S2). Data from other sites are indirectly
incorporated through the Church and White [2011] GSL es-
timate.

3. Decomposition of tide gauge signals

3.1. Linear components of sea-level anomaly

The linear trends ṙl+l̇l estimated at each site di↵er signif-
icantly from those projected using the ICE-5G VM2-90 GIA
model of Peltier [2004] (Fig. 1, Table S1). The discrepancy
is particularly severe in Virginia (e.g., Figs. S4, S5), where

GIA projections lay outside the 95% confidence interval of
the ṙl estimate. The discrepancy suggests either consider-
able error in the VM2-90 solid Earth parameters or the ICE-
5G ice sheet history, or the presence of an additional factor
causing a close-to-linear SLR over the period of the tide
gauge record. Davis and Mitrovica [1996] note that a lower-
mantle viscosity ⇠ 2.5 times higher than the mean lower-
mantle viscosity of VM2 [Peltier , 2004] would extend the
peripheral bulge region of elevated subsidence rates around
the former Laurentide margin and increase GIA-related sub-
sidence in Virginia. Their hypothesis is consistent with the
current analysis.

One possible confounding factor is sediment compaction,
which could be significant in sites, such as those in Virginia,
that rest upon Coastal Plain sediments. In addition to the
Virginia sites, high linear rates of SLR relative to the re-
gional trend are observed on the New Jersey Coastal Plain
at Sandy Hook and Atlantic City. The geographic spread of
the high rate of SLR throughout the mid-Atlantic Coastal
Plain, not just in the vicinity of the Chesapeake impact
structure, suggests a dominant role for sediment compaction
unrelated to the impact. Nevertheless, the four sites in the
southern Chesapeake vicinity of the impact structure ex-
hibit considerable variability, with long term rates (ṙl + l̇l)
ranging from 1.7± 0.7 (2�) mm/y at Kiptopeke to 2.6± 0.6
mm/y at Sewell’s Point (Table S1).

3.2. Non-linear components of regional sea level

The smooth, non-linear regional sea-level anomaly rate ṙs
shows four multi-decadal features (Fig. 2a): significant rates
of sea-level anomaly rise along the entire seaboard in the
1930s and 1940s; significant rates of sea-level anomaly fall
in the mid-Atlantic region in the 1970s, followed by slightly
delayed fall to the north; and current significant rates of sea-
level anomaly rise in the mid-Atlantic and significant rates
of sea-level anomaly fall in the southeastern U.S.

These patterns could be the result of either cryospheric or
oceanographic variability. From a cryospheric perspective,
the sea-level anomaly rise in the 1930s and 1940s is contem-
poraneous with high rates of GSL rise, which could reflect
the addition of meltwater to the ocean. The behavior of
the Greenland ice sheet during this period is the subject of
disagreement [Gregory et al., 2013], with some modelers sug-
gesting that the warm Northern Hemisphere temperatures of
the 1930s drove strong Greenland melt and others suggesting
that it drove enhanced accumulation. The observed pattern
of greater-than-global SLR o↵ North America during this
interval is consistent with that expected from West Antarc-
tic melt and the opposite of what would be expected from
the static sea level fingerprint of Greenland melt [Mitrovica
et al., 2001, 2009]. However, the e↵ects on AMOC of Green-
land melt might be expected to operate in the opposite di-
rection [Kopp et al., 2010]; it is therefore not possible from
regional data alone to infer the role of Greenland. A global
analysis as proposed by Hay et al. [2013] might succeed in
this regard.

As an exploratory analysis to identify possible oceano-
graphic factors related to regional sea level variability, con-
sider the cross-correlations between the non-linear regional
sea-level anomaly six indicative sites – Halifax, Portland,
New York City, Sewell’s Point (Norfolk), Charleston, and St.
George’s, Bermuda – and three annually-averaged climatic
or oceanographic indices (Figs. 2b, S10): the Atlantic Mul-
tidecadal Oscillation (AMO) [Van Oldenborgh et al., 2009],
the Hurrell [1995] winter North Atlantic Oscillation (NAO)
index, and the GS North Wall (GSNW) index [Taylor and
Stephens, 1998].

The AMO index averages detrended sea surface temper-
ature anomalies in the Atlantic between 25�N and 60�N.

p=.03
p=.14
p=.10



Scenario-based localization example:
SLR scenarios for NYC and New Jersey
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after Miller et al. (in rev.)

Components of regionalized projections of sea level change in New Jersey.

Global effects Regional effects Local eff.

Thermal Glaciers GIS AIS
Ocean 
dynamics

Mass 
redist. GIA

Coastal 
subsidence Global NYC Shore

cm cm cm cm cm cm cm cm cm cm cm
2030 best 5 3 3 2 6 -1 4 3 13 22 25
2030 low 2 3 1 1 2 -1 3 2 8 15 18
2030 high 11 4 4 6 8 -1 5 4 21 30 33
2030 higher 11 4 4 6 8 -1 5 4 24 36 40
2050 best 10 6 8 2 10 -4 7 5 25 38 43
2050 low 4 5 2 1 3 -1 5 4 16 27 32
2050 high 19 7 10 9 13 -3 9 6 39 52 57
2050 higher 19 7 10 9 13 -3 9 6 45 62 68
2100 best 24 14 27 8 20 -13 13 10 73 93 103
2100 low 10 13 4 2 5 -3 9 8 40 64 74
2100 high 46 19 35 33 25 -11 17 12 117 139 149
2100 higher 46 19 35 33 25 -11 17 12 133 164 176
2100 collapse 55 37 54 100 35 -6 17 12 246 292 304

land ice 
static 
equilibriu
m scale 
factor: 90% 50% 125%

Totals



Probabilistic localization example
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using Bamber & Aspinall (2013) for ice sheets: 30 cm (10-103 cm, 90% range)
Glaciers from Radic et al. (2013): 20 cm (10-30 cm)
Thermal expansion from NRC (2012): 24 cm (10-46 cm)
Dynamic sea level from Yin et al. (2009)
GIA and subsidence from Kopp (2013)
Fingerprints from Mitrovica

cm 95% 50% 33% 5% 1%

GSL 47 77 89 151 233

Honolulu 50 87 102 181 288

NYC 67 101 115 186 286

Atlantic 
City

77 112 125 196 298
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What can paleo-sea level rise 
patterns tell us about ice-sheet 

stability?
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Model Structures

How can historical records help?
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Possible forcing parameters

•Temperature
-Global mean
- Polar air
-Circumpolar marine

• Insolation (intensity, duration)
-Northern Hemisphere
- Southern Hemisphere

• Ice sheet configuration

Model parameters
(including stochasticity)

Complexity ⟶Complexity ⟶Complexity ⟶

Global semi-
empirical

Process 
semi-

empirical
3-D

Temporal 
resolution

↓

“Equilib-
rium”

Temporal 
resolution

↓
Transient
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Proxy data/Observations Model likelihood
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Data from Kemp et al., 2011, Engelhart & Horton (2011), Horton et 

al. (2013), Kemp et al. (in rev.) and PSMSL

MCO LIA

Sea-level change in Common Era North Carolina
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Figure 2 | SLR over the twenty-first century. a, Rate of SLR and b, SLR projections 2000–2100. Error bars on the right-hand side show 90% uncertainty
range, resulting from the full set of parameter values used in the semi-empirical SLR equations combined with median temperature projections (dark
shaded) and the wider uncertainty resulting from including the full range of temperature projections as well (light shaded). Uncertainty ranges are shown
for only two scenarios for reasons of readability, focusing on the mitigation scenarios that reach the lowest and highest rates of SLR by 2100. Lines indicate
median estimates. The indicative/fixed present-day rate of 3.3 mm yr�1 is the satellite-based mean rate 1993–2007 (ref. 23).
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Figure 3 | Long-term SLR. a, Rate of SLR and b, SLR calculated from temperature reconstructions28 for 1000–2006 and from climate-model projections
1860–2300. For comparison, observed and proxy reconstructions for SLR are given as well from refs 2,22,29. 90% uncertainty ranges are shown for only
two scenarios for reasons of readability, focusing on the lowest and highest temperature-goal scenarios. Error bars on the right-hand side as in Fig. 2.

for a strong slow-down of SLR, we show in Fig. 3 the results of both
the calculations for the historical period 1000–2006 (the calibration
period of our sea-level model) and the model projections through
2300. We constrain this analysis to scenarios with a maximum
warming of 3 �C or less. The semi-empirical model is validated only
over a past range of temperature changes of about 1 �C and it is
possible that greater warming could increasingly lead to nonlinear
responses, for instance in ice-sheet dynamics.

The sea-level proxy data suggest that the twentieth-century
rate of SLR already exceeds that experienced in the preceding
millennium2. After a peak in the twenty-first century, the projected
rate of SLR (Fig. 3a) declines in zero or negative emission scenarios.
In zero 2016 the rate of SLR does not decline much further after
2200, that is, it will stay close to present-day values. This is in line
with our understanding of the long memory in the climate system,
here owing to the slow uptake of anthropogenic CO2 by the oceans
and the long response timescale of sea level (see also ref. 6). By
contrast, the rate of change drops to zero by 2300 in the 1.5 �C
scenario (MERGE400).

By 2300, sea level in our projections has risen by 2.7 (1.6–4.0)m
in the ⇡50% probability 2 �C scenario (Fig. 3b) and is still rising
at twice the present rate. The higher probability 2 �C scenario
(RCP3-PD) produces 2.0 (1.2–3.1) m SLR by 2300 and would
return rates of SLR to roughly present-day values. The 1.5 �C
scenario (MERGE400) limits SLR to 1.5 (0.9–2.4) m and is the only
scenario that implies no further rise by 2300.

Unless post-2100 net negative CO2 emissions are even stronger
than those in MERGE400, a lower sea level by 2300 can be
achieved only with less warming over the twenty-first century.
This suggests that limiting multi-century SLR to the 1m guardrail
of the 2006 German Advisory Council on Global Change is
possible only with more rapid twenty-first century emission
reductions than in the MERGE400 scenario (illustrative scenarios
on Supplementary Section S4).

In the RCP4.5 scenario, SLR approaches 2–5m by 2300 and
reaches rates of SLR much higher than observed over the twentieth
century22, or estimated using satellite-based data over the period
1993–2007 (ref. 23). The RCP4.5 to 3PD scenario shows that
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Global semi-empirical, transient estimate (1000-2300 CE)
Global mean temperature as only forcing parameter

Reference  projection: 70-140 cm in 2100

Sea level rise rate Sea level

Between AD 1700 and 1900, global sea level rose by 9 ± 5 cm
(32). Reconstructed sea-level rise in North Carolina for this
period was 5 ± 5 cm. GIA-adjusted RSL change from AD 1900
to 2000 in North Carolina (24! 5 cm) exceeded the Intergovern-
mental Panel on Climate Change (IPCC) AR4 estimate for global
20th century rise (17 ± 5 cm), although the uncertainty ranges
overlap. Tide-gauge estimates for 20th century sea-level rise were
16 cm (31) and 19 cm (32), but showed variability in rates of sea-
level rise among ocean basins and confirm that 20th century rates
in the northwest Atlantic exceeded the global average (33, 34).
Regional deviations from global sea-level trends on the time
scales of interest arise from unforced variability around the mean
and forced differences in regional trends. The former arise from
natural climate modes such as El Niño Southern Oscillation. Dif-
ferences in trend can be large over short time scales, but become
progressively smaller as longer time scales are considered. Forced
differences may arise from ocean circulation changes (35) in re-
sponse to climate change (associated with regional temperature
and salinity changes) and/or changes in gravitational field due to
melting of continental ice sheets. In contrast to unforced oscilla-
tions, these forced deviations can increase in one direction as
climate changes. Multicentennial differences among regions are
limited in magnitude by the restorative force of gravity, which
pulls sea level toward the geoid. For North Carolina, we estimate
that the deviation in sea-level rise from the global mean due to
ocean circulation changes is between 0 and +5 cm. This estimate
was based on the IPCC AR4 model ensemble for a 21st century
global warming of ∼3 °C, in which sea level rises globally by

22–48 cm. We take 5 cm. as an upper limit estimate as tempera-
ture and sea-level variations over the last 2100 y were smaller
(Fig. 2A). The gravitational effect from continental ice sheet
melting on sea level along the Atlantic coast is negative and we
conclude that an upper limit is −5 cm for the largest sea-level
variations in North Carolina (SI Text).

IPCC AR4 (36) showed that local sea-level trends differed by
up to 2 mm/y from the global mean over AD 1955–2003, which
implies deviations of up to ±10 cm at some locations (but ±5 cm
along most coastlines) as the sum of forced and unforced effects.
This analysis suggests that our data can be expected to track
global mean sea level within about ±10 cm over the past two
millennia, within the uncertainty band shown for our analysis
(Fig. 2C).

Modeling Sea Level from Global Temperature on a Millennial Time
Scale. Based on physical considerations, Rahmstorf (3) proposed
a proportionality between the rate global sea-level change H
and global temperature T (as a deviation from a preindustrial
equilibrium T0):

dH∕dt " a#T − T0$ [1]

as a first-order approximation on time scales from a few decades
to a few centuries. Semiempirical models must be calibrated with
data from the past (observational or proxy-based) to constrain
how sea-level rise responded to temperature change. Applying
this formula to the temperature record shown in Fig. 2A yielded
(after time integration) the blue sea-level curve in Fig. 4D. Here
a " 3.4 mm∕y∕K was used as reported in ref. 3 from observa-
tional data since AD 1880, but the preindustrial temperature
(which is not constrained well by these data) was adjusted within
its uncertainty to !0.35 K (from !0.5 K, relative to mean tem-
perature AD 1951–1980). With the extended formula and para-
meters of Vermeer and Rahmstorf (4) similar results are obtained
(using T0 " −0.35 K, instead of!0.41 K). The key difference is a
larger acceleration factor (a " 0.56) from correction for water
stored in artificial reservoirs, which increases the climate-related
component of 20th century sea-level rise. These two models (3, 4)
were designed to describe only the short-term response, but are in
good agreement with reconstructed sea level for the past 700 y.

The long proxy sea-level reconstruction from North Carolina
gives a more robust constraint on the warming-induced, modern
acceleration of sea-level rise (specifically by tight constraint
of T0), because it is sufficiently long to include a multicentury
period of stable sea level (AD 1400–1880; Fig. 2). This recon-
struction also provides an opportunity to improve on earlier semi-
empirical studies by explicitly resolving the finite response time
scale (!) discussed (but then neglected due to the short time scale
considered) in (3) and later implemented in (37).

Using the North Carolina data we thus added a term to the
semiempirical model of Rahmstorf (3) as follows:

dH∕dt " a1%T#t$ − T0;0& ' a2%T#t$ − T0#t$& ' bdT∕dt [2a]

with dT0∕dt " !−1%T#t$ − T0#t$& [2b]

The first term captures a slow response compared to the time
scale of interest (now one or two millennia, rather than one or
two centuries as in Eq. 1). The second term represents intermedi-
ate time scales, where an initial linear rise gradually saturates
with time scale ! as the base temperature (T0) catches up with
T. In Eq. 1, T0 was assumed to be constant. The third term is
the immediate response term introduced by Vermeer and Rahm-
storf (4); it is of little consequence for the slower sea-level
changes considered in this paper.

Grinsted et al. (37) used a single term with time scale ! to
model sea level. We retained the short- and very long-term com-
ponents to describe the full sea-level response on all time scales.
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construction (1), smoothed with a 30-year LOESS low-pass filter (blue). Data
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Result seems problematic for current semi-empirical models
Do we need a frequency-dependent approach?
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Can deeper time help with the out-of-sample issue?
For the last 2 My, the Earth has oscillated between glacials and interglacials

3

4

5
L
R

 !
1
8
O

a

400

450

500In
so

l. 
(W

/m
2
)

b

!10

!5

0

5

A
n
t.
 T

 (
 o

C
)

c

0 100 200 300 400 500 600 700 800

5

10

15

 

 

Age (ka)

S
S

T
 (

 o
C

)

d

1090
982
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The Last Interglacial stage had Holocene-like 
pCO2 but higher eccentricity

THE EARTH’S CLIMATE IN THE NEXT HUNDRED THOUSAND YEARS (100 KYR) 121

Figure 1. Long-term variations of eccentricity, precession, obliquity, summer solstice insolation at
65!N (Berger, 1978) and atmospheric CO2 concentration (Petit et al., 1999) from 200 kyr BP to 130
kyr AP.
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Figure 1. Long-term variations of eccentricity, precession, obliquity, summer solstice insolation at
65!N (Berger, 1978) and atmospheric CO2 concentration (Petit et al., 1999) from 200 kyr BP to 130
kyr AP.
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The Last Interglacial was slightly warmer than today

•NH warming due to more intense summer insolation, 
amplified by ice sheet feedbacks (3-5ºC in Arctic)

• SH warming perhaps due to ocean teleconnections and/
or long SH summer 

28

Masson-Delmotte et al., 2010). Accompanying these changes,
recent estimates of sea level corrected for changes in gravity,
solid Earth deformation and other effects have suggested the
LIG was 6.6–9.4m higher than today, rising some 6–9mm a!1

(Kopp et al., 2009) – at least double the current global average.
To better understand the mechanisms and sensitivity of the
Earth system to radiative forcing, it is critical that a better
constrained temperature estimate is obtained for this period.
Here we provide global and regional estimates of tempera-

ture during the LIG and present evidence that the Agulhas
Current increased global warming through the enhanced
delivery of warm, salty water into the Atlantic Ocean,
intensifying AMOC and partially decoupling the climate
system from the carbon cycle.

Methods

Although numerous qualitative reconstructions of the LIG have
been reported (Trauth et al., 2003; Sirocko et al., 2005; Brook
et al., 2006; Kieniewicz and Smith, 2007; Van Nieuwenhove
et al., 2008), the magnitude of inferred changes around the
globe is problematic to interpret. As an alternative strategy, we
have compiled a global dataset comprising 263 published ice,
marine and terrestrial sequences spanning the LIG that also
contain a quantified estimate of annual temperature. Data
were obtained from individual site reports, supplemented by
records archived by the NOAA Paleoclimatology Program
(www.ngdc.noaa.gov/paleo/paleo.html) and Pangaea database
(www.pangaea.de) (see online supporting information for site
locations and sources). Because of dating uncertainties over
this period, sea surface (obtained using a combination of
Sr–Ca, Uk0

37, Mg–Ca, diatom and radiolarian transfer functions)
and ice core (using d18O) temperature estimates were taken
across the isotopic plateau associated with the LIG; terrestrial
temperature estimates (based on pollen, macrofossil and
Coleoptera) were developed over the period of maximum
warmth and assumed to be broadly synchronous with the ocean

and ice d18O plateau. Where uncertainties were not reported for
individual marine temperature reconstructions, conservative
estimates were assumed (see online supporting information)
(Barrows et al., 2007). To develop a robust comparison to today,
mean annual terrestrial temperatures for each palaeosite location
were taken from the AD 1961–1990 estimate from the nearest
0.58" 0.58 grid cell (www.cru.uea.ac.uk/cru/data/hrg.htm; New
et al., 1999); contemporary ocean records were obtained
over the same period from the nearest 28" 28 grid cells
(www.esrl.noaa.gov/psd/data/gridded/; Smith and Reynolds,
1998). Differences between the LIG and today were averaged
within gridded boxes 458 latitude by 308 longitude, followed by
zonal, hemispheric and global averaging.

Results and Discussion

Importantly, the different proxies used in this study all have
limitations and/or potential biases (Jones and Mann, 2004). To
minimise these, we have only utilised records that report
annual averages, havemore than four data points across the LIG
and used conservative estimates of the uncertainties where
none were reported. Furthermore, due to the inherent problems
with dating LIG sequences, we averaged the temperature
estimates across the isotopic plateau in the marine and ice
records (though this resulted in removing the very earliest high
Antarctic temperatures from our reconstruction) and the period
of maximum warmth in terrestrial sequences, to provide a first-
order estimate of the global climate at this time.

Our results suggest the world was 1.5# 0.18C warmer than
the period AD 1961–1990 (Fig. 1). Although the uncertainty of
this reconstruction almost certainly does not capture all the bias
in our dataset (including the poor spatial coverage in some parts
of the world), this analysis implies global temperatures were
$1.98C higher than pre-industrial levels (Smith and Reynolds,
2005). The available data also indicate there was a strong
latitudinal temperature gradient, with greater warming at high
latitudes (>608) relative to tropical regions (0–308) (most
probably related to ice albedo sensitivity) and imply a reduced

ACC ACC

Agulhas
current

ACC

Sites showing
early warming 

Temperature Anomaly 

1
5
10

(+ °C)
1
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Figure 1 Temperature anomalies (relative to AD 1961–1990) in 263 Last Interglacial ice, marine and terrestrial sequences. The location of
the Antarctic Circumpolar Current (ACC) and the Agulhas Current are shown. Sites suggesting local early warming are shown with bold circles. This
figure is available in colour online at www.interscience.wiley.com/journals/jqs

Copyright ! 2010 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 25(6) 839–843 (2010)
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Turney & Jones (2010)

Turney & Jones (2010):
global temperature 
~1.9°C above pre-
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McKay et al. (2011): SST 
0.7 ± 0.6°C above pre-

Industrial



A forward model for geological sea level proxies

29

Xi : Ice volume history

xv : Viscosity parameters

Geophysical
SL model

F : Local sea levels

U : Uplift/subsid. levels

+ F* : Rel.
sea levels

 g : Observation times

HS : SL Observation functions

HT : Age observ. functions

SL observ.
model

s : SL observations

t : Age observations
age observ.

model

This gives us P(s,t | Xi, xv, U, g, HS, HT).

We want to find P(F, g | s, t, U, HS, HT)
[and ideally P(Xi, xv, Xd | s, t, U, HS, HT)]

xd : sea level dynamics
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Samples from the ice volume prior are divided up among 
sources and run through the geophysical model...

Effects included:
Gravitational, elastic, rotational, isostatic, shoreline migrations

Isostatic
response

Gravitational and 
elastic response
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...yielding priors for local sea levels over time
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...which we use to approximate the sea level 
field as a Gaussian process
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Corr. of GSL @ 124 ka w/ 
LSL at 124 ka
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Database of sea level observations

Sites with at least one LIG Sea Level Indicator

Indicator Nature – Δ: isotopic; ◦: reef terraces; ▽: coral biofacies; □: sedimentary facies and non-coral biofacies; ◇: erosional

# Observations – 1, 2, 3, ≥4
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Kopp et al. (2009)

Kopp et al. (2009)36



Sea Level Database
Example 1: Cockburn Town Reef, San Salvador, Bahamas

http://www.mnstate.edu/leonard/G390BPHOTOS.html Chen et al. 
(1991)37

http://www.mnstate.edu/leonard/G390BPHOTOS.html
http://www.mnstate.edu/leonard/G390BPHOTOS.html


Sea Level Database
Example 1: Cockburn Town Reef, San Salvador, Bahamas

http://www.mnstate.edu/leonard/G390BPHOTOS.html Chen et al. 
(1991)

Reef terrace dominated by Acropora palmata
Altitude of 1.5 ± 1.0 m
Composite U/Th age of 128.4 ± 8.0 ka
Depositional range based on assemblages: 0-5 m below MLTL
Subsidence rate estimate: 1-2 cm/ky

37

http://www.mnstate.edu/leonard/G390BPHOTOS.html
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Sea Level Database
Example 2: Coastal barrier at Rio Grande do Sol Coastal Plain, Brazil

Tomazelli et al. (2007)

Most outcrops of this facies in other exposures of the
Last Interglacial Barrier along the RS coastal plain
exhibit the same kind of sedimentary structures. The

photography of Fig. 7, for example, was taken in a
natural outcrop of the barrier near Chui, in the extreme
south of the coastal plain.

Fig. 6. Sedimentary structures of Facies B (upper shoreface–foreshore). (a, b) Tabular cross-stratified sand with abundant Ophiomorpha burrows.
(c) Ophiomorpha burrow shaft (1.20 m-length) with several horizontal branches and a wide bulbous turnaround chamber at the base.

Fig. 7. Photograph of Facies B taken from a natural outcrop of the Last Interglacial Barrier near the town of Chuí, in the south of the coastal plain.
Low-angle parallel-laminated sand (Ls) intercalates with undulating, wave-rippled dominated sets (Ws). Note the high degree of bioturbation, mainly
by Ophiomorpha burrows (Op). Lamination is enhanced by heavy minerals concentrations.

40 L.J. Tomazelli, S.R. Dillenburg / Marine Geology 244 (2007) 33–45
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Sea Level Database
Example 2: Coastal barrier at Rio Grande do Sol Coastal Plain, Brazil

Tomazelli et al. (2007)

Most outcrops of this facies in other exposures of the
Last Interglacial Barrier along the RS coastal plain
exhibit the same kind of sedimentary structures. The

photography of Fig. 7, for example, was taken in a
natural outcrop of the barrier near Chui, in the extreme
south of the coastal plain.

Fig. 6. Sedimentary structures of Facies B (upper shoreface–foreshore). (a, b) Tabular cross-stratified sand with abundant Ophiomorpha burrows.
(c) Ophiomorpha burrow shaft (1.20 m-length) with several horizontal branches and a wide bulbous turnaround chamber at the base.

Fig. 7. Photograph of Facies B taken from a natural outcrop of the Last Interglacial Barrier near the town of Chuí, in the south of the coastal plain.
Low-angle parallel-laminated sand (Ls) intercalates with undulating, wave-rippled dominated sets (Ws). Note the high degree of bioturbation, mainly
by Ophiomorpha burrows (Op). Lamination is enhanced by heavy minerals concentrations.

40 L.J. Tomazelli, S.R. Dillenburg / Marine Geology 244 (2007) 33–45

Coastal barrier with Ophiomorpha burrows
Altitude of 6.4 ± 1.5 m
TL age indicative of LIG (assign generic age of 125 ± 17 ka)
Burrows are low-tide level indicator
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Posterior probability distribution for Last 
Interglacial GSL over time

Kopp et al. (2009)40
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How do we divide up among sources?
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Full Bayesian analysis in process, but for the moment:

“Although the documentation of ice 
thickness at one location on the 

Greenland ice sheet cannot constrain the 
overall ice-sheet changes during the last 
interglacial period, the NEEM data can 
only be reconciled with Greenland ice-

sheet simulations that point to a modest 
contribution (2 m) to the observed 4–8m 

[sic] Eemian sea level high stand.”

— NEEM community members (2013)

In the period 127–118.3 kyr BP, the air content in the ice where
surface melt occurred was highly variable and cannot directly be used
for ice elevation reconstructions (Fig. 2, shaded zone). We can tenta-
tively estimate elevation changes through the Eemian climate period
by connecting the two air content levels before and after the melt zone
(Fig. 4b) after correcting for summer insolation, which accounts for
50% of the observed change (Fig. 4c, Supplementary Information).
At 126 kyr BP the surface elevation was 45 6 350 m higher than at
present. The d18Oice increased to 231.4% at 126 kyr BP, exceeding
the current mean value of the recent millennium of 233.6% (at the
NEEM site) and the current mean value of 235.0% at the deposi-
tional site32,33 (Supplementary Information, section 2). Using the
temperature–isotope relation of 2.1 6 0.5 K%21 (calibrated using
data from the present interglacial32), the 3.6% anomaly at 126 kyr

BP implies that precipitation-weighted surface temperatures were
7.5 6 1.8 uC warmer at the depositional site compared to the last
millennium. Note that the modelled location of the depositional site
is the only modelled parameter required to compare the 126-kyr-BP

data to the present-day data at the depositional site. When further
correcting for the more uncertain elevation change of 45 6 350 m at
the 126-kyr-BP depositional site using a lapse rate of 7.5 6 0.5 K km21,
the fixed-elevation temperature increase here is 8 6 4 uC (Fig. 4a, red).
Our data depict a gradual cooling until 110 kyr BP (Fig. 4a, red curve).

The reconstructed precipitation-weighted annual temperature
changes are remarkably high. In general, warmer summer tempera-
tures are reported from palaeorecords36,37, and a few find tempera-
tures at 126 kyr BP on high Arctic latitudes as high as those reported
from NEEM38–40. Climate models equipped with water stable iso-
topes point to a limited (1 uC) seasonality bias caused by a stronger
enhancement of temperature and precipitation in summer than in
winter41–43. A large spread in temperature has been reported among
simulations of the last interglacial climate, which appear to systema-
tically underestimate North Atlantic/Arctic warming, possibly due to
missing vegetation and ice-sheet feedback37,42,43.

Within 6,000 yr, from 128 to 122 kyr BP, the surface elevation is
estimated to have decreased from 210 6 350 m above to 130 6 300 m
below the present surface elevation, which translates to a moderate
ice thickness change of 400 6 350 m after accounting for isostatic
rebound. Based on this estimate, the ice thickness at NEEM decreased
by an average of 7 6 4 cm per year between 128 and 122 kyr BP and
stayed at this level until 117–114 kyr BP, long after surface melt
stopped and temperatures fell below modern levels.

Even with minimum ice thickness of only about 10% less than the
present ice thickness at the NEEM site, as reported here, substantial
melting can cause significant reduction of ice thickness near the mar-
gins; this in turn reduces the volume of the Greenland ice sheet.
Although the documentation of ice thickness at one location on the
Greenland ice sheet cannot constrain the overall ice-sheet changes
during the last interglacial period, the NEEM data can only be recon-
ciled with Greenland ice-sheet simulations30 that point to a modest
contribution (2 m) to the observed 4–8 m Eemian sea level high
stand44,45. For comparison, no continuing elevation change has so
far been detected in areas with elevations above 2,000 m in north
Greenland during the past few decades46. These findings strongly
imply that Antarctica must have contributed significantly to the
Eemian sea level rise47.

Despite the complex ice flow, the disturbed record of the deep ice in
the NEEM ice core can be unambiguously reconstructed. The ana-
tomy of the last interglacial shows that Greenland temperatures
peaked after the onset of the Eemian, 126 kyr BP, with temperatures
(at fixed elevations) 8 6 4 uC warmer than the average of the recent
millennium and multiple indications of summer melt. Temperatures
gradually decreased during the interglacial, very probably owing to
the strong local summer insolation decreasing trend. The surface ele-
vation first increased due to increased mass balance to 210 6 350 m
above the present at 128 kyr BP, then decreased to 130 6 300 m below
the present elevation around 122 kyr BP. Our results provide multi-
ple new targets to constrain coupled climate/ice-sheet models. Our
record, together with recent observations of rainfall and strong
surface melting in July 2012 at NEEM, show that conditions are
conducive to the start of melt layer formation at NEEM, with the
2010–12 mean annual surface temperatures 1–2 uC above the 1950–
80 average.

Our results have implications for both ice deformation near the
bedrock and the response of the Greenland ice sheet to climate
change. The combination of high-resolution RES data and NEEM
glacial–interglacial ice layers brings new knowledge of the near-bed
deformation of ice. We believe that the folding and disturbances we
observe near the bed are strongly related to the rigid deformation
properties of the interglacial ice. This offers an alternative explanation
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Figure 4 | Reconstruction of the temperature and elevation history.
Reconstruction of the temperature and elevation history through the Eemian
based on the stable water isotopes (d18Oice) and the air content records. The
zone with surface melt (127–118.3 kyr BP) is shaded in light grey. a, The
measured d18Oice record (black) on the constructed timescale. The average of
the recent millennium (233.60%) is marked with a thin black line. It is seen
that the d18Oice values at the depositional locations in the melt zone are above
233.0% (grey horizontal line). The fixed-elevation change of temperature—
constructed from the observed d18Oice, the elevation changes determined from
the air content and the upstream corrections (curves below)—is shown as a red
curve using the red axis. The standard error range (orange shading) is a sum of
the error of the d18Oice and the elevation change correction (Supplementary
Information 1.1, equations (2) and (5) in Supplementary Information,
Supplementary Table 2). b, Air content (black) is plotted and guided by the two
stable levels on each side of the melt zone. A dot-dashed line connecting these
levels has been suggested with an error range as the dark grey shaded area. The
standard error range is a sum of the error assumed in the zone with surface melt
(127–118.3 kyr BP) and the 1% error on the air content measurements
(Supplementary Information section 1.4). In addition, the average level 107–
105 kyr BP is marked with a horizontal black bar. The changes in the air content
are caused by pressure changes due to changing surface elevation at the
depositional sites and changes to the air trapping processes in the firn assumed
to be controlled by the changing summer insolation28,32,49,50. c, When corrected
for upstream flow (cyan) and summer insolation changes (green), the air
content curve can be ‘translated’ to elevation changes (blue, dashed) with the
shaded zone indicating the uncertainty range introduced by this translation.
Blue bars mark the air content of the ‘translated’ air content black bars. The
standard error range is based on the error range of the air content (dark grey
shaded area) and the additional standard errors from calculation of the
elevation changes (equation (5) in Supplementary Information, and
Supplementary Table 2).
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If correct, this would require very substantial loss of marine-
based Antarctic ice to reach GSL of 7-9 m higher than today.



Some tentative conclusions:
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• Regional variations in sea-level rise can be important for 
planning purposes. Some regions are more vulnerable to ice 
sheet melt or ocean circulation changes than others.

• It’s unclear whether trends due to ice-sheet melt or ocean 
circulation changes are visible in the twentieth-century tide 
gauge records, but we can look for them there, and also in the 
geological record.

• These records can be used to calibrate statistical sea-level rise 
models.

• Past warm periods suggests a large equilibrium ice sheet 
sensitivity to relatively small forcing changes.



Some future directions:
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• How do the observed relationships between ocean dynamics 
and climate indices extend into the past? Can these 
relationships be used to extend projections into the future?

• What do spatial patterns in Holocene and tide gauge records 
reveal about ice sheet stability?

• What mechanism explains relatively dual peaks seen in the LIG 
highstand?

• What are the relative roles of temperature, insolation and 
stochasticity in explaining the differences among interglacials?

• Supposing a well-defined equilibrium sea level exists for a given 
temperature and insolation, what controls the rate at which it’s 
approached?


