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A Preindustrial Sea-Level Rise Hotspot Along the Atlantic
Coast of North America
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'Department of Environment and Geography, University of York, York, UK, *Center for Coastal Physical Oceanography,
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for Water and Environment, University of Siegen, Siegen, Germany, 4School of Earth and Environment, University of
Leeds, Leeds, UK, >School of Ocean Sciences, Bangor University, Anglesey, UK, 6Department of Geography, Durham
University, Durham, UK, "National Oceanography Centre, Liverpool, UK, ®*Physical Oceanography Department, Woods
Hole Oceanographic Institution, Woods Hole, MA, USA, 9Department of Mathematics, University of Siegen, Siegen,
Germany

Abstract The Atlantic coast of North America north of Cape Hatteras has been proposed as a “hotspot”
of late 20th century sea-level rise. Here we test, using salt-marsh proxy sea-level records, if this coast
experienced enhanced sea-level rise over earlier multidecadal-centennial periods. While we find in
agreement with previous studies that 20th century rates of sea-level change were higher compared to rates
during preceding centuries, rates of 18th century sea-level rise were only slightly lower, suggesting that the
“hotspot” is a reoccurring feature for at least three centuries. Proxy sea-level records from North America
(Iceland) are negatively (positively) correlated with centennial changes in the North Atlantic Oscillation.
They are consistent with sea-level “fingerprints” of Arctic ice melt, and we therefore hypothesize that
sea-level fluctuations are related to changes in Arctic land-ice mass. Predictions of future sea-level rise
should take into account these long-term fluctuating rates of natural sea-level change.

Plain Language Summary Measurements of sea-level change have shown that during the 20th
century sea-level rise along the Atlantic coast of North America between Cape Hatteras and Nova Scotia has
been faster than the global average. We investigated whether this anomaly also occurred earlier by
reconstructing historical sea-level changes from salt-marsh sediments and microscopic salt-marsh fossils
(foraminifera). We found evidence in three locations (Nova Scotia, Maine, and Connecticut) for rapid
sea-level rise in the 18th century, which was almost as rapid as the 20th century sea-level rise. Using
additional sea-level reconstructions from across the North Atlantic, we propose an explanation for the
periods of enhanced sea-level rise. We hypothesize that they occur during distinct phases of the North
Atlantic Oscillation and during periods of enhanced ice melt in the Arctic. The fluctuations are a reoccurring
feature and should be considered in planning for future sea-level rise and coastal hazards.

1. Introduction

Recent studies have reported that since the 1950s rates of sea-level rise have been anomalously high along
the Atlantic coast of North America north of Cape Hatteras—a region that has since come to be known as
a sea-level rise “hotspot” (Boon, 2012; Kenigson & Han, 2014; Sallenger et al., 2012). The high rates in this
“hotspot” could present significant coastal risks for large population centers if they are a persistent and reoc-
curring feature. The likely future sea-level rise in New York City has already been shown to be up to 32%
greater than the global mean by the end of the 21st century due to the combined effects of glacial isostatic
adjustment (GIA), Antarctic mass loss, and weakening of the Atlantic Meridional Overturning Circulation
(AMOC) (Kopp et al., 2014). Therefore, any compounding process that generates additional “hotspots” of
sea-level rise in this region would exacerbate the problem and must also be taken into account in future
sea-level projections.

It has been suggested that the recently observed sea-level acceleration along the Atlantic coast of North
America was caused by steric changes and mass redistributions associated with a possible weakening of
the AMOC (Sallenger et al., 2012). Others have argued that changes in wind stress along the Scotian Shelf
and in the Gulf of Maine, as well as local atmospheric pressure fluctuations, are important driving
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mechanisms that contribute to sea-level variability in this region over interannual to multidecadal time-
scales (Andres et al., 2013; Piecuch, Calafat, et al., 2019; Thompson et al., 2016; Woodworth et al., 2014,
2017). Correlations with the North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation
(AMO) indices have also been observed (Kenigson & Han, 2014; Kopp, 2013) as well as associations with
changes in the latitude and strength of the Gulf Stream (Ezer et al., 2013; Kopp, 2013; Levermann et al.,
2005; Yin & Goddard, 2013).

Studies of this region's “hotspot” have thus far only used instrumental sea-level observations and models over
relatively short intervals of time (<100 yr), and they are concerned with the recent era when global climate and
sea level were, at least partially, controlled by anthropogenic forcing (Slangen et al., 2016). Moreover, the
location of “hotspots” varies between studies. For example, in some early modelling papers (Landerer et al.,
2007; Yin et al., 2009), the “hotspot” appeared as a broad region of enhanced sea-level rise from Cape
Hatteras, through the Mid Atlantic Bight (MAB) and Gulf of Maine, to Atlantic Canada, with perhaps the
strongest signal off Newfoundland. In contrast, the pattern of accelerated sea-level rise that Sallenger et al.
(2012) found using tide gauges was restricted to the MAB and southern New England; it showed either no
acceleration or significant deceleration over the Gulf of Maine and Atlantic Canada—regions that the models
(Landerer et al., 2007; Yin et al., 2009) suggested should also be experiencing accelerating sea-level rise.

In this paper, we use longer, high-resolution proxy records to investigate (i) whether “hotspots” of sea-level
rise have occurred along the Atlantic coast of North America in the preindustrial past, (i) whether these
“hotspots” have occurred at particular locations or along the entire coastline, and (iii) whether they are con-
sistent with those found in tide-gauge records and modelling studies. Our proxy records are reconstructed
from microfossils preserved in salt-marsh sediments (see Supporting Information S1). Salt marshes are cap-
able of recording decimeter-scale historical sea-level variations over past centuries with high precision and
accuracy (Gehrels, 2000). All previously published North American Atlantic sea-level records based on salt-
marsh sediments demonstrate that sea-level rise in the 20th century was faster than in any previous century,
but multidecadal episodes of enhanced regional sea-level rise from before the 20th century have not been
reported (Kopp et al., 2016).

2. Materials and Methods

We present three new high-resolution proxy records of multidecadal- to centennial-scale sea-level variability
(typically one data point per 5-10 yr and +0.1-0.3 m vertical precision at 2 sigma) reconstructed from salt
marshes in Nova Scotia, Maine, and Connecticut (Figure 1a). Lower resolution sea-level reconstructions
have previously been published for these locations (Donnelly et al., 2004; Gehrels et al., 2002, 2005), but
we refine and enhance these records by adding more than 30 new radiocarbon analyses, 2'°Pb and **’Cs
measurements as well as other biological and geochemical age markers, together with new microfossil core
analyses in an attempt to detect periods of enhanced sea-level rise not previously reported in proxy studies of
late Holocene sea-level change along the Atlantic coast of North America.

Our interest is in identifying multidecadal to centennial changes in the rates of sea-level change. Therefore,
we follow Cahill et al. (2015) and apply a Gaussian process regression approach (Rasmussen & Williams,
2006) that models relative sea level at each site by taking the corresponding vertical and chronological uncer-
tainties into account and provides probabilistic estimates of past rate changes. The Gaussian process priors
are described by a superposition of a linear trend and temporal fluctuations in which the temporal covar-
iance is represented as a Matérn function with a smoothness factor of 3/2 and a characteristic time scale
of centuries. The prior amplitude of the sea-level variability has been chosen individually at each site.
Vertical and chronological errors are both assumed to be normally distributed. Solutions are generated
numerically using a Monte Carlo approach with 1,000 simulations per site. The 1,000-member simulation
is used to determine statistics of the preindustrial sea-level variability.

3. Historical Sea-Level Changes

The resulting three sea-level reconstructions, plus previously published records from New Jersey (Kemp
et al.,, 2013) and North Carolina (Kemp et al., 2011), are shown in Figure 1. To place the records in a
larger-scale geographical context, a recent record from Vidarholmi, Iceland, is also shown (Gehrels et al.,
2006; Saher et al., 2015). The record from Nova Scotia (Chezzetcook) spans a full millennium and is arguably
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Figure 1. Relative sea-level reconstructions for Chezzetcook (Nova Scotia), Sanborn Cove (Maine), Barn Island (Connecticut), all from this study, New Jersey
(Kemp et al., 2013), North Carolina (Kemp et al., 2011), and Vidarholmi (Iceland) (Gehrels et al., 2006; Saher et al., 2015) and tide-gauge records (Holgate et al.,
2013). (a,c) Temporal sea-level evolution since 900 CE for the four proxy records. Yellow crosses are proxy sea-level estimates from cores with 2 sigma vertical
and age uncertainties. The red crosses are basal sea-level index points (Gehrels, 1999), immune to compaction, and show that records are not significantly
affected by compaction. Also shown are tide-gauge records from nearby stations (black lines, enlargements can be found in the Supporting Information S1) and
a Gaussian Process fitted to the individual index points (blue) with 1 and 2 sigma uncertainties from 1,000 Monte Carlo simulations as shading. (b,d) Map with
locations of proxy (yellow stars) and tide-gauge records (black dots). Sea-level index points are tabulated in Tables S4-S6. SS—Scotian Shelf, GoM—Gulf of
Maine, MAB—Mid Atlantic Bight, CH—Cape Hatteras.

the best-dated sea-level reconstruction over this time interval from any coastline in the world (70 dated
levels, Table S1). The Maine and Connecticut sea-level records span the last ~300 and ~450 yr, respectively,
and help to constrain the spatial and temporal extent of recent sea-level signals observed in Nova Scotia. The
most recent part of each record is compared to nearby tide-gauge observations obtained from the Permanent
Service for Mean Sea Level (PSMSL) (Holgate et al., 2013) (Figures 1a and S7). In all cases, 20th century sea-
level trends from our proxy reconstructions agree with those from nearby tide-gauge records in the common
periods of overlap (Figure S8) demonstrating that the reconstructions accurately capture recent
multidecadal-to-centennial sea-level changes along these coastlines. We also compared the sea-level recon-
structions to sea-level index points obtained from the base of the Holocene lithostratigraphic sections
(Donnelly et al., 2004; Gehrels, 1999; Gehrels et al., 2005) to assess possible compaction in the sequences.
If there were significant compaction in our records, we would expect the points from the basal sections,
which are all located directly on a hard substrate, to plot higher than the reconstructions. However, they
are in good agreement (Figure 1a), so we conclude that compaction has little impact on our sea-level records.
Partly due to spatially variable crustal motion rates controlled by GIA, the long-term sea-level trends differ
between the sites (Piecuch et al., 2018). We adjusted the sea-level records for GIA by removing the linear late
Holocene trend for the common period between 4000 cal yr BP and 1900 CE (Engelhart & Horton, 2012),
which in Nova Scotia is 1.7 mm/yr (Gehrels et al., 2005), in Maine is 0.7 mm/yr (Gehrels, 1999; Gehrels
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et al., 2002), and in Connecticut is 1.0 mm/yr (Donnelly et al., 2004). For
the North Carolina sea-level reconstruction, which is based on two nearby
sites in Sand Point and Tump Point, we used GIA corrections of 1.0 and
0.9 mm/yr, respectively (Kemp et al., 2011). The New Jersey and
Vidarholmi records were corrected for a GIA contribution of 1.4 and 1
mm/yr, respectively (Gehrels et al., 2006; Kemp et al., 2013).

The rates of the GIA-corrected sea-level (GCSL) reconstructions from all
sites are shown in Figure 2 and are marked by two distinct features. The
first feature is the 19th to 20th century GCSL acceleration, which is visible
in all five North American records as well as the record from Iceland,
although their exact timing and amplitude may differ between sites.
This feature is also present in other salt-marsh-based sea-level reconstruc-
tions from the Atlantic coast of North America (Kopp et al., 2016). The
second feature is a previously unreported, multidecadal-centennial
GCSL fluctuation along the North American Atlantic coast, with maxi-
mum rates of rise occurring in the middle-to-late 18th century, and lower
or negative rates thereafter. The timing appears to differ slightly from
record to record, most likely due to dating uncertainties. Based on the
1,000 Monte Carlo ensemble members at each site, we determine for five
sites best estimates for the timing of maximum rates of change, over the
period 1550 to 1850, as follows: 1735 (North Carolina), 1745 (New
Jersey), 1752 (Maine), 1762 (Nova Scotia), and 1783 (Connecticut).
Moreover, between 85% (Nova Scotia) and 98% (New Jersey) of ensemble
members show greater-than-zero rates averaged over the 18th century.
These numbers suggest significant, larger-than-usual (with respect to
longer-term GIA) rates of change peaking in the middle-to-late 18th cen-
tury. The GCSL fluctuation is more pronounced in Maine and
Connecticut, compared to Nova Scotia and North Carolina. In
Connecticut, GCSL rates were close to zero before ~1700 and increased

S
Rate [mm/yr]

Rate [mm/yr]

1600

Figure 2. Sea-level changes from proxy records along the North American
Atlantic (blue) and Icelandic (red) coast. Shown are the nonlinear trends
calculated by a Gaussian Process Regression including their 1 and 2 sigma

1700

1800

1900 2000 to values of ~2.4 + 2.4 mm/yr (+ indicates twice the standard error)

Time [yr CE] towards the end of the 18th century. High preindustrial GCSL rates are

similarly visible in the Maine record (~3.2 + 3.2 mm/yr), although the
record only starts in the mid-18th century. The New Jersey record
includes the late 18th century period of enhanced sea-level rise but overall

uncertainties (dark and light blue/red bands, respectively) for the six shows greater variability than all other records. In Nova Scotia and North
salt-marsh reconstructions corrected for site-specific GIA effects. The black ~ Carolina, rates during this period were also enhanced compared to long-

dotted line marks a rate of 0 mm/yr in each panel.

term background rates of change, but they did not exceed values of ~0.5
+ 1.0 mm/yr. It is important to note that spatial variations in the ampli-
tudes of multidecadal sea-level variations along this coastline are also observed in tide-gauge records over
the 20th century (Sallenger et al., 2012). Interestingly, relatively high preindustrial GCSL rates are also seen
in the Vidarhdlmi data from Iceland. The records from North America and Iceland are out of phase: rates of
change in Iceland are anomalously low around 1700 CE and high around 1800 CE, suggesting that peak
rates of preindustrial GCSL rise occurred in North America ~60-80 yr earlier than in Iceland. Possible rea-
sons for this are considered below.

While the high 18th century rates of sea-level rise are a consistent feature in our records across sites, patterns
become more complex in earlier periods. For example, the New Jersey and North Carolina records are very
similar, but in North Carolina sea-level variability was more muted prior to the 18th century (a finding that
is robust against different choices of the Gaussian process priors). These differences between records might
be explained by different driving mechanisms or could reflect issues with the salt-marsh reconstructions
(e.g., dating resolution or quality of transfer functions). These remain open questions.

The multidecadal to centennial sea-level fluctuations found in our records are not seen in previously pub-
lished reconstructions. There are several possible explanations for this. First, some of the recently published
sea-level records from the Atlantic coast of North America (Kemp et al., 2011, 2014) are from south of Cape
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Figure 3. Link between coastal sea-level changes along the east coast of
North America and large-scale climate in the North Atlantic region.

(a) First principle component (PC1) of GCSL changes along the Atlantic
coast of North America (blue) and GCSL from Vidarhélmi (red). Both time
series have been corrected for the simultaneous GMSL from Kopp et al.
(2016). (b) Annual NAO index from Ortega et al. (2015) and winter NAO
reconstructions from Trouet et al. (2009) and Baker et al. (2015), all
centennially smoothed. (c) Correlations between the GCSL from salt-marsh
reconstructions and the three different NAO reconstructions. Correlations
have been calculated for each of the 1,000 Monte-Carlo realizations of

the Gaussian Process regression. The boxplots represent different percentiles
(2.5, 16, 50, 84, 97.5) of correlations.

Hatteras and outside of the main hotspot region of the MAB identified by
Sallenger et al. (2012) from tide-gauge records over the period 1950-2009.
Second, the proxy records that are from that region, i.e. New York City
(Kemp et al., 2017) and eastern Connecticut (Kemp et al., 2015), lack
high-resolution data in the 18th and 19th centuries; we suggest that more
detailed investigations here could reveal the same sea-level fluctuations.

4. Driving Mechanisms

We consider local and regional driving mechanisms to explain the high
rates of preindustrial sea-level rise observed in our records. In the Gulf
of Maine, tidal range changes have been considered to be important
locally over longer (millennial) timescales (Gehrels et al., 1995), but the
large increases in M2 tidal amplitudes observed there during the 20th cen-
tury are not thought to be representative of the longer term (Ray & Talke,
2019). Dynamic coastal barrier and spit systems, which can generate local
tidal range changes in back-barrier settings, are absent in our study sites.
Instead, we suggest large-scale climate variation as a potential driver of
the multidecadal-centennial GCSL variations.

To probe potential climate-related driving mechanisms, we consider the
common GCSL signal across the North American Atlantic coast sites, cal-
culating the first principal-component (PC) time series from an empirical
orthogonal function (EOF) analysis of GCSL from the three longest salt-
marsh reconstructions in Nova Scotia, Connecticut, and North Carolina
over their common period, ~1550 to 2010 CE (Figure 3a). To isolate regio-
nal behavior, the time series of global mean sea level from Kopp et al.
(2016) is removed from the reconstructions prior to performing the EOF
analysis. The first PC accounts for 81% of the variance and is highly repre-
sentative of the three sites. Consistent with the individual reconstructions
(Figure 2), the first PC is characterized by low GCSL rates in the 17th cen-
tury, a period of rapid rise during the 18th century, and a fall over the 19th
century. Since the turn of the 20th century, GCSL rates have increased to
unprecedented and larger-than-global-average values (Figure 3a). The
Vidarholmi salt-marsh reconstruction also shows larger-than-global-
average rates of GCSL rise over the last century. Prior to that,
multidecadal-centennial variations in GCSL at Iceland are out of phase
and have ~30% larger amplitudes than those on the North American
Atlantic coast (Figure 3a).

The out-of-phase relationship between preindustrial GCSL inferred from
salt-marsh records along the Atlantic coast of North America and
Iceland could result from mass and density redistribution within the
ocean due to exchanges with other components of the climate system on
centennial timescales. A major mode of surface climate variation in the
North Atlantic is the NAO. To test for a connection between coastal sea
level and large-scale surface climate on long timescales, we compare the
GCSL reconstructions, adjusted for global-mean sea level (Kopp et al.,

2016), to three recent reconstructions of the NAO (Baker et al., 2015; Ortega et al., 2015; Trouet et al.,
2009) (Figure 3b). Depending on choice of NAO reconstruction, we compute best estimates of the correlation
coefficient between the first PC of North American Atlantic coast GCSL and the NAO of between —0.48 and
—0.63, whereas best-estimate correlation coefficients between Iceland GCSL and the NAO fall between 0.31
and 0.45 (Figure 3c). In all cases, correlations are statistically significant at the p < 0.01 level, suggesting that
processes related to the NAO play an important role in generating the centennial GCSL fluctuations seen in

the salt-marsh reconstructions.
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Similar relationships between coastal sea level and large-scale surface climate are seen in instrumental data
records covering shorter, more recent periods (Tsimplis et al., 2006; Woolf et al., 2003; Yan et al., 2004). The
first PC from an EOF analysis of monthly tide-gauge sea-level data at Halifax, Eastport, and New London
(locations near our three salt marshes in Nova Scotia, Maine, and Connecticut, respectively) explains 91%
of the variance in these records (Figure S9). The first PC of sea level from these three tide gauges is signifi-
cantly anti-correlated (coefficient ~—0.31, p < 0.01) with monthly values of the NAO, whereas sea level
observed at the Reykjavik tide gauge (near Vidarholmi) is significantly correlated with the NAO (coefficient
~0.51, p < 0.01). These results show, over timescales ranging from months to centuries, that sea levels in
Nova Scotia, Maine, and Connecticut vary in concert with one another and that sea levels along the North
American Atlantic coast and in Iceland are significantly related to the NAO but with opposite sign.

It remains to identify what processes mediate the relationship between sea level along the Atlantic coast of
North America and Iceland, as seen in the salt-marsh records, and their links to changes in ocean circulation
and large-scale climate on centennial timescales. One possibility is that NAO-related ocean dynamics, driven
locally or remotely by the atmosphere, plays a role (Curry & McCartney, 2001; Marshall et al., 2001). Local
wind and pressure forcing can drive coastal sea level fluctuations of ~+5-10 cm on timescales of months to
years (e.g., Andres et al., 2013; Woodworth et al., 2014; Piecuch, Calafat, et al., 2019). These forcing factors
have predominantly white spectra, as does the attendant ocean response in shallow, weakly stratified
regions near the coast (e.g., Frankignoul et al., 1997; Piecuch, Dangendorf, et al., 2019; Willebrand et al.,
1980). Any sea-level fluctuations related to these processes would thus have magnitudes <1 cm on the cen-
tennial periods of interest. Therefore, we reason that such local atmospheric forcing mechanisms alone are
unlikely to explain the larger-magnitude centennial behavior observed in the proxy records.

To consider the influence of larger-scale atmosphere-ocean dynamics, including connections to possible
changes in the AMOC, we examine annual sea-level fields from five coupled climate models participating
in the CMIP5/PMIP3 last-millennium experiment spanning 850-1850 CE (Schmidt et al., 2012). We com-
pare modelled sea level from Nova Scotia, Maine, and Connecticut to sea level near Iceland, as well as to
the NAO. Time series are smoothed with a 100-yr Hamming window. Sea-level variations over these time-
scales from the climate models are on the order of ~+1-2 cm (Figure S10), which is much smaller than
the ~+5-10-cm fluctuations apparent in the salt-marsh records (Figure 3). Correlations between North
America and Iceland sea levels are either statistically insignificant or significantly positive in the models
(Figure S10), which is distinct from the significant negative correlation observed in the proxies (Figure 3),
but consistent with other idealized climate-model simulations designed to quantify the ocean'’s centennial
response to surface-heat-flux forcing associated with the NAO (Delworth & Zeng, 2016). These results sug-
gest that large-scale atmosphere-ocean dynamics is not of leading importance in generating the sea-level
changes seen in the salt-marsh records, that there are errors in contemporary climate models that consis-
tently preclude realistic simulations of sea level on centennial timescales, or both.

Proxy reconstructions of AMOC changes, interpreted in light of basic ocean dynamics principles, give
further evidence, arguing against an explanation of the coastal sea-level changes primarily in terms of
large-scale ocean circulation. Thermal wind balance, applied to a flat-bottomed ocean with vertical side-
walls, suggests that a ~5-10-cm increase in sea level on the Atlantic coast of North America, such as observed
during the 18th century in the salt-marsh records, should be accompanied by a contemporaneous ~5-Sv
decline in the AMOC (e.g., Little et al., 2019). Yet, some reconstructions of the AMOC based on surface
and subsurface ocean temperatures suggest that the AMOC was stable during the 1700s, undergoing decadal
fluctuations of no more than ~+1 Sv (Caesar et al., 2018; Rahmstorf et al., 2015; Thornalley et al., 2018).
However, other records suggest considerable variability during this time and uncertainties of AMOC recon-
structions are potentially quite large (Moffa-Sanchez et al., 2019). Overall, there is no obvious relationship
between the density of intermediate waters in the Labrador Sea, which declined continuously from ~1700
to ~1900 CE (Thornalley et al., 2018), and sea level on the Atlantic coast of North America, which increased
during the 1700s but decreased during the 1800s relative to the global mean and long-term GIA
rates (Figure 3).

Another means for causing the sea-level changes in the salt-marsh records might be through the static
response to melting of land-based ice. When ice on land melts, water mass is redistributed at the surface, per-
turbing Earth's crust, gravity field, and rotation vector, and resulting in spatially variable patterns of sea-level

GEHRELS ET AL.

6 of 12



Geophysical Research Letters 10.1029/2019GL085814

-

Greenland b Iceland
Y
F)O
Z
K>
¥ o
Y
36 9, e European Alps
—
wm
oc
4%
o
o
-
w
oc
o
(O]
c

o N £

Temperature [°C]

|
N

Ensemble Members
— Ensemble Mean

-0.005

-0.01

1600

1900

Time [yrCE]

Figure 4. Examples of glacier and ice-sheet gravitational-rotational-deformational effects (“fingerprints”) that have the potential to force an out-of-phase
relationship in relative sea level along North American and Icelandic coastline. Shown are (a) Greenland, (b) Iceland, (c) Svalbard, (d) Scandinavia, and

(e) European Alps. Also shown are Arctic temperature change extracted from PAGES2k ensemble reconstructions (Neukom et al., 2019) in the form of time series in
(f) and as ensemble mean linear trends over 1700-1800 CE period in (g). The thick line in (f) corresponds to a centennially smoothed version of the ensemble mean.

change (Mitrovica et al., 2001). These “fingerprints” are characterized by sea-level fall in the near field of the
mass source and greater-than-global-average sea-level rise in the far field. Iceland is proximal to the
Greenland Ice Sheet and numerous prominent high-northern-latitude glacier complexes (Greenland,
Iceland, Svalbard, Russia, Scandinavia, etc.), the melting of which would lead to opposing sea-level changes
along Iceland and eastern North America, with sea-level changes in Iceland larger in amplitude than those
along the Atlantic coast of North America (Figure 4).

We use reconstructions of surface temperature history from the PAGES2k project (Neukom et al., 2019) to
consider whether enhanced warming and ice melt in the Arctic could have occurred in the 18th century.
Compared to the 17th and 19th centuries, the 18th century was a period of relative warmth and warming
north of 60°N (Figure 4f). A spatial analysis (Figure 4g) reveals that the warming in the Arctic during this
time was more pronounced than in other areas globally. This warming could have caused melting of
Arctic land-based ice—the gravitational, rotational, and deformational effects of which would have caused
sea-level fall around Iceland in the near field and sea-level rise along the farther-field Atlantic coast of North
America. Long glacier length records are rare (Leclercq et al., 2014), but they show some mass loss during the
18th century, especially in the European Alps, Scandinavia, and possibly Iceland (Figure S11). In the
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Canadian high Arctic, 18th century warming may have contributed to thinning of the Greenland Ice Sheet
(Halfar et al., 2013; Lecavalier et al., 2017) and the retreat of some tide water glaciers (Lea et al., 2014;
Motyka et al., 2017). Mass loss along Greenland's periphery is consistent with relative sea-level changes
reconstructed from salt marshes in western Greenland (Long et al., 2012) and sea-ice proxy records from
the East Greenland Shelf (Kolling et al., 2017). Evidence from six ice cores indicates a warming of
Greenland of ~1.6°C between 1710 and 1790, the fastest centennial rate of warming before the 20th century
during, at least, the last two millennia (Vinther et al., 2009).

Melting of Arctic land-based ice has been linked to the NAO. For example, Greenland's contributions to glo-
bal sea-level rise during the Arctic warm period of the 1920s and 1930s have been correlated with a negative
phase of the NAO (Chylek et al., 2004; Gregory et al., 2013). Glacier mass loss in Norway and Svalbard during
the second half of the 18th century has been attributed to reductions in precipitation due to NAO shifts
(Nesje et al., 2008; Rothe et al., 2015). Combined ice core and modelling studies show that snow accumula-
tion rates in Greenland during the past 400 yr were strongly correlated with the NAO but were stable during
the 18th century (Box et al., 2013), suggesting that Greenland ice-mass change was linked to temperature,
rather than precipitation changes, in the 18th century.

Therefore, multiple lines of evidence (e.g., from climate models, sea-level fingerprints, paleo-climate recon-
structions of surface temperature and ocean circulation, glacial and salt-marsh records) support the hypoth-
esis that reduction in Arctic land ice mass, possibly connected to the NAO, was a leading order process
contributing to the out-of-phase preindustrial sea-level changes along the coasts of eastern North America
and Iceland apparent in salt-marsh records. Future studies that may test this hypothesis require quantifica-
tion of historical ice melt, and assessment of resulting sea-level fingerprints in additional locations using
well-dated, high-resolution proxy sea-level records.

5. Conclusions

We provide evidence, based on proxy sea-level reconstructions derived from salt-marsh sediments from the
Atlantic coast of North America, for a preindustrial sea-level rise “hotspot” during the 18th century. The rate
of sea-level rise during this period was only slightly smaller than during the latter half of the 20th-century.
Indeed, the region where the most pronounced sea-level rise during this preindustrial period is recorded
(Nova Scotia to Cape Hatteras) is similar to the area where, during the last half century or so, tide-gauge
observations suggest a recent “hotspot” of accelerated sea level rise. We propose that the magnitude (~
+5-10 cm) and duration (~50-100 yr) of this preindustrial sea-level rise event along eastern North
America, along with its out-of-phase relationship to sea-level fluctuations in Iceland and coincidence with
centennial variations in the NAO, favor an explanation in terms of mass changes of Arctic land ice, although
we acknowledge that uncertainties are large and other processes (e.g., involving an ocean contribution) can-
not be entirely excluded. Examination of sea-level output from coupled climate-model experiments, geome-
tries (“fingerprints”) of sea-level change resulting from land-ice melt, and paleoclimate proxy records of
Arctic temperature all support the hypothesis that centennial variations in the retreat and advance of
Arctic glaciers render important contributions to the sea-level long-term variability seen in the salt-marsh
records. Our findings suggest that enhanced rates of sea-level rise along eastern North America are not
necessarily symptomatic of anthropogenic forcing, as was argued in past work (Sallenger et al., 2012), but
might arise from other forcing mechanisms in the coupled climate system. Our results also suggest that these
multidecadal-centennial periods of low or high sea level might dampen or amplify any future sea-level signal
that is generated by greenhouse-gas forcing, and should be taken into account in projections of future coastal
vulnerability and risk.
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