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Abstract pre-twentieth century sea level (SL) variability remains poorly understood due to limits of tide
gauge records, low temporal resolution of tidal marsh records, and regional anomalies caused by dynamic
ocean processes, notably multidecadal changes in Atlantic Meridional Overturning Circulation (AMOC). We
examined SL and AMOC variability along the eastern United States over the last 2000 years, using a SL curve
constructed from proxy sea surface temperature (SST) records from Chesapeake Bay, and twentieth century
SL-sea surface temperature (SST) relations derived from tide gauges and instrumental SST. The SL curve
shows multidecadal-scale variability (20-30 years) during the Medieval Climate Anomaly (MCA) and Little Ice
Age (LIA), as well as the twentieth century. During these SL oscillations, short-term rates ranged from 2 to
4mmyr~", roughly similar to those of the last few decades. These oscillations likely represent internal modes
of climate variability related to AMOC variability and originating at high latitudes, although the exact
mechanisms remain unclear. Results imply that dynamic ocean changes, in addition to thermosteric,
glacio-eustatic, or glacio-isostatic processes are an inherent part of SL variability in coastal regions, even
during millennial-scale climate oscillations such as the MCA and LIA and should be factored into efforts that
use tide gauges and tidal marsh sediments to understand global sea level rise.

1. Introduction

Sea level rise (SLR) ranks high on the list of climate change issues due to its threats to coastal regions.
Instrumental (tide gauge and satellite) records show that mean global SLR rates were 0.6 mmyr~' and
1.9mmyr~" during the nineteenth and twentieth centuries, respectively, 1.7 +0.3 mmyr™ ' since 1950
Common Era (CE,, total ~ 10 cm), and 3.3 0.4 mmyr~ ' from 1993 to 2009 C.E. (total ~5.2 cm) [Douglas et al.,
2001; Jevrejeva et al., 2008; Nicholls and Cazenave, 2010]. Based on tide gauges, tidal marsh records, and
glacio-isostatic adjustment (GIA) modeling, it has been argued that sea level (SL) was stable during the past
few millennia, and then sea level rise accelerated ~1850-1900 C.E. [e.g., Kemp et al., 2011; Church and White,
2011]. Our poor understanding of multidecadal SL variability, however, implies that it is questionable whether
we can confidently identify a twentieth century acceleration of sea level rise based on tide gauge records of
limited length [Sallenger et al., 2012; Ezer and Corlett, 2012; Gehrels and Woodworth, 2013]. In addition,
regional SL is impacted by multiple factors that must be taken into account (Figure 1), in contrast to global
sea level studies, which focus on thermosteric changes (ocean thermal expansion) in ocean volume and
eustatic changes (ice melt and freshwater storage) in ocean mass.

Marsh and coastal sediments along eastern North America have provided classic sea level reconstructions for
the Holocene [Bloom and Stuiver, 1963; Scholl et al., 1969] and the last few millennia [Thomas and Varekamp,
1991; Varekamp et al., 1992; Nydick et al., 1995; Varekamp and Thomas, 1998; Kearney and Stephenson, 1991].
Despite many additional marsh sea level reconstructions [Engelhart et al., 2009; Kemp et al., 2011] (reviewed in
Gehrels [2010]), sea level variability in the last 2000 years remains poorly understood, in part because marsh
accretion is better suited for documenting sea level rise than sea level fall [Varekamp et al., 1992; Kemp et al.,
2011]. In addition, ocean dynamical processes associated with Atlantic Meridional Overturning Circulation
(AMOC) can overwhelm thermosteric and eustatic effects along some coastlines. Climate modeling and
instrumental records show a dynamical relationship between sea surface temperature (SST) and SL in the
North Atlantic, related to AMOC variability over various timescales [Frankcombe and Dijkstra, 2009]. Moreover,
AMOC-forced SL anomalies are amplified along the eastern United States so that tide gauges in this region
serve as an indirect proxy for changes in the strength of AMOC [Bingham and Hughes, 2009; Ezer and Corlett,
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from Chesapeake Bay (CB) sediment cores
[Cronin et al., 2010] (Figure S1 in the
supporting information) to reconstruct
regional SL patterns off the eastern U.S.
over the last 2000 years, to estimate past variability in SL and, by inference, AMOC. In addition to the relation
between AMOC and sea level discussed below, our approach is based on several factors. First, the high
Holocene sedimentation rate (on average decadal resolution or better) makes this record superior to those from
tidal marshes and other marine sediment records [Heslop and Paul, 2011, but see Boessenkool et al., 20071.
Second, sea level change reconstructed from SST proxies is free from the complicating effects of vertical land
motions caused by tectonic, GIA, and other processes. Finally, an empirical approach to SL reconstruction has
been used successfully to assess global sea level based on the observed relations between global sea level and
near-surface temperature [Rahmstorf, 2007; Vermeer and Rahmstorf, 2009; Grinsted et al., 2009; Schaeffer

etal, 2012].

Figure 1. Processes influencing regional sea level variability along coastlines.

We first discuss the connection between sea level and AMOC based on modeling studies, paleoceanographic
records, and instrumental records. We then quantify the relationship between SL and SST along the eastern
United States for the last century—which we call “SL sensitivity"—using instrumental SST and tide gauge
records. Sensitivity estimates are then used to construct late Holocene SL anomaly curves from the
Mg/Ca-based proxy SST reconstruction from Chesapeake Bay, which are compared to late Holocene SL
curves constructed from eastern U.S. tidal marsh records.

2. AMOC, SST, and Sea Level in the North Atlantic

2.1. Atlantic Meridional Overturning Circulation

Atlantic Meridional Overturning Circulation is driven by vertical mixing in the ocean’s interior and wind-
induced Ekman upwelling in the Southern Ocean, with volume transport and circulation influenced by heat
and freshwater fluxes at the ocean surface [Kuhlbrodt et al., 2007; Srokosz et al., 2012]. Model simulations of
the last millennium forced by volcanism, solar variability, and greenhouse gases [Hofer et al., 2011] and model
simulations of the last 4000 years with atmosphere, ocean, land, and sea ice components of unforced climate
variability [Delworth and Zeng, 2012] show transient reductions in AMOC. Records from the Dry Tortugas/
Great Bahama Banks region suggest up to a 10% weakening of AMOC flow through the Florida Strait during
the Little Ice Age (LIA) ~1400-1800 C.E., with a minimum near 1800 C.E. [Lund and Curry, 2006; Lund et al.,
2006], but the temporal resolution is too low to assess short-term variability. Trouet et al. [2009] used tree ring
records from Morocco and speleothems from Scotland to infer that a 1000 year North Atlantic record of the
North Atlantic Oscillation may be linked to changes in AMOC, but terrestrial records are only indirectly related
to ocean dynamic changes.

Climate variability in the North Atlantic Ocean during the twentieth century involved large SST and SL
anomalies [Bingham and Hughes, 2009; Deser et al., 2010; Lozier et al., 2010], reflecting changes in the strength
of AMOC [Levermann et al., 2005; Yin et al., 2009; Hofer et al., 2011; Liu, 2012]. This AMOC variability led to
regional SL anomalies of =4 mmyr~" in the subpolar and subtropical North Atlantic between 1950-1970 and
1980-2000, which predate and postdate the large 1970s shift in the North Atlantic Oscillation (NAO) [Lozier
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Figure 2. Dynamic sea levels (in meters) from observations and from the Geophysical Fluid Dynamic Laboratory Climate
Model (CM2.1) simulations. (a) Observations (1992-2002) [Maximenko and Niiler, 2005]. (b) Simulation (1992-2002) [Yin
et al., 2009]. Location of Chesapeake Bay (star); Connecticut, New Jersey, and North Carolina marshes (triangles). Grey
arrows show northeast flowing Gulf Stream-North Atlantic Drift and southwest flowing east Greenland/Labrador Currents.
Modified from Yin et al. [2009] with permission from Macmillan.

et al., 2010]. These anomalies are far larger than the basin-averaged rate (non-glacio-eustatic) of
~0.25mmyr~' between 1950 and 2000.

Off the eastern U.S,, sea level anomalies in instrumental and historical records are particularly high. For
example, Bingham and Hughes [2009] suggested that a 2 cm fall in regional SL corresponds to a 1 sverdrup
(Sv) increase in AMOC. The Geophysical Fluid Dynamics Laboratory Climate Model (CM2.1) also shows large
regional sea level anomalies along the eastern U.S. A sharp gradient in dynamic sea level across the Gulf
Stream-North Atlantic Drift system was observed between 1992 and 2002, associated with the position of the
subpolar gyre, in observations (Figure 2a) and model simulations (Figure 2b) (adopted from Yin et al. [2009]).
Negative SL anomalies along the northeast U.S. coast reach —0.5 to —1.0 m during this period. In contrast, Yin
et al.'s [2009] simulations of “freshwater hosing” (i.e., simulation of fresh water influx) into the North Atlantic
for the next century show AMOC weakening, resulting in positive SL anomalies off northeastern North
America. Such regional rates of SL variation due to AMOC weakening can reach 20-25 mmyr~' and up to
4-5 cm/Sv under extreme freshwater forcing [Levermann et al., 2005]. The modeled ocean response to future
Greenland ice mass loss shows a decrease in the strength of AMOC and relative SL rise along eastern North
America (15, 54, and 165 cm of SL rise by 2100 depending on the model simulation) [Hu et al., 2009]. The total
increase in regional sea level is 10-30 cm in the subpolar North Atlantic, contrasting with a decrease of
10-20 cm in the midlatitude North Atlantic.

2.2. AMOC and the Atlantic Multidecadal Oscillation

We hypothesize that increases (decreases) in the strength of AMOC reflecting internal climate variability are
linked to negative (positive) regional sea level anomalies along the eastern U.S., following Bingham and
Hughes [2009], Ezer [2013], and Yin et al. [2009] (Figure 2). One dominant mode of variability illustrating the
relation between SL and North Atlantic Ocean processes is the Atlantic Multidecadal Oscillation (AMO)
[Enfield et al., 2001; te Raa and Dijkstra, 2002; Dijkstra et al., 2006; Frankcombe and Dijkstra, 2009]. AMO
variability along the U.S. East Coast during the early to middle twentieth century is illustrated through
comparison of instrumental and proxy records (Figure 3). These records include a composite SL anomaly
record from nine tide gauges (TG) along the northeast coast of North America [Bingham and Hughes, 2009]
(Figure 3a), detrended TG records from Baltimore and New York (Figure 3b) [see Boon, 2012], mean annual
Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) records in the Atlantic Ocean adjacent to
Chesapeake Bay (37.5°N, 75.5°W) (Figure 3c) [Rayner et al., 2003], the proxy SST paleoreconstruction from CB
cores (Figure 3d) [Cronin et al., 2010], and the AMO SST index for the North Atlantic (http://www.esrl.noaa.
gov/psd/data/correlation/amon.us.long.data) (Figure 3e). All exhibit the well-known pattern of rising
temperature and sea level beginning about 1920 (low AMO), peaking in the 1950s (high AMO), then falling in
the 1960s and 1970s. Collectively, these records show that SST and SL in Chesapeake Bay, and the
northwestern North Atlantic Ocean, exhibit similar trends on 20-30 year timescales, with positive sea level
and SST anomalies corresponding to a positive AMO index. These patterns are consistent with empirical and
modeling evidence suggesting that changes in AMOC might be a forcing mechanism for AMO variability
[Delworth and Zhang, 2007; Frankcombe and Dijkstra, 2009].
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Figure 3. (a) Northeastern North American detrended sea level anomaly based on 10 tide gauges from New York to
Yarmouth, Nova Scotia [Bingham and Hughes, 2009], (b) Baltimore and New York detrended tide gauge records (5 point
running mean) (http://www.psmsl.org/data/obtaining), (c) Mean Annual and Spring (average March to May) SST anomaly
from HadISST1 (37.5°N, 75.5°W) (http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html), (d) Mg/Ca-derived
proxy SST anomaly record for Chesapeake Bay (9 point running mean), and (e) Atlantic Multidecadal Oscillation North
Atlantic SST index, Kaplan version 2, (http://www.esrl.noaa.gov/psd/data/correlation/amon.us.long.data).

In addition to 20-30 year oscillations, Schlesinger and Ramankutty [1994] and Delworth and Mann [2000]
document 50-70 year quasi-cyclic climate oscillations on a North Atlantic basin scale. A 60 year oscillation in
global mean sea level is also evident in tide gauge records from most ocean basins, except the North Pacific
[Chambers et al., 2012]. The relations between 20-30 year and 50-70 year patterns are not clear (see section 5),
but both patterns may be related to meridional overturning, atmospheric NAO-like variability, and Atlantic-
Arctic Ocean water exchange [see Frankcombe et al., 2010].

3. Methods

We first evaluated the relations between Chesapeake Bay water temperatures and Atlantic Ocean SST data
because of the short length of instrumental SST records. We then estimated the “sensitivity” of SL to SST by
quantifying the relation between Atlantic Ocean SST data and sea level elevation anomalies in detrended CB
tide gauge records. Finally, the SL-SST sensitivity for CB SST was obtained using the relation between
calculated Atlantic Ocean SST and CB SST.
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3.1. Chesapeake Bay and Western North Atlantic SST

The relationship between Chesapeake Bay and Atlantic Ocean source water temperatures is evaluated using
instrumental records. The data for Chesapeake Bay SST are monthly averages (1949 to 2011 when available)
from shallow water (<8 m) at monitoring segments CB4MH and CB5MH (Figure S1; http://www.
chesapeakebay.net/data/). Water temperatures are highly correlated between the two monitoring segments
(* =0.99, Figure 52), suggesting that shallow water temperatures are similar throughout the main stem of the
bay, where the sediment Mg/Ca-derived proxy SST records were obtained.

Atlantic Ocean SST data were taken from the monthly HadISST1 data set [Rayner et al., 2003] at the 37.5°N,
75.5°W grid point outside the mouth of CB. The linear least squares regression between monthly Atlantic
Ocean and Chesapeake Bay SST data since 1949 suggest that CB SST and adjacent Atlantic Ocean SST are
linearly correlated (r*=0.96) and that a ~0.86°C Atlantic Ocean SST increase corresponded to a 1°C increase in
CB SST over the period 1949-2011 (Figure S2). These results are consistent with studies showing the influence
of ocean source water from the mid-Atlantic continental shelf on CB temperatures [Cronin et al., 2010].

3.2. Sensitivity of Sea Level to Changes in SST

To obtain the sensitivity of regional sea level to changes in SST, we compared the oceanic SST record from the
HadISST1 data set at 37.5°N, 75.5°W to a composite CB SL curve based on six tide gauge records, each with at
least 45 years of data (minimum 45 years, maximum 108 years), from 1929 to 2010 (Baltimore, Annapolis,
Solomons Island, Kiptopeke, Gloucester Point, and Sewells Point-Hampton Roads; http://psmsl.org/data/
obtaining; Figures S1 and S3). The composite tide gauge record was detrended to compare processes
influenced by regional dynamics rather than steric, eustatic, or glacio-isostatic effects, and an 11 year moving
average was applied to both the HadISST1 and the composite CB TG record to filter subdecadal variation
(supporting information). CB SL and Atlantic Ocean SST records exhibit similar multidecadal trends

(Figure 4a), roughly in phase during the 1935-1950 AMO oscillation (Figure 3). We obtain a SL-SST sensitivity
from tide gauges and SST data for the period 1935 to 1950 of 2.25 cm of SL change per °C in ocean SST

(P =0.84, 6=0.27 cm °C™"; Figure 4c), which, multiplied by the conversion factor 0.86 (section 3.1), yields a
sensitivity value for Chesapeake Bay of 1.94 cm SL change per °C change in CB.

Between 1950 and 2006, SL appears to lag SST (Figure 4a), a pattern consistent with studies of the
relationship between SST and SL variation with respect to the changing strength of the AMOC [Wyatt et al.,
20111. For this period, the linear least squares regression between Atlantic Ocean SST and the detrended
Chesapeake Bay SL anomalies with a lag time of 18 years maximizes the linear correlation (Figure 4b). This
suggests that a 1°C increase in Atlantic Ocean SST corresponded to 1.71 cm increase in CB SL (r* = 0.56,
0=025cm°C""; Figure 4d) over this time period. Thus, a 1.48 cm increase in CB SL corresponded to 1°C
increase in CB SST when adjusted by the CB SST-Atlantic Ocean SST relation described above.

3.3. Mg/Ca SST Paleothermometry

To reconstruct the CB SL variability over the past 2000 years, we applied the 1.94 and 1.48 cm sensitivity
values to paleo-SST records generated from magnesium/calcium (Mg/Ca) paleothermometry [Cronin et al.,
2003, 2010; Vann et al., 2004]. Mg/Ca in calcite (CaCOs) shells of the ostracode Loxoconcha (crustacea) is
controlled by the water temperature at which the adult animal grows its shell during molting. We slightly
modified the original empirical Mg/Ca temperature calibration (T=0.644 x Mg/Ca — 2.428; r*=0.81) from
Cronin et al. [2003], based on 156 living and core top Loxoconcha from CB, Bogue Sound North Carolina, and
the Atlantic continental shelf off eastern North America, by including additional material from Dameron
Marsh and the York River in Chesapeake Bay [Vann et al., 2004; Cronin et al., 2005]. The full calibration data set
includes samples representing seasonal and latitudinal variability in water temperature covering a range of 7
to 30°C. The revised calibration (equation (1)) is based on 265 individual analyses of adults from 56 samples,
including samples yielding two or more Mg/Ca analyses:

T = 0.61 x Mg/Ca-0.415

(r*= 077, 0 = 2.9) @

where Tis the CB surface water temperature in °C and Mg/Ca is the value of magnesium to calcium in mmol/
mol. This equation was used to compute paleo-SSTs from Loxoconcha from sediment cores from the main
channel of CB. The age model used by Cronin et al. [2010] was revised slightly by recalibrating radiocarbon
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Figure 4. (a) Instrumental records of yearly (squares) and 11 year smoothed (lines) Chesapeake Bay sea level anomalies
(blue) and HadISST oceanic SST (green) [Rayner et al., 2003]. Both data sets are plotted as z score, with the units corre-
sponding to number of standard deviations from the data set mean. (b) Comparison of correlation between SST and SL
(triangles), and sensitivity of SL to SST (expressed as the slope of the linear best fit line, blue boxes), as a function of lag time
between SL and SST in years. Error bars on sensitivity indicate the +2 standard error range on the slope of the best fit line
between SL and SST and are only shown for lag times that produce a correlation coefficient (r) greater than 0.3. (c and d)
Scatterplots of SL anomaly versus SST for the 1935-1950 and 1950-2006, 18 year lagged periods.

dates using the CALIB 6.0 program [Reimer et al., 2004; Stuiver et al., 2012; http://calib.qub.ac.uk/calib/]. This
revision changed the numerical ages minimally from —200 before the Common Era (B.C.E.) to 900 C.E. and
after 1600 C.E., and by a few decades between 900 and 1600 C.E. The largest change was the twelfth century
negative temperature excursion, which is 40 years younger in the new age model (Figure 5).

3.4. Uncertainty of SST-Based SL Estimates

The cumulative uncertainty on sea level estimates based on the Chesapeake Bay paleotemperature record is
estimated from the following sources of error: (1) Stacking of Chesapeake Bay detrended tide gauge records
(Stack); (2) Calibration of Mg/Ca to CB SST (Mg); (3) Cross calibration of SST records from the two Chesapeake
Bay monitoring areas (CBi;); (4) Cross calibration of SST records from Chesapeake Bay and the HadISST data

CRONIN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6


http://calib.qub.ac.uk/calib/

@AG U Paleoceanography 10.1002/2014PA002632

18 set (SSToce); Cross calibration of the
816 HadISST data set and the stacked,
% 1 detrended CB tide gauge records (SLg).
(a"’i The uncertainty in Stack is evaluated as
% 12 the average of the yearly stacking
A8 10 standard error:

1 2012 Oj
8 SEstack = Z — 1928
200 0O 200 400 600 800 1000 1200 1400 1600 1800 2000 (2012 - 1928) = \/Nj
Year (2)

Figure 5. Composite Mg/Ca-derived Chesapeake water temperatures in ~ Where o; is the standard deviation of the
°C using old age model [Cronin et al,, 2010] and age model derived in the  stack in the ith year and n; is the number
current study, using CALIB 6.0 marine reservoir-corrected ages [Reimer of tide gauge records averaged in the ith
et al., 2004; Stuiver et al., 2012] (http://calib.qub.ac.uk/calib/). year. Uncertainty in the detrending
regressions for each tide gauge was not
propagated to the stack uncertainty, as the regressions are meant to center the tide gauge records and

remove long-term trend in the mean.

For Mg, CBsst, SSToces and SLsst, uncertainty is expressed as 1 standard error of the least squares estimate for
the slope of the regression line between both data sets (SE,,,, Table S1). Vertical uncertainty on the sea level
estimate was calculated as the quadrature sum of the fractional uncertainties for each term above:

2 2 2 2 2
@ _ (SEStack) + SEmMg + (SEmCBss\) + <SEmSSTo(e ) + (SEmSLssl) 3)
|SL| |Stack| |mMg } [Mcsst| |[MssToce| [Mspsst|
where |Stack| is the range of the detrended stack and m is the slope of the respective regression lines. The
resulting vertical uncertainty (JSL) is expressed as a percentage of the range of reconstructed SL (|SL)).
Propagation of error by summation in quadrature assumes that the errors of the individual components in

equation (3) are independent and random. In practice this independence is difficult to discern, but there is no
a priori reason to expect the terms in equation (3) to exhibit dependency outside the considered relations.

Using the regression parameters in Table S1 results in a 10 vertical uncertainty of 15.4% using the 1935-1950
SST to SL calibration, and 17.5% using the 1950-2006 18 year lagged SST to SL calibration. Accounting for the
ranges of reconstructed SL from both SST to SL calibrations, this corresponds to a 16 uncertainty of +6.6 cm
using the 1935-1950 SST to SL calibration, and +£5.8 cm using the 1950-2006 18 year lagged SST to SL
calibration. These estimates compare favorably with expressed vertical uncertainties in tidal marsh sea level
records from the east coast of North America (Table 1).

4, Results

4.1. Construction of a 2000 Year Regional Sea Level Anomaly Curve

The maximum and minimum SL-SST sensitivities (1.94 cm and 1.48 cm per °C) applied to the SST anomalies
from the Mg/Ca curve yield the sea level anomaly curves shown in Figure 6. These curves reflect departures

from mean regional sea level averaged over the last 2000 years. Multidecadal sea level oscillations
characterize the entire record from 200 B.C.E. to 2000 C.E., with multiple brief (~20 years), large (14 to 20 cm)

Table 1. Vertical Uncertainties From Common Era Sea level Reconstructions, East Coast USA

Approach Location 1 Sigma Vertical Uncertainty (cm) References

Tidal marsh Connecticut, USA 3.9-5.2 Donnelly et al. [2004]

Tidal marsh North Carolina, USA 5 Kemp et al. [2011]

Empirical SL-SST Chesapeake Bay, USA 5.8-6.6 this study

Tidal marsh Connecticut, USA 5-20 van de Plassche et al. [1998]

Tidal marsh New Jersey, USA 12 Kemp et al. [2013]

Tidal marsh Connecticut, USA 15 Thompson et al. [2000]

Tidal marsh Maine, USA 25 Gehrels [2000]
CRONIN ETAL. ©2014. American Geophysical Union. All Rights Reserved. 7
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Year (CE) tide gauge [Boon, 2012]. Our ability to
reconstruct processes influencing SL on

Figure 6. Ten year interpolated paleo-sea level anomaly curves using longer timescales (e.g., centennial or
9.

1.94 (black) and 1.48 cm/°C (red) sensitivities described in text, age
model modified from Cronin et al. [2010] (Figure 5). MCA and LIA are greater) is constrained by the use of
Medieval Climate Anomaly and Little Ice Age. detrended tide gauge records in the SST

to SL calibration. Hence, multicentennial
SL events are not observed in the CB record, even though persistent features in eastern U.S. tidal marsh

records [Thompson et al., 2000; Kemp et al., 2011, 2013] (see below and Figure 8).
4.2. Quasi-Cyclic SL Variability Over Multidecadal Timescales

To analyze the periodicity of SL variability, we calculated the frequency domain of the CB sea level
reconstruction for the last 2000 years, at an average temporal resolution of 3.0 years. Data were regularly
resampled at 5 year intervals to remove subdecadal frequencies of variation (Figure 7). Significant
multidecadal variation (at 80% confidence) appears at periods centered on 21 and 31 years, with significant
power on multicentennial timescales (~185 years). Additional spectral analyses (not shown) of the SL record

using different sampling and smoothing strategies and covering both the last 1000 years and the period
1713-1990 C.E. suggested the presence of similar periods of multidecadal variability.

4.3. Tidal Marsh Records of Sea Level

We aimed to examine whether multidecadal-scale regional SL variations are a persistent feature of the NE
USA region during past climate changes; thus, we plotted the curve (Figure 6) against low-frequency SL
variability records over the Medieval Climate Anomaly (MCA) and LIA based on tidal salt marsh sediments.
Marsh SL records for the MCA-LIA have negligible tectonic influence and well-constrained long-term GIA

3

~185

log (Spectral Power)

—— CB SL Spectrum
Null Spectrum
- - -+80%Cl

200 100 80 60 40 30 20
Period (yr)

Figure 7. Blackman-Tukey fast Fourier transform of the paleo-
SL curve interpolated at 5 year intervals, with Bartlett win-
dowing at 30% of the series length. The bandwidth is

0.003 y71. The null spectrum is estimated as a third-order
polynomial fit to the logarithm of the power spectrum.
Significant power at the 80% confidence level is observed
relative to the null spectrum at periods of ~21 (20.1 to 21.4)
years, 31 (29.9 to 32.9) years, and 185 (144 to 256) years, with
bandwidth intervals given in parentheses.

[Engelhart et al., 2009; Varekamp et al., 1992; Kemp
et al, 2011, 2013] and exhibit variability
associated with the large-scale late Holocene
millennial-scale climate oscillations.

Figure 8 shows late Holocene sea level anomaly
curves for Connecticut (Figure 8a, ~41.5°N
latitude, CT) [Thomas and Varekamp, 1991;
Varekamp et al., 1992; Varekamp and Thomas,
1998; Thompson et al., 2000], New Jersey

(Figure 8b, ~39-39.5°N latitude, NJ) [Kemp et al.,
2013], and Pamlico-Albemarle Sound, eastern
North Carolina (Figure 8d, ~35-36°N latitude, NC)
[Kemp et al., 2011]. The CT record is a composite
based on three marshes (Branford, Guilford, and
Clinton) located within a 25 km area. The curves
were constructed using long-term average rates
of sea level rise calculated from the slope of the
linear least squares fit between sediment age and
relative sea level position derived using
agglutinated benthic foraminiferal records. Long-
term average rates are 2.1 mm yr’1 for CT,
1.55mmyr~' for NJ and 1.18 mmyr~" for Sand
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Figure 8. Detrended sea level anomalies for tidal marsh sea level records calculated as departure from long-term SL rise
rates for (a) Connecticut marshes (Branford, Guilford, and Clinton) [Thompson et al., 2000], (b) New Jersey marshes
(Leeds Point and Cape May Courthouse) [Kemp et al., 2013], and (d) North Carolina marshes (Sand Point and Tump Point)
[Kemp et al., 2013]. Chesapeake Bay multidecadal SL anomalies from Figure 6 are shown in Figure 8c. Uncertainty interval
based on foraminiferal assemblages varies among saltmarsh and by location within a saltmarsh, with lowest values
(~10cm) in the upper marsh and larger values (~25-30 cm) in the middle marsh.

Point, NC (higher rates of 2.3mmyr~' were obtained for Dennis Creek, NJ, by Varekamp and Thomas

[1998]). Estimates of SL rise rates vary depending on estimates of GIA subsidence and period considered,
but the slightly different rates do not appreciably alter the pattern of centennial-scale sea level variability
(supporting information).

The CTand NJ curves from Kemp et al. [2013] have positive SL anomalies during the MCA (~700-900 C.E. in CT,
~600-1200 C.E. in NJ; Figure 8). The fall in SL during the MCA-LIA transition occurred after ~ 1000 C.E. and
more gradually in NJ [Kemp et al., 2013]. In contrast, there was relatively high SL in NC prior to 600 C.E. and
from 1200 to 1500 C.E. [Kemp et al., 2011]. Two other differences between the curves are the amplitude of SL
variability across the MCA-LIA transition. This amplitude decreases from north to south (~30 to 40 cm in CT, 20
to 30cm in NJ, and 10 to 20 cm in NC). Marsh records from the Gulf of Mexico, for comparison, show a
MCA-LIA SL anomaly conservatively estimated at 0-55 cm, with a likely anomaly in the range of tens of
centimeters [Gonzdlez and Térnqvist, 2009]. Modeled global SL anomalies during the MCA-LIA based on land-
based temperature reconstructions are ~31-47 cm [Grinsted et al., 2009] and ~ 25 cm [Crowley et al., 2003].

The multidecadal SL variations of 10 to 20 cm estimated from the paleo-SST record (Figure 8c) occur
throughout the last 2000 years, including the MCA-LIA intervals, when the tidal marsh records document
higher-amplitude (20-30 cm) centennial-scale SL changes and inflection points representing periods of rising
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or falling SL [Kemp et al., 2013]. These results suggest a persistent pattern of regional multidecadal SL
variability during both warmer (MCA) and cooler (LIA) late Holocene periods.

5. Discussion

5.1. Sources of Uncertainty

To our knowledge, we are the first to estimate past regional sea level anomalies using an SST-based proxy
method and to examine the SL-AMOC relation over multidecadal timescales. We consider these results
preliminary and subject to several sources of uncertainty. As with all sedimentary records, the knowledge
about the exact timing of reconstructed events hinges on the quality of the age models. Chesapeake
sediment chronology has been the subject of numerous studies using several chronological methods
(*"°Pb, '¥7Cs, "¢, historical pollen-colonial land use change), has been replicated in multiple sediment cores,
and is considered accurate to within several decades [Colman et al., 2002; Willard et al., 2005; Cronin et al.,
2010]. In tidal marshes, age error bars may be several decades to a century, depending on the particular
marsh, method used, and time period [Thomas and Varekamp, 1991; Varekamp et al., 1992; Gehrels, 2010;
Kemp et al., 2013].

There is also an error associated with the Mg/Ca proxy method and the SL-SST sensitivity equations used to
convert SST to SL anomalies, only in part due to the possible lag between regional SL, SST, and AMOC
strength (10 vertical error £5.8 to 6.6 cm SL equivalent, Table 1). The range of reconstructed SL anomalies
(~20 cm, Figure 6) exceeds the range of SL anomalies used for calibration (~2.5 cm, Figure 4b), so there likely
is additional uncertainty from the extrapolation of our SL-SST sensitivity calibration. In addition, AMOC
variability occurs over seasonal to interannual timescales, beyond the temporal resolution of proxy-based SL
records [Rayner et al., 2011; McCarthy et al., 2012]. We therefore emphasize that inferences about past AMOC
variability using paleo-SST and SL reconstructions represent simplified, semiquantitative views of a
complex system.

5.2. High-Frequency AMOC and Sea Level Oscillations

Even with these uncertainties, the SL anomaly curves in Figure 6 reveal patterns that may be explained by
dynamical ocean changes related to AMOC variability, similar to those observed in many studies of east coast
tide gauges [Bingham and Hughes, 2009; Sallenger et al., 2012; Ezer and Corlett, 2012; Ezer, 2013], as well as
model simulations [Hu et al., 2009; Yin et al., 2009]. Exact triggering mechanisms are difficult to assess, but
changes in the mass balance of the Greenland Ice Sheet could have periodically altered the strength of AMOC
through the effects of freshwater flux on surface ocean density. Supporting this idea, a strong southeast
geographic information system melting event during the 1930s [Bjerk et al., 2012] coincided with the rise in
sea level during the twentieth century AMO oscillation (Figure 3). In addition, this hypothesis is consistent
with 8000 year long ice core, lake, and marine sediment proxy records around the North Atlantic Ocean,
showing quasi-cyclic AMO atmospheric variability [Knudsen et al., 2011].

Tidal marsh records from Connecticut, New Jersey, and North Carolina all exhibit evidence of SL variability on
multidecadal timescales (Figure 8), although in many instances it is within vertical and horizontal
uncertainties [e.g., Kemp et al., 2011, 2013]. The magnitude of multidecadal variability appears to decrease
from north (~10-20 cm, CT) to south (~5 cm, NC), consistent with the expected spatial pattern of SL changes
forced by AMOC variability [Yin et al., 2009]. Short-term variability in SL rise rates in some CT marshes
(specifically in eastern CT, i.e., relatively close to the open ocean) has been attributed to hurricane overwash
and infilling of eroded marsh sediments [e.g., van de Plassche et al., 2006], but these phenomena have not
been observed in the marsh records shown here (Figure 8). The ability of tidal marsh SL records to capture
multidecadal variability is hampered by the relatively low accumulation rates of tidal marsh sediments, such
that they may give an aliased view as compared to the higher-resolution CB record.

5.3. Possible Periodicity of SL Oscillations

The significant periodicity in SL variability near 20 and 30 years (Figure 7), as previously observed in records
from Chesapeake Bay [Cronin et al., 2005] agrees with the hypothesis that a 20-30 year sea level oscillation is
inherent to the North Atlantic system and reflects an internal ocean mode mechanism [Frankcombe and

Dijkstra, 2009; te Raa and Dijkstra, 2002], possibly related to changes in AMOC [Frankcombe et al., 2010]. Quasi-
cycles in SST patterns at frequencies of 60-80 years are seen in general circulation models [Jungclaus et al.,
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2005; Vellinga and Wu, 2004] and may reflect ocean exchange processes between the Atlantic and Arctic
Oceans [Frankcombe et al., 2010]. The hypothesis that high-latitude processes trigger AMOC and sea level
oscillations requires further testing using high-latitude, decadal-scale proxy reconstructions.

5.4. Periods of Rapid Sea Level Rise

The multidecadal regional SL anomaly curve provides a unique long-term context for understanding the
controversial acceleration in the rate of sea level rise during the past few decades [Sallenger et al., 2012; Kopp,
2013; Ezer, 2013]. Rates of 2-4 mmyr~ ' punctuate the SST-derived SL curve (Figure 6); thus, the regional
eastern U.S. rates observed during the last few decades are not necessarily unusual or representative of a
long-time average. Regional rapid SLR rates of several cmyr™' can occur over several decades, as expected
from ocean dynamical and modeling studies.

The hypothesis that late Holocene global SL has been stable [e.g., Bindoff et al. 2007] rests largely on local and
regional tide gauge and tidal marsh records which have been corrected for GIA, but, importantly, not for
variability related to AMOC, or they cannot resolve such variability. This hypothesis has recently been
questioned [e.g., Cronin, 2012; Kemp et al., 2013] and thus should be reevaluated using quantitative
reconstructions of AMOC and records from higher latitudes [e.g., Gehrels et al., 2012].
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