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Abstract Tide gauges provide a rich, long-term, record of the amplitude and spatiotemporal structure
of interannual to multidecadal coastal sea-level variability, including that related to North American

east coast sea level “hotspots.” Here, using wavelet analyses, we find evidence for multidecadal epochs

of enhanced decadal (10-15 year period) sea-level variability at almost all long (>70 years) east coast tide
gauge records. Within this frequency band, large-scale spatial covariance is time-dependent; notably,
coastal sectors north and south of Cape Hatteras exhibit multidecadal epochs of coherence (~1960-1990)
and incoherence (~1990-present). Results suggest that previous interpretations of along coast covariance,
and its underlying physical drivers, are clouded by time-dependence and frequency-dependence.
Although further work is required to clarify the mechanisms driving sea-level variability in this frequency
band, we highlight potential associations with the North Atlantic sea surface temperature tripole and
Atlantic Multidecadal Variability.

Plain Language Summary The prediction of future sea-level change along the densely
populated North American east coast is of considerable societal value. However, robust predictions
require additional efforts to (a) characterize the nature of observed sea-level variability; and (b) identify
key underlying physical processes. Such efforts are also required to understand whether, and how, the

tide gauge record can be used to reconstruct ocean circulation and climate variability. While many studies
have investigated North American east coast sea-level variability, there remains a lack of clarity in its
spatial structure. Of particular importance to reconstructions and tide gauge indices is the degree to which
sea-level variability is common ('“coherent”) across Cape Hatteras. Here, we identify and characterize sea-
level variability across a large set of tide gauge records, highlighting changes occurring at roughly decadal
periods. Coastal sea level exhibits damped and enhanced 30-40-year epochs of decadal variability, and
coherence (~1960-1990), and incoherence (~1990-present) across Cape Hatteras. These findings (a) reveal
limitations in assumptions embedded in previous coastal sea-level indices and sea-level reconstructions
and (b) inform interpretations of geographic shifts in sea level “hotspots” observed over the past few
decades.

1. Introduction

Interannual to multidecadal fluctuations in sea level often overwhelm long-term secular trends, driving
changes in the frequency and severity of coastal flooding, salt water intrusion, and coastal erosion events,
with important consequences for coastal communities (e.g., Ezer & Atkinson, 2014; Hamlington et al., 2015;
Menéndez & Woodworth, 2010; Nicholls & Cazenave, 2010; Sweet et al., 2016). Along the eastern North
American coastline (east coast; Figure 1a), rates of sea-level rise have varied widely in time and space over
the past two decades, with regions of enhanced rise described as “hotspots” (Sallenger et al., 2012). For
example, from 2010 to 2015, the east coast south of Cape Hatteras experienced rates of sea-level rise of up
to three times the global mean (Domingues et al., 2018; Valle-Levinson et al., 2017). In contrast, in the pre-
vious decade, sea-level rise rates were relatively high north of Cape Hatteras (e.g., Boon, 2012; Kopp, 2013;
Sallenger et al., 2012; Yin & Goddard, 2013).

The east coast tide gauge record, extending into the 19th century, provides a valuable means to place recent
observations into context. For example, long records can inform whether (a) there are periodic and/or po-
tentially predictable aspects of sea-level variability; and (b) sea-level rates are out-of-phase across the Gulf
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Figure 1. (a) Location of tide gauges employed in this analysis, with colors indicating the two tide gauges highlighted in this figure (Charleston I, blue; the
Battery/New York City, orange). (b) Detrended, infilled, annual mean sea level (¢, in cm) at the Battery tide gauge. (c) as (b), for the Charleston tide gauge.
5-year smoothed time series at each tide gauge are shown with thick colored lines. (d) Continuous wavelet power spectra (in cm? ona log, scale) of ¢ at the
Battery tide gauge. Transparent mask indicates the cone of influence. Solid black lines denote significance at the p < 0.1 level relative to 300 resampled time
series with the same AR(1) coefficients. Black dashed line indicates a period of 12.4 years. (e) As (d), for the Charleston tide gauge (other east coast tide gauges

are shown in Figures S3-S5).

Stream detachment at Cape Hatteras, or merely unrelated. Such kinematic information may also inform
dynamical considerations, for example, whether hotspots are driven by the same physical process on both
sides of Cape Hatteras. An improved understanding of the spatial structure of sea-level variability is also
required for assessing the robustness of (a) covariance assumptions embedded in sea-level reconstructions
(Kopp, 2013; Piecuch, Huybers, et al., 2018) and (b) tide-gauge based indices of climate variability (e.g.,
Ezer, 2015; McCarthy et al., 2015; Valle-Levinson et al., 2017).

Previous analyses of east coast sea-level variability generally consider the forcing and dynamics of sea level
in sectors north and south of Cape Hatteras separately, often reducing noise by averaging tide gauge records
over each along coast sector (e.g., Goddard et al., 2015; Kenigson et al., 2018; McCarthy et al., 2015; Meade
& Emery, 1971; Piecuch, Bittermann, et al., 2018; Thompson & Mitchum, 2014). Justification for this ap-
proach is generally based on cross-correlation analyses, which reveal higher correlations for tide gauges on
the same side of Cape Hatteras than those on opposite sides (Ezer, 2019; Kenigson et al., 2018; McCarthy
et al., 2015; Piecuch et al., 2017; Thompson & Mitchum, 2014; Woodworth et al., 2014). However, correla-
tions across Cape Hatteras vary widely across these studies, possibly due to the different time periods and
tide gauges considered.

Perhaps relatedly, the along coast extent of sectors also varies across studies. For example, north of Hat-
teras sectors have included (Piecuch et al., 2017; Thompson & Mitchum, 2014) or excluded (McCarthy
et al., 2015; Meade & Emery, 1971) tide gauges in the Gulf of Maine, while the sector south of Cape Hat-
teras has been chosen to extend to Miami Beach (McCarthy et al., 2015; Thompson & Mitchum, 2014) or
Fernandina Beach, excluding much of Florida's Atlantic coast (Kenigson et al., 2018). Kenigson et al. (2018)
identify Chesapeake Bay as a distinct sector, whereas other studies often exclude tide gauges within estuar-
ies, bays, and harbors in favor of open-ocean sites (e.g., Thompson & Mitchum, 2014). While it is reasonable
that sector definitions should change depending upon the physical process considered (e.g., the North At-
lantic Oscillation [NAO], local or remote wind stress, river discharge), most studies do not clearly state the
dynamical rationale underlying these choices.

Furthermore, a few studies find evidence for common sea-level variability across Cape Hatteras (Thomp-
son, 1986; Thompson & Mitchum, 2014). In particular, Thompson (1986) notes a frequency-dependent rela-
tionship between tide gauges in Charleston and Boston between 1950 and 1975, with significant coherence
at periods longer than 6 years. More recent literature has not pursued similar coherence analyses, even with
the opportunity to analyze a substantially longer time series. Several recent studies have also suggested that
the ocean's response to atmospheric forcing related to the NAO or other large-scale climate modes may
result in a coherent, but out-of-phase, relationship between tide gauges north and south of Cape Hatteras
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(Kopp, 2013; McCarthy et al., 2015; Valle-Levinson et al., 2017). (The interpretation of south/north differ-
ences as a dynamical signal has, however, been challenged (Woodworth et al., 2017); higher correlations
between these sea-level indices and climate indices could result from the elimination of common, unrelated
sea-level variability.)

Valle-Levinson et al. (2017) employ a more objective approach to assessing east coast sea level covariance
in the long-term record. By applying an empirical orthogonal function (EOF) analysis to smoothed rates of
sea-level change, this study finds two dominant modes: a dipole across Cape Hatteras (explaining 20% of the
variance) and a uniform along coast mode (explaining 67%). However, their EOF-based approach assumes
that spatial and temporal dependencies are separable, and thus cannot account for time-dependence and/or
frequency-dependence in the spatial structure of sea-level variability. In fact, the decomposition of variance
into two modes obscures the strong decadal periodicity, and its apparent amplitude modulation, evident
in the tide gauge record (e.g., their Figure 3). Such periods of amplified decadal variability are also clearly
evident in time series of long east coast tide gauge records, especially north of Cape Hatteras after ~1960
(e.g., McCarthy et al., 2015; Piecuch et al., 2017; Talke et al., 2018), although they have not been explicitly
discussed in the literature.

To summarize, interannual to multidecadal fluctuations in east coast sea level are of critical importance to
coastal communities and the interpretation of past ocean circulation, but their spatiotemporal structure is
currently poorly characterized. Here, to improve the basis for the identification of underlying driving mech-
anisms, and their potential predictability, we quantify (a) the time-dependent amplitude of coastal sea-level
variability along the east coast, focusing on decadal periods; and (b) the degree to which this variability is
spatially coherent, and the epochs of coherence, especially across Cape Hatteras.

2. Data and Methods

We analyze 29 monthly mean tide-gauge records, retrieved from the Permanent Service for Mean Sea Level
Revised Local Reference (PSMSL RLR) database on July 1 2020 (Holgate et al., 2013). Tide gauges are in-
cluded if they include at least 840 monthly mean values over the 1893-2019 period (Figure 1a and Table 1).
Monthly values for all tide gauges, relative to 2019, are shown in Figure S1. The Fernandina Beach, East-
port, Halifax, and Charlottetown tide gauge records have been truncated due to extensive gaps early in their
record.

East coast tide gauges exhibit long-term increases in relative sea level, with contributions from various local,
regional, and global processes, including land motion (e.g., Piecuch, Huybers, et al., 2018). As this analysis
focuses on sea-level fluctuations related to climate variability, we linearly detrend the monthly records over
the period of record of each tide gauge. After removing the trend, gaps in monthly records are filled by zeros
before calculating annual means (Figure S2). Given our focus on decadal signals, our results are insensitive
to the details of the gap-filling algorithm. All subsequent analyses are performed on detrended annual mean
values (subsequently denoted as ¢).

Wavelet analysis was performed using publicly available MATLAB code (Grinsted et al., 2004) building on
work by Torrence and Webster (1999). We use a complex Morlet wavelet with @y = 6 and 61 scales repre-
senting Fourier periods from 1.03 to 33 years; results are insensitive to reasonable alternative parameter
choices. The “cone of influence” of each tide gauge is a function of the record length (Figures S3-S5).

Uncertainty is assessed using Monte-Carlo techniques. For each tide gauge, we generate 300 synthetic red
noise time series of the same length and with identical lag-1 autocorrelation coefficients. Values are consid-
ered significant if they are greater than the 90th percentile value of the synthetic time series. Past studies
(e.g., Piecuch, Huybers, et al., 2018; Piecuch et al., 2017) show that an autoregressive model of order 1 is a
reasonable null model for annual mean tide-gauge records in this region.
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Table 1
Tide Gauges Included in This Analysis
Tide gauge Latitude Longitude  First full year Last full year Completeness
Charlottetown 46.23 —63.12 1938 2018 95.0%
Halifax 44.67 —63.58 1941 2013 96.5%
Saint John, N.B. 45.27 —66.07 1941 2018 89.1%
Eastport 44.9 —66.98 1930 2019 93.8%
Portland (Maine) 43.66 —70.25 1912 2019 99.8%
Boston 42.35 —71.05 1921 2019 99.1%
Woods Hole (Ocean. Inst.) 41.52 —70.67 1933 2019 94.8%
Newport 41.51 —71.33 1931 2019 99.0%
New London 41.36 —72.09 1939 2019 96.5%
New York (The Battery) 40.7 —74.01 1893 2019 99.3%
Sandy Hook 40.47 —74.01 1933 2019 98.8%
Philadelphia (Pier 9N) 39.93 —75.14 1901 2019 97.5%
Atlantic City 39.35 —74.42 1912 2019 93.3%
Baltimore 39.27 —76.58 1903 2019 99.8%
Annapolis (Naval Academy) 38.98 —76.48 1929 2019 96.3%
Washington DC 38.87 —77.02 1931 2019 98.3%
Solomon's Island (Biol. Lab.) 38.32 —76.45 1938 2019 96.2%
Sewells Point, Hampton Roads 36.95 —76.33 1928 2019 99.8%
Wilmington 34.23 —77.95 1936 2019 98.5%
Charleston I 32.78 —79.92 1922 2019 100.0%
Fort Pulaski 32.03 —80.9 1935 2019 98.8%
Fernandina Beach 30.67 —81.47 1939 2019 96.8%
Mayport 30.39 —81.43 1929 1999 99.8%
Key West 24.55 —81.81 1913 2019 99.2%
St. Petersburg 27.76 —82.63 1947 2019 99.9%
Cedar Key II 29.14 —83.03 1939 2019 95.2%
Pensacola 30.4 —87.21 1924 2019 98.6%
Galveston II, Pier 21, TX 29.31 —-94.79 1909 2019 99.5%
Port Isabel 26.06 —-97.22 1945 2019 96.4%

Note. Completeness is the fraction of months with data over the time period beginning in the first full year and ending
in the last full year, inclusive.

3. Results

East coast tide gauges exhibit variability in £ at a wide range of timescales. When smoothed over interannu-
al frequencies, most reveal substantial longer-period variability. For example, in Figure 1b, ¢ at the Battery
tide gauge (New York City) shows a shift to more pronounced quasi-decadal variability around 1960-1970.
This shift is particularly evident in tide gauges north of Cape Hatteras, and is apparent in earlier studies
utilizing long east coast tide gauge records (e.g., Ezer & Dangendorf, 2020; Piecuch et al., 2017; Woodworth
et al., 2017). However, epochs of amplified and damped quasi-decadal variability are evident in most tide
gauge records along the east coast (Figures 1c and S2).

We employ continuous wavelet transforms to more rigorously investigate the frequency-dependence and
time-dependence of ¢ variability. Immediately apparent in wavelet spectra for almost all east coast tide
gauges (Figures S3-S5) is a band of enhanced power at 10-15 year periods (hereafter, the “decadal” band).
Representative spectra at Charleston and New York City are shown in Figures 1d and le. While there is
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Figure 2. (a) 10-15 years bandpass filtered  (in cm) at all tide gauges. (b) Power centered on a period of 12.4 years (in cm?) for all tide gauges, only shown for
times outside the cone of influence. (c) Wavelet coherence of east coast tide gauges with the Charleston I tide gauge centered on a period of 12.4 years. In (b)
and (c), significance at the p < 0.1 level is shown with stippling.

power at other periods at particular locations (e.g., 5-year and 20-year periods at New York City; Figure 1e),
no bands are as consistently prominent and/or significant (see Section 2) as the decadal band. Power in
this band is not constant over the period of record, however: ¢ exhibits multidecadal epochs of enhanced
variability that differ in time along the coast (~1940-1980 and ~1970-2000 at Charleston and the Battery,
respectively).

The amplitude of 10-15 year band-pass filtered ¢ (Figure 2a) varies over the period of record at all east coast
tide gauges. Wavelet power centered on a Fourier period of 12.4 years varies in time and space by over an
order of magnitude, consistent with band-passed time series (Figure 2b). While site-to-site differences are
evident, epochs of enhanced decadal variability exhibit a distinct spatial structure at a sectoral scale. For ex-
ample, although there are fewer and shorter tide gauge records available south of Cape Hatteras, the epoch
of enhanced power at decadal periods precedes that in tide gauges north of Cape Hatteras. The initiation of
significantly enhanced power appears as early as mid-1940s in Charleston and other tide gauges in the Gulf
of Mexico. In contrast, most tide gauges north of Cape Hatteras show significant power only after 1965. In
the two northernmost tide gauges, significant power emerges only after 1985. During epochs of enhanced
¢ variability, maxima in power are similar in magnitude along the east coast (generally between 50 and 100
cm?). However, these maxima are much lower in some tide gauges, notably Key West and Pensacola, on
Florida's west coast, and those along the coast of Maine.

The along coast coherence of ¢ variability in the decadal band also varies over multidecadal timescales. In
Figure 2c, this behavior is illustrated by calculating wavelet coherence between the Charleston tide gauge
and all other east coast tide gauges centered on a period of 12.4 years. While decadal ¢ variability from Pen-
sacola to Wilmington is highly coherent with Charleston over the common period of record, tide gauges to
the north and west exhibit periods of high and low coherence. For example, the Galveston and Port Isabel
tide gauges lose coherence with ¢ at Charleston in the 1990s. A similar loss of coherence is evident in tide
gauges immediately north of Cape Hatteras, while those north of New York City lose coherence earlier
(~1970). Summarizing, over the period of record, power in decadal east coast ¢ exhibits a northward shift.
As variability becomes weaker south of Cape Hatteras around ~1980, along coast coherence across Cape
Hatteras decreases, but remains high for locations north of Cape Hatteras. During times of coherence, ¢
variability is largely in-phase.
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Figure 3. (a, c) Fraction of the total ¢ variance within the 10-15 years frequency band over the (a) 1959-1988 and (c)
1989-2018 epoch. Tide gauges that are significant at the p < 0.1 level are shown with asterisks. (b, d) Cross-correlation
of ¢ between pairs of tide gauges over the (b) 1959-1988 and (d) 1989-2018 epoch. Significance at the p < 0.1 level is
shown with stippling.

Figures S3-S5 suggest that power in the decadal band comprises a substantial fraction of the total vari-
ance. Indeed, this band comprises anywhere between 10% and 50% of the overall £ variance over the entire
record, although this fractional variance varies in time (Figures 3a and 3c). The large and time-varying con-
tribution of decadal variability, in turn, implies that its spatial coherence (i.e., Figure 2c) will meaningfully
impact along coast correlations.

In Figures 3b and 3d, we calculate cross-correlations over two different continuous 30-year epochs over
which most tide gauges have annual mean values. When along coast coherence in the decadal band is rel-
atively high (1959-1988; Figure 3b), the drop in correlation across Cape Hatteras emphasized in previous
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studies is far more muted than when compared with the complete record. Instead, a break in correlation
occurs south of the Gulf of Maine, between Boston and Portland, Maine. In contrast, cross-correlation for
tide gauges on either side of Cape Hatteras is very low during a 30-year epoch of low coherence in the dec-
adal band (1989-2018; Figure 3d).

Thus, while there remains the potential for multidecadal variation in alongshore coherence in other fre-
quency bands, we find a clear temporal dependence in cross-correlation in the direction expected from
analysis of the decadal band.

4. Discussion and Conclusions

Using tide gauges along the North American east coast, we find strong evidence for multidecadal epochs of
enhanced decadal sea-level variability, with a time-varying along coast spatial expression. Our results help
reconcile studies that emphasize the presence of both correlated (Thompson & Mitchum, 2014) and uncor-
related (Piecuch et al., 2017) sea-level variability across Cape Hatteras. The key insights provided here are
that (a) variability in the decadal frequency band is responsible for much of the observed spatial structure;
and (b) measures of along coast coherence are sensitive to the time period analyzed.

The epoch of measurements considered in different studies may thus contribute to their interpretation.
For example, Thompson and Mitchum (2014) emphasize along coast coherence in their analysis of the
1952-2009 period, which encompasses the time period of high coherence in the decadal band (1960-1990;
Figure 2). Similarly, Thompson (1986) finds coherence across Cape Hatteras at longer than interannual
timescales over the 1950-1975 period. In contrast, Piecuch et al. (2017) consider 1980-2010 and emphasize
a lack of coherence across Cape Hatteras.

Perhaps more important than the specific time period analyzed is a reliance on cross-correlation analyses,
which blend spatial structures associated with different frequency bands and epochs. Although we have not
considered spatial structure outside decadal periods, our results suggest that frequency-dependent charac-
terization, or filtering, of tide gauge records will be more informative of the physical processes underlying
spatial covariance. The frequency-dependent and time-dependent spatial structure of coastal sea-level var-
iability also suggest caution in (a) the interpretation of stationary tide gauge indices as measures of climate
and/or ocean circulation variability (e.g., Ezer, 2015; McCarthy et al., 2015; Valle-Levinson et al., 2017) and
(b) the robustness of covariance assumptions used to fill spatial and temporal gaps in sea-level reconstruc-
tions (Kopp, 2013; Piecuch, Huybers, et al., 2018). In addition, it is worth considering the representative-
ness of the Key West tide gauge: although of particular importance because of the length of its record (e.g.,
Woodworth et al., 2017), it exhibits less variability at decadal timescales than tide gauges in either along
coast direction. Tide gauges in Pensacola (e.g., Thompson et al., 2016) and Portland, Maine (e.g., Miller &
Douglas, 2007) have also been interpreted in terms of much larger-scale variability.

Although identifying the physical processes underlying decadal east coast sea-level variability is beyond the
scope of this paper, we note that earlier studies of sea surface temperature (SST) in the North Atlantic have
highlighted enhanced (but not time-dependent) power in this frequency band (Czaja & Marshall, 2001;
Wu & Liu, 2005), with Wu and Liu (2005) explicitly identifying high decadal power in the North Atlantic
SST tripole. The NAO, in contrast, does not show enhanced power in this frequency band (e.g., Hurrell
et al., 2003), supporting studies suggesting that ocean dynamics drive SST anomalies over decadal and
longer timescales (e.g., Paeth et al., 2003). Over shorter (interannual) periods, the SST tripole has been
found to be strongly correlated with North Atlantic sea surface height (an “SSH tripole,” with out-of-phase
coastal sea level variability across Cape Hatteras) (Volkov et al., 2019). Investigations of the relationship
between the SST and SSH tripoles and ocean dynamics at decadal timescales, including those governing
Gulf Stream variability (e.g., Ezer, 2019; Ezer & Dangendorf, 2020; Hameed et al., 2018; Nigam et al., 2018),
are likely to be informative.

To our knowledge, modulation of power within this frequency band has not been described, in the context
of SSTs or sea level. Plausible explanations for modulation include a change in the background climate
state through secular or multidecadal variability (e.g., AMV; Zhang et al., 2019), or interference by two
periodic signals with similar frequencies. Changes in the background state might include both atmospheric
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(a change in the NAO center of action associated with shifts in the SST tripole, or AMV) and/or oceanic
processes (changes in stratification or shifts in Gulf Stream position). If such modulation is related to AMV,
it raises the possibility that the effect of AMOC strength variations on coastal sea level is predominantly
through modulation of decadal variability, rather than through large-scale coincident changes in mean sea
level (as considered in, e.g., Little et al., 2019). With respect to the possibility that modulation is driven by
interfering, periodic signals, superimposed variability at 11 and 13.8 year periods would “beat” at 55 year
periods with an apparent frequency of 12.4 years, roughly consistent with Figure 2. The responsible pro-
cesses underlying periodicity at these frequencies are not clear, although the former period is similar to the
solar cycle (Valle-Levinson & Martin, 2020) and the latter has been identified in the Arctic Oscillation index
(Jevrejeva et al., 2003). A key difficulty for assessment of this possibility is the inability to observe multiple
modulation cycles at most locations and resolve closely spaced spectral peaks. However, we note that ¢ at
the Battery tide gauge (Figure 1c) appears to show enhanced variability before ~1930, although at a slightly
longer period than enhanced decadal variability observed after ~1980. More definitive statements regarding
the origin of enhanced decadal sea-level variability are limited by the length of east coast tide gauge re-
cords. Extended sea level time series available through archival records (Hogarth, 2014; Talke et al., 2018),
high-resolution proxies (e.g., Kemp et al., 2015), or long integrations of ocean and/or climate models (e.g.,
Kageyama et al., 2017), are potentially valuable for the characterization of centennial-timescale modula-
tion, although model and proxy representation errors must be considered carefully.

Finally, returning to implications for sea-level “hotspots,” we note that the amplitude of decadal east coast
sea-level variability is relatively large (up to ~10 cm), and that multidecadal changes in its amplitude are
sufficient to drive long periods of enhanced and/or muted coastal flooding. Although the decadal variability
analyzed in this paper may not fully capture all aspects of sea-level variability that have been subsumed into
the term “hotspots,” it comprises a substantial fraction of the annual mean sea-level variance. Understand-
ing the relevant underlying processes, and their predictability, may thus enhance the ability to quantify
future coastal flood risk.

Data Availability Statement

Tide gauge data are freely available from the Permanent Service for Mean Sea Level (http://www.psmsl.org/
data/obtaining/).
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