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Coastal Sea Level Observations Record the Twentieth-Century Enhancement
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ABSTRACT: Changes in the amplitude of decadal climate variability over the twentieth century have been noted, with
most evidence derived from tropical Pacific sea surface temperature records. However, the length, spatial coverage, and
stability of most instrumental records are insufficient to robustly identify such nonstationarity, or resolve its global spatial
structure. Here, it is found that the long-term, stable, observing platform provided by tide gauges reveals a dramatic in-
crease in the amplitude and spatial coherence of decadal (11-14-yr period) coastal sea level (¢) variability between 1960
and 2000. During this epoch, western North American ¢ was approximately out of phase with ¢ in Sydney, Australia, and
led northeastern U.S. { by approximately 1-2 years. The amplitude and timing of changes in decadal { variability in these
regions are consistent with changes in atmospheric variability. Specifically, central equatorial Pacific wind stress and Labra-
dor Sea heat flux are highly coherent and exhibit contemporaneous, order-of-magnitude increases in decadal power. These
statistical relationships have a mechanistic underpinning: Along the western North American coastline, equatorial winds
are known to drive rapidly propagating { signals along equatorial and coastal waveguides, while a 1-2-yr lag between Lab-
rador Sea heat fluxes and northeastern United States ¢ is consistent with a remotely forced, buoyancy-driven, mechanism.
Tide gauges thus provide strong independent support for an increase in interbasin coherence on decadal time scales over
the second half of the twentieth century, with implications for both the interpretation and prediction of climate and sea
level variability.

SIGNIFICANCE STATEMENT: Decadal climate variability influences the frequency and severity of many natural
hazards (e.g., drought), with considerable human and ecological impacts. Understanding observed changes and
predicting future impacts relies upon an understanding of the physical processes and any changes in their variabil-
ity and relationship over time. However, identifying such changes requires very long observational records. This paper
leverages a large set of tide gauge records to show that decadal time scale coastal sea level variability increased dramati-
cally in the second half of the twentieth century, in widely separated geographic locations. The increase was driven by a
shift in the amplitude, spatial pattern, and interbasin coherence of atmospheric pressure, wind, and sea surface tempera-
ture variability.

KEYWORDS: Oscillations; Sea level; Climate variability; Decadal variability; Interannual variability;
Multidecadal variability

1. Introduction spectra of these modes can change over time. For example,
the centers of action of both El Nifio-Southern Oscillation
(ENSO) and the North Atlantic Oscillation (NAO) are known
to shift position (Kenigson et al. 2018; Kao and Yu 2009; Lee
and McPhaden 2010) and exhibit epochs during which different

Earth’s climate varies across a wide range of temporal and
spatial scales. At multiyear to decadal time scales, such vari-
ability is responsible for myriad human and ecological im-

pacts, induced by both persistent anomalies (e.g., extended . : . .
periods of drought) and the modulation of extreme events frequency bands are dominant (Higuchi et al. 1999; Sullivan

(e.g., the risk of tropical cyclone landfalls) (Lee et al. 2021;  ©tal 2016; Kao and Yu 2009). Su.ch chz.mges may be associated
Seneviratne et al. 2021, 2012). An understanding of decadal with ocean- or atmosphere-mediated interaction between re-
variability and its underlying physical mechanisms is thus gional modes of variability (e.g., Cai et al. 2019; Martin-Rey
critical to risk assessment and mitigation efforts. To reduce ~ €tal- 2014; Meehl et al. 2021; Nigam et al. 2020) or with modula-
dimensionality and complexity, climate variability is often de- ~ tion by lower-frequency variability and long-term secular
scribed and analyzed using spatiotemporal modes (e.g., Lee (global) trends (e.g., Lee et al. 2021; Zhang et al. 2019; Liu et al.

et al. 2021). However, both the spatial structure and/or power ~ 2017; Martin-Rey et al. 2018).
There are few stable, continuous instrumental records that

can robustly characterize changes in low-frequency (decadal

and longer period) climate variability. Evidence for such non-

& Supplemental information related to this paper is available  stationarity has largely been derived from tropical Pacific sea
at the Journals Online website: https://doi.org/10.1175/JCLI-D-22- 1 1face temperatures (SSTs), often utilizing gridded reanalysis
045Ls1. products. Following earlier efforts, Chunhan et al. (2021) as-
sessed decadal variability using a simple index of central Pa-
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11-12-yr periods between 1951 and 2018 but no evidence for
a significant peak between 1871 and 1950. The authors denote
this variability, when it is present, as the “quasi-decadal oscil-
lation,” a description that dates back to at least Brassington
(1997). While other studies often do not explicitly isolate this
spectral peak, or address its apparent emergence in the late
twentieth century, many have noted enhanced variability in
central Pacific SSTs in this frequency band (e.g., Han et al.
2014; Power et al. 2021; Sun and Yu 2009). Other aspects of
global climate (e.g., hydroclimate and tropical cyclones) have
also been shown to exhibit closely associated variability and
coincident increases in decadal power (e.g., Liu et al. 2019;
Lyu et al. 2017; Wang et al. 2010, 2014).

The regional scope of most studies obscures interpretations
of the drivers and spatial coherence of amplified decadal vari-
ability. Furthermore, instrumental records are often sparse
before the mid-twentieth century, leaving open the possibility
that data limitations play a role in the relatively weak variability
observed in earlier periods. Capturing modulations in low-
frequency variability at a global scale requires a long (approx-
imately centennial) stable record with sufficient spatial coverage.
Tide gauges have recorded relative sea level at coastal loca-
tions since the eighteenth century, with increasingly dense
coverage in time and space (Holgate et al. 2013), and thus
constitute a valuable means to identify changes in decadal
variability. Indeed, tide gauges have been used to identify
and interpret interannual to multidecadal ocean and climate
variability, including regional and global modes (Han et al.
2019, and references within). At lower frequencies, several stud-
ies using these records have found evidence for nonstationarity
and/or temporal changes in the spatial structure of coastal sea
level variability (e.g., Han et al. 2019; Kenigson et al. 2018;
Woodworth et al. 2017).

For example, Little et al. (2021) showed that the time-
dependent amplitude of 10-15-yr period variability is a domi-
nant control on the spatial structure of annual mean sea level
variability along the U.S. East Coast. No robust relationship
with North Atlantic climate modes was apparent. However,
the timing of order-of-magnitude changes in power along the
northeast U.S. coast, and the frequency band in which power
is enhanced, closely match those highlighted in studies of the
central Pacific SST record.

Most previous studies of interannual-to-decadal sea level
variability have examined spatial structure and underlying
mechanisms at an a priori defined regional scale. Further-
more, many studies focus primarily on the second half of the
twentieth century. Here, I extend previous analyses of the
coastal sea level record by identifying linkages across geo-
graphically widespread and dynamically disconnected regions
of the global ocean over the 1900-2019 period. Rather than
isolating a “common” or “global” component of sea level var-
iability (e.g., Dangendorf et al. 2017; Kopp et al. 2016), I iden-
tify coherent regional variations that are associated with
common underlying global climate forcing but may vary in
amplitude and/or phase. This analysis helps consolidate dispa-
rate evidence for enhanced late twentieth-century climate var-
iability across several regions and relevant climate variables,
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while revealing the nonstationary global drivers of regional
sea level variability.

2. Data and methods
a. Tide gauges

I analyze 64 monthly mean tide gauge records (Tables S1
and S2 in the online supplemental material), retrieved from
the Permanent Service for Mean Sea Level Revised Local
Reference (PSMSL RLR) database on 1 July 2020 (Holgate
et al. 2013). Tide gauge records are included if they are >95%
complete during the 19302015 period. The Tuapse tide gauge
record was not included in this analysis due to an apparent
discontinuity. Monthly records for all tide gauges from 1900
to 2019 are shown in Figs. S1-S4.

I have chosen a cutoff year of 1930 to sufficiently resolve
periods of enhanced and muted decadal variability. However,
due to the sparsity of long tide gauge records outside North
America and Europe, this choice leaves only two records
from outside these regions: Balboa, in central America, and
Sydney, in Australia. The implications of geographic sparsity
are discussed in section 4a.

Tide gauges record long-term increases in relative sea level,
with contributions from various local, regional, and global
processes, including vertical land motion (e.g., Stammer et al.
2013). As this analysis focuses on sea level fluctuations related
to climate variability, I linearly detrend monthly records over
the period of record. After removing the trend, gaps in monthly
records are filled by zeros (Figs. S1-S4) before calculating an-
nual means (Figs. S5-S8). Results are insensitive to the details
of the gap-filling algorithm or the assumption of a linear
long-term trend. All subsequent analyses are performed on
detrended annual mean values (subsequently denoted as ¢)
over the 1900-2019 period.

b. Reanalysis

To compare tide gauge records to other related climate
variables, I employ NOAA'’s Twentieth Century Reanalysis,
version 3 (20CR3; Slivinski et al. 2019), downloaded on
1 February 2022. The ¢ variability is compared with several
surface variables from 20CR3, including skin temperature
(“skt”; sea surface temperature over the ocean and surface
air temperature over land), zonal and meridional momentum
flux (“ufix” and “vfix”, respectively), and sensible and latent
heat flux (“shtfl” and “Ihtfl”, respectively). Analysis is per-
formed only on the sum of sensible and latent heat fluxes,
denoted by Q (positive for heat fluxes out of the ocean).

I utilize 20CR3 output over the 1900-2015 period, calcu-
lating annual averages from monthly mean, ensemble mean,
output. At each grid point, time series are linearly detrended
over the 19002015 period. In some figures (Figs. 4, 5, 10,
and 11), each variable is smoothed using a 3° Gaussian filter,
then interpolated to a 2° horizontal grid. Here, I refer to
skin temperature as surface temperature (7). Gridded sea
surface temperature products, not shown, provide similar
results to those shown for T's over the ocean.
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c. Statistical analyses

To investigate evidence for time-varying decadal variability
in ¢ and related climate variables, I calculate continuous
wavelet power spectra and wavelet coherence from annual
time series. Complete wavelet power spectra for ¢ at all tide
gauges are shown in Figs. S9-S14. Wavelet analysis was per-
formed using publicly available MATLAB code (Grinsted
et al. 2004) and parameters described in Little et al. (2021).
Results are insensitive to reasonable alternative parameter
choices.

Uncertainty is assessed using Monte Carlo techniques.
For each tide gauge, I generate 1000 synthetic red noise
time series of the same length and with identical lag-1 auto-
correlation coefficients. Power and coherence are consid-
ered significant if they are greater than the 95th percentile
value of the synthetic time series.

3. Results
a. Coherent decadal { variability

In Little et al. (2021), the detrended annual mean relative
sea level () along the northeastern United States coastline
between Cape Hatteras and Boston was shown to exhibit a
significant increase in decadal power beginning in the second
half of the twentieth century. Within this region, the Battery
tide gauge in New York City is the only record spanning the
entire twentieth and twenty-first centuries. This time series,
denoted as {nyc and highlighted in Fig. 1a, shows a clear shift
toward more pronounced low-frequency variability over the
mid-to-late twentieth century. Wavelet analysis (Fig. 1b) indi-
cates an order-of-magnitude increase in power at a 12.4-yr
period beginning in approximately 1960 that is statistically sig-
nificant after 1980.

At a 12.4-yr period, increases in power of a similar ampli-
tude are also evident at many other tide gauges over the sec-
ond half of the twentieth century (Fig. 1c; see also Figs. S9-
S14). Focusing on the time period centered on 1980 (Fig. 1d),
high power is evident in all U.S. east coast tide gauges be-
tween Boston and Cape Hatteras. High (although not signifi-
cant) variability is evident to the south, along the east and
Gulf of Mexico coasts, beginning as early as ~1940. Large in-
creases in power relative to the first half of the twentieth cen-
tury are apparent along the western North American coast,
especially between San Francisco and Vancouver Island, with
smaller increases along the southern California coastline. De-
spite many long and continuous tide gauge records, European
locations exhibit a notable lack of { power at this frequency
band throughout the twentieth century.

The sparsity of long records in other regions makes it difficult
to assess large-scale evidence for enhanced power elsewhere.
However, two geographically isolated tide gauges also exhibit sig-
nificant increases in decadal power over this time period (Balboa,
on the Pacific coast of Panama, and Sydney, Australia).

At tide gauges that show an enhancement of power in the
second half of the twentieth century, { is coherent with {nyc
(Fig. 2). For example, { at the Seattle tide gauge, highlighted
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in Figs. 2a and 2b, is significantly coherent with {nyc between
1960 and 1990. Although not discussed further, there is also
evidence of coherence after 1980 at 2—4-yr periods, perhaps
associated with the 1982 EI Nifo event.

While the coherence, phase, and amplitude of ¢ variability
at a 12.4-yr period vary at the scale of individual tide gauges
(Figs. 2c.d; see also Figs. S15-S20), some general large-scale
patterns are evident. High coherence is evident from Boston
to Sewell’s Point, north of Cape Hatteras [see Little et al.
(2021) for more details on the temporal evolution of coher-
ence along the U.S. east coast]. However, { is also coherent
with {Nyc along the majority of the western North American
coastline, with the highest values along the U.S. coast north of
San Francisco. In this region, over the epoch centered on
1980, ¢ leads {nyc by between 1.3 and 2.0 years, with a mean
value of 1.7 years. South of San Francisco, coherence is lower,
and leads are slightly longer (between 2.2 years at San Diego
and 2.8 years at La Jolla; 2.5 years at Balboa). In contrast, { at
Sydney, Australia lags {nyc by approximately 4 years (i.e.,
out of phase with { on the western North American coast). In
this frequency band, coherence with ¢ at all European tide
gauges is low over the entire period of record.

b. Drivers of coherent { variability

Figures 1 and 2 indicate the contemporaneous emergence
of heightened decadal power at many global tide gauges. Sev-
eral lines of evidence argue against an origin in global mean
sea level variability, including the large amplitude of this signal
(~5-10 cm), temporal lags between geographic regions, and a
lack of evidence for coherent variability in Europe. With
the additional assumption that oceanic propagation of a sea
level signal between the northwest Atlantic and Pacific Oceans
is unlikely, these results imply a role for global-scale shifts in
atmospheric variability, perhaps linked via teleconnections.
The remainder of this paper seeks to address the atmospheric
forcings and oceanic propagation pathways responsible for
1) amplification of decadal power in ¢ and 2) the linkage and
temporal lags between ¢ across different regions. The variabil-
ity of { may be driven by many climate processes (Woodworth
et al. 2019). However, previous analyses suggest that surface
heat and/or momentum fluxes (both local and nonlocal) are
the dominant drivers of coastal ¢ variability in the regions and
frequency bands highlighted in the previous section (e.g., Han
et al. 2019; Hong et al. 2000; Thompson et al. 2014). To in-
form the nature of surface forcing responsible for ¢ variabil-
ity, I again utilize coherence analyses, applied to gridded
surface momentum and heat fluxes over the 1900-2015 period
from NOAA’s 20CR3 (Slivinski et al. 2019). Instead of a
single tide gauge, I examine the coherence of surface fields
with a composite ¢ record ({ng; Fig. 3): The arithmetic
mean of { across the six northeastern United States tide
gauges that are coherent and in phase in Fig. 2. As for {nyc,
decadal power in {Ng increases by approximately 14 times
between 1945 and 1980, but with a slightly earlier onset
(Fig. 3b).

While compositing is not essential, it reduces noise from inter-
tide gauge variations (Fig. 3a), and simplifies the presentation of
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FIG. 1. (a) Annual mean time series and (b) continuous wavelet power spectra of detrended sea level at the New
York City tide gauge ({nyc) over the 1900-2019 period. In (b), significance at the p < 0.05 level [relative to 1000 re-
sampled time series with identical AR(1) coefficients] is shown with black contours; the horizontal dashed line corre-
sponds to a period of 12.4 years, the vertical dashed line corresponds to 1980, and the transparent mask indicates the
cone of influence. (c) Power centered on a period of 12.4 years (cm?) for all tide gauges, only shown for times outside
the cone of influence; significance at the p < 0.05 level is shown with stippling. (d) Wavelet power for { at each tide
gauge, centered on 1980 at a period of 12.4 years. Significance at the p < 0.05 level is indicated with black outlines.

Unauthenticated | Downloaded 12/20/22 01:49 PM UTC



1 JANUARY 2023

Seattle

Coherence

Period (years)

32 SN 7
1900 1920 1940 1960 1980

Year

2000

Lag (Years)
6

d) Boston
New York
Philadelphia
Sewells Point
Baltimore
Annapolis
Charleston T
Key West
Pensacola)
Galveston Ii
Ketchikan
Victoria
Seattle
Astoria
San Francisco
Los Angeles
La Jolla
San Diego
Balboa,
Honolulu
Sydney -

1940

1980
Year

LITTLE

247

Olands Norra
Kunigholmsfon
lagshamn
Kobenhavn

Smogen
Korsor
Slipshavn
Frederikshavn

Newlyn'
Portland
Boston

New York
Philadelphia

Sewells Point
Baltimore
Annapolis
Charleston I
Key West
Pensacola
Galveston Ii.
Ketchikan
Victoria
Seattle
Astoria
San Francisco
Los Angeles
La Jolla

San Diego
Balboa
Honolulu
Sydney

1940 1980

Year

FIG. 2. (a) The { at the Seattle (orange line; cm) and New York City (blue) tide gauges over the 1900-2019 period,
and (b) their magnitude-squared wavelet coherence. Arrows in (b) indicate the phase relationship (arrows point up if
Seattle leads by 90° they point right if time series are in phase). A transparent mask indicates the cone of influence.
Black lines denote significance at the p < 0.05 level relative to 1000 resampled time series with the same AR(1)
regression coefficients. (c¢) Wavelet coherence between {nyc and ¢ at each tide gauge, centered on a period of
12.4 years, over the time period of coincident measurements. (d) The phase lag between {xyc and ¢ at each tide
gauge, at a period of 12.4 years, at 22 tide gauges [yr, where positive values indicate {nyc leads; only shown

where values in (c) are significant at p < 0.05].

results. Later results are insensitive to the individual tide gauges
used in the composite, and to identical analyses performed using
tide gauges from other regions (as long as they are significantly
coherent with {ng). The validity of this approach is confirmed
later (see Figs. 8 and 9), in which regional forcings highly coher-
ent with {Ng are also coherent with ¢ in other locations.

Figures 4 and 5 summarize the twentieth-century changes
in coherence of {ng with wind stress (7, and 7,) and surface
heat flux (Q), as well as changes in the local power in each
surface forcing field. Time periods centered on 1945 and 1980
are highlighted; other epochs are shown in Figs. S21-S26.

There is a dramatic increase in coherence at a 12.4-yr pe-
riod across many regions of the global ocean over the second
half of the twentieth century. In the period centered on 1945
(Fig. 5), despite evidence for relatively high decadal power
in each surface forcing field (e.g., zonal wind stress in the
North Atlantic subpolar gyre), {ng is only coherent with

surface forcing over a few widely separated regions of the
global ocean. By 1980 (Fig. 4), coherence between 7 and
{ng extends more broadly through the western Atlantic
subpolar gyre into Davis Strait, southwestward toward the
North American coastline and the North Atlantic Current.
Power in 7 increases substantially over the same region,
particularly for 7, in the Labrador Sea. Perhaps more sur-
prisingly, coherence between 7 and {ng is highest in distant
regions, including the tropical Atlantic, central equatorial
Pacific and the Pacific sector of the Southern Ocean (all of
which also exhibit approximately an order of magnitude in-
crease in the decadal variability of 7).

Coherence between ¢{ng and Q (Fig. 4c) also increases over
many regions of the global ocean, often in conjunction with 7,
although its spatial structure is more localized. Coherence in
the Labrador Sea is particularly strong in the late twentieth
century, approaching a value of 1. This increase in coherence
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FI1G. 3. (a) The {ng (thick black line) and ¢ from individual tide
gauges (Annapolis, Baltimore, Sewell’s Point, Philadelphia, New
York City, and Boston), with {yyc in blue ({ from other tide
gauges is shown with gray lines). (b) As in Fig. 1b, but for {Ng.

occurs along with a simultaneous increase in Q variability ex-
tending southward from the Labrador Sea along the north-
west Atlantic coastline toward Cape Hatteras. The dramatic
increase in spatial coherence within and across surface forcing
fields indicates that coherence between widely separated tide
gauges (Fig. 2) originates from an increase in the strength of
interbasin atmospheric teleconnections. However, Fig. 4 re-
veals multiple forcings that could plausibly induce a twentieth
century increase in ¢ variability. To identify the most relevant
regions of surface forcing and to infer underlying mechanisms
driving { variability, I examine the northwestern Atlantic and
northeastern Pacific in more quantitative detail in the follow-
ing sections. Coastlines in these two regions both exhibit a
large increase in { power over the twentieth century, and have
observational records that are relatively spatially and tempo-
rally well resolved.

1) NORTHEASTERN U.S. COASTLINE

At interannual time scales, northeastern U.S. { is known to
be influenced by both remote (Little et al. 2019; Minobe et al.
2017; Roussenov et al. 2008) and local (Andres et al. 2013;
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Li et al. 2014; Piecuch et al. 2018a, 2016) momentum and
buoyancy forcing. Although there is evidence that local forc-
ing dominates interannual and higher frequencies, while re-
mote forcing becomes important at lower frequencies, the
importance of each driver at approximately decadal time
scales is unclear (Little et al. 2019, 2017; Thompson 1986;
Wang et al. 2022).

Figure 6a isolates the importance of remote heat fluxes in
the period of high decadal variability by showing coherence
(shading) only in regions where it is significant and where
power increases by greater than an order of magnitude be-
tween 1945 and 1980. The relevance of the Labrador Sea, sug-
gested by Fig. 4c, is clear, and is further strengthened by
examining the twentieth-century evolution of the Labrador
Sea areal-mean heat flux (Q;g; Figs. 6b-d). Power in Q;g
shows close correspondence to that in {ng, increasing rapidly
between 1950 and 1980 and decreasing thereafter. Coherence
analysis (Fig. 6d) indicates that, over the period of enhanced
power, {ng is highly coherent with Q, leading by approxi-
mately 4.5 years. Alternatively, {xg can be interpreted to lag
the negative of O by approximately 1.5-2 years.

The latter interpretation is consistent with a pathway in
which negative (in 20CR3, into the ocean) Labrador Sea heat
fluxes drive upper ocean warming (i.e., negative density/positive
steric sea level) anomalies that are advected southward along
the slope and/or deep western boundary current, in turn driv-
ing positive {ng anomalies. An approximately 1.5-yr lag is con-
sistent with the advective time scale of the slope current (New
et al. 2021; Wang et al. 2022) but is smaller than expected in
deeper layers (Le Bras et al. 2017), while a role for density
anomalies is consistent with correlations between steric height
in the southwestern subpolar gyre and { along the northeast-
ern United States coastline found in Frederikse et al. (2017).
However, interactions between density anomalies and changes
in the transport of various currents, and the means by which
these offshore changes are communicated to and along the
coast, are complex and deserve more detailed analysis (see
section 4d).

As noted earlier, changes in 7 evident in Figs. 4 and 5 may
also influence ¢. The ability of these mechanisms to account
for enhanced decadal variability in {ng is examined, as for
heat fluxes, in Fig. 7. For simplicity, I show only zonal wind
stress and wind stress curl (V X ), both of which are known
drivers of { variability on the United States coastline.

Two regions of increases in power and coherence are evi-
dent. The first, in zonal wind stress (Fig. 7a), extends from the
Grand Banks toward the central Atlantic. The second, in
wind stress curl (Fig. 7b), lies in the interior of the subtropical
gyre. Each area-averaged quantity exhibits a similar temporal
evolution in power (Figs. 7e,f), and 7, and V X 7 are roughly
out of phase with each other when they are significantly co-
herent with {ng (Figs. 7g,h). These relationships are closely
linked because these fields are not independent: heightened
7, variability drives a meridionally displaced out-of-phase in-
crease in V X 7 power.

Furthermore, neither appears likely to be a primary driver
of decadal variability. First, there is no clear mechanism linking
either forcing region, both of which are in quadrature with {ng,
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Fig. 4. (a) Wavelet coherence (shading) between {ng and zonal wind stress (7,) from 20CR3, on a 2° horizontal grid, centered on a pe-
riod of 12.4 years and the year 1980. Contours indicate wavelet power centered on a period of 12.4 years; the thick (thin) line is 1.5 X 107>
(0.3 X 107%) N> m™*. Circles show magnitude-squared wavelet coherence between {ng and ¢ at each tidegauge where it is significant at
p < 0.05. (b) As in (a), for wavelet coherence between {ng and meridional wind stress (7). (c) As in (a), for wavelet coherence between
Ing and the sum of latent and sensible heat fluxes (Q); the thick (thin) line is 1000 (200) W? m™~*. Although the p < 0.05 significance level
between {ng and each surface field varies depending on the location and variable, it is generally around 0.7.
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Fig. 5. (a) Wavelet coherence (shading) between {ng and zonal wind stress (7,) from 20CR3, on a 2° horizontal grid, centered on a pe-
riod of 12.4 years and the year 1945. Contours indicate wavelet power centered on a period of 12.4 years; the thick (thin) line is 1.5 X 10>
(0.3 X 107) N> m~*. Circles show magnitude-squared wavelet coherence between Zyg and ¢ at each tide gauge where it is significant
at p < 0.05. (b) As in (a), but for wavelet coherence between {ng and meridional wind stress (7). (c) As in (a), for wavelet coherence
between {ng and the sum of latent and sensible heat fluxes (Q); the thick (thin) line is 1000 (200) W? m™*. Although the
p < 0.05 significance level between {ng and each surface field varies depending on the location and variable, it is generally around 0.7.
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FIG. 6. (a) Wavelet coherence (shading) between {ng

and the sum of latent and sensible heat fluxes (Q) from

20CR3, on a 2° horizontal grid, centered on a period of 12.4 years and the year 1980. Coherence is only shown (with
shading) where wavelet power in Q in 1980 is at least 10 times larger than in 1945. Stippling indicates that wavelet
power in 1945 is 10 times larger than in 1980. Circles show magnitude-squared wavelet coherence between {ng and ¢
at a period of 12.4 years in 1980 (only shown where significant). (b) Annual mean time series of {ng (black) and Oy 5
|area-averaged Q over the Labrador Sea, in the region 58°-61°N, 55°-60°W; orange box in (a)]. (c) Wavelet
power in Q;s (orange) and {ng (black), centered on the 12.4-yr period. (d) Coherence between Qrs and {Ng
and phase (orange, in years, where positive values indicate {yg leads) centered on the 12.4-yr period. Phase is

only shown where coherence is significant at p < 0.05.

to sea level north of Cape Hatteras. Second, coherence in both
regions is only marginally significant and is substantially
smaller than Qyg. Third, the temporal evolution of power
exhibits an earlier peak than that of {ng. I thus propose that
the coherence between T with both {Ng is driven by basin-scale
changes in the large-scale wind field associated with Oy g, rather
than through a causal mechanism.

Consistent with Fig. 4, Fig. 7 does not show increases in co-
herence between {ng and local alongshore wind stress (or
large increases in local wind stress power), which has been
highlighted in observational studies as a primary driver of {ng
(Andres et al. 2013; Li et al. 2014; Piecuch et al. 2016). Time
series of alongshore winds (not shown) are inconsistent with
the temporal evolution of power and coherence in {ng at de-
cadal periods, suggesting this mechanism is of limited impor-
tance over longer time scales. There is also no evidence for
coherence with large-scale changes in V X 7 in the subpolar
gyre, as noted in recent studies of decadal variability (Chafik
et al. 2019), potentially indicating that these basin-scale rela-
tionships do not persist at the coast.

2) WESTERN NORTH AMERICAN COASTLINE

On the western North American coastline, wind stress curl
and offshore buoyancy fluxes do not play a large role in ¢ vari-
ability, as Rossby waves propagate westward. Thus ¢ is forced
largely by local alongshore winds and equatorial winds, which
induce sea level variability that propagates along the equatorial
and coastal waveguides. At interannual time scales, alongshore

and equatorial zonal wind stress forcing has been shown to ex-
plain almost all { variability along the U.S. West Coast (Chel-
ton and Davis 1982; Enfield and Allen 1980; Thompson et al.
2014).

Figure 4 indicates that, at a 12.4-yr period, {ng is coher-
ent with equatorial zonal wind stress, particularly in the
central Pacific, and (slightly less) coherent with meridional
wind stress along the coast. The relative roles of these forc-
ings, and any variation in their importance along the coast,
require comparison with individual tide gauge records.
Thus, as in Fig. 7, I compare regional mean wind stresses in
each region to { in two locations along the coastline (Figs. 8
and 9).

At the Balboa tide gauge ({gar), only equatorial wind
stress is relevant. Figure 8a isolates two equatorial regions
of coherence that exhibit a greater than 10 times increase in
decadal 7, power: the central Pacific (CP; defined as 5°S-5°N,
180°E-165°W) and the eastern Pacific (EP; defined as 3°S-3°N,
90°-115°W). Between these two regions, there is a decrease in
wind stress power, indicating a pronounced zonal shift in wind
centers of action through the twentieth century.

Wavelet power in {gar in the decadal frequency band in-
creases at roughly the same rate as 7cp beginning in approxi-
mately 1960, suggesting a strong and persistent relationship
(Fig. 8d). The associated lag of approximately one year (Fig. 8f)
is longer than expected for eastward propagating, equatori-
ally trapped Kelvin waves, but is consistent with the annual
time resolution of this analysis. In contrast, the increase in
power in the eastern Pacific (7gp; Fig. 8e) is smaller, and
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FIG. 7. (a) Wavelet (shading) coherence between {ng and 7, from 20CR3 over the northwest Atlantic Ocean, on a
2° horizontal grid, centered on a period of 12.4 years and the year 1980. Coherence is only shown where wavelet
power in 7, in 1980 is at least 10 times larger than in 1945. (b) As in (a), but for V X 7. (c) Annual mean time series of
{~E (black) and 7, area-averaged over the region 41°—47°N, 40°-50°W region [blue box in (a)]. (¢) Wavelet power in
7, (blue) and ¢{ng (black), centered on the 12.4-yr period. (g) Coherence between 7, and {yg and phase (blue dotted
line, in years, where positive values indicate {xg leads) centered on the 12.4-yr period. Phase is only shown
where coherence is significant at p < 0.05. (d),(f),(h) As in (c),(e),(g), but for {ng and V X 7, area-averaged over

the 31°-35°N, 35°-40°W region [orange box in (b)].

occurs later in time. The terms tgp and {gay are also less co-
herent, and roughly in quadrature (Fig. 8g), for which there
is no clear explanation.

Central tropical Pacific winds alone cannot explain the
along-coast variation in the amplitude of { variability, which
reaches a maximum in the Pacific Northwest (Fig. 1). A
purely equatorially driven signal would likely exhibit a de-
crease in power with (northward) distance along the coast. I
thus consider the potential for augmentation by alongshore
wind stress (Tas), Which is known to have a pronounced influ-
ence on ¢ north of San Francisco (Chelton and Davis 1982;
Enfield and Allen 1980; Thompson et al. 2014), using the
Seattle tide gauge ({sga) as an example.

In Fig. 9, 745 is calculated over a relatively large region of
the coastline to account for forcing from the south, and meridi-
onal winds are used as a proxy of alongshore winds given their
higher coherence with { and the approximately meridional ori-
entation of the coastline. Results are insensitive to this choice
due to the large-scale spatial coherence of the wind field.

In Seattle, a strong relationship with 7cp (Fig. 9¢; coherence >
0.75) is retained between approximately 1950 and approximately
1990, with a slightly longer phase lag than that seen at Balboa,

suggesting equatorial forcing remains relevant. However,
the phase relationship between 7cp and {sga is less stable over
time, and coherence declines after ~1970. Coincident with
this decline, coherence between 7og and {sga increases in
magnitude, approaching 1 after 1990, reflecting the impor-
tance of alongshore winds in this location (Fig. 9d). The
period of highest power in {sga coincides with the peak
in Tas, suggesting that enhancement of decadal { variability
in the Pacific Northwest (the largest increase observed at
any tide gauges globally; Fig. 1) is driven by the super-
position of coherent, reinforcing, drivers (Thompson et al.
2014). At locations between Balboa and San Francisco (not
shown), { power, and its coherence with 74g, is smaller, sug-
gesting that the changes in alongshore winds are less effec-
tive in modulating ¢ (likely due to the orientation of the
coastline).

The increase in power in 7as centered on 1945 (Fig. 9c), of
comparable amplitude to the late twentieth-century increase,
is not evident in {sga (although a small maximum in coher-
ence is evident). It is unclear whether this is due to limitations
of the reanalysis, or an offsetting driver of { variability over
this epoch (see section 4a).
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FIG. 8. (a) Wavelet coherence (shading) between {gar and 7, from 20CR3 over the tropical Pacific Ocean, on a
2° horizontal grid, centered on a period of 12.4 years and the year 1980. Coherence is only shown where wavelet
power in 7, in 1980 is at least 10 times larger than in 1945. (b) Annual mean time series of {gar (black) and 7,, area-
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[Ep; orange box in (a)]. The {pay is detrended relative sea level at the Balboa, Panama, tide gauge.

¢. Relationship to global climate

Earlier sections indicate that increases in decadal { variabil-
ity are related to increases in the amplitude of surface mo-
mentum and heat fluxes in key geographic regions. These
fluxes are, in turn, related to other aspects of global climate,
including well-observed surface atmospheric fields, such as
temperature (7s) and air pressure (Ps). I examine the coher-
ence of these fields with {ng in Fig. 10.

Beyond their influence on O g, Ps and T are not likely to
be causally related to {ng. However, the regions of coherence,
as well as the associated phase relationships, provide a more
complete picture of large-scale climate variability that can
help elucidate mechanisms driving the apparent periodicity of
this global mode and/or physical linkages between different
regions and variables (see section 4c).

Consistent with Figs. 4 and 5, coherence between the sur-
face atmospheric state and {ng (Fig. 10) extends over a large
portion of the global ocean in the second half of the twentieth
century, with almost no regions of significance in 1945. In the
epoch centered on 1980, the largest and most spatially coher-
ent Ts anomalies associated with decadal {yg variability are
in the south tropical Atlantic and central tropical Pacific
oceans. In the Pacific, the spatial structure of coherent 7'g var-
iability is consistent with the well-known tripole pattern (Han
et al. 2014; Henley et al. 2015; Lyu et al. 2017) but also ex-
tends to the South Pacific Ocean. As for Qcp, there is a large

increase in T power in the central tropical Pacific. There is
also high coherence with T in the North Atlantic near the
path of the detached Gulf Stream. Coherence between {ng
and Py is highest in the western Indian Ocean, but is signifi-
cant over much of Earth’s surface, including the eastern sub-
tropical Pacific, the South Atlantic (where {ng is also
coherent with SSTs), the North American high latitudes from
Siberia to Greenland, and the Pacific sector of the Southern
Ocean.

At the large scale, the centers of action evident in Fig. 10
exhibit well-defined phase relationships (Fig. 11). The Pacific
tripole pattern is evident, and T in the tropical Pacific and
Atlantic are approximately out of phase. SSTs near the Gulf
Stream detachment lag {ng by approximately 4-5 years.

Figure 11b shows a meridional Pg tripole extending south-
eastward toward Antarctica from the tropical Indian Ocean,
suggestive of a stationary Rossby wave response to tropical
variability (e.g., Branstator 2002; Li et al. 2021). The Pg in the
Indian and south tropical Atlantic Oceans are in phase, lead-
ing {ng by 1-2 years, while Pg over the Pacific is approxi-
mately out of phase with the other ocean basins. In the high
northern latitudes, there is a band of (approximately) in-
phase coherence from Siberia to the tip of Greenland.

These phase relationships are consistent with those found
in Figs. 6-9. For example, Fig. 6a indicates that coherence
with Qg is quite localized and has a well-defined phase rela-
tionship (Qrs minima lead {ng by 1-2 years). The Py maxima
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FIG. 9. (a) Wavelet coherence (shading) between {sga and Tag
from 20CR3 near the western North American coastline, on a 2°
horizontal grid, centered on a period of 12.4 years and the year
1980. Coherence is only shown where wavelet power in Tag in 1980
is at least 10 times larger than in 1945. (b) Annual mean time series
of {sea (black) and 7as, area-averaged over the region 34°-45°N,
118°-126°W [orange box in (a)]. (c) Wavelet power in 7as (blue)
and {sga (black), centered on the 12.4-yr period. (d) Wavelet co-
herence between Tas and {sga and phase (orange dotted line, in
years, where positive values indicate {sga leads) centered on the
12.4-yr period. Phase is only shown where coherence is significant
at p < 0.05. (e) As Fig. 9d, for {sga and 7cp (blue box in Fig. 8a).
The {sga is detrended relative sea level at the Seattle, Washington
(U.S.), tide gauge.

over the tip of Greenland, which would drive southerly Labra-
dor Sea wind anomalies, anomalously warm air temperatures,
and reductions in Qjg, show a similar leading relationship.
Similarly, positive SST anomalies in the central tropical Pacific
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are associated with positive 7cp and negative Py anomalies to
their east, and positive ¢ along the western North American
coast with only a slight lag. These relationships are consistent
with the tight coupling evident over shorter (i.e., ENSO) time
scales in the Pacific.

4. Discussion
a. Limitations of the tide gauge record

Here, I have shown that decadal ¢ variability is amplified,
and coherent, in geographically distant coastal locations in
the second half of the twentieth century. While tide gauge re-
cords provide a unique and stable observational record of this
shift, its global spatial structure remains obscured by the spar-
sity of long tide gauge records outside of North America and
Europe (Fig. 1d). However, evidence for globally coherent
surface pressure and wind patterns (Figs. 4 and 10) suggests
that these results may comprise a lower bound on the spatial
coherence of ¢ variability along global coastlines during this
epoch. Global numerical models (with an adequate represen-
tation of climate and coastal sea level variability, where re-
cords exist) might be employed to assess the full spatial
expression in, for example, the Southern Hemisphere.

While the principal focus of this analysis concerns geo-
graphic regions that experience enhanced { power and coher-
ence in the late twentieth century, it is important to note that
regions exhibiting low { power in this epoch may also be influ-
enced by globally coherent climate variability, either due to
1) decreased power in forcing fields or 2) the compensating
effects of different forcings. For example, the leading relation-
ship of V X 7 in the central North Atlantic subtropical gyre
(orange box in Fig. 7b) would be expected to drive a decrease
in ¢ along the southeastern United States coastline approxi-
mately contemporaneously with (opposite signed) coastally
propagating signals associated with {ng (Calafat et al. 2018;
Hong et al. 2000). Such offsetting drivers provide a possible
explanation for the diverging trends in decadal power across
Cape Hatteras, evident in Fig. 1 and noted in Little et al.
(2021).

Despite the limitations of the tide gauge dataset, these re-
sults document relationships between climate and sea level
variability that have several important implications, which are
described in the remaining sections.

b. Interpretation and prediction of climate variability

This analysis indicates that the spatial pattern and ampli-
tude of decadal climate variability are strongly time-varying:
Broadly, the late twentieth century was characterized by co-
herent variability across all ocean basins, while limited inter-
basin connectivity is evident before ~1950. While this finding
is contingent upon the quality of the 20CR3, the ERA-20C re-
analysis (Poli et al. 2016; not shown) provides similar results.
Agreement between these products does not eliminate the
possibility of systematic bias in the early twentieth century,
however, which underscores the importance of evidence for
enhanced decadal variability and coherence in tide gauge
records.
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FIG. 10. (a) Wavelet coherence (shading) between {ng and surface temperature (7s) from 20CR3, on a 2° horizontal grid, centered on a
period of 12.4 years and the year 1945. (b) As in (a), but centered on the year 1980. Contours in (a) and (b) are wavelet power in T; the
thick (thin) line is 1 K* (0.2 K?). (c),(d) As in (a) and (b), but for wavelet coherence between {ng and Ps. Contours in (c) and (d) are the

wavelet power in Pg; the thick (thin) line is 10 mbar® (2 mbar?).

As noted in the introduction, other studies have found evi-
dence for enhanced decadal variability in the second half of
the twentieth century, largely by analyzing central Pacific
SSTs. The similar temporal evolution of power in CP SSTs
and ¢, and their coherence (Fig. 10), confirm the value of { as
a complementary indicator. Furthermore, the global extent of
coherent changes in SSTs and the near-surface atmospheric
state (Figs. 4 and 10) is consistent with evidence for other, re-
mote, aspects of climate that show enhanced variability (e.g.,
hydroclimate). It also implies that other quantities, yet to be
documented, may also be influenced by this nonstationarity.

After ~1990, decadal power in some ¢ and surface climate
records (and/or their coherence) decreases. However, power
continues to increase through the period of record in other re-
cords (e.g., 7cp). It thus remains unclear whether nonstatio-
narity is driven by multidecadal to centennial modulation
(e.g., associated with Atlantic multidecadal variability; Zhang
et al. 2019) or a longer-term, secular, change. Although lim-
ited in their ability to capture multiple “cycles” of decadal
variability, more detailed analyses over the satellite altimetry
era (after 1993) may identify whether more recent climate
variability, and/or { forcings, are consistent with those identi-
fied here between 1950 and 1990.

Regardless, these results imply that different physical pro-
cesses, interactions, and/or geographic regions exert control
on aspects of decadal variability through the historical record.

This, in turn, implies that predictability, apparent predictive
skill, and the societal value of predictions, will vary depending
upon the time period considered (or utilized for skill assess-
ment). These implications apply broadly to many societally
relevant climate variables, and more specifically, to coastal
sea level.

For example, conclusions about the drivers and spatial
structure of decadal ¢ variability in the late twentieth century
used in reconstructions (Dangendorf et al. 2021; Piecuch et al.
2018b) and/or “indices” of climate and ocean variability (Ezer
2015; McCarthy et al. 2015) may not apply to other epochs.
Looking forward, the relatively large amplitude and spatial
scale of decadal { variability exhibited in the late twentieth
century comprises a promising target for improving predic-
tions of coastal flooding—if such potential predictability is rel-
evant outside this epoch.

¢. Mechanisms driving decadal climate variability and its
nonstationarity

While I leave the identification of causal mechanisms un-
derlying the periodicity of decadal climate variability and the
emergence of global coherence for further work, collectively,
these results point to a key role for the tropical oceans. Sup-
porting evidence includes 1) strong coherence between winds
and SSTs in both the tropical Pacific and Atlantic Oceans
(Figs. 4b and 10b) and 2) poleward-reaching Py anomalies

Unauthenticated | Downloaded 12/20/22 01:49 PM UTC



45°N

180° W 0°

180° W
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itive values indicate {yg leads). (b) As in (a), but for the phase
lag between {ng and Pg. Phase is only shown where coherence
(Fig. 10) is greater than 0.7.

indicative of stationary atmospheric Rossby wave responses
to tropical variability (Fig. 11b).

Increases in CP SST variability have been highlighted as an
important driver of extratropical variability in the late twenti-
eth century, although it is unclear whether extratropical
changes are driven by increases in SST power (Chunhan et al.
2021; Sun and Yu 2009) or changes in the dynamics of extra-
tropical teleconnections (e.g., Fuentes-Franco et al. 2022;
Graf and Zanchettin 2012; Soulard et al. 2019). I have shown
evidence from 20CR3, consistent with previous analyses, indi-
cating a dramatic increase in power in CP SSTs. However, the
teleconnections in Fig. 11b are more consistent with an origin
in the Indian Ocean. Given the extensive interbasin coher-
ence, and the tight coupling between the tropical atmosphere
and ocean, it seems plausible that increases in CP SST vari-
ability are response to increases in decadal variability initiated
and/or modulated in other tropical oceans.

Although I have not explicitly related spatiotemporal pat-
terns of variability shown here to known climate modes, it is
worth noting the absence of coherence between {ng and
NAO indices at approximately decadal frequency bands
(Fig. 12). The NAO has been linked to {ng, as well as its local
and remote atmospheric forcing mechanisms, over interannual
time scales. Evidence for epochs of coherence between {ng
and a station-based wintertime NAO index (Fig. 12c) at inter-
annual time scales are supportive of prior work. However, at
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FIG. 12. (a) The {ne (black) and a station-based wintertime
(December-March) NAO index, 1900-2019. (b) Wavelet power;
as in Fig. 1b, but for the NAO index. (c) Wavelet coherence; as
in Fig. 2b, but between {ng and the NAO index.

decadal frequencies, {ng does not exhibit significant coherence
with NAO, nor does NAO exhibit significantly enhanced
power (results are insensitive to season and/or formulations of
the NAO index).

One plausible explanation for the lack of a relationship is
that the processes controlling variability at decadal frequen-
cies are independent of NAO. Another is that the variability
described here is related to a shift in the position of NAO
centers of action, occurring at lower frequencies than those
that dominate the power in NAO indices. Indeed, nonstationary
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relationships between {ng and NAO have been documented in
previous studies (Andres et al. 2013) and attributed to shifts with
respect to orientation of alongshore winds (Kenigson et al. 2018).
These results indicate that such a shift might also influence the
role of different drivers of {ng, by initiating strong buoyancy-
driven variability originating in the Labrador Sea.

d. Mechanisms linking coastal sea level to surface forcing

I have focused analysis on ¢ variability and its drivers along
the eastern and western North American coastlines, where a
long and spatially resolved tide gauge record is available. If
global models are available that adequately represent both
climate and coastal sea level variability, they will be valuable
for more definitively identifying the mechanisms relating
global climate to observed decadal sea level variability, in
these and other regions.

However, partial insights can be gleaned from regional
models and/or perturbation studies. The decadal coherence
between {ng and Q; g is a prime target for such studies. In
contrast to the relatively simple dynamics linking equatorial
and alongshore wind stress to ¢ along the western North
American coastline, there are multiple plausible causal
mechanisms underlying coherence with Qrs. These include
1) Rossby wave- and/or advection-mediated communication
of offshore sea level signals to the Labrador coastline, with
subsequent equatorward propagation (e.g., Minobe et al. 2017,
Roussenov et al. 2008; Wang et al. 2022); 2) interaction of off-
shore shelf/slope and deep western boundary currents with the
Gulf Stream, recirculation gyres, and/or eddies, between the
tail of the Grand Banks and Cape Hatteras (e.g., Gongalves
Neto et al. 2021; Peterson et al. 2017; Saba et al. 2016; Zhang
and Vallis 2007); and 3) changes in upstream shelf currents
and/or continental shelf hydrography (either due to atmo-
spheric forcings that are correlated across shelf and offshore
regions, or advection of offshore water masses onto the shelf)
(New et al. 2021; Xu and Oey 2011; Yang and Chen 2021).

Within the precision of this analysis, each of these pathways
is consistent with the lag between {yg and Qpgs (Fig. 6).
Modeling studies are required to investigate the governing dy-
namics, including whether the amplitude of sea level anoma-
lies associated with each mechanism is sufficient to account
for observed ¢{ng anomalies. They may also be used to assess
any role for upstream preconditioning of Labrador Sea water
masses, assuming dense water formation is a critical element
in {ng variability. Although the motivation for, and validation
of, such studies may originate in the observed decadal vari-
ability, key processes are likely to remain relevant over longer
time scales.

5. Conclusions

This study identifies a dramatic increase in the amplitude
and spatial coherence of decadal (11-14-yr period) sea level
variability between approximately 1960 and 2000. In this fre-
quency band and epoch, western North American sea level
is approximately out of phase with sea level at Sydney, Australia,
and leads northeast United States sea level by 1-2 years. Coastal
sea level variability is related to globally coherent changes in
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surface forcing fields; its amplitude and phase are determined
by the nature of regional forcing (e.g., local or remote, wind
stress or heat flux) and the favored propagation pathways of
sea level anomalies. Remote equatorial and local alongshore
wind stress forcings are most consistent with observed decadal
variability along the western North American coastline, while
Labrador Sea heat fluxes are most consistent with the late
twentieth-century enhancement of decadal coastal sea level
variability in the northeast United States.

Enhanced coastal sea level variability is associated with
increased global coherence of, and order-of-magnitude in-
creases in, tropical SST variability and teleconnected extra-
tropical pressure fields. These results thus extend the spatial
scale and set of variables showing a systematic increase in the
amplitude of decadal climate variability over the twentieth
century, and point to a tropical origin. The broad implications
of this nonstationarity for decadal predictability and interpre-
tation of the historical record underscore the need to under-
stand mechanisms regulating its periodic behavior, increasing
amplitude, and response to changes in background climate
state, such as that expected in the twenty-first century. Where
tide gauges exist, the long coastal sea level record may offer
further insights into underlying drivers and impacts, however,
it will remain spatially sparse. More definitive understanding
will require long, coupled, numerical simulations, for which
coastal sea level records may act as a key constraint.
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