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Abstract

We demonstrate that long-term tidally-induced changes in extreme sea levels affect estimates of major flood hazard in a
predictable way. Long-term variations in tides due to the nodal and perigean tidal cycles influence extreme sea levels at 234
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in the 100-year return sea level; the eastern coast of China, the northwestern and northeastern coasts of Australia, the northeast
coast of Pacific, and the eastern coast of Europe, reaching up to "22 cm in western France. We identify locations that are
currently in a positive phase of the modulation and therefore at a higher risk of flooding, as well as when (year) the next peak
of the nodal/perigean modulations is expected to occur. The timing of the peak of the modulation is spatially coherent and
influenced by the relative importance of each cycle (nodal or perigee) over the total amplitude. An evaluation of four locations
suggests that the potentially flooded area in a 100-year event can vary up to “45% (in Boston) as a result of the long-term
tidal cycles; however, areal change is often smaller due to local topography and tidal characteristics (6-13%). We conclude
that tidally-modulated changes in extreme sea levels can alter the potentially inundated area in a 100-year event and that the

traditional, fixed 100-year floodplain is inadequate for describing coastal flood risk.
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Abstract

We demonstrate that long-term tidally-induced changes in extreme sea levels af-
fect estimates of major flood hazard in a predictable way. Long-term variations
in tides due to the nodal and perigean tidal cycles influence extreme sea levels at
234 global tide gauges out of a total of 344. Results show regions where the am-
plitudes of the modulations are particularly relevant in the 100-year return sea
level; the eastern coast of China, the northwestern and northeastern coasts of
Australia, the northeast coast of Pacific, and the eastern coast of Europe, reach-
ing up to ~22 cm in western France. We identify locations that are currently
in a positive phase of the modulation and therefore at a higher risk of flooding,
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as well as when (year) the next peak of the nodal/perigean modulations is ex-
pected to occur. The timing of the peak of the modulation is spatially coherent
and influenced by the relative importance of each cycle (nodal or perigee) over
the total amplitude. An evaluation of four locations suggests that the poten-
tially flooded area in a 100-year event can vary up to ~45% (in Boston) as a
result of the long-term tidal cycles; however, areal change is often smaller due
to local topography and tidal characteristics (6-13%). We conclude that tidally-
modulated changes in extreme sea levels can alter the potentially inundated
area in a 100-year event and that the traditional, fixed 100-year floodplain is
inadequate for describing coastal flood risk.

Plain Language Summary

Interannual and decadal (long-term) variations in tides modulate extreme sea
levels, increasing the risk of flooding at specific and predictable times. Here, we
use a dataset of 344 tide gauge to estimate the magnitude of the long-term tidally
induced changes in extreme sea levels as well as to identify the timing of the
peak of the modulations. We find significant amplitudes of the long-term tidal
modulations in extreme water levels. The modulations are currently (in 2021)
under a positive phase in the vast majority of places. We conclude that the long-
term modulations in tides influences the total inundation area and, therefore,
they should be taken into account when assessing coastal vulnerability.

1. Introduction

Flooding can severely impact coastal communities, producing large economic
losses, damage to critical infrastructure, and casualties. In the United States
(U.S.), annual damages caused by extreme sea levels typically exceed tens of
billions of dollars (Kron, 2013) and they are expected to increase due to mean
sea-level rise and the continued population growth along the coasts (Preston,
2013; Titus et al., 2009). Indeed, hurricane and flood losses, including riverine
and coastal, have already tripled over the past fifty years (Gall et al., 2011).
Local-scale flood mapping and vulnerability assessments are often developed to
aid in adaptation planning (some examples are Gesch et al., 2020; Maloney and
Preston, 2014; Rao et al., 2020; Ward et al., 2011). Such flood maps often
determine land-use policies, flood mitigation strategies, and infrastructure de-
velopment. In the U.S., the Federal Emergency Management Agency (FEMA)
determines flood insurance requirements based on flood maps; owners, renters,
and businesses in FEMA-designated zones with a 1% annual recurrence proba-
bility of flooding are required to purchase flood insurance on federally-backed
loans. The coastal flood maps, however, sometimes underestimate the extent of
the flood zone. In Fort Lauderdale, Florida, new estimates show that 64% of
properties are at risk of flooding, in contrast to the 41% of properties included
in FEMA’s flood maps (Flavelle et al., 2020).

Coastal flood maps and hazard assessments in a regulatory framework, are typ-
ically developed under the assumption of stationarity. That is, all components
of the water-level spectrum (mean sea level variability, astronomical tides, me-



teorologically induced storm surges, waves, etc.) are assumed to be unaffected
by long-term trends or predictable cycles, after removing the effects of mean
sea-level rise. However, astronomical tides are a quasi-deterministic part of
measured water levels, and they strongly influence coastal water levels at daily,
fortnightly, seasonal, interannual, and decadal time scales. Interannual and
decadal (long-term) variations in tides mainly result from the 8.85-year perigean
lunar cycle and 18.61-year lunar nodal cycle. The 8.85-year perigean lunar cy-
cle is determined by the Moon’s elliptical orbit around the Earth. The least
distance between the Moon and the Earth is called perigee while the longest
distance is known as apogee. The line that joins these two points in the space
completes a full revolution in 8.85 years and influences high water levels at a
period of 4.4-years (details in Section 3.4 and Ray and Merrifield (2019)). The
nodal tide is produced by the relative movement of the plane in which the Moon
orbits the Earth. This plane is inclined at 5° 09’ to the plane of the ecliptic
(the plane in which the Earth orbits the Sun) and rotates slowly over a period
of 18.61-years, affecting the amplitude of the tides at the same frequency (Pugh
and Woodworth, 2014).

Recent studies have shown that the nodal and perigean cycles can lead to more
recurrent minor tidal flooding, resulting in substantial socio-economic disrup-
tions and damages (Li et al., 2021; Ray and Foster, 2016; Thompson et al.,
2021). The long-term tidal cycles have been also reported in high tide levels
(sea levels of 1-year return period or less) at global scale either using numerical
models (Haigh et al., 2011) or tide gauges observations (Menéndez and Wood-
worth, 2010; Peng et al., 2019). However, the nodal and perigean modulations in
low-frequency extreme sea levels have been assessed regionally only. In the Gulf
of Maine, U.S., the nodal cycle drives decadal-time scale variability in the 10-
and 100-year flood levels at a rate exceeding the historical rate of sea-level rise
(Baranes et al., 2020; Talke et al., 2018). Along the western Australian coast,
the nodal and perigean amplitudes in the 0.5% annual exceedance tide levels
can reach 7 and 9 cm, respectively (Eliot, 2010). Sobey (2005) also identified
the nodal cycle in the 10-, 50-, and 100-year return sea levels at San Francisco
tide gauge.

There are no studies that have assessed the nodal/perigean modulations in low-
frequency, high impact extreme sea levels globally. Also, despite its importance
and the relevance of flooding maps for coastal populations and risk manage-
ment, there are no studies that have assessed how tidally-induced changes in
extreme sea levels change potentially flooded surface area, and thus, the conse-
quences for inundation go unaddressed. Here, we use the quasi-nonstationary
skew surge joint-probability method (qn-SSJPM) of Baranes et al. (2020) to ask
the question: how large are tidally-induced variations in flood hazard globally?
and How important are these variations to flood inundation? We first obtain
the nodal/perigean modulations in five tidal constituents (M,, N,, O, K;, and
S,) at a global network of 344 tide gauges. Then, we analyze the amplitude
and peak timing of the long-term tidally-induced changes in the annual 100-
year return sea levels at the tide gauges. Finally, we assess the tidally-driven



variation in the spatial extent of flooding for four U.S. coastal cities; Boston
(Massachusetts), Santa Barbara (California), Miami (Florida), and South San
Francisco Bay (California), where high spatial resolution of digital elevation
model (DEM) are available.

1. Data

Two main sources of data are used in this study: (1) water level records, and
(2) elevation data. These are described in turn below.

1. Observed water levels

We use hourly water level observations from the Global Extreme Sea Level
Analysis (GESLA-2; Woodworth et al., 2017). The GESLA-2 database contains
1,355 water level records with hourly or higher temporal frequency from tide
gauges located along the global coasts. The tide gauge records in GESLA-
2 are retrieved from a range of different sources, including the University of
Hawaii Sea Level Center (UHSLC, Caldwell and Merrifield, 2015), the Japan
Meteorological Agency (JMA), the National Tidal Centre Australia (NTCA),
the National Oceanic and Atmospheric Administration (NOAA), and the British
Oceanographic Data Centre (BODC), which provide most of the data sets. Tide
gauge records in GESLA-2 have not been updated since 2017, but we updated
records from some tide gauges for the present analysis, where possible. Out of
the 1,355 records from the public and private GESLA-2 dataset, we select a
subset of 344 records according to the following criteria:

1. Duplications: For some stations, the same water level information is re-
trieved from different providers, creating duplications. In such cases, we
retain the longest record available. After removing duplicates, 854 time
series remain.

2. Record length and completeness: Water level records are visually checked,
and physically unrealistic jumps in water level are removed. Only years
with at least 70% data completeness are analyzed. To evaluate the effect
of the 18.61- and 8.85-year cycles, only stations with records lengths >30
years are used.

3. Three tide gauges located in Italy are removed due to sharp changes in
the datum. These are the tide gauges at Bari, Catania, and Livorno.

4. Due to the high socio-economic development in the area, we also analyze
the nodal/perigean tidal modulations in extreme sea levels as well as their
influence on flood hazard in South San Francisco Bay, California. Water
level observations at this location are retrieved from the Redwood City
tide gauge record, which is part of the NOAA tide gauge dataset but not
included in GESLA-2. The Redwood City record starts in 1973, but we
have included only water level observations from 1997 to 2020 because
of large gaps present in the pre-1977 records. Although the length of the
Redwood water level time series is less than 30 years (23 years), we include
it in the analysis due to its relevance to the neighboring area.



(a) Digital elevation models

Digital elevation models (DEM) for Santa Barbara, South San Francisco Bay,
Boston, and Miami (U.S.) are based on high-resolution LIiDAR data downloaded
from the NOAA Digital Coast Data Access Viewer (NOAA, 2021). The name
and resolution of the LiDAR dataset used in each study area as well as their
horizontal resolution are shown in Table 1. Each LiDAR dataset is composed of
several TIFF-format files, from which we only use those including topographic
information along the coast. In the case of South San Francisco Bay, we reduce
the horizontal point spacing from 0.7 cm (the original point LiDAR resolution)
to 3 meters in order to alleviate the computational and time demand when
performing the flooding maps (Section 3.5). The vertical datum of each LiDAR
dataset is adjusted to reflect the datum (mean sea level) corresponding to the
closest tide gauge included in our dataset (the datums used in the present study
can be found in NOAA tide and currents?!).

Table 1. Name and spatial resolution of the LiDAR datasets used in each study
case.

Study area Lidar dataset Spatial resolution (m)
California 2002/2003 IfSAR data for Southern California 3
South San Francisco Bay 2010 USGS Lidar: San Francisco (CA) 3
Boston 2009 Boston & Cambridge (MA) 1
Miami 2018 Miami-Dade County ITD Lidar DEM 1.5
1. Methods

(a) Tidal analysis and skew surge

Water levels recorded at each tide gauge (Section 2.1) are the sum of mean sea
level, astronomical tide, and the non-tidal residual (i.e., observed water level
minus astronomical tide and mean sea level). Given that most cities and tide
gauges are located inside estuaries and wave-sheltered embayments, the effect
of wave breaking raising mean water levels has a minimal effect on the residual,
and thus, we neglect this component.

We first remove the influence of mean sea level variation by subtracting a 12-
month moving average from the hourly water level time series. Then, the tidal
analysis is conducted independently for each calendar year. The predicted astro-
nomical tide is estimated at each station using the MATLAB U-Tide harmonic
analysis tool (Codiga, 2011). U-tide is applied using the least-squares method,
white noise floor assumption for confidence intervals, and an automated choice
of constituents resulting in 53 tidal constituents per year on average. We use
a 369-day analysis period (12.5 lunar months) to consider a time span close to
multiples of the synodic periods of the short-term tidal constituents. In order

Thttps://tidesandcurrents.noaa.gov/



to assess the influence of the nodal/perigean cycles in sea levels, the astronomi-
cal tides are calculated without nodal corrections; thus, it remains in the tidal
constituents. We fit a 6-minute cubic spline function to the hourly measured
water levels and predicted astronomical tide to reduce the peak truncation by
the hourly time resolution (Baranes et al., 2020). We use skew surge levels
to represent the non-tidal residual. Skew surge levels are calculated as the
difference between the maximum observed high water (after detrending) and
the maximum predicted astronomical tide in each tidal cycle, regardless of its
timing.

1. Nodal and perigean amplitudes in tidal constituents

We estimate the amplitude of the nodal/perigean modulations for the following
five main tidal constituents at each tide gauge (the maximum nodal/perigean
modulations in the equilibrium theory are shown in brackets for each con-
stituent): M, (3.7%), Ny (3.7%), O; (18.7%), K; (11.5%), and S,. The
nodal/perigean cycles produce a negligible effect on the semi-diurnal solar S,
constituent, however, noticeable variations in the S, amplitude at the period of
the nodal cycle have been found in previous studies, mainly due to nonlinear
interactions with M, (Ray and Talke, 2019), and hence it is included here.

A least-squares regression model is used to estimate the amplitudes of the nodal
(18.61-years) and perigean (8.85-years) cycles for each tidal constituent as the
expression:

H(t)Zﬁo—l—ﬁl(t)—l—ﬁQCOS(t*%)—F %sin(t*%)—i— /6’4005(75*82'%) +
Bssin (t* £22=) (1)

where H (t) is the annual value at the year ¢, 3, is the constant value, and 3, is
the linear trend. (5 and 5 are the amplitudes of the cosine and sine functions
of the 18.61-year nodal modulation and 3, and (5 of the 8.85-year perigean
modulation. The amplitudes of the nodal (A ) and perigean (A p) modulations
in each tidal constituent are computed as:

Ay = /B3 + 535 (2)

Ap = /Bi+55 (3)

Ayp= Ay+ Ap (4)

Thus, Ay p is the total amplitude of the nodal/perigean modulations in
each tidal constituent. We also compute the statistical significance of the

nodal /perigean modulations in the tidal constituents by estimating the 90%
confidence interval of each parameter in Equation 1.

1. Probability distribution of sea levels

Following Baranes et al. (2020), we use the quasi-nonstationary skew surge joint-
probability method (qu-SSJPM) to derive the probability distribution of sea
levels (i.e., the sum of the astronomical tide and skew surge above annual mean
sea level). The qn-SSJPM method fits separate probability distributions to skew



surge and the astronomical tide and convolves the two to obtain the joint sea
level distribution. The probability distribution function is obtained separately
for extreme and non-extreme skew surge events. In the present study, we define
extreme events as those above the 0.997*" percentile calculated at each station
(similar thresholds were chosen in past studies: Arns et al., 2013; Baranes et al.,
2020; Menéndez & Woodworth, 2010). We derive the empirical probability for
the non-extreme skew surge values through the Weibull formula (Equation 5):

Feg () = ﬁl (5)
where z; is the ith-largest skew surge and n the total number of skew surges. For

values above the threshold, a Generalized Pareto Distribution (GPD) is fitted
to represent the upper tail of the distribution (Equation 6):

Glw) = 1— (1422 (6)

where £ (0) and o (>0) are the shape and scale parameters, respectively, and u
is the threshold. The cumulative distribution function of all skew surges F_,(x)
is
Fyg(x), &z < p
F — SS ’
() {(1 —0.997) « G (z) + 0.997, &z >p (™)

The probability distribution of sea levels (Fgp,) is calculated by computing the
joint probability of the resulting skew surge distribution function and the pre-
dicted astronomical tide (Equation 8). Thus, we assume that the skew surge
is independent of the tidal cycle, which, although not always the case, they
have been shown to be independent in many coastal locations in past studies
(Baranes et al., 2020; Batstone et al., 2013; Santamaria-Aguilar and Vafeidis,
2018; Williams et al., 2016). The distribution function for the maximum sea
level within a tidal cycle is,

1/M

Fap(2) = [szt\ilFSS(Z - Pt)] (8)

where z is the sea level, P, is the peak astronomical tide level at each cycle ¢, M
is the total number of peak astronomical tide levels, and Fyq is the cumulative
distribution function of all skew surges. Tides are convolved with 1,000 skew
surge GPDs and the 50" quantile of the resulting 1,000 sea levels are used to
calculate the annual exceedances.

To satisfy the assumption of independence between extreme sea level events, we
apply the extremal index (0(z)) to each sea level time series, thus removing the
possible clustering of high sea levels corresponding to a single extreme event. As
pointed out in Batstone et al. (2013), if this dependence between high sea levels
is not accounted for, the return period of extreme events could be overestimated.
Following Ferro and Segers (2003) and Baranes et al. (2020), the extremal index
is the inverse of the mean cluster size:

. 2[x 1]
B0(z) — (N—1)«x) [(1;—1)x(1;-2)] (

9)



where N is the number of measured sea levels exceeding z, and I is the inter-
exceedance time. The inter-exceedance time varies with the sea level time series
and it is defined as the time difference between each value above the threshold.
Thus, § = 1 when there is no clustering in the time series and § < 1 otherwise.
We use the top 3000 high sea levels (z) as thresholds to calculate the extremal in-
dex at each tide gauge. Results are then fitted through a least-square regression
method to the form:

0(z) = 1+axe "2 (10)

In the present paper, we focus on the annual extreme sea level corresponding
to a 100-year return period (hereinafter, 100-ESL), i.e., 1% annual chance. The
return period of extreme sea levels T'(z) is calculated as

-1
T(z) = (0(z) * N+ [1 = Fg(2)]) ~ (11)
1. Nodal and perigean modulations in extreme sea levles

The annual 100-ESL resulting from the qn-SSJPM are stored at each station. As
in Section 3.2, we estimate the tidally-induced changes in the 100-ESL through
a least-squares regression model to estimate the harmonic parameters of the
nodal and perigean cycles. The amplitudes of the nodal/perigean modulations
and their subharmonics are estimated using 18.61-, 9.305-, 8.85-, 4.425-year
periods. The amplitudes of the 18.61- and 4.425-year cycles are found to be
dominant over the 9.305- and 8.85-year cycles at 87% of sites, in agreement
with previous studies (Haigh et al., 2011). In the case of the perigean cycle, this
occurs because the 8.85-year cycle of lunar perigee coincides with an equinox
(semidiurnal tides), a solstice (diurnal tides), or somewhere in between twice
during its cycle, thus influencing high water levels as a quasi 4.4-year cycle
(Haigh et al., 2011; Pugh and Woodworth, 2014; Ray and Foster, 2016). A more
comprehensive explanation of the 4.4-year modulation in high water levels can
be found in Ray and Merrifield (2019). On the other hand, the 9.305-year cycle
results from the coincidence of the moon’s descending node and the equinox
(Wood, 2001). However, and in agreement with our results, the influence of
the 9.305-year cycle on water levels has been shown to be negligible in previous
studies (Amin, 1993; Haigh et al., 2011; Ray, 2007). Therefore, only the 18.61
and 4.4-year modulations of the 100-ESL time series are considered:

Higo-psr(t) = Broo-msro + Bioo—psea1(t) + Broo_msr2cos (t* toer) +
Broo_msr3sin (t* 557) + Broo_msp.acos (t* 25) + Bioo_msrssin (% 25
(1)

The amplitude of the nodal/perigean modulations in 100-ESL (A;oq_psr, v p)
is computed as:

Al()OfESL,N = \/B%OO—ESL,Q + 5%00—ESL,3 (13)

AlOO*ESL,P = \/ﬂfoofESLA + 5%007ESL,5 (14)



Avoo-gsL,N,p = Aro-gsL,Ny T Aroo—gsr,p (15)
Bioo_pst = Bioo-rsr.0 T Broo-psrat (16)

The average 100-ESL (B;qy_pgy,) is then combined with the nodal and perigean
amplitudes to assess the tidally-induced changes in flood hazard during a crest
(Bioo—psr + Aro—psc,y,p) and a trough (Bygo_ps— Ai00-psr,n,p) of the
nodal/perigean cycle. The statistical significance of the nodal/perigean modu-
lations in 100-ESL is assessed by computing the 0.90 confidence interval of each
parameter in Equation 12.

The relative importance of the two cycles in modulating 100-ESL is calculated as
the ratio of the amplitude of the nodal modulation in 100-ESL to the combined
amplitude of nodal and perigean modulations:

Aj00-BSL.N
. 17
A00-EsL,NTA100-ESL, P ( )

1. Mapping flood hazard

Changes in the flood extension derived from the tidally-induced variations in ex-
treme sea levels are estimated in the four study cases (Section 2.2). We map the
area inundated by the water level corresponding to the variation of the 100-ESL
due to the nodal/perigean cycles (Section 3.4). We use a static inundation ap-
proach in which areas hydraulically connected with the sea and below a specific
water level are considered flooded. The statistic inundation method is developed
in MATLAB by making use of a preprocessing image software package. Thus,
we can identify the hydrologic connections with the sea and the extension of the
flooded areas under different water levels with a low computational cost.

The methodology is based on the identification and delimitation of all indepen-
dent polygons present in a two-dimensional grid. We convert the positive (land)
and negative (water) values in the DEM into a mask of zeros and ones, respec-
tively, transforming the DEM into a black and white image. We then apply
the image preprocessing software to find all polygons included in the grid and
identify those areas connected to the sea (i.e., included in the polygon defined
as “sea”). The flooded area is obtained as the difference between the area of
the “sea-polygon” under non-flooding conditions (i.e., the original DEM) and
the area of the “sea-polygon” obtained after inundating the DEM (reducing the
elevations by a specific water level).

We acknowledge that dynamic inundation models, if run at sufficiently high
resolution to resolve urban infrastructure, could produce more accurate abso-
lute results in terms of the flood extent, but our focus here is on assessing the
differences when using two 100-ESL values modulated only by long-period tidal
fluctuations. Hence the simplistic but computationally more efficient static ap-
proach is preferred.

1. Results

(a) Nodal and perigean amplitudes in tidal constituents



The amplitudes of the nodal/perigean modulations in the five tidal constituents
(K;, My N, Oy, and S,) are shown in Figure 1 for the tide gauges where
the amplitude is significant. Note that the nodal/perigean modulations can
be statistically insignificant for a specific constituent but significant for other
constituents at the same site. We find that the nodal/perigean modulations are

significant in the S, constituent at 199 out of the 344 tide gauges (Figure le).

This number is smaller than for the other four tidal constituents (328 gauges
for Ky; 325 for My; 302 for No; and 336 for O;). On average, the amplitude of
the nodal/perigean modulation is largest for M, (Figure 1b); this reflects the
prevalence of semi-diurnal forcing over much of the world’s oceans. The diurnal
K, and O; modulations show the second highest amplitude, overall (Figure la
and Figure 1d, respectively), and are large in regions with predominant diurnal

forcing, such as the Northeast Pacific (especially Alaska) and Southeast Asia.

The amplitudes of the nodal /perigean modulations in the five major constituents
are consistent with previous studies (Feng et al., 2015; Ray, 2009; Ray and Talke,

2019).
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Figure 1. Amplitudes (cm) of nodal/perigean modulations (Ay p) in five tidal
constituents: a) K; b) My ¢) Ny, d) Oy, and e) S,. In order to better show
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the spatial variability of these modulations, the color bars are specific for seven
areas: (1) western and northwestern Pacific, (2) southeastern Indic and south-
western Pacific, (3) southern Atlantic, (4) northeastern Atlantic, (5) southeast-
ern Pacific, (6) northeastern Pacific, and (7) northwestern Atlantic. In addition,
for locations with amplitudes much higher than those at the neighboring sta-
tions the actual numbers are provided, so that they do not mask the rest of
the stations. Sites that are not shown in the figure are locations where the
nodal /perigean modulations are not statistically significant.

1. Tidally-induced changes in 100-ESL

Next, we consider tidally induced changes in 100-ESL. Figure 2 shows, as an
example, the annual (colored lines) and time-averaged (bold dashed black line)
sea level exceedance curves for five sites located in areas with different tidal
regimes: 1. Fremantle in Australia (diurnal), 2. San Francisco in the U.S.
(mixed mainly semidiurnal), 3. Cristobal in Panama (diurnal), 4. Vigo in Spain
(semidiurnal), and 5. Nagoya in Japan (mixed mainly semidiurnal). In some
areas, such as Fremantle and San Francisco, a secular temporal evolution is clear;
most recent return period curves are located above the time-averaged curve, i.e.,
a particular sea level would have a higher probability of occurrence in recent
years. In Figure 2, the annual 100-ESL corresponds to those values falling on
the vertical red dashed line.

Figure 3 displays the annual 100-ESL (black lines) as well as the harmonic fitting
(red bold line) resulting from Equation 12, for the same five locations shown in
Figure 2. Note that the nodal/perigean cycles in 100-ESL in Freemantle, San
Francisco, and Cristobal are roughly 180 degrees out of phase with Vigo and
Nagoya. The phases of the nodal/perigean signals depend on the form of the
tide; based on equilibrium theory, when the nodal modulation of diurnal tides
is at a maximum, the nodal modulation of semidiurnal tides is at a minimum
(Haigh et al., 2011). Thus, the results for Fremantle, Cristobal, Vigo, and
Nagoya agree with the equilibrium theory. San Francisco, however, last peaked
in 2008, corresponding with the nodal modulation of diurnal tides. This result
reflects the complexity of the mixed semidiurnal tides, particularly in locations
with a tidal form factor close to 1.5 (i.e., close to mixed diurnal tides), as is
the case in San Francisco. In addition, local differences in the phase of the
nodal modulation in high water levels can result from the bathymetry (Peng
et al., 2019) and shallow-water interactions between semidiurnal and diurnal
constituents (Feng et al., 2015).
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Figure 2. Annual exceedance curves (colored lines) for five locations: 1. Fre-
mantle (Australia), 2. San Francisco (U.S.), 3. Cristobal (Panama), 4. Vigo
(Spain), and 5. Nagoya (Japan). The annual exceedance curve for the full pe-
riod is shown as a dashed black bold line. The annual 100-ESL are the values
falling on the red dashed line.

12

2014

2002

1991

1979

1968

1956

1944

1933

1921

1910

1898



3. | Cristobal

057

0.45

257
245+
247

[
—_

2.5

100-ESL (m)

—_
(o)}

245+

2.4

—
()]

Figure 3. Annual 100-ESL (black line) and the harmonic analysis using 18.61
and 4.4-year periods (red bold lines) for five sites located in different tide regimes:
1. Fremantle (Australia, diurnal tides), 2. San Francisco (U.S., mixed mainly
semidiurnal tides), 3. Cristobal (Panama, diurnal tides), 4. Vigo (Spain, semid-
iurnal tides), and 5. Nagoya (Japan, mixed mainly semidiurnal tides).

The nodal/perigean modulations in 100-ESL significantly increase the flood haz-
ard during their positive phases and peaks. Identifying the timing of these peaks
can help prepare for and mitigate coastal flood risk. Figure 4a shows the abso-
lute value of the time difference (in years) between the year 2021 and the closest
peak of the nodal/perigean modulations. Note that the peak could occur before
or after 2021. Ouly sites where the nodal/perigean modulations in 100-ESL are
significant are shown. In general, there is regional coherence in the timing of
peak nodal/perigean modulations in 100-ESL. However, some discrepancies are
observed in northwestern Australia, the Gulf of Mexico, and the west coast of
Canada. Locations that will peak after 2021 (the vast majority) are currently
in a positive phase of the modulation and therefore at a higher risk of flooding.
Locations that peaked before 2021 are in a negative phase of the nodal/perigean
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modulation in 100-ESL.

Figure 4b shows the year of the next expected peak of the nodal/perigean cycles
across the stations. Note that, abrupt color changes between neighboring sites
in Figure 4b, do not indicate great variations in the timing of the nodal/perigean
peak; in some areas (e.g., in Australia), the next peak at one station is in ~18.6
years because it peaked very recently or is peaking now (in 2021), while at other
near station it hasn’t happened yet but will do so very soon (sites peaking in
2021 are light diamonds in Figure 4a, which become black dots in Figure 4b).
The nodal/perigean modulations are currently peaking at some places located in
southern Australia, Hawaii, the eastern coast of Florida, Puerto Rico, southern
Alaska, and the western coast of Canada.

Thompson et al. (2021) studied the influence of the 18.6-year nodal cycle in the
frequency of high-tide flooding along the U.S. coast, identifying a pronounced
inflection before mid-century. Our results mainly agree with theirs; the next
peak of the nodal/perigean modulations in 100-ESL is expected to occur before
mid-century in most sites along the U.S. coast (Figure 4b). However, some
differences are found as a result of the inclusion of the 4.4-year perigean cycle
in our analysis. For example, Thompson et al. (2021) showed that the nodal
cycle peaks just before 2024 in St Petersburg (western Florida) while our results
indicate that the nodal/perigean modulations in 100-ESL are peaking now (in
2021). While the 4.4-year cycle contribution to the total amplitude in St Pe-
tersburg is relatively small (~20%, Figure 6) it still influences the timing of the
long-term tidal modulations in 100-ESL. A higher influence on the timing of the
peak can be expected in areas strongly influenced by the perigean cycle.
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Figure 4. a) Time difference in years between the closest peak of the
nodal/perigean modulations in 100-ESL and the year 2021. Diamonds indicate
sites where the nodal/perigean modulation peaked before and in 2021 while
circles show places where the modulation peaks after 2021. b) Timing (in
years) of the next peak of the nodal/perigean cycles. Tide gauges where the
nodal/perigean modulations in 100-ESL are statistically insignificant are not
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included in the figure.

The amplitudes of the nodal/perigean modulations in 100-ESL (A0 gsr, v.p)
are plotted for all stations in Figure 5. We find a statistically significant
nodal/perigean signal in 100-ESL at 234 of the 344 tide gauges (68%). The
maximum influence of the nodal/perigean signal is located in western France,
where it can increase/decrease the 100-ESL by ~22 cm. The nodal/perigean
modulation is also relevant in the eastern coast of China (~13cm), northwest-
ern and northeastern coasts of Australia (~18cm), the Pacific coast of Panama
(~18cm), and southern Alaska (~14cm). As expected, areas with higher in-
fluence of the nodal/perigean cycles in 100-ESL overlap with areas where the
nodal/perigean modulations are also important in the tidal constituents (Figure
1). On the other hand, tide gauges with statistically insignificant nodal/perigean
100-ESL modulations are located mainly in the Baltic Sea and the Gulf of Both-
nia, where tides are small (Medvedev et al., 2013, 2016). Results agree with
the small nodal/perigean modulations found in the five tide constituents in the
Baltic Sea and the Gulf of Bothnia (Figure 1).

Although the results are not directly comparable due to differences in defin-
ing extreme water levels and in the methodology, the spatial patterns of the
nodal/perigean modulations in 100-ESL agree with those found in monthly
mean high water levels by Peng et al. (2019). These authors used water level
records from tide gauges located along the global coasts. Similar to what we
show here, Peng et al. (2019) found a strong effect of the nodal cycle on the
Bay of Fundy, Gulf of Alaska, Panama and southern Chile. They also found
a strong influence of the nodal signal in the Gulf of Tonkin; however, we don’t
have tide gauges in that area due to our data selection criteria. In Europe, Peng
et al. (2019) showed that the amplitude of the nodal/perigean signals in the
monthly mean high water levels was large (compared to the neighboring sites)
in the Bristol area and the English channel. Unlike them, our results show that
the amplitudes of the nodal/perigean modulations in 100-ESL are also large
in many other tide gauges located along the west coast of Europe, mainly the
western coast of France and the northern coast of Spain. In Australia, Peng et
al. (2019) found a large nodal influence on the northwestern coast while we also
find a high amplitude of the nodal/perigean modulations along the northeastern
coast. One noticeable difference is found in South Africa, where we find a higher
amplitude of the nodal/perigean modulations in 100-ESL.

An interesting result is the nodal/perigean signals at the Wyndham tide gauge
(northwestern Australia). The amplitude of the signal is very strong in the M,,
K, O, and S, tidal constituents, in comparison to the neighboring tide gauges.
However, the long-term tidal modulation is not present in 100-ESL at a 90%
confidence level, while it is significant at the neighboring tide gauges. Further
research is required to characterize the nodal/perigean cycles in extreme sea
levels at this location.
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Figure 5. Amplitude (cm) of the nodal/perigean modulations in 100-ESL
(A100-psr.n.p)- The color bars change across seven regions to better show
the spatial variability in the tidally-induced changes in 100-ESL. Tide gauges
where the nodal/perigean modulations in 100-ESL are statistically insignificant
are not included in the figure.

We also analyze the relative importance of the two cycles in modulating 100-ESL
by calculating the relative contribution of the nodal cycle to the total amplitude
of the nodal/perigean signals (Equation 17, Section 3.4). Our results (Figure
6) show spatial coherence across sites and a general agreement with the diurnal
and semidiurnal spatial pattern of tides (Figure 8 in Haigh et al., 2011). Note
that, although there is a general tendency that the perigean cycle influences
sea levels in semidiurnal tidal zones and the nodal cycle influences sea levels in
diurnal tides zones, both modulations may be present for either tidal regime
(Haigh et al., 2011). In Europe, there are two distinguishable areas; the nodal
modulation in 100-ESL is more prominent in the Mediterranean Sea, the North
Sea, and along the west and north coasts of Norway. Results for the North Sea

and Norway contrast with the tidal regime, which is predominately semidiurnal.

However, in the case of the North Sea, results are consistent with the strong
modulation of the nodal/perigean cycles in the diurnal O; tidal constituent
(Figure 1d).

Along the rest of the European coast, the perigean modulation is predominant
in the 100-ESL, with the exception of the Holyhear tide gauge, located on the
western coast of the UK. The coasts of Japan also show spatial coherence in the
nodal /perigean modulations in 100-ESL, with two clusters; the northern coast
is dominated by the nodal signal while the perigean signal is more relevant in
the south. The nodal modulation is again more predominant along the coast of
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Taiwan and its surroundings with the exception of Xiamen in China. Smaller
spatial coherent clusters are found along the coasts of Australia although the
southern coast is predominantly influenced by the nodal cycle while the perigean
is more important in the north. Overall, the nodal cycle is the predominant mod-
ulation in 100-ESL on the eastern coast of the U.S. and Canada but the perigean
modulation becomes relevant in some scattered places, showing a perigean con-
tribution of 50 to 70% to the total amplitude.

Modulations by both cycles are slightly more even in magnitude along the south-
east coast of the U.S. The nodal modulation is more important than the perigean
on the Pacific coast of Mexico, while the perigean cycle is, overall, more promi-
nent at northern latitudes, from Washington up to Alaska (U.S.). The spatial
coherence of the long-term tidal signal in 100-ESL is more difficult to assess
in South Africa, South America, and the Pacific islands due to the scattered
locations where the nodal/perigean modulations are statistically significant in
100-ESL.

The spatial clusters of the relative importance of the two cycles in modulating
100-ESL (Figure 6) mostly agree with the clusters found in the timing of the
peak of the modulation (Figure 4a). For example, sites in Japan with a high
nodal influence will peak in ~2-3 years, while sites on the southern coast mainly
influenced by the perigean cycle will peak in ~7-8 years. Similar patterns are
found in Australia, Taiwan and China, Europe, and to a lesser extent, the
northwestern coast of the U.S. and Canada.
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Figure 6. Relative importance (in %) of the nodal signal to the total amplitude of
the nodal/perigean modulations in 100-ESL at sites where the overall amplitude
is significant. Green-yellow colors indicate a higher influence of the 18.6-year
nodal signal while black-red colors indicate a higher influence of the 4.4-year
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perigean signal in 100-ESL. White color represents an equal presence of both
cycles (50%).

1. Influence of nodal/perigean 100-ESL modulations in inundation
modeling

Finally, we evaluate the impact of the nodal/perigean modulations in 100-ESL
on the estimated flood extent of a 100-year event, for four case study sites. This
is quantified by deriving 100-ESL under a positive and negative phase of the
modulation (Section 3.4) in Boston, Miami, South San Francisco Bay, and Santa
Barbara. Table 2 shows the area covered by the DEM used for each case study,
the range of the nodal/perigean modulations in 100-ESL found in the closest
tide gauge to each site, and the ratio of the area flooded under a peak and a
trough of the modulation ( F, in % of change). As an example, the variation
in the flood area derived from the nodal/perigean modulations in 100-ESL is
shown for San Francisco Bay (Figure 7).

Results show that changes in 100-ESL derived from long-term tidal variations
lead to differences in potential flood extents of up to ~45% in Boston. This is
almost four times the relative contribution of mean sea-level rise (0.82 m under
an RCP8.5 scenario by 2100, relative to the period of 1986-2005, IPCC, 2013)
to the area vulnerable to flooding under a category 3 storm on the coast of
Massachusetts (12.2%, Figure 4 in Maloney and Preston, 2014). Changes for
the other locations are smaller; 12.9% in South San Francisco Bay, 6% in Santa
Barbara, and 11% in Miami. Differences among sites arise from the variation
in characteristics of each area, including the amplitude of the nodal/perigean
amplitudes in 100-ESL and the steepness of the coastal topography. For ex-
ample, tidal constituents are small in Miami (M5 ~ 0.3m) and the nodal cycle
is not prominent (Haigh et al., 2011). The difference between Santa Barbara
and San Francisco, both in California with similar mixed, semidiurnal forcing,
demonstrates the influence of local variations. The greater potential inundation
in South San Francisco Bay is likely attributable both to generally steeper to-
pography in Santa Barbara (see also Barnard et al., 2019). Note that the flood
areas are zones below the 100-ESL elevation and hydraulically connected to the
sea according to the DEM; however, the actual inundation area is also affected
by flood pathways, drainage, pumps, and other civil infrastructure, which are
not accounted for here.

Table 2. The area flooded (km?) by 100-ESL under a positive and negative
nodal/perigean cycle. The first column depicts the area over which the flood
mapping analysis is performed. The range (cm) of the nodal/perigean modula-
tions in 100-ESL is shown in the second column. The ratio between the area
flooded under a positive and negative phase is shown in the last column ( F, in
% of change).

Study area (km?) Range of nodal/perigee modulations in 100-ESL (c
Boston 98.3 10.5
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Study area (km?) Range of nodal/perigee modulations in 100-ESL (c

South San Francisco Bay 2,435 7.9
Santa Barbara 178.2 12.4
Miami 330 3.1

37°50'N

37°40'N

37°30'N

Earthstar Geographics

122°10'W 122°W

122°20'W

Figure 7. Tidally driven variations in flood extent in South San Francisco Bay.
Note that this is not the total flood area but the difference in the area flooded
by a 100-ESL event occurring under a peak and a trough of the nodal/perigean
cycles.

4. Conclusions

In this paper, we have assessed the nodal/perigean modulations in five major
tidal constituents (K;, My N, Oy, and S,) at 344 tide gauges located along
the global coasts. In agreement with the equilibrium theory, the amplitudes of
the nodal/perigean modulations are higher in the M, tidal constituent at most
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sites, reaching up to 10 cm in Europe. The amplitudes of the nodal/perigean
modulations are also large in K; and Oy, particularly along the western coast
of the U.S. and Canada, and northern Australia. Although the number of
sites where the nodal/perigean modulations are present in S, is lower than
for the other four tidal constituents, the nodal/perigean modulations in S, are
statistically significant at 199 out of the 344 tide gauges.

We have used the qn-SSJPM to estimate the annual sea level exceedance curves,
retaining the long-term astronomical tide modulations and thus allowing us to
assess the influence of long-term tides on the 100-year return sea level (100-
ESL). Our results show that the nodal/perigean modulations impact the flood
hazard on interannual to decadal time scales at 234 tide gauges. This number
is consistent with previous works that assessed the nodal and perigean modula-
tions in observed monthly high water levels (Peng et al., 2019). We have found
some exceptions where the nodal/perigean influence in the five major tidal con-
stituents is strong, but it vanishes when analyzing the effect on 100-ESL. This
is especially noticeable in Wyndham (northwestern Australia).

The amplitude of the nodal/perigean modulations in 100-ESL greatly varies
across stations, reaching up to 22 cm in western France. Other places with
high amplitude of the nodal/perigean modulations in 100-ESL are found in
the eastern coast of Europe, the eastern coast of China, the northwestern
and northeastern coasts of Australia, southern Alaska, and the Pacific coast
of Panama. Further research is needed to assess the changes in the amplitude
of the nodal/perigean modulations in extreme sea levels at lower return periods,
as opposed to the 100-year return levels we focused on in the present study.

Identifying the years at higher risk of flooding due to the nodal/perigean mod-
ulations in extreme water levels can help coastal risk management. We have
detected the year of the next expected peak of the nodal/perigean cycles across
the stations. Some examples of places where the nodal/perigean modulations
are currently peaking, or are expected to peak relatively soon, are located in
northern Japan, southern Australia, Hawaii, and the eastern coast of Florida.
In this line, we have identified a regional coherence in the timing of the peak of
the nodal/perigean modulations in 100-ESL.

We have assessed the relative contribution of the nodal versus perigean cycles
to the total amplitude of the modulation in 100-ESL. Overall, results show
spatial similarities and a general agreement with the prevailing tidal regime. We
have found that the timing of the peak of the modulation is highly correlated
with which signal (nodal or perigee) predominates at each site, highlighting
the importance of accounting for both cycles when assessing the timing of the
nodal/perigean peak modulations.

The tidally-induced changes in 100-ESL also affect estimates of the flood sur-
face area. We have found that nodal/perigean modulations in 100-ESL can
lead to changes in the area of the 100-year flood area of up to ~45%, for exam-
ple in Boston, U.S. The changes in flood area caused by long-term changes in
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tides vary with the steepness of coastal topography and the amplitude of the
nodal/perigean modulations in 100-ESL.

In the present study, we have shown that the nodal/perigean modulations influ-
ence low-frequency events (100-year return level) along the global coasts, leading
to important variations in flood hazard and potentially flooded surface area. Al-
though further research is required to assess the influence of the tidally-induced
changes in flood hazard maps in specific study areas, our results highlight the
importance of integrating these tidally-induced and predictable changes in 100-
ESL into coastal vulnerability assessments and adaptation plans.
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