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Abstract The lunar nodal cycle, produced by the varying declination of the Moon over a period of
18.61 years, drives changes in tidal amplitude globally. However, constraining the range of changes in
tidal amplitude that can be expected over a nodal cycle from real observations is rarely considered for coastal
hazard planning. In this study, we use hourly tide gauge observations with record lengths >19 years from
574 stations distributed worldwide to examine the contribution of the nodal modulation to monthly high
water levels. Our results show that the influence of the lunar nodal cycle on high water levels is largest at tide
gauge stations located in the Gulf of Tonkin, English Channel, and Bristol Channel, amounting up to 30 cm
in range, suggesting that in the coming decades the impact of the nodal cycle on high water levels in
those regions could be greater than that of global mean sea level rise, which is up to 17 cm by 2030,
according to the Intergovernmental Panel on Climate Change fifth assessment report projections. We also
examine the phase of nodal modulation and show that the estimated phases exhibit two clusters: one cluster
(111° ± 10°) corresponds with the locations having a diurnal form of tides, whereas the other cluster
(−59° ± 11°) corresponds with the locations exhibiting a semidiurnal form of tides. Nodal modulation in the
diurnal and semidiurnal locations will peak again in 2025 and 2034, respectively, resulting in enhanced
potential for coastal hazard in the respective regions.

Plain Language Summary Nodal modulation is slow variation of the amplitude of diurnal or
semidiurnal ocean tides associated with relative motions of the Earth, Moon, and Sun over a period of
18.61 years. It is an important contributor to extreme sea levels and can increase the risk of coastal flooding
at specific, forecastable times. We use hourly tide gauge observations from 574 stations distributed
worldwide to estimate and map the contribution of the 18.61‐year lunar nodal modulation to monthly high
water levels. We find that nodal modulation has the largest influence on the monthly highest water
levels at locations in the Gulf of Tonkin, in the Bristol Channel, and in the English Channel, amounting up
to 30 cm in range, and the nodal modulation in the diurnal and semidiurnal locations will peak again in
2025 and 2034, respectively, with the potential for high levels of coastal hazard in the respective regions.

1. Introduction

Coastal flooding caused by extreme sea levels is a major concern for low‐lying and highly populated coastal
areas (Church et al., 2007; Li, Switzer, et al., 2018; Neumann et al., 2015; Stocker, 2014). Mean sea level
(MSL), episodic water level fluctuations due to climate extremes, and astronomical tides all affect total
observed sea levels and contribute to the occurrence of extreme high water levels. With the popular interest
in increased risk of flood events in a future warmer climate, most studies have focused on the effects of cli-
mate extremes (storm surges) and MSL changes (Cazenave et al., 2018; Herring et al., 2015; Kay et al., 2015;
Muis et al., 2016; Nicholls & Cazenave, 2010; Zhang & Sheng, 2015); these studies suggested that extreme sea
levels have been increasing during the past few decades at many locations around the world, and a large part
of the increase can be accounted for by changes in MSL rather than changes in the frequency andmagnitude
of storm surges.

Astronomical tides—the rise and fall of sea levels caused by the combined effects of the gravitational forces
exerted by the Moon and the Sun on a rotating Earth—have a significant influence on coastal water levels.
Astronomical tides are regular and recurring, but when a high tide coincides with a storm surge, it can threa-
ten coastal communities and the consequences can be devastating. Historically, many disastrous coastal
floods have been caused by the coincidence of large meteorologically induced surges and large or even mod-
erately high astronomical tides (Table 12.5; Pugh &Woodworth, 2014). As a recent example, Super Typhoon
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Hato (23 August 2017) coincided with moderately high astronomical tides (0.9 m above MSL), resulting in
storm tides (a combination of astronomical tides and storm surge) reaching up to 2.8 and 2.4 m (above
MSL) in Zhuhai and Hong Kong (Hong Kong Observatory, 2017) and causing widespread flooding in the
coastal areas around the Pearl River Estuary in southern China. Twenty‐four fatalities, 845 injuries, and
6.82 billion USD direct economic losses were reported (Economic and Social Commission for Asia and the
Pacific/World Meteorological Organization Typhoon Committee, 2017). The peak astronomical tide in
August 2017 for that region was 1.3 m above MSL. Li, Yang, et al. (2018) reproduced the entire Typhoon
Hato event using the tide‐surge‐wave coupled hydrodynamic model—Semiimplicit Cross‐scale
Hydroscience Integrated System Mode—together with the Weather Research and Forecasting Model and
demonstrated that flooding would have beenmore severe if TyphoonHato had occurred at higher astronom-
ical tidal levels.

The lunar nodal cycle, produced by the varying declination of the Moon over a period of 18.61 years, is the
main tidal force influencing high tides on decadal timescales (Pugh & Woodworth, 2014); it drives changes
in tidal amplitude globally, affecting coastal habitat formation, shoreline landforms, and salt marsh vegeta-
tion (Berger et al., 2004; Gratiot et al., 2008; Yndestad et al., 2008). The evidence for nodal tidal components
affecting extreme sea levels has been identified along the coasts of China, Australia, and the United States
(Eliot, 2010; X. Feng, Tsimplis, & Woodworth, 2015; Haigh et al., 2010; Shaw & Tsimplis, 2010; Wahl &
Chambers, 2015). Eliot (2010) demonstrated that a 7‐cm rise in water levels represents a threefold variation
in the relative likelihood of extreme flood events at Fremantle, Australia, suggesting that nodal modulation
is a significant contributor to extreme sea levels.

Haigh et al. (2011) used modeled tides from the TPXO7.2 global tidal model to assess the influence of the
18.61‐year lunar nodal cycle and the 8.85‐year cycle of lunar perigee on high tidal levels on a one‐quarter
degree global grid. However, their study was conducted under two assumptions: (1) the modeled tidal con-
stituents are accurate, and (2) the real nodal tidal constituents conform in the same way as their equilibrium
counterparts. Challenging these assumptions, a recent study compared the observed tidal modulations from
tide gauge records with their corresponding nodal equilibrium tidal constituents, showing that differences
do occur at locations on a shallow continental shelf (X. Feng, Tsimplis, & Woodworth, 2015). In addition,
analyzing 16‐year satellite altimetry data in the Pacific and the western Atlantic Oceans, Cherniawsky
et al. (2010) found that the observed nodal amplitude ratios between (O1n,K1n,M2n,K2n) and (O1,K1,M2,
K2) tend to exceed the values predicted by equilibrium tidal theory.

Tidal features in coastal areas, especially those on shallow continental shelves, vary greatly from one site to
another as both water depth and shoreline geometry can affect local tides, making the observed 18.61‐year
lunar nodal modulation different from their astronomically theoretical values. Therefore, constraining the
range of changes in tidal amplitude that can be expected over a nodal cycle from real observations is valuable
for coastal hazard planning. To the best of our knowledge, only Menéndez and Woodworth (2010) used real
data to detect the 18.61‐year lunar nodal cycle at a global scale; however, their nodal findings were obtained
from only two cycles of data in the records commencing in 1970, and this was not the focus of their study. In
this study, we use a global tide gauge data set to examine the influence of the 18.61‐year lunar nodal mod-
ulation on different high water levels with the aim to estimate decadal changes in tidal amplitude and to pro-
vide predictions of periods where there is enhanced risk of flooding to coastal infrastructure. We first extract
monthly time series of different high water levels from the hourly tide gauge records for each station and
apply a 12‐month moving median filter. We then model the 18.61‐year lunar nodal modulation from the fil-
tered time series using harmonic analysis. Lastly, we map the range and phase of the 18.61‐year lunar nodal
modulation and identify locations where they most influence high water levels.

2. Data and Methods
2.1. Sea‐Level Data Sets

We obtained high‐frequency tide gauge records from the Global Extreme Sea Level Analysis Version 2
(GESLA‐2, http://www.gesla.org/) and the University of Hawaii Sea Level Center (UHSLC, https://uhslc.
soest.hawaii.edu/). The GESLA‐2 data set contains research quality sea‐level information from 1,355 stations
distributed worldwide (Woodworth et al., 2017). UHSLC regularly collects, processes, analyzes, and distri-
butes tide gauge observations from nearly 700 stations and 88 international agencies in support of climate
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and oceanographic research (Caldwell et al., 2015) and is one of the main data sources of the GESLA‐2 data
set. Sea‐level information from both GESLA‐2 and UHSLC are at hourly or greater frequencies. As the
GESLA‐2 data set has not been updated since March 2017, we replaced the tide gauge records in the
GESLA‐2 data set originating from UHSLC with the up‐to‐date research quality sea‐level data that we
directly obtained from UHSLC. In this study, we standardized the use of hourly values, which make up
the majority of the two data sets, by subsampling any available higher‐frequency data. This will mean
that in some cases high percentile water levels are slightly underestimated.

Raw tide gauge records include contributions from MSL, astronomical tides, meteorologically and oceano-
graphically induced water level changes, vertical land movements, systematic bias, and noise; identification
of the 18.61‐year lunar nodal signals therefore requires suitable data sets and dedicated analysis techniques.
Tide gauge observations from 574 stations meet our criteria of data selection (described in section 2.2), and
significant influence of the 18.61‐year lunar nodal modulation on the three selected high water levels is
detected at 478 stations using our techniques (described in sections 2.3 and 2.4). Geographic locations of
the tide gauge stations are shown in Figure 1. Among the 478 stations, 231 are from GESLA‐2 (91, 98, and
42 stations with record lengths >19, >38, and >57 years, respectively), and 247 are from UHSLC (106, 77,
and 64 stations with record lengths >19, >38, and >57 years, respectively).

2.2. Data Selection

We select data based on record lengths and data completeness. Stations with record lengths <19 years are
discarded to ensure that at least one full oscillation of the 18.61‐year lunar nodal cycle is captured. In order
to detect nodal signals from as many stations as possible, we did not standardize the use of record lengths in
nodal modulation modeling (described in section 2.4). The record lengths we used are thus varied, with the
longest records being from 1846 to 2017 at Brest, France. We transform the raw hourly records to monthly
values to model the 18.61‐year lunar nodal cycle (described in section 2.3) and assess data completeness
based on the monthly time series. Generally, we select stations where data completeness is >70% for further
analysis. However, for some stations with record lengths >38 years, data completeness still meets our criteria
even though the data contain a large data gap (>9 years). To ensure that nodal modulation modeling would

Figure 1. Distribution of tide gauge stations used for analysis of the 18.61‐year lunar nodal cycle and the corresponding
record lengths. Circles represent tide gauge stations where the 18.61‐year nodal cycle is identified using our techniques;
red crosses indicate tide gauge stations where we are not able to detect the 18.61‐year nodal cycle in the three selected
high water levels, although they meet our criteria of data selection. Color map represents tidal form factor, which is
defined by the ratio of the amplitudes of the two main diurnal and semidiurnal constituents (K1,O1, M2, and S2),
F ¼ HK1 þHO1ð Þ= HM2 þHS2ð Þ. The amplitudes used to make this map were taken from the Oregon State University
TPXO8‐atlas global tide model, http://volkov.oce.orst.edu/tides/tpxo8_atlas.html. Tidal forms are classified as follows:
0 < F < 0.25, semidiurnal; 0.25 < F < 1.5, mixed and mainly semidiurnal; 1.5 < F < 3.0, mixed and mainly diurnal; and
F > 3.0, diurnal. GESLA = Global Extreme Sea Level Analysis; UHSLC = University of Hawaii Sea Level Center.
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not be biased or corrupted by such a large data gap, we adopt a detect‐locate‐trim approach to preprocess the
monthly time series. We first perform a data gap detection. Once large data gap is identified, we then locate
the gap in the monthly time series. Lastly, we trim the time series according to the location of the gap. If the
gap is located in themiddle of the time series and the record lengths of the data in front of and behind the gap
are >19 years, we do not make any changes to this type of time series, but if the gap is located at the head or
tail of the time series and the record lengths of the data either in front of or behind the gap is <9 years, we
trim the time series by removing the large gap together with the data in front of or behind the gap with record
lengths <9 years. Record lengths shown in Figure 1 are based on the trimmed data.

2.3. Data Preprocessing

Analyses of time series at different percentile water levels and analyses of monthly or annual mean high
water levels have been extensively used in extreme sea level studies (Haigh et al., 2010; Marcos et al.,
2015; Menéndez & Woodworth, 2010; Wahl et al., 2017; Woodworth & Blackman, 2004). In this study, we
choose to calculate the following three types of time series to characterize the 18.61‐year lunar nodal cycle
and estimate its contribution to different high water levels: (1) the monthly 99th percentile water level, (2)
monthly mean high waters (MMHW), an average level of all high water levels, and (3) monthly mean
higher‐high waters (MMHHW), an average level of the higher‐high waters. For the first type of time series,
to consider the sensitivity of the results to the percentile level chosen, we also calculated for each station the
time series for an additional eight percentile water levels (80th, 90th, 95th, 98th, 99.5th, 99.8th, and 99.9th
percentiles and monthly maxima).

As an example, Figure 2 shows hourly tide gauge records at a station with semidiurnal tides over a month.
The three types of high water levels for that month are illustrated with dash lines in green, pink, and blue. A
month (31 days) with no data gaps contains 744 hourly measurements; these values are ordered in terms of
height and then used to compute the 99th percentile level and the additional eight percentile levels. MMHW
for this station is calculated as the average of higher‐high waters (red triangles) and lower‐high waters (black
triangles). Due to shallow water distortions at some locations—especially where tidal range is small (< 1 m)
—four high tides a day occur (Pugh &Woodworth, 2014); in this case, calculation of MMHW is based on the
daily four high water levels. MMHHW for this station is calculated as the average of red triangles shown in
Figure 2. For locations with tides in diurnal form, MMHW and MMHHW, are identical. We show examples
of the three types of time series at the four selected stations representing the four tidal forms in Figure S1 in
the supporting information.

It has been demonstrated that analysis of extreme sea levels based on annual calculations could be corrupted
if a small number of incorrectly measured hourly values occur around high waters (Menéndez &
Woodworth, 2010). In this study, we first extract the three types of monthly time series from the hourly tide
gauge records and subtract the monthly median (the 50th percentile) of the hourly values to remove the

Figure 2. A demonstration of the three high water levels (MMHW, MMHHW, and the 99th percentile) at a location with
tides in semidiurnal form. Red and black triangles represent higher‐high waters and lower‐high waters, respectively.
MMHW = monthly mean high waters; MMHHW = monthly mean higher‐high waters.
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effect of MSL changes. Gaps summing to more than 30% of the hourly values for a given month invalidate
the use of this monthly value. Second, we apply a 12‐month moving median filter to the monthly time series.
An advantage of the filtered monthly calculations over raw annual calculations is that occasional data errors
are less likely to strongly bias the filtered monthly calculations. Figure S2 in the supporting information
shows four representative monthly time series with and without the 12‐month moving median filter applied
and nodal modulations estimated from the corresponding filtered and nonfiltered time series, demonstrating
that this simple filtering technique significantly improves the quality of data for lunar nodal cycle modeling.

2.4. Nodal Modulation Model

We estimate the amplitude and phase of the 18.61‐year lunar nodal modulation using least squares and the
filtered monthly time series. Our model includes a harmonic function with a period of 18.61 years, a period
of 4.4 years, a linear trend, and a constant. The expression is as follows:

H tð Þ ¼ β0 þ β1 tð Þ þ β2 cos ω1tð Þ þ β3 sin ω1tð Þ þ β4 cos ω2tð Þ þ β5 sin ω2tð Þ þ ε

ω1 ¼ 2π
18:61

;ω2 ¼ 2π
4:4

(1)

whereH(t) is the monthly value at time t, t is the time in units of year, β0 is the constant value, β1 is the linear
trend, and β2 and β3 are the amplitudes of the cosine and sine functions of the 18.61‐year lunar nodal
modulation. β4 and β5 are the amplitudes of the cosine and sine functions of the 4.4‐year modulation, and
ε is noise.

Evidence for an increase in annual mean high water relative to MSL has been reported at locations in the
English Channel, along the Iberian Atlantic coast, and along the coastlines of the United States and
China (J. Feng, von Storch, et al., 2015; Fortunato et al., 2016; Haigh et al., 2010; Wahl & Chambers,
2015). In addition, the 8.85‐year cycle of lunar perigee affects high tidal levels as a quasi 4.4‐year cycle,
and its influence on high tidal levels has also been identified (Haigh et al., 2011; Menéndez &
Woodworth, 2010).

To ensure that the linear trend and the 4.4‐year modulation do not affect the estimation of the 18.61‐year
modulation, we first estimate all the parameters in equation (1); if the linear trend and the 4.4‐year modula-
tion are relatively significant (amplitude of the 4.4‐year modulation >1 cm or > 40% of the 18.61‐year mod-
ulation amplitude), we remove the two effects and reconstruct a new time seriesH′(t) to reestimate β2 and β3.
The amplitude A and phase φ of the 18.61‐year lunar nodal modulation are derived as below

H′ tð Þ ¼ β2 cos ω1tð Þ þ β3 sin ω1tð Þ þ ε (2)

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β22 þ β23

q
;φ ¼ tan−1 β3

β2

� �
(3)

We consider the result of the least squares fitting to be significant when the amplitude of the estimated nodal
modulation is greater than the corresponding root mean square of the residuals, and the percentage of the
total variance explained by the regression model (R squared) is greater than 50%. R squared (R2), also known
as the coefficient of determination, is a statistical measure of how close the data are to the fitted
regression model.

3. Results
3.1. Comparison of Percentile, MMHW, and MMHHW Time Series

Analysis of themonthly time series without removing the 4.4‐year modulation at the nine selected percentile
water levels for each station reveals that the influence of the 4.4‐year modulation of lunar perigee is negligi-
ble at low percentile levels (<99th). Figure 3 shows the ninemonthly time series from a location with tides in
semidiurnal form, indicating that at this station the 4.4‐year modulation dominates the 18.61‐year modula-
tion at high percentile water levels, and the effect of the 4.4‐year modulation at low percentile water levels
is negligible.
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Examining the monthly time series without the effect of the 4.4‐year mod-
ulation at the nine selected percentile water levels for each station, we find
that when lower percentiles are considered, the range (twice amplitude)
of the 18.61‐year lunar nodal modulation is reduced. In contrast, the coef-
ficient of determination of the least squares fitting is increased, indicating
that the time series at lower percentile levels better fit the nodal modula-
tion model. Figure 4 shows the range of the 18.61‐year lunar nodal mod-
ulation estimated from the monthly time series for a location in Canada,
at the nine selected percentile water levels, with the linear trend and the
4.4‐year modulation removed (the nine monthly time series are shown
Figure S2 in the supporting information). Figure 4 also shows the corre-
sponding coefficients of determination of the least squares fitting.
Together, these demonstrate that the amplitudes of the 18.61‐year lunar
nodal modulation on high water levels are sensitive to the percentile
level chosen.

Removal of the monthly median (50th percentile) in the high water levels
chosen subtracts much of the seasonal and interannual variability that is
responsible for changes in MSL. However, high water levels can also
include meteorologically induced sea level changes and other nontidal
signals that are not represented in theMSL time series: these signals make
the extraction of the nodal signals more difficult and could corrupt the
estimation of the 18.61‐year nodal modulation. Among the 574 stations
that meet our criteria of data selections, 207, 253, and 371 stations are
identified with significant nodal signals in the monthly 99.9th, 99th, and
90th percentile time series, respectively, suggesting that the higher the
percentile water level chosen, the more likely the nodal signals are con-

taminated. Distributions of those stations are shown in Figure 11 in section 3.2 and Figures S7 and S11 in
the supporting information.

To quantify the changes in range when choosing a different percentile, we compare the ranges of the 18.61‐
year lunar nodal modulation estimated from the monthly time series at the 99.9th, 99th and 90th percentile
water levels (Figure 5). Taking the nodal modulations estimated from the monthly 99.9th percentile time
series as a reference, the ranges of the nodal modulation are reduced by ~10% and ~30%, when the 99th
and 90th percentile water levels are chosen. We understand that the 18.61‐year lunar nodal modulation in
the 99.9th percentile or monthly maximum water level is more practical. However, considering that the
range of the 18.61‐year lunar nodal modulation estimated from the 99th percentile time series is not substan-
tially reduced compared with those from the 99.9th percentile times series and there are more stations where

the nodal signals are not significantly contaminated by other forcing fac-
tors, we thus select the 99th percentile water level for discussion in the
subsequent sections.

The effect of the 4.4‐year modulation in the MMHW and MMHHW time
series is negligible as well (not shown), thus allowing focus on the 18.61‐
year lunar nodal modulation. A comparison of the 99th percentile,
MMHHW, and MMHW time series at four sites that represent the four
tidal forms, semidiurnal, mixed and mainly semidiurnal, mixed and
mainly diurnal, and diurnal, is shown in Figure S1 in the supporting infor-
mation. An analysis of the coefficient of determination reveals that among
the 99th percentile, MMHHW, and MMHW time series, MMHW is the
one that best fits the nodal modulation model in all forms of tides; among
the 574 stations, there are 253, 417, and 423 stations with the coefficient of
determination >50% in the least squares fitting of the nodal modulation
model and the 99th percentile, MMHHW, and MMHW time series,
respectively. In addition, the ranges of the 18.61‐year lunar nodal modula-
tion in the 99th percentile, MMHHW, and MMHW time series for each

Figure 4. Range of nodal modulation and R squared of the least squares fit-
ting plotted against percentiles for a station located at Victoria, Canada
(40°26′ N,123°22′ W). The form factor at this station is 2.11, and the tidal
range is 2.8 m.

Figure 3. A demonstration of the dominant 4.4‐year modulation in the high
percentile water levels. Hourly tide gauge records are from a station
located at Tumaco, Colombia (01°49′ N,78°44′ W). The form factor at this
station is 0.09, and the tidal range is 3.0 m. HW = high waters.
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station vary with tidal form. Generally, the range of the nodal modulation
is largest for the 99th percentile time series, and it is the smallest for the
MMHHW time series. Figure 6 shows the ranges of the nodal modulation
in the MMHW and MMHHW time series, plotted against the ranges for
the 99th percentile water levels. For locations with F < 1.5, which make
up ~90% of the data set, the difference between the ranges of the nodal
modulation in the 99th percentile water level and MMHW is statistically
insignificant, while the ranges of the nodal modulation in the MMHHW
are reduced by ~10% compared to those from the 99th percentile
time series.

Although not a focus of this study, we compare the influences of the 4.4‐
year and the 18.61‐year modulations on the monthly maximum water
levels and find that the amplitude of the 4.4‐year modulation is larger than
the 18.61‐year modulation amplitude at 52 stations, suggesting that at
these locations the 4.4‐year modulation dominates the 18.61‐year modula-
tion in the monthly maximum water levels. These stations are located on
Peninsular Malaysia (along the east coast facing the South China Sea and
the west coast facing the Malacca Strait), in the Bay of Biscay, in the
English Channel, in the Gulf of Cadiz, in the Surabaya, in the northeast-
ern Australia, and along the West Coasts of the United States, Africa,
Peru, Ecuador, and Colombia. They all exhibit tides in semidiurnal or

mixed andmainly semidiurnal form (F< 1.5). In addition, the amplitude of the 4.4‐year modulation is either
>1 cm or reaching >40% of the 18.61‐year modulation amplitude at 90 stations: at these locations, we con-
sider the influence of the 4.4‐year modulation on the monthly maximumwater levels as significant. Figure 7
shows the geographic location of the stations where dominant and significant influence of the 4.4‐year mod-
ulations is detected in the monthly maxima time series and the corresponding range of the modulation. The
4.4‐year modulation is largest at locations in the Bristol Channel and in the English Channel where tidal
ranges are >6 m; tidal range for each tide gauge station used in this study is shown in Figure S4 in the
supporting information.

3.2. Range of Nodal Modulation

Figure 8 shows the range of the 18.61‐year lunar nodal modulation estimated from the MMHW time series.
The contribution of the nodal modulation to the MMHW is <10 cm in range at most stations (~86%); strong
effect of the 18.61‐year lunar nodal cycle on the MMHW (between 10 and 20 cm in range) is found at loca-
tions on the northwest Australian Shelf, in the Bay of Fundy, along the west coast of Panama, in the Gulf of
Alaska, and along the coastline of southern Chile. The nodal modulation has the largest influence on the

Figure 5. Ranges of the nodal modulation estimated from the 99th and 90th
percentile time series plotted against that from the 99.9th percentile time
series. The black line is a linear fit of the ranges from the 99.9th and 99th
percentile time series and from the 99.9th and 90th percentile time series.

Figure 6. Comparison of ranges of nodal modulations estimated from the 99th percentile time series and the (a) MMHW
and (b) MMHHW time series. Colors indicate the form factor of the tides. The black line is a linear fit of the two ranges at
locations with F < 1.5. MMHW = monthly mean high waters. MMHHW = monthly mean higher‐high waters.
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MMHW (between 20 and 30 cm in range) at locations in the Gulf of Tonkin, in the Bristol Channel, and in
the English Channel.

The range of the nodal modulation is related to both the form of tides and the tidal range. In this study, we
use the simplified equation in Haigh et al. (2011) to calculate the tidal range. For locations with tides in semi-
diurnal form, tidal ranges are estimated as the difference between mean high water springs (MHWS ¼ HM2

þHS2 ) and mean low water springs (MLWS ¼ −HM2−HS2 ), whereas for locations with tides in mixed
(including both “mixed and mainly semidiurnal” and “mixed and mainly diurnal”) or diurnal form, tidal
ranges are estimated as the difference between mean higher‐high water) and mean lower‐low water (MLLW
¼ −HM2−HO1−HK1). We estimate amplitudes of the main semidiurnal and diurnal tidal constituents (HM2 ,
HS2 ;HO1 , and HK1 ) for each station using the Utide software package (Codiga, 2011) and hourly tide gauge
records. We also base calculation of the form factor for each station on the estimated amplitudes of the main
tidal constituents.

Generally, the range of the 18.61‐year lunar nodal modulation increases with tidal range (Figure 9).
However, it increases more with tidal range for locations dominated by diurnal tides as compared to

Figure 7. Range of the 4.4‐year modulation from the monthly maxima time series. Colored circles with black edge are
locations where the 4.4‐year modulation dominates the 18.61‐year nodal modulation. For comparison, we show the
range of the 18.61‐year nodal modulations from the monthly maxima time series in Figure S6 in the supporting infor-
mation. Sites that are not shown in the figure are locations where we are not able to detect the 4.4‐year cycle in the
monthly maxima time series using the technique described in section 2.4.

Figure 8. Range of the 18.61‐year lunar nodal modulation estimated from themonthly mean high waters time series. Sites
that are not shown in the figure are locations where we are not able to detect the 18.61‐year lunar nodal cycle in the
monthly mean high waters time series using the technique described in section 2.4.
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locations dominated by semidiurnal tides. Linear fitting the ranges of the
nodal modulation with tidal ranges, the curve of diurnal locations is ~3
times steeper than that of semidiurnal locations. Practically, the range of
the nodal modulation is ~6% and ~2% of tidal range at diurnal and semi-
diurnal locations, respectively. We show the distribution of the ranges of
the nodal modulation expressed as a percentage of the corresponding tidal
ranges in Figure S5 in the supporting information.

We also calculated the ranges of the 18.61‐year lunar nodal modulation
from the MMHHW and the nine selected percentile time series. We show
the distributions of the ranges of the 18.61‐year lunar nodal modulation
from the MMHHW and the 99th percentile time series in Figures 10 and
11. For readers who are interested in the ranges of nodal modulation in
the additional eight percentiles (monthly maxima, 99.9th, 99.8th, 99.5th,
98th, 95th, 90th, and 80th), the corresponding results are shown in
Figures S6 to S13 in the supporting information. We can see from those
figures that that the spatial variation of the ranges of the 18.61‐year lunar
nodal modulation from different types of time series is generally similar,
although the range of the 18.61‐year lunar nodal modulation is sensitive
to the percentile level chosen. In addition, the locations where the nodal
modulation has the largest influence are always in the Gulf of Tonkin

(located in the South China Sea), in the Bristol Channel, and in the English Channel, no matter which high
water level is chosen for assessing the contribution of the 18.61‐year nodal modulation. Examining the form
factor and the tidal range for each tide gauge station used in this study, we find that the locations in the
Bristol Channel and in the English Channel where the nodal modulation is largest are dominated by semi-
diurnal tides and their tidal ranges are >6 m; The locations in the Gulf of Tonkin are dominated by diurnal
tides, and their tidal ranges are between 4 and 6 m, and X. Feng, Tsimplis, andWoodworth (2015) found that
compared with other locations in the South China Sea, the locations in the Gulf of Tonkin has the largest
amplitudes of the main diurnal constituents O1 and K1 (~1 m) as a result of tidal resonance. Therefore, large
tidal range and tidal resonance should be responsible for the strong effect of nodal modulation we observed
from different levels of high waters in the English and Bristol Channels and in the Gulf of Tonkin.

3.3. Phase of Nodal Modulation

From a coastal flooding prospective, the phase of the nodal modulation is also important as it can increase
the risk at specific times. We demonstrated in section 3.1 that compared to the MMHHW time series and the

Figure 9. Range of the nodal modulation in the monthly mean high waters
plotted against tidal range. The plot distinguishes between stations where
the tide is semidiurnal (193 stations), mixed and mainly semidiurnal (184
stations), mixed and mainly diurnal (29 stations), or diurnal (17 stations) in
form.

Figure 10. Range of the 18.61‐year lunar nodal modulation estimated from the monthly mean higher‐high waters time
series. Sites that are not shown in the figure are locations where we are not able to detect the 18.61‐year lunar nodal
cycle in the monthly mean higher‐high waters time series using the technique described in section 2.4.
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nine selected percentile time series, (1) the MMHW time series best fit the nodal modulation model in terms
of the coefficient of determination of the least squares fitting, and (2) the MMHW time series are less likely
contaminated by other forcing factors; therefore, the number of stations where the 18.61‐year lunar nodal
signals are successfully identified is the greatest. We thus choose to examine the phase of the nodal modula-
tion in the MMHW time series in this study.

Based on equilibrium tidal theory, when the Moon's declination is at a maximum (28°36′), the nodal mod-
ulation of diurnal tides is at a maximum (which last occurred in June 2006), whereas when the Moon's decli-
nation is at a minimum (18°18′), the nodal modulation of semidiurnal tides is at a maximum (which last
occurred in October 2015). Therefore, the nodal modulation in high water levels should have one of the
two phases at a given location depending on whether that location is dominated by semidiurnal or diurnal

tides. Figure 12 shows that at two locations where tides are in semidiurnal
or mixed and mainly semidiurnal form (F < 1.5), the nodal modulation
last peaked in 2015, whereas at two locations where tides are in mixed
and mainly diurnal or diurnal form (F > 1.5), the nodal nodulation last
peaked in 2006, consistent with the equilibrium tidal theory.

Figure 13 shows the phase of the nodal modulation calculated from the
MMHW time series plotted against the form factor. We can see from
Figure 13 that the estimated phases exhibit two clusters: one cluster
(111° ± 10°) corresponds with the locations where the nodal modulation
last peaked in 2006 and correlates with maximum lunar declination,
whereas the other cluster (−59° ± 11°) corresponds with the locations
where the nodal modulation last peaked in 2015 and correlates with mini-
mum lunar declination. Figure 13 also indicates that the phases of the
18.61‐year lunar nodal modulation at locations with tides in mixed and
mainly diurnal form (1.5 < F< 3) behave like those at locations with diur-
nal tides (F > 3.0). However, for locations with tides in mixed and mainly
semidiurnal form (0.25 < F < 1.5), the pattern is not as evident as that at
locations with tides in mixed and mainly diurnal form: when
0.25 < F < 0.9, the phases behave like those at locations with semidiurnal
tides (F < 0.25); when 0.9 < F < 1.5, the phases at some locations behave
like these with semidiurnal tides and the others behave like those with
diurnal tides, suggesting the complexity of tidal features and the necessity
of constraining the phases of the 18.61‐year lunar nodal modulation from
real observations.

Figure 12. MMHW time series extracted from four locations, representing
the four tidal forms. These four stations are located at Brest, France
(F = 0.05), Seattle, USA (F = 0.97), Victoria, Canada (F = 2.11), and Alaska,
USA (F = 3.28). We applied a 12‐month moving median filter to the four
time series, and only records after 1900 at Brest are shown in the figure. The
black line is the nodal cycle modeled from the filtered time series. The
numbers in the X axis of the figure are the integer years when the nodal cycle
is at peak/nadir. MMHW = monthly mean high waters.

Figure 11. Range of the 18.61‐year lunar nodal modulation estimated from the 99th percentile time series. Sites that are
not shown in the figure are locations where we are not able to detect the 18.61‐year lunar nodal cycle in the 99th percentile
time series using the technique described in section 2.4.
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Globally, semidiurnal/diurnal tidal amplitudes increase and decrease at
roughly the same time everywhere, but there are significant local differ-
ences controlled by the particular bathymetry (open coast vs. inner estu-
ary vs. upriver, etc.) of each tide gauge location. In addition, tidal high
water is the maximum tidal level reached during a cycle, but the observed
high water level may be greater or less than the predicted tidal level
because of meteorological effects. We thus infer that those local factors
might be responsible for the variability in the phases of the nodal modula-
tion. Based on the nodal modulation estimated from the filtered MMHW
time series, we select two sets of nine locations with the nodal modulation
amplitudes ranging from ~2 to ~10 cm to predict the 18.61‐year lunar
nodal cycle, and the predicted cycles are shown in Figure 14. The two sets
of data represent the two clusters of phases, and the two reference
times are June 2006 (Figure 14b) and October 2015 (Figure 14a),
respectively. Figure 14 shows a clear phase shift in the 18.61‐year lunar
nodal cycle, particularly for those locations that last peaked in 2006. A
shift of 10° in phase means that monthly mean high waters lead or lag
the lunar nodal cycle predicted from the equilibrium tidal theory by
approximately 6 months.

Figure 15 shows the distribution of the estimated phases from the MMHW time series. Examining Figure 15,
we find that the 18.61‐year lunar nodal cycle is out of phase at several locations within close proximity to one
another. On Peninsular Malaysia, sites along the west coast (facing the Malacca Strait, where tides are semi-
diurnal) are out of phase with sites along the east coast (facing the South China Sea, where tides are in mixed
andmainly semidiurnal form). On theWest Coast of North America, there is a phase shift between the Strait
of Juan de Fuca (tides in mixed and mainly diurnal form) and the Haro Strait (tides in mixed and mainly
semidiurnal form). In Japan, there is a phase shift between the west coast (facing the Sea of Japan) and
the east coast (facing the North Pacific Ocean); tides at sites along both the west and east coasts are in mixed
and mainly semidiurnal form. In the eastern United States, there is a phase shift between the East Coast
(where there are semidiurnal tides) and the coast of the Gulf of Mexico (where there are diurnal tides). In
Australia, there is a phase shift between the southern coast (diurnal tides) and northern coast
(semidiurnal tides).

4. Discussion

We used hourly tide gauge observations from 574 stations distributed worldwide to estimate the contribution
of the 18.61‐year lunar nodal modulation to the MMHW, MMHHW, and the monthly 99th percentile water
levels with a focus on the MMHW. We understand that the geographical coverage and the number of tide
gauge stations used in this study, especially the ones with diurnal tides, is limited; the spatial complexity
of the nodal modulation might not be fully captured. In addition, the nodal signals are difficult to separate,

Figure 13. Phase of nodal modulation estimated from the monthly mean
high waters time series, plotted against form factor. There are eight sta-
tions with form factors >4; for plotting purpose, we reduced those numbers
to [3 4] in the figure.

Figure 14. Predicted nodal modulation at the nine selected locations with tides in (a) semidiurnal form and (b) diurnal/
mixed and mainly diurnal form. The numbers in the X axis of the figures are the integer years when the nodal cycle is at
peak.
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particularly for locations where the tidal ranges are small (<1 m), due to the effects of the meteorologically
induced sea‐level changes and MSL changes, which may also make the observed high water levels different
from tidal high water levels. It is therefore difficult to directly compare our results with those of Haigh et al.
(2011). However, the observed patterns generally show good agreement.

Haigh et al. (2011) focused on the influence of the 18.61‐year lunar nodal modulation on the annual 99.9th
percentile tidal level, whereas our findings are based on the monthly 99th percentile water levels, MMHHW,
andMMHW. However, comparing our Figure 9 with Figure 7a in Haigh et al. (2011), both studies show that
the amplitude of the 18.61‐year lunar nodal modulation generally increases with tidal range, and the effect of
nodal modulation is greater for locations dominated by diurnal tides than for locations with same tidal
ranges but dominated by semidiurnal tides. In addition, Haigh et al. (2011) found that the 18.61‐year lunar
nodal modulation is largest in the Gulf of Tonkin, in the Shelikhov Gulf, along the southwestern coast of
New Guinea, and in the Ross Sea. Unfortunately, there are no qualified tide gauges in the Shelikhov Gulf,
along the coast of New Guinea, and in the Ross Sea, but based on the available coverage of our data set,
we identify that the nodal modulation makes the highest contribution at locations in the Gulf of Tonkin,
in the English Channel, and in the Bristol Channel. The nodal modulation in the English and Bristol chan-
nels was also demonstrated to be large in Haigh et al. (2011) as a result of the large amplitude of the semi-
diurnal tidal constituents M2n in these regions.

We identify 52 locations showing dominant effects of the 4.4‐year modulation of lunar perigee at the
monthly highest water levels. Coastal managers in these areas should be aware that enhanced risk of coastal
flooding is likely every 4.4 years. In addition, our results indicate that both the 18.61‐year lunar nodal mod-
ulation and the 4.4‐year modulation of lunar perigee are largest in the English Channel and in the Bristol
Channel. Compounding this, Leake et al. (2009) demonstrated that surge activity in the English Channel
could be potentially increased due to a tendency for storm tracks to move southward by 2077–2099, and
MSL along the entire European coastline is projected to rise around 21 and 24 cm by the 2050s under
RCP4.5 (Representative Concentration Pathway) and RCP8.5, respectively, to reach 53 and 77 cm by the
end of the century (Vousdoukas et al., 2017). The Unite Kingdom has a long history of coastal flooding
(Haigh & Nicholls, 2017): changes in MSL, storm surges, and tidal ranges can increase the risk. The unusual
sequence of extreme storms and coastal floods over the winter of 2013/2014 is a reminder of the ever‐present
risks facing coastal communities in the United Kingdom (Huntingford et al., 2014). Therefore, coastal plan-
ners must consider all these factors in hazard planning for the region.

Recent studies have demonstrated that the 18.61‐year lunar nodal cycle could affect sea‐level trends induced
by mass redistribution and that it is a necessary component to be considered to close the sea level budget on
regional scales (Frederikse et al., 2016; Kleinherenbrink et al., 2017). However, it was assumed in those stu-
dies that amplitude of the 18.61‐year lunar nodal cycle follows the astronomical equilibrium tidal theory and

Figure 15. Phase of nodal modulation estimated from the monthly mean high waters time series. Sites that are not shown
in the figure are locations where we are not able to detect the 18.61‐year lunar nodal cycle in the monthly mean high
waters time series using the technique described in section 2.4.
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no phase shift occurs. Our results, constrained from real observations, could provide useful information in
regions where amplitude and phase of the 18.61‐year lunar nodal cycle differ from those predicted from
the astronomical equilibrium tidal theory.

5. Conclusions

We analyzed hourly tide gauge observations with record lengths >19 years from 574 stations distributed
worldwide to map the contribution of the 18.61‐year lunar nodal modulation to the MMHW, MMHHW,
and monthly 99th percentile water levels. We found that, in some locations, the variability in high water
levels from the 18.6‐year nodal tidal cycle will be substantially larger than global mean sea‐level rise in
the next few years to decades. These locations will experience a rise in the highest water level over the next
few years that far exceeds global mean sea‐level rise. Our results show that the influence of the 18.6‐year
nodal cycle on high water levels is largest in the Gulf of Tonkin, English Channel, and Bristol Channel,
amounting to up to 30 cm in range. In comparison, global mean sea‐level rise is projected to rise up to
17 cm by 2030 and to 32 cm by 2050 (Stocker, 2014), according to the Intergovernmental Panel on
Climate Change fifth assessment report. Coastal planners should consider for hazard planning these slow
variations in high water levels caused by the 18.61‐year lunar nodal cycle. We also examined the phase of
the nodal modulation in the MMHW, demonstrating that nodal modulation in the diurnal and semidiurnal
regions will peak again in 2025 and 2034, respectively, with the potential for high levels of coastal hazard in
the respective regions.
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