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Abstract. Tide gauges have been critical sources for sea level research, enabling the development of tidal theory and an
understanding of local variations that occur across the global oceans. Tides play important roles in a variety of oceanographic
and geodetic applications, and eharacteristng-characterizing their spatial variability is valuable for applications ranging from
fishing to flood risk management. This manuscript presents the coastal characteristics of ocean tides based on 3,591 high-
frequency tide gauge observations from the recently updated GESLA-4 database. These characteristics range from tidal datums
such as Mean High Water (MHW) and the Great Diurnal Range to metrics like the Age of the Tide, Form Factors, Dedginess;
updated amplitude trend estimates, and new insights into the regional duration of high tides. Our analysis finds that 125 out of
237 long-time series show statistically significant trends in one or more constituents, from -1.47 mm/yr to +1.80 mm/yr, while
the duration of the high-water stand during spring tides is shown to vary from 1 to 14 hours, for an inundation depth of 20 cm.
It is anticipated that the results presented will be useful not only to tidal experts but also to a wide range of cross-disciplinary

researchers and local communities, aiding their understanding of a vital component of the global Earth system.

1 Introduction

Tides are a persistent and dominant force shaping the coastal zone, shelf seas, and open ocean. They modulate storm surges
and waves (Horsburgh and Wilson, 2007), influencing extreme sea levels, flooding, and erosion (Pugh and Woodworth, 2014),
constrain navigation and port access (Akan et al., 2017), and govern vertical ecological zonation in intertidal environments

(Stumpf and Haines, 1998). In the open ocean, tidal dissipation affects large-scale circulation and vertical mixing (Munk,



20

25

30

35

40

45

50

1966; Wunsch and Ferrari, 2004; Green et al., 2009). Across shelf seas, tides drive sediment dynamics (Simpson and Sharple:
2012pnd, underpin tidal energy resources (Robins et al., 2015) and generate coherent turbulence (Smith et al., 1999; Talke
et al., 2013), enhancing mixing and air—sea gas exchange (Talke et al., 2013; Zappa et al., 2007), with consequences for carbo
dioxide uptake (Thomas et al., 2004) and hypoxia (Talke et al., 2009). Recent studies have shown that multi-year to decadal
tidal cycles modulate the frequency of both extreme ood return levels and high-tide ooding (Enriquez et al., 2022; Thompson
et al., 2021). In estuaries, interactions among tides, mixing, and river discharge regulate salinity intrusion (Jay, 1991; Geyer
and MacCready, 2014), sediment transport, and system morphology, shaping mass, momentum, and energy budgets across t
river—estuary—shelf continuum (Jay, 1991; Burchard et al., 2018). Tides also shape river plumes (Horner-Devine et al., 2009)
and shelf sea fronts, in uencing productivity and sheries (Simpson and Hunter, 1974). Tidal datums underpin many national
boundaries and historical geodetic systems (Shalowitz, 1964). Consequently, tides have signi cant scienti c and practical
implications.

Tides have been measured since the 17th century, and tide predictions based on the phases of the Moon and empirice
knowledge were made much earlier. Cartwright (1999) discusses early understanding of the nature of ocean tides dating bacl
to ancient civilizations, roughly 2000 BC, while Woodworth (2023) discusses the transformation in tidal science thanks to
Newton. Systematic tide-gauge measurements have been collected for more than three centuries, providing one of the longes
instrumental records in geosciences. Early tide gauges, installed in major European ports in the 17th and 18th centuries, use
simple oat or staff mechanisms to record water levels relative to xed benchmarks. By the late 19th century, standardized
stilling-well gauges enabled continuous, high-precision tidal observations, forming the foundation of national networks. The
transition to automated digital systems in the late 20th century, which are based on pressure, acoustic, or radar technologies
expanded spatial coverage and improved temporal resolution, supporting modern sea-level research, operational forecasting
and coastal hazard assessment. Concepts such as "the high-water mark" and "ordinary high water" held legal signi cance
but were often nebulous in de nition, sometimes leading to disputes over property rights. More scienti c measurement and
analysis approaches were developed by Whewell (1830s) and William Thomson (1872), in particular, the method of harmonic
analysis (more on this later). The increasing scienti ¢ rigour led to the introduction of concepts such as mean sea level, mean
tidal range, and mean high water, which are rigorously de ned and provide rst-order statistics on how the ocean interacts with
land, and how this varies regionally and globally.

The past 75 years has produced many variations on, and alternatives to, conventional harmonic analysis and tidal prediction
including the response method (Munk and Cartwright, 1966), developments on traditional harmonic analysis programs (Godin,
1972; Foreman, 1977; Pawlowicz et al., 2002; Lef er and Jay, 2009; Codiga, 2011), non-stationary analysis approaches (Jay
and Flinchem, 1997; Matte et al., 2013; Pan et al., 2018; Lobo et al., 2024; Monahan et al., 2025), inclusion of derivative
constraints (Doodson, 1951; Foreman and Henry, 1979), and other statistical and data processing innovations (e.g., Gan et al
2021; Su and Jiang, 2023). Moreover, the advent of the digital age and the increasing commitment of many countries to
open data have led to the increasing size and data coverage of international tide databases, including that of the World Oceal
Circulation Experiment (WOCE) project in the 1990s, the University of Hawaii Sea Level Centre (UHSLC), and, more recently,
the community-led Global Extreme Sea Level Analysis (GESLA) database (Woodworth et al., 2017; Haigh et al., 2022).



Currently, the GESLA-4 database contains around 130,000 station years of data, spanning 6,474 sites (the total unique data i
approximately 20-30% less, as many gauge data sets are duplicated). Despite these efforts, available data does not cover ¢

parts of the global coastlines due to either a lack of public data sources or a lack of tide gauges.
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2 Dataandmethoedelegy

The GESLA project was established to expand global access to hourly and higher-frequency sea-level records, assembling
diverse datasets from a range of sources into a common, quality-controlled format to support research on extreme sea levels
The rstrelease, GESLA-1 in 2009, included 21,197 years of data from 675 records and was used in studies of global sea-level
extremes (e.g., Menéndez and Woodworth, 2010; Hunter et al., 2017; Marcos et al., 2015) and in the IPCC Fifth Assessment
Report. To improve coverage and incorporate new observations, GESLA-2 was compiled in 2015-2016 (Woodworth et al.,
2017), expanding the dataset to 39,151 years from 1,355 records. GESLA-2 supported extensive research on extreme se
levels, tidal and nontidal interactions, ooding hazards, tidal variability, and model validation, and has contributed to the IPCC
Special Report on the Ocean and the Cryosphere and the Sixth Assessment Report.

The third version, GESLA-3, released in 2021 (Haigh et al., 2022), represented a major upgrade: it nearly quadrupled the
number of records and doubled the total observation years. GESLA-3 comprised 91,021 years of data from 5,119 tide-gauge
sites drawn from over 30 global data providers. GESLA-3 re ned data processing, added additional metadata, applied uniform
format standards, and adhered to FAIR data practices, making it more robust for future research. The most recent and fourtt
version, GESLA-4, released in 2025 (Haigh et al., 2026), is a compilation of hourly and higher-frequency measurements from
45 agencies across 119 countries, totaling 127,623 station years of data from 6,474 sites. The oldest records date back to th
19th and early 20th centuries, with the oldest gauge dating back to 1 January 1800 in Gorinchem, the Netherlands. However,
the majority of records date back to the last 20-50 years.
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Tide gauges have been a remarkable source of data for studying ocean tides. The standard technique for determining th
astronomical tidal component of a tide gauge record is known as the harmonic method. This technique originated in the work
of William Thomson (Lord Kelvin) and George Darwin in the 19th century, building on the insights of Pierre-Simon, Marquis

de Laplace. It replaced the earlier non-harmonic methods, which were particularly computationally intensive for their time.
Subsequent developments have made the harmonic method the most common technique used by present-day tidal researche
although alternative approaches, such as various forms of the response method, have been used in some applications. A histo
of how these methods originated can be found in Cartwright (1999).

The harmonic method parametrises the tide as the sintodirmonic terms as follows:

Tide= ZO+X\I fiHicos(it+ Vi+u Gj); (1)
i=1

which is a function of timd. TheH; andG; are the amplitude and phase lag, respectively, for a particular constituent
with angular frequency;. The termV; is the equilibrium argument at the origin of time, which thereby provides a connection
to the relevant astronomical motions (e.g., Doodson, 1921). The “nodal correctigng”adjust a constituent's amplitude
and phase for modulations induced by the 18.6-year motion of the Moon's node (and for some terms the 8.8-year motion
of the Moon's argument of perigee); in principle these modulations could be handled directly by a more complete harmonic
expansion involving a largéd (e.g., Foreman and Neufeld, 1991), but in practice this is rarely done afd theadjustments
refers to the mean sea level. For more details, see Doodson and Warburg (1941); Parker (2007); Pugh and Woodworth (2014)
Egbert and Ray (2017). Permitted values of angular frequency are combinations of six fundamental frequencies associated witt
the orbits of the Moon and Sun (Doodson, 1921). In practice, only the terms with the largest amplitudes in the “tidal potential'
(the gravitational forcing that drives the tides) tend to result in the largest amplitudes in the real ocean. A few dozen terms
are usually suf cient for parameterizing the tide in a one-year record to good accuracy; the default standard for NOAA tide
prediction isN =37 (Parker, 2007). In nonlinear regimes, many more terms may be required (for example, NOAA uses 120
constituents at Anchorage, Alaska). Most analysts tend to use aNetess that work best for their region.

For historical reasons, each major term has a ‘name' which originated in the 19th-century work of Kelvin and Darwin. The
largest term at most locations is,Mbeing the principal semidiurnal component due to the Moon. Its period is half a lunar
day. Similarly, $ is the principal semidiurnal component due to the Sun, with a period of half a solar day. The tide also has
diurnal components; the largest at most locations graid Q. The former stems from a combination of both lunar and solar

and1=6 of a lunar day (the subscript denotes the approximate number of times a constituent repeats per day). Table 1 present:
eight of the major components and their associated periods, while Parker (2007) provides a more comprehensive list.
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Table 1. Major tidal constituents and their characteristics

Constituent Doodson Number  Period (hours)  Brief Description

M2 255 555 12.421 Principal Lunar Semi-Diurnal Tide

S 273 555 12.000 Principal Solar Semi-Diurnal Tide

N> 245 655 12.658 Larger Elliptical Lunar Semi-Diurnal Tide
Kz 275555 11.967 Lunisolar Semi-Diurnal Tide

(o)} 145 555 25.819 Principal Lunar Diurnal Tide

Q 135 655 26.868 Larger Elliptical Diurnal Tide

Py 163 555 24.066 Principal Solar Diurnal Tide

K1 165 555 23.934 Principal Lunisolar Diurnal Tide

The dominant tidal constituents commonly found in most parts of the ocean are readily identi ed by power spectral density
analysis, as in Figure 1, which shows high power at similar frequencies in two gauges even though they are in different ocean
regions. Particularly evident are peaks in the diurnal (daily) and semi-diurnal (twice daily) bands, corresponding to the primary
astronomical forcings. The amplitudes and phase lags of each of these terms at a particular location are calculated by ts to a
tide gauge record, generally using least-squares techniques. Once calculated, theaetiaf H; andG; values (referred to
as “harmonic constants') can be used to calculate the tide far into the future (or past). In facmthents-atmestplacesend

decades or more, as discussed in Section 6. Variability can also be caused by inaccuracies in measured water levels or tim
(e.g., Zaron and Jay, 2014). Nevertheless, one can usually analyse a tide gauge record to arrive at a "best set' of such constant

In this context, the harmonic analysis approach was employed to create a dataligseboftidal constituents, known as
TICON-4 (Hart-Davis et al., 2025), based on the GESLA-4 database, whighizee-usedto generate the results presented

throughout thesresenpaperto-achievethehighestaceuracyin-outputtingtidal-constituentste onswereplacedenthe
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developed for this (Parker, 20

methodof tidal inferenceis nodalcorrectionsj.e., f;; uj,

technique has been previously employed to compute tides in space geodesy (Kvas et al., 2019), and it encodes the long periodi
variations of tidal phases and amplitudes of the so-called pivot tides (Reres0), by implicitly estimating a larger number
M of minor partial waves from the tide-generating potential. As with inference methods, the elements of the matrix are derived
by assuming that theceartide admittance varies only weakly with tidal frequency and is quasi-constant for tidal constituents
(linear admittance). Here, we consider all minor waves to a thresh@@01 n?s 2 from the HW95 tide-generating potential,
which amounts to 148 spectral lines (Hartmann and Wenzel, 1994, 1995, see Appendix A).

Both tide-gauge measurements and tidal predictions can be used to characterize tidal regimes through various statistica

usually over a complete nodal cycle, we here use tidal predictions based on the TICON-4 constants (as outlined in Appendix
A). This allows us to include many tide gauges with a duration of less than 19 years, but always at least one year (a TICON-

4 restriction to ensure the highest-accuracy constituents). It also removes from the computed datums any possible non-tida
oceanographic effects, although in most cases these are not expected to be noticeable. Our tidal predictions extend over 20
years, from 1900 to 2100, sampled every 15 minutes. For each time series, we identify tidal highs and lows as local extreme
values. From the series of extreme values, we compute the overall highest and lowest astronomical tide (HAT amatihAT)

Additionally, the computed values include the mean high water (MHW) and mean higher high water (MHHW), which
is the average of the higher high water of each two consecutive maxima (equivalently for low waters: MLW and MLLW).
Together, these tide levels provide a comprehensive description of the tidal regime and the intertidal zone, which allows

drawing connections to local biological and geological processes, e.g., the habitability for speci ¢ species or the boundary
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Figure 1. Spectral analysis of the Wellington and the Brest tide gauge, as well as zoom-ins to the semi-diurnal and diurnal band of the Brest

gauge, highlighting several tidal constituents.

conditions of sedimentation processes. For example, knowledge of local tide levels is important for interpreting Sea Level
Index Points related to a speci c intertidal zone in sea level reconstruction (e.g., Hijma et al., 2015).

4 Tidal constituents

It is not uncommon to see tidal investigations focus on only the eight “‘major' constituents. The importance of these eight tides
(listed in Table 1) is highlighted in Figure 2, where the median variance explained for each constituent globally is presented.
The principal semi-diurnal lunar tide, Munsurprisingly explains the largest percentage of variance, 62.0%, and is shown to
be the constituent with the largest tidal amplitude for tide gauges throughout the global oceans.

The eight major tidal constituents (Table 1) explain a total of 74.8% and are found to have larger tidal amplitudes compared
to the remaining tidal constituents for 88.1% of tide gauges globally. Despite the signi cant in uence of the semi-diurnal
components, there are known regions, such as the Gulf of Mexico and the southwest coast of Australia, that are dominated by
the diurnal constituents. While our analysis focuses on coastal tide gauges, the derivation of tidal constituents can be in uenced

tidal enthusiaststhis is_notedwith the P1 tide being the largest.In_our analysis,we determineS tide gauges where this
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Figure 2. (A) The largest major constituent for each tide gauge as well as (B) the number of tide gauges where a constituent is the largest.
The percentage numbers are the median explained percentage variance of each constituent.

Desplte the importance of major tides, the remaining tidal constituents—the “minor' tides—are still of considerable impor-
tance (Egbert and Ray, 2017). Based on TICON-4, we calculate that the amplitude of at least one minor tide exceeds that of
the major tides in 15.0% of coastal tide gauges; when evaluating gauges within rivers only, this increases to 50.5%. In Figure
3C, the largest minor tide from each tide gauge is presented, with the cumulative counts presented in Figure 3MMThe
and , constituents are revealed as the most dominant minor tides, which are observable throughout the global coasts. The
and » being of such importance is particularly crucial, as studies by Hart-Davis et al. (2021) have discussed the challenges of
estimating these constituents from satellite altimetry within global ocean tide models, due to signal-to-noise issues and pertur-
bations from nonlinear effects. In many global models, these two constituents are accounted for in tidal prediction by inferring
them via admittance approaches. The M#nd MB, are particularly important in higher latitudes along the Canadian coast
(Figure 3C), as these constituents are manifestations of the seasonal variability of tide Mvhich is caused by various
factors, including sea ice cover (Ray, 2022).

Shallow water constituents form as a result of nonlinear interactions with major tidal constituents, causing asymmetry in the
tidal waves and leading to their formation. The physical mechanisms underlying the appearance of nonlinear constituents are
reviewed in detail by Le Provost (1991). The, Monstituent, a fundamental harmonic of the majer, M known to reach large
amplitudes in some shelf waters, exceeding 50 cm in the Bristol Channel, and it is identi ed in Figure 3A as one of the largest



205

210

215

220

225

230

235

minor constituents. Several shallow-water tides, such as the 288M2MS, exhibit amplitudes exceeding 2 cm at many tide
gauges, highlighting not only the complexity of tides in local regions but also the value of tide gauges in resolving these tides.
From a data-derived tide modelling standpoint, resolving these shallow water tides is rather challenging, with state-of-the-art
models deriving only a handful of the largest of these constituents (Lyard et al., 2021).

Some recent efforts in the modelling community have begun work on the long-neglected third-degree tidal constituents
(Woodworth, 2019; Ray, 2020; Sulzbach et al., 2022). These tides result from a small asymmetry in the tidal potential, and in
the diurnal and semidiurnal bands they can be detected most readily only in long (> 8-year) time series. Although observed
amplitudes are typically relatively low, usually in the single millimeter range and rarely exceeding 1 cm, in TICON-4, we
identify that the’N, and®L, constituents exceed 2 cm amplitudes at 20 tide gauges. The terdiusali\Mbe larger, exceeding
10 cm on some localized shelf resonances (Huthnance, 1980). Overall, a large number of the 33 constituents have amplitude:
exceeding 2 cm across the numerous tide gauges (Figure 3B and 3D), with 23 of these constituents exceeding this threshol
for more than 100 tide gauges. This further emphasises the importance of minor tidal constituents and of accounting for their
contributions to tidal predictions, both directly from observations and within global tide models.

The long-period tides, with periods ranging from 1 week to 18.6 years, are not included in our analysis in Figure 3, allowing
emphasis to be placed on the daily and sub-daily bands; however, their exclusion does not diminish their importance. These
constituents (Sa, Ssa, Mm, Mf, Mt, etc.) are produced by various motions of the Sun and Moon that, in essence, modulate the
forcing for the Earth's permanent tide. They are generally only a few cm or smaller. At many coastal gauges, MSf is in ated
by nonlinear effects (its frequency equals the difference betweean® M, frequencies). The Sa constituent, however, is a
“meteorological tide,” driven by seasonal climatic effects associated primarily with the sun's annually varying declination.
Owing to this strong forcing, the observed Sa is usually the largest of the long-period constituents (on average, about 7.6 cm);
see Figure 6C below. The semiannual Ssa is also primarily meteorological, but it also has a signi cant gravitationally driven
part (e.g., Ray et al., 2021). See also Ponte and Schindelegger (2024) for a more extensive discussion of these two long-perio
constituents as seen at coastal tide gauges.

5 Tidal Sharacteristiescharacteristics

Along large stretches of the world's coastlines, tides play a crucial role in coastal ooding events, either amplifying or damp-
ening the effects of high-water events commonly caused by storm surges. The contribution of tides to coastal ooding largely
depends on the tidal amplitude, or tidal range, which is de ned as the height difference between successive low and high tides.
Figure 4A displays the maximum tidal range. Tidal ranges differ greatly across global coastlines, from only a few cm in semi-
enclosed seas such as the Mediterranean, the Baltic, and the Caribbean, to exceeding 10 m in macrotidal areas such as the B
of Fundy, the English and Bristol Channels, the Patagonian Shelf, and northern Australia.

Naturally, the global distribution of HAT, MHW, and MHHW (Figure 5) is quite comparable to the maximum tidal range.
A slightly altered pattern is displayed in Figure 5D, which shows MHHW-MHW, i.e., the average height difference of two
consecutive high waters. Higher values are obtained for mixed tidal regimes with considerable amplitudes. Tide gauges are

strongly in uenced by diurnal and semi-diurnal tidal processes due to the forcing produced by the Moon and the Sun. However,
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Figure 3. The largest minor tide and the number of gauges when a constituent exceeds a 2 cm amplitude.

depending on the tide gauge's position and location and the region's oceanographic characteristics, the relative contributions
of semidiurnal and diurnal tides vary. Typically, tidal frequencies are categorized into different tidal regimes: long-period tides
(lasting longer than 24 hours), diurnal tides, mixed tides, semi-diurnal tides, and short-period tides (with periods shorter than
12 hours). Several measures provide insights into which frequency band is most energetic. For example, the sum of tidal
constituent amplitudes within each respective tidal band provides an approximation for which band contributes most to high
and low water (Figure 4B). When the sum of the diurnal and semidiurnal amplitudes is within 50% of each other, water levels
follow a “mixed' tidal regime with a pronounced inequality in the roughly twice-daily high and low tides.

An additional measure that describes the relative contributions of diurnal and semidiurnal forcing is the tidal Form Factor
(Figure 5A). The Form Factor (FF) is the ratio of the two major diurnal constituents- (K;) to the two largest semidiurnal
constituents (M + ;). For FF values lower than 0.25, tides are considered semi-diurnally dominant; for values between
0.25 and 1.5, tides are considered mixed semi-diurnal; for values between 1.5 and 3, tides are mixed diurnal; and for values
exceeding 3, tides are considered diurnally dominant.

Complementary to FF, we next introduce a “dodginess' parameter that describes the extent to which the apparent amplitude
of the local tide varies over a lunar cycle. A signi cant reduction in this apparent amplitude can occur if the dominant partial
tides (frequencie§; andf ) of the respective tidal regime have nearly equal magnitudes. In this case, a tidal beat is created,
with the beat frequencff , f1)=2 modulating the amplitude. Often, the constituents at play greil S, as in the case of
Port Adelaide situated in the Gulf Saint Vincent in South Australia, which is famous for its “"dodgy" tidal regime that tends to
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Figure 4. The tidal range and dominant tidal band for each tide gauge in GESLA-4. In Figure B2, examples are shown of tide gauges in each
tidal band.

11






