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Coastal zones and communities are expected to be increasingly 
threatened by sea-level changes acting at various timescales, 
ranging from episodic extreme events to interannual-to-cen-

tennial changes and rise linked to climate modes of variability and 
to climate change1,2. Related impacts include coastal erosion and 
shoreline retreat together with flooding of coastal areas, salt-water 
intrusion in the aquifers and surface water, and a potential decline 
of coastal wetlands such as mangroves and salt marshes3,4. The rise 
in coastal population, with half the world’s population currently 
living within 60 km of the sea and three-quarters of all large cities 
located on the coast5, is projected to increase in the future6, thereby 
exposing an even larger part of the world’s population to coastal 
hazards related to sea-level changes.

Changes in total water levels at the coast result from the super-
position of global mean sea-level, regional sea-level and local sea-
level changes (Fig. 1). Global mean sea-level variations are driven 
by ocean global warming and the transfer of water mass from the 
cryosphere and land to the ocean7,8. Departures from the global 
mean sea level are substantial at regional scales and essentially result 
from changes in ocean circulation and the associated ocean heat, 
salt and mass regional distribution9,10. Mass redistribution also leads 
to geoid changes that further impact regional sea-level variations11. 
Other processes make additional substantial contributions to total 
water-level changes in the coastal ocean: astronomical tides, atmo-
spheric surges (here defined as changes due to surface atmospheric 
pressure and the displacement of surface waters by the wind, called 
wind set-up) and wave transformations in the surf zone (Fig. 1).  
The last includes wave set-up, which is the time-mean sea-level ele-
vation onshore the wave breaking point due to wave energy dissipa-
tion, and swash, which corresponds to the vertical fluctuation of the 
water line above the still water level induced by individual waves. 
Wave set-up and swash induce different types of impact in particu-
lar during floods, through overtopping or overflowing. Overtopping 
occurs when individual waves pass over coastal defences or dunes 
because of swash. It results in a sporadic spillage of water on land. 
Overflowing happens when the mean water level is greater than 
the level of the land or defences, resulting in a continuous spill-
age of sea water on land. The expected impacts on the coast are  

considerably different in each case12, with more rapid flooding 
induced by overflowing.

So far, most broad-scale studies of sea-level impacts have essen-
tially focused on modelling tides and atmospheric surges and on 
the analysis of tide gauge extreme water levels13,14. Coastal processes, 
in particular waves, have been shown to be dominant contributors 
to extreme sea levels15–18. In contrast, few studies have analysed 
impacts of long-term (interannual and longer periods) sea-level 
changes on the coast, although at regional scales they have high-
lighted the importance of the wave contribution19. When performed 
at global scale, such long-term studies mostly overlook wave con-
tributions20. However, there is increasing evidence for changes in 
wave regimes over the past decades related to changes in the sur-
face winds in response to climate modes of variability21,22. Regional 
wave characteristics (height, direction and period) are also pro-
jected to change over large parts of the open ocean under future 
climate scenarios with increased greenhouse gas concentrations23,24. 
As wave set-up and swash depend on wave characteristics in the 
open ocean, they are also expected to change with climate modes 
of variability and under future climate scenarios. Sea-level changes 
induced by climate modes can be of the same order of magnitude 
for wave contributions and for thermal expansion and mass contri-
butions. However, changes in waves in response to greenhouse gas 
emissions are expected to be more limited than changes due to the 
ocean thermal expansion and land ice mass loss as waves depend 
on atmospheric circulation by nature. The latter contributions will 
eventually dominate over the wave contribution in coastal total 
water levels, probably in the next decades to come. However, the 
time horizon at which this will happen is unknown.

In this study, we estimate at global scale the wave set-up and 
swash contributions to total water-level changes and rise at the coast 
at interannual-to-multidecadal timescales. Their contributions are 
compared with those of the other contributors to coastal total water-
level change to determine where and at which timescales they are 
important contributors.

The scarcity of studies on interannual-to-multidecadal wave set-
up and swash changes over the past decades is partly due to limita-
tions of the observational system. Contemporary sea-level changes 
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have mainly been monitored through satellite radar altimetry and 
tide gauges. Satellite altimetry has provided measurements of sea-
level changes since late 1992 and has given a clear and accurate pic-
ture of global and regional sea-level changes thereafter25,26. However, 
satellite long-term measurements of sea level are not reliable in the 
last 10–20 km off the coast27,28. Thus, they cannot observe the surf 
zone and capture nearshore wave set-up and swash. Tide gauges 
have provided records of coastal water-level changes for longer peri-
ods than altimetry (back to the eighteenth century at some sites of 
the Northern Hemisphere). Nevertheless, most of them are located 
in sheltered areas where the wave set-up signal is either dampened 
or negligible29–32. Direct observations of wave set-up and swash are 
usually performed through intensive in situ measurements covering 
periods of days to weeks.

Here, contributions to total (including the contribution from 
waves) water-level changes at the coast over 1993–2015 are estimated 
separately. The tidal contribution comes from a tidal model33, and 
atmospheric surges are estimated from a barotropic ocean model34 
forced by atmospheric pressure and wind. Wind waves (short-
period waves generated by the local winds) and swell waves (long-
period waves remotely generated by the wind) set-up and swash are 
computed from a reanalysis35 and parameterizations36. Global and 
regional sea-level changes induced by ocean thermal expansion and 
circulation, land ice mass loss and terrestrial water storage changes 
are estimated together from satellite radar altimetry data off the 
coasts. All these contributions to total water-level changes are esti-
mated at 153 monitored coastal sites (Supplementary Fig. 1), which 
are approximately evenly distributed along the world’s coastlines 
(except in polar regions) and for which tide gauges provide records 
spanning periods included in 1993–2015. Examples are given at 
two sites (Supplementary Fig. 1), in Supplementary Figs. 2 and 3. 
Individual contributions were summed to obtain the total water level 
at the coast, allowing us to assess the contribution of waves to total 
water-level rise and interannual-to-multidecadal changes at the coast.

Total water levels at the coast were compared with tide gauge 
data37 (Supplementary Figs. 2–5). The comparison shows that, when 
excluding wave contributions, our estimates are highly correlated to 
tide gauge records (Supplementary Fig. 4). This indicates that pro-
cesses other than waves are well captured in our estimates. When 
including wave contributions (which are only partly captured by 

tide gauge records, because they are located in sheltered areas), our 
estimates reproduce extreme events that are observed by tide gauges 
and other extreme events that are missed in the tide gauge records 
but that have been reported30,32, giving confidence in the relevance 
of our estimated total water-level time series. At global scale, our 
estimated contributions show that the dominant contributors to 
sea-level extremes are waves and tides (Fig. 2 and Supplementary 
Information), confirming recent studies on the relative importance 
of contributors to water-level extremes16,38.

Interannual-to-multidecadal changes
At interannual-to-multidecadal timescales (extracted through a low-
pass filter with a cut-off frequency of 1.3 years; see Methods), regional 
wind and wave regimes change due to climate modes of variability21. 
These local and remote regional changes are conveyed to the coast 
through changes in wave height and period. Wave set-up and swash 
contributions to total water-level changes at the coast are shown in 
Fig. 3 together with the relative contributions of altimetry-derived 
sea level and atmospheric surges. Overall, the median contribution 
of waves to total water-level interannual-to-multidecadal variations 
across the 153 sites is as large as 58% (Supplementary Fig. 7) and is 
therefore also dominant at these timescales. This large contribution is 
distributed between swash and wave set-up (explaining, respectively, 
38% and 20% of the variance). Globally, contributions from swells 
(36% of the variance) dominate those of wind waves (17%). The rela-
tive importance of wave contributions to low-frequency coastal total 
water-level changes is clearly regionally dependent. Wave contribu-
tions are more important at mid-to-high latitudes than in the trop-
ics, except in the tropical Atlantic and central eastern tropical Pacific 
oceans (Fig. 3a). A stronger regional contribution from wind waves 
is noted in the Southern Ocean, central and western tropical Pacific 
and Caribbean islands (Fig. 3b) where winds are strong (westerlies 
in the Southern Ocean, trade winds in the tropics). By contrast, the 
contribution from swells is especially large at mid-latitudes along the 
western coasts of the Americas, Japan, the west and south coasts of 
Africa, the eastern tropical Indian Ocean. These regions correspond 
to coasts that are dominated by swell waves. Swells and wind waves 
tend to have more similar and dominant contributions to interan-
nual-to-multidecadal total water-level changes in coastal sites under 
storm tracks, such as the northeastern Atlantic coasts.

Swash

Wave set-up

Atmospheric surge

High tides
Low tides

Mean sea level

D

Fig. 1 | Schematic of processes contributing to total water-level changes at the coast. The mean sea level delivered in radar altimetry data includes 
contributions from ocean thermal expansion and ocean circulation, transfer of water from land to ocean due to mass loss from glaciers and from the Arctic 
and Antarctic ice sheets, as well as from land water storage changes (pictograms on the right, from top to bottom). Coastal processes including tides, 
atmospheric surges (due to atmospheric surface pressure effects and wind set-up) as well as wave set-up and swash also induce variations of total water 
level at the coast. D: depression. 
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In the Indo-Pacific tropics, the global and regional sea-level vari-
ations measured by altimetry are the main contributors to interan-
nual-to-multidecadal total water-level variations at the coast (Fig. 3a).  
The very large contribution of the altimetric sea level in these 
regions is mostly related to the strong regional sea-level signature of 
climate modes such as the El Niño / Southern Oscillation (ENSO), 
the Pacific Decadal Oscillation (PDO) and the Indian Ocean Dipole 
on the thermal expansion of the ocean39. The signal then propa-
gates along the surrounding coasts through Kelvin waves (see the 
coasts of Western Australia, Sumatra and California). In the tropical 
Atlantic, dominant climate modes such as the Atlantic meridional 
mode induce weaker sea-level variations than the ENSO or PDO in 
the tropical Indo-Pacific ocean40,41. Together with energetic swells 
originating from the Southern Ocean and impinging on the coasts 
of the eastern tropical Atlantic42, these explain the dominance of 
waves on total water-level changes at interannual-to-multidecadal 
timescales in this region’s coastline.

Tides do not substantially contribute to interannual-to-mul-
tidecadal total water-level changes (Fig. 3a), as the modulation of 
tides is small at these frequencies43. The contribution of atmospheric 
surge to interannual-to-multidecadal total water-level changes at 
the coast is sizeable compared with the altimetric sea-level contri-
bution at high latitudes and in the northeastern Atlantic (Fig. 3a), 
expressing at the coast the low modulation of storminess, sea-level 
pressure and surface wind patterns.

The contribution of wave set-up to interannual-to-multidecadal 
water-level changes at the coast is further directly compared with 
the contributions of processes influencing the time-mean water 
level in the coastal zone: altimetric sea level and atmospheric surges 
(Fig. 3 and Supplementary Fig. 7). The time variability of the wave 
set-up makes a sizeable contribution to interannual-to-multi-
decadal mean water-level changes at the coast. Indeed, changes in 
the wave set-up amplitude reach the same order of magnitude or 
even exceed the contribution due to the variability of ocean ther-
mal expansion, land ice loss and ocean circulation in large parts 
of the global ocean. In the Southern Ocean and western tropical 
Atlantic, wind-wave-induced set-up is larger than the contribu-
tion from altimetric sea level. This large contribution is related to 
interannual-to-multidecadal modulations of strong local winds at 
regional scales (westerlies in the Southern Ocean and trade winds 

in the tropical Atlantic) in response to climate modes such as the 
Southern Annular Mode, ENSO and PDO22,44. Wind-wave-induced 
set-up also largely contributes to water-level variations at the coast 
at these timescales in the tropical Pacific due to the modulation of 
trade winds45. Changes in waves generated in the Southern Ocean 
affect wave characteristics and induced set-up over large parts of 
the global ocean through the northward propagation of swells in 
the other ocean basins21,23. Swell-induced set-up indeed shows an 
important contribution to interannual-to-multidecadal total water-
level changes at the coast in the South Atlantic and eastern Pacific, 
particularly along thewestern coasts of the United States and Chile. 
In the northeastern Atlantic, wave set-up largely exceeds the contri-
bution from thermal expansion, ocean circulation and ocean mass 
changes captured by altimetry, with a contribution from both wind 
waves and swells (Fig. 3b). Interannual-to-multidecadal changes in 
wave characteristics in this region are notably related to the North 
Atlantic Oscillation.

Wave contributions are therefore found to be dominant contrib-
utors to interannual-to-multidecadal total water-level changes over 
large parts of the world’s coastlines.

Trends
We now investigate whether waves also substantially contribute to 
lower frequencies, by assessing their relative contribution to total 
water-level rise at the coast over 1993–2015. Large spatial vari-
ability of total water-level rise at the coast and of its contributors is 
found (Fig. 4). Ocean thermal expansion and the transfer of water 
from land to ocean (altimetry-derived sea level) generally dominate 
coastal water-level rise over 1993–2015. However, waves make sub-
stantial contributions to coastal total water-level rise, resulting in a 
substantial increase (for example, the western tropical Pacific and 
tropical South Atlantic) or in several places dampening or reversal 
of the trends due to ocean thermal expansion, ocean circulations 
and transfer of liquid/solid water from land to ocean (for example, 
Japan, the North Sea and the northeastern Pacific). Trends in swell 
wave contributions even largely dominate the coastal total water-
level trends along the western coast of the United States, leading to 
negative net trends.

Around Japan and Europe as well as in the western tropi-
cal Pacific and tropical Atlantic, the trend in wave contributions 

3,000 mm
300 mm

Waves (set-up + swash)

Altimetric sea level Tides

Atmospheric surges 1,500 mm

Fig. 2 | Contributions to extreme events. Pie charts of the relative contribution of waves (green), altimetry-derived sea level (violet), atmospheric surges 
(yellow) and tides (grey) to extreme total water levels. The size of the pie charts indicates the mean amplitude of extreme events. For clarity, results are 
shown for a subset of 72 sites. Results for the 153 sites are shown in Supplementary Fig. 6.
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is induced by trends in local winds: the mid-latitudes wester-
lies and the trade winds46. Winds over the Southern Ocean have  
strengthened since 1993, consistent with the increasing trend in the 
Southern Annular Mode22. Pacific trade winds also accelerated over 
the past two decades47. Such trends could be long-term trends as 
climate models project a probable poleward shift of the storm tracks 
and an increase in trade winds23,24. This indicates that some regions 
could be more exposed (and others less exposed) to sea-level rise in 
response to climate change than expected, as wave contributions are 
not yet taken into account in climate projections of coastal water-
level changes over the next century.

Discussion
A first-order estimate of the importance of waves in total water-
level changes and rise at the coast at interannual-to-multidecadal 
timescales is provided at global scale. Although large uncertainties 
exist regarding wave contribution to total water level at the coast 
(Supplementary Figs. 6–8), estimates of the contributions to total 
water-level changes along open coasts robustly indicate that waves 
are important not only in explaining water-level extremes. Despite 
waves being transient by nature, they are also major contributors to 
interannual-to-multidecadal total water-level changes at the coast 

due to the low-frequency modulation of their characteristics related 
to wind changes. This result is regionally dependent, but for some 
regions, the wave contribution can mask or enhance the effect of 
thermal expansion and ice mass transfer from land over unexpect-
edly long periods of several decades.

This main result has far-reaching implications: it advocates 
for an inclusion of the wave contributions in past, contemporary 
and future low-frequency sea-level changes at the coast. Indeed, 
waves will very probably contribute to future multidecadal water-
level rise (for example, horizons of 2030, 2050 and longer) due to 
interannual-to-multidecadal changes in wind patterns induced by 
both climate modes of variability and climate change. Wave-driven 
contributions to coastal total water-level changes have been mostly 
related to climate modes of variability over the past two decades 
(Supplementary Fig. 9), reaching amplitudes comparable to ther-
mal expansion and mass contributions. Regarding trends, wave-
driven water-level rise along open coasts over the past two decades 
evidenced here modulates or even dominates the contributions 
of processes currently taken into account in decadal predictions 
and future long-term changes in sea level (including ocean ther-
mal expansion, heat, salt and mass redistributions by ocean circu-
lations, and transfer of water from land to ocean7,48). In addition, 
some robust patterns of longer-term wave-regime changes emerge 
in climate change projections23. In particular, a strengthening of the 
westerlies in the Southern Ocean and of the trade winds in the trop-
ical oceans is projected in response to climate change. As changes in 
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Fig. 3 | Contribution to interannual-to-multidecadal total water-level 
variations. a, Pie charts of the relative contribution of waves (sum of swell 
and wind wave swash and set-up) (green), altimetry-derived sea level 
(violet) and atmospheric surges (yellow) to total water-level detrended 
interannual-to-multidecadal variations. b, Pie charts of the relative 
contribution of swell set-up (dark green), wind wave set-up (light green), 
swell swash (dark orange) and wind wave swash (light orange) to the wave-
induced detrended interannual-to-multidecadal water-level variations. 
The size of the pie charts indicates the standard deviation of detrended 
interannual-to-multidecadal sea-level variations. Scalings are indicated on 
the lower left corner of the panels. For clarity, results are shown for a subset 
of 72 sites. Results for the 153 sites are shown in Supplementary Fig. 7.
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Fig. 4 | Contribution to total water-level trends. a, Coastal total water-
level trends due to waves (green), altimetry-derived sea level (violet) and 
atmospheric surges (yellow) over 1993–2015. b, Decomposition of the 
wave-induced total water-level trends into swell set-up (dark green), wind 
wave set-up (light green), swell swash (dark orange) and wind wave swash 
(light orange) trends. The total trend at each site (sum of the trends of all 
contributors) is indicated as a black arrow. For clarity, results are shown for a 
subset of 72 sites. Results for the 153 sites are shown in Supplementary Fig. 8.
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local wave regimes could also impact remote regions via swell prop-
agation, trends in wave-driven contributions to total water level at 
the coast could persist over parts of the global ocean in response to 
climate change. Since wave-induced water-level rise in response to 
greenhouse gases is related to changes in atmospheric circulation, 
it will be more limited than sea-level rise due to combined ther-
mal expansion and land ice mass transfer to the ocean. The latter 
is indeed expected to continue for centuries as it is limited only by 
the amount of heat excess in the climate system that can be stored 
in the ocean, and by the amount of land water that can potentially 
be transferred to the ocean from glaciers and ice sheets. However, 
wave contributions could be sizeable for long-term coastal total 
water-level changes as long as sea-level rise remains limited to a 
few millimetres per year. Given the uncertainties in current sea-
level projections, this could cover time periods ranging from multi-
decadal (2030–2050) to centennial (2100) timescales that are more 
relevant for sea-level projections and associated decision making. 
As the frequency of marine flooding events is expected to grow 
drastically over the coming decades due to a committed sea-level 
rise of a few tens of centimetres, our results indicate that account-
ing for wave contributions to long-term coastal total water-level 
changes can lead to more accurate decadal predictions and longer-
term projections of total water level at the coast.

As for global-scale projections of future extreme water levels, the 
traditional approach used to date consists of observing or modelling 
past extreme water levels, mostly through extreme value analysis 
methods. The contemporary return levels are then quantified and 
used to estimate future changes in exceedance probabilities by ver-
tically shifting the return levels by the projected sea-level change 
(which only includes changes in the steric, dynamical and mass 
sea-level contributions7). These approaches assume that wave cli-
mate is stationary while climate is changing16. Studies accounting 
for the evolution of wave conditions under climate change and for 
their interactions with sea-level rise are emerging only at regional 
scales49,50. Our results further advocate for the inclusion of non-sta-
tionary wave conditions in future global studies.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-018-0088-y.
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Methods
Coastal sites. We selected 153 coastal sites (Supplementary Fig. 1). The selection 
was based on the availability of Global Sea Level Observing System tide gauge 
records (which provide an approximately evenly distributed sampling of coastal 
sea-level variations). From the Global Sea Level Observing System dataset, a 
subset of tide gauges was selected to remove tide gauges in highly sampled regions 
where results were consistent with neighbouring tide gauges. Tide gauge data were 
downloaded from the University of Hawaii Sea Level Center (https://uhslc.soest.
hawaii.edu/data).

Time series of contributors to sea level at the coast. Each contribution to total 
water-level changes at the coast was evaluated separately over the period 1993–
2015, following the methodology developed at a pilot site32 (Cotonou, Republic 
of Benin), which combines state-of-the-art models and datasets that have been 
validated in previous studies.

Altimetric sea-level time series were extracted from the gridded daily altimetric 
sea-level maps produced by the SSALTO/DUACS (Segment Sol multi-missions 
d’ALTimetrie, d’Orbitographie et de localisation précise / Data Unification and 
Altimeter Combination System)51 and distributed by the Copernicus Marine 
Environment Monitoring Service using the closest points to the coastal sites.  
The uncertainty in local altimetric measures at 1 Hz is of the order of 1–2 cm, and 
the regional sea-level trend uncertainty is of the order of 2–3 mm per year (ref. 26). 
Atmospheric surges were extracted from the dynamical atmospheric correction 
applied to altimetric data, provided by the MOG2D-G (Modèle aux Ondes de 
Gravité 2-Dimensions Global; 2D Gravity Wave Model) barotropic model34 forced 
by the ERA-Interim (European Centre for Medium-Range Weather Forecasts 
Reanalysis Interim) winds and the inverted barometer effect with data outputs 
at a six-hourly frequency. Due to the low resolution of the barotropic model, 
atmospheric surges induced by small-scale hurricanes are not accounted for in our 
estimates of extreme events. In addition, extreme wind events are poorly captured 
by the atmospheric reanalysis35.

No additional coastal wind set-up was applied, as this effect is small for sites 
facing narrow continental shelves, and is considered resolved in the MOG2D-G 
model over large continental shelves. Tides at the coastal sites are provided hourly 
by the FES2014 (Finite Element Solution 2014) tidal model33.

Wind wave and swell wave set-up and swash are estimated separately six-
hourly from state-of-the-art formulations36:

β= . . + .
∕

L Hswash 1 1
2

( (0 5625 0 004)) (1)0 0
2 1 2

β- = . L Hset up 0 385 (2)0 0

where H0 and L0 are the deep-water wave height and wavelength, respectively, 
extracted from the ERA-Interim35, and β is a slope parameter. These formulations 
have been developed for use on natural beaches over a wide range of conditions. 
They have been calibrated using shoreline water-level time series collected during 
ten dynamically diverse field experiments and have been evaluated36. It should, 
however, be noted that the set-up and swash formulations remain largely untested 
and unvalidated for many of the types of locations to which the formula is being 
applied here (for example, semi-enclosed bays prone to an environmental wave 
set-up, and steep-shelfed small islands with fringing reefs52). The foreshore 
bathymetry slope parameter β was set to 0.1 globally, which is a reasonable 
estimate, although it may vary substantially in space and time53. Sensitivity tests to 
this value are provided below and in Supplementary Figs. 6b, 7b and 8b. Sensitivity 
tests to the formulations of wave set-up and swash are provided below and in 
Supplementary Figs. 6c, 7c and 8c.

Interactions between the different contributors to sea-level changes are 
disregarded, but are expected to be more important for extreme events than for 
interannual-to-multidecadal sea-level rise. Accounting for these interactions 
should not qualitatively change the main results of this study. Interactions between 
tides and sea level, for instance, are not thought to exceed 15% of the total water 
level along western European coasts, which are among the most exposed to those 
processes54. However, nonlinear interactions between waves and the underlying 
water depth might affect total water-level variations at the coast, including at 
interannual-to-multidecadal timescales, and total water-level trends50.

Vertical land motions such as these induced by glacial isostatic adjustment, 
which can be important for some coastal sites (for example, northeastern coast of 
the United States, and Scandinavian sites), are disregarded here.

Interannual-to-multidecadal variations are isolated from the detrended and 
deseasonalized time series by using a Hamming low-pass filter with a cut off 
of 1.3 years. Trends are extracted through a linear regression of the time series. 
Daily estimates are used for diagnostics on the contributions to interannual-to-
multidecadal variability and trends. Extreme events are defined as the highest 
2% of the total sea-level time series (using the 98th percentile of the sea-level 
distribution), with extreme events being separated by at least three days to ensure 
one specific event is selected only once. Results are not sensitive to the use of a 
declustering period of seven days instead of three days (not shown).  

To study extreme events, hourly estimates are used (using linear interpolation for 
contributors that are provided at lower frequencies).

To show that our approach, using a combination of observations and models, 
can explain the local tide gauge records (when waves are removed), figures of 
the sea-level change contributors time series together with tide gauge records are 
presented at two contrasted sites (Supplementary Fig. 1), in Supplementary  
Figs. 2 and 3. Another example can be found for Cotonou, Republic of Benin32. 
These figures show a good agreement between the tide gauge records and our 
water-level time series (when waves are removed, Supplementary Figs. 2j and 3j),  
which validates the sum of all contributions to sea level at the coast except waves. 
A systematic quantitative validation of wave contributions is currently not 
possible as the scientific community is lacking long enough time series of wave 
set-up and swash. Indeed, no observing system currently provides continuous 
observations from the coast to the open ocean. New observational systems are 
being implemented, such as video monitoring, but over only a few sites worldwide. 
Moreover, this recent monitoring does not yet allow analysis of interannual to 
long-term changes. However, the results presented here are regionally consistent 
with the spatial patterns of wave energy and altimetric sea-level variability, trends 
and extremes.

Comparisons with tide gauge records. Our estimated time series of water 
level at the coast were compared with tide gauge records. Correlations between 
our estimates of water level at the coast and tide gauge data confirm that wave-
induced components are not entirely captured by the tide gauges (Supplementary 
Fig. 4). Indeed, wave-induced components are maximum at open wave-exposed 
coasts. Depending on their position relative to the surf zone and whether 
they are located in sheltered environments such as harbours, tide gauges only 
partially capture wave set-up. In addition, tide gauges are not designed to 
capture the swash. When wave contributions are accounted for in our estimates 
of total water level at the coast, correlations with tide gauge records are spatially 
heterogeneous and reach only 0.63 ±​ 0.21 (Supplementary Fig. 4a). However, 
when wave contributions are discarded from our estimates, correlations are 
more spatially uniform and largely increase, to 0.96 ±​ 0.05 (Supplementary Fig. 
4b). This indicates that tide gauge records are more representative of processes 
other than wave set-up and swash, and that the water-level signature of processes 
captured by tide gauges is well reproduced in our estimates (as further shown in 
Supplementary Figs. 2 and 3).

However, comparisons of the time series confirm that tide gauge records partly 
missed extreme events that are captured by our estimates and that have been 
reported30,32. This indicates that our estimates of total water level at the coast are 
more relevant to studying sea-level impacts than tide gauge records.

Correlations between our estimates of water level at the coast (excluding wave 
contributions) and tide gauge data at interannual-to-multidecadal timescales 
were performed for tide gauges with records longer than seven years and reach 
0.79 ±​ 0.26 (Supplementary Fig. 4c). This confirms that our estimates capture the 
interannual-to-multidecadal variability observed in tide gauge records, which is 
dominated by the interannual-to-multidecadal variability observed in altimetry-
derived sea level.

Root mean squared deviations (r.m.s.d.) between our estimates of water 
level at the coast and tide gauge data have a mean and standard deviation of 
84 mm ±​ 31 mm across the 153 coastal sites. They range from 31 mm to 176 mm 
(Supplementary Fig. 5a). The r.m.s.d. represent 24 ±​ 18% of the r.m.s. of the 
water-level estimates over the tide gauge record periods across the 153 coastal 
sites (Supplementary Fig. 5b). The r.m.s.d. were also computed for the percentile 
intervals 0–2, 2–10, 10–90, 90–98 and 98–100 and found to be of similar amplitude 
(with means ranging from 79 mm to 84 mm, and a standard deviation of 31 mm 
across the 153 coastal sites).

Uncertainties in wave contributions. Although our results are subject to different 
sources of uncertainties (interactions between the different contributors are 
disregarded, the nearshore bathymetry is uncertain, and uncertainties exist in 
the datasets and parameterizations used), the sensitivity tests that we performed 
(Supplementary Figs. 6–8) indicate that our results are qualitatively robust. 
Therefore, our methodology is well suited for studying the total water level at the 
coast on short to long timescales over the world’s coastlines, awaiting for global-
ocean–wave–atmosphere–tide coupled reanalyses and more accurate coastal 
remote sensing.

Uncertainties related to the wave reanalysis. Deep-water wave height and 
wavelength are extracted from the ERA-Interim reanalysis. ERA-interim is 
consistent through time and is suitable for multi-year analysis55. However, ERA-
Interim tends to under-estimate significant wave height, especially when due to 
tropical cyclones55. Thus, our estimates probably under-estimate the full range of 
wave excursions. Moreover, several studies have noted the uncertainties arising 
from trends in reanalysis products that are not replicated in in situ measurements 
or satellite-derived trends56,57.

Sensitivity to the wave set-up and swash formulation. Uncertainties related 
to the wave set-up and swash parameterizations are estimated by using two 
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other available formulations ((ii) and (iii) below) in addition to the reference 
formulations (i) used in this study:

(i)		 Up-to-date and reference formulation17,36 relevant for a wide range of 
conditions:

β= . . + .
∕

L Hswash 1 1
2

( (0 5625 0 004)) (3)0 0
2 1 2

β- = . L Hset up 0 385 (4)0 0

(ii)	 Formulation based on previous estimates for wave set-up58 and 
swash59,60 and used for the development of the methodology at a  
pilot site32:

β β= . . − . + .
∕

L H H L H Hswash 1 37
2

(0 757 0 167 0 044 ) (5)2
0 0 0 0 0 0

2 1 2

β- = . L Hset up 0 45 (6)0 0

		 (iii)	 Simplified formulation relevant only for dissipative beaches16,36:

= . L Hswash 0 027 (7)0 0

- = . L Hset up 0 016 (8)0 0

Supplementary Figs. 6c, 7c and 8c show that waves are dominant contributors to 
total water-level extremes and to interannual-to-multidecadal total water-level 
changes at the coast, and make substantial contributions to coastal water-level rise 
regardless of the formulations used to estimate wave set-up and swash.  
Wave contribution to interannual-to-multidecadal water-level changes ranges 
between 28% and 58% on average over the 153 coastal sites. On average, swell 
contribution to the total wave contribution are of 64% for all three formulations. 
The contribution from swell and wind wave set-up is more similar to the 
contribution from swell and wind wave swash for formulation (ii) (41% and 59% 
of the total wave contribution, respectively) than for both formulation (i) (34% and 
66% of the total wave contribution, respectively) and formulation (iii) (25% and 
75% of the total wave contribution, respectively).

Sensitivity to the beach slope. To evaluate wave set-up and swash, a constant 
uniform value of 0.10 for the beach slope parameter β was used (formulation (i)). 
Although this is a realistic mean value for the world’s coastlines53, beach slopes 
evolve both spatially and temporally61. To test the sensitivity of the contribution 
of waves to total water-level changes at the coast to the beach slope parameter, we 
estimated the relative contributions of drivers of water-level changes when the 
beach slope parameter was increased or decreased by 20% (leading to slopes of 0.12 
and 0.08, respectively) and by 50% (leading to slopes of 0.15 and 0.05, respectively; 
note that a slope of 0.15 is not unrealistic, but lies beyond the applicability range of 
formulation (i) used in this study). The relative contributions of waves to the total 
water level at the coast estimated with beach slopes of 0.15, 0.12, 0.10, 0.08 and 0.05 
are presented in Supplementary Figs. 6b, 7b and 8b.

Contributions of waves to water-level changes are sensitive to the beach slope 
parameter, but the overall results on the relative contribution of drivers of water-
level changes are qualitatively robust in terms of spatial patterns and relative-
contribution patterns. When the beach slope parameter decreases, the amplitude of 
water-level changes decreases due to the decrease in wave contributions to water-
level changes (equations (1) and (2)). The opposite holds for an increase in the 
beach slope parameter. Wave set-up and swash remain dominant drivers of total 
water-level changes from extreme events to interannual-to-multidecadal changes 
and make substantial contributions to total water-level rise over large parts of the 
world’s coasts regardless of the value used for the beach slope parameter.

Significance of the trends. The significance of the trend of each contributor, except 
tides (which are periodic), to total water-level changes at the coast relative to trends 
that could arise from natural climate interannual variability over the 23-year period 
is evaluated using a Monte Carlo method. We focus on trends induced by the two- 
to seven-year interannual variability, given the duration of our time series. It should, 

however, be noted that longer-term sea-level variations due to natural variability 
(such as the ENSO, PDO, Indian Ocean Dipole, North Atlantic Oscillation and other 
climate modes) could be substantial62. For each site and each contributor to total 
water-level changes at the coast, 104 random time series were generated with the 
same amplitude of interannual water-level changes as in our estimated contribution 
and using an autoregressive model of order 2 to model the autocorrelation in the 
two- to seven-year interannual variability63. For each site and each contributor, the 
distribution of the trends of the 104 time series was computed and the 0.95 percentile 
of the cumulative distribution was selected to provide the 95% confidence level for 
the significance of the trend (Supplementary Fig. 9a).

Trends of total water-level contributors (Fig. 4) are indistinguishable from 
trends induced by natural climate modes of variability at periods ranging from 
two to seven years if they are weaker (in absolute value) than the trends presented 
in Supplementary Fig. 9a. This analysis shows that in most places, excluding 
the northeastern Pacific coasts, the trend of the altimetry-derived sea level is 
significantly (at the 95% confidence level) different from trends arising solely from 
two- to seven-year natural climate variations (Supplementary Fig. 9b). Trends of 
other contributors are indistinguishable from trends induced by variability driven 
by natural climate modes, except for some wave components in the eastern tropical 
Pacific (Galápagos Islands and Tumaco) and at Honolulu and atmospheric surge at 
the Gothenburg tide gauge site in the Baltic (Supplementary Fig. 9b), although the 
last represents only a small contribution.

Data availability. The SSALTO/DUACS altimeter products were produced and 
distributed by the Copernicus Marine Environment Monitoring Service (http://
marine.copernicus.eu/). Dynamical atmospheric corrections were produced by the 
Collecte Localisation Satellites Space Oceanography Division using the MOG2D 
model from Laboratoire d’Etudes en Géophysique et Océanographie Spatiales 
(LEGOS) and distributed by AVISO (Archiving, Validation and Interpretation of 
Satellite Oceanographic data), with support from Centre National d’Etudes Spatiales 
(CNES) (http://www.aviso.altimetry.fr/). FES2014 tidal data are produced by 
LEGOS. Tide gauge data were downloaded from the University of Hawaii Sea Level 
Center (https://uhslc.soest.hawaii.edu/data). ERA-Interim data were produced by 
the European Centre for Medium-Range Weather Forecasts (https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era-interim).
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