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A global analysis of extreme coastal water levels
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Climate change and anthropogenic pressures are widely expected to exacerbate coastal
hazards such as episodic coastal ﬂooding. This study presents global-scale potential coastal
overtopping estimates, which account for not only the effects of sea level rise and storm
surge, but also for wave runup at exposed open coasts. Here we ﬁnd that the globally
aggregated annual overtopping hours have increased by almost 50% over the last two
decades. A ﬁrst-pass future assessment indicates that globally aggregated annual overtopping hours will accelerate faster than the global mean sea-level rise itself, with a clearly
discernible increase occurring around mid-century regardless of climate scenario. Under RCP
8.5, the globally aggregated annual overtopping hours by the end of the 21st-century is
projected to be up to 50 times larger compared to present-day. As sea level continues to rise,
more regions around the world are projected to become exposed to coastal overtopping.
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ver the twenty-ﬁrst century, sea level rise (SLR) is projected to at least double the frequency of coastal ﬂooding
at most locations around the world1–4 potentially
affecting millions of people living in low-lying coastal zones,
unless effective ﬂood mitigation strategies are implemented in the
years ahead5–9. Regions with limited water-level variability at the
coast (i.e., short-tailed ﬂood-level distributions), mainly located in
the Tropics, are likely to be the most affected1. An increase
in ﬂood occurrence in low-lying, vulnerable coastal zones could
force signiﬁcant population migration and socio-economic
damage3,10–13. One process that could contribute to coastal
ﬂooding is overtopping, which occurs when the extreme coastal
water level (ECWL, as deﬁned by Gregory et al.14) exceeds the
maximum coastal elevation (e.g., dunes, dykes, cliffs15). However,
the occurrence of overtopping does not necessarily imply that the
entire low elevation coastal zone is ﬂooded, rather, this phenomenon drives localized coastal ﬂooding, immediately adjacent
to areas of overtopping. The ﬂooding that may occur due to
overtopping is likely to be both temporally and spatially variable
due to the combined effects of temporal and alongshore gradients
in breaking wave heights and alongshore variations in coastal
elevation maxima. In addition, overtopping can result in protection failure16, which can result in broader, more catastrophic
ﬂooding17.
ECWL results from the combination of several different coastal
processes (Fig. 1 and Eq. (1)): the regional sea level anomaly (here
referred to as SLA) due to the steric effect, ocean circulation, and
transfer of mass from the continents (ice sheets, glaciers, land
water) to the ocean, storm surge (DAC) due to atmospheric
pressure and winds, astronomical tide (T), and wave effects here
referred to collectively as runup (R), which includes a timeaveraged component (setup) and an oscillatory component
(swash) (see Melet et al.18).
ECWL ¼ SLA þ DAC þ T þ R

ð1Þ

Despite the important role that ocean waves play in determining water level at the coast4,18,19 via wave setup and wave
runup, their contribution is still largely disregarded in most
studies, notably due to the lack of global information on detailed
coastal topography, which is required to compute these wave
contributions to ECWL accurately. Topographic and foreshore

slope data, excepting local datasets acquired during site-speciﬁc
studies, are often coarse, outdated, or simply non-existent in large
parts of the world, leading to inaccurate estimates of potential
coastal ﬂooding and their associated risks to coastal communities
and assets. Owing to this, global studies (e.g., 1,2,12,18,20,21) that do
account for the contribution of waves to extreme sea levels are
still based on highly simpliﬁed coastal topography/bathymetry
assumptions (e.g., constant slope worldwide). While many studies
have acknowledged that local topography can greatly inﬂuence
wave runup, and consequently ﬂood exposure and the associated
risk9,13,22,23, no concerted efforts have been taken yet to address
this shortcoming on a global scale. In this study, we address this
need by combining a new state-of-the-art global digital surface
elevation model (ALOS World 3D from JAXA at 30 m spatial
resolution, hereafter referred to as AW3D3024,25) with ECWLs
derived from a combination of satellite altimetry, tide and surge
models, and wave reanalyses, taking into account the key contribution of wave runup at open coasts. Using the occurrence of
ECWLs above the maximum coastal elevation as a proxy for
coastal overtopping, here we quantify, for the ﬁrst time, the global
scale increase of potential coastal overtopping in recent decades,
and present ﬁrst-pass, globally aggregated projections of future
coastal overtopping in response to projected global mean sea level
rise (GMSLR) over the twenty-ﬁrst century.
Results and discussion
Global distribution of maximum coastal elevation and subaerial coastal slope. Of the global coastline spanning approximately 1.5 million kilometers, only about one-third is exposed to
waves, with direct wave action being less relevant on sheltered
coasts, including bays, estuaries, and rugged coasts11,26. The
topology of open coasts is highly variable, comprising open sandy
coasts, barrier islands, cliffs, river deltas, and engineered coasts27.
Two key coastal topographical parameters that are relevant for
coastal overtopping are the foreshore slope, which inﬂuences
wave runup and thus ECWL, and the maximum sub-aerial coastal
elevation, which sets the threshold that is to be exceeded by
ECWL for overtopping to occur. The global distribution of the
maximum sub-aerial coastal protection elevations (within 1 km
landward of the shoreline) derived from the AW3D30 data base
(see “Methods” section for a description of the transect extraction

Fig. 1 Schematic of the processes governing coastal overtopping and the different levels of potential ﬂooding depending on coastal topography. The
extreme coastal water level (ECWL) results from the combination of regional sea level anomaly (SLA) due to the steric effect, ocean circulation and
transfer of mass from the continents (ice sheets, glaciers, land water) to the ocean, astronomical tide (T), storm surge due to atmospheric pressure and
winds (DAC), and wave runup (R), decomposed into a time-averaged component (setup) and an oscillatory component (swash).
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Fig. 2 Global coastal topography along the world’s coastline. a Maximum coastal elevation and b sub-aerial coastal slope. Insets show the distribution of
elevations (mean = 7 m) and slopes (median = 0.04). For readability, values have been regionally smoothed in this ﬁgure, such that regional patterns are
clearly distinguishable.

method adopted) is shown in Fig. 2a. These maximum coastal
elevations also take into account coastal dunes and coastal
structures if resolved by the 30 m resolution of AW3D30 data
base. The maximum sub-aerial coastal elevation appears to generally increase with latitude (Fig. 2a) and has a global average of 7
m. The sub-aerial coastal slope (Fig. 2b) relevant for wave runup
calculations is computed from the shoreline to the maximum subaerial coastal elevation as derived in Fig. 2a (see “Methods” section). The global median value of the coastal slope thus derived is
0.04. Regional patterns are visible, such as the along-coast gradient in coastal slope along the west coast of North America, from
relatively low (0.04) in the tropics to rather steep (0.15) in high
latitudes with rockier coastlines. Similar features are observed in
the southern hemisphere. Africa, the continent with the largest
length of sandy coasts28, generally has gentle coastal slopes.
Overtopping events over recent decades. ECWL over the
23 years between 1993 and 2015 were computed at 14,140 coastal
proﬁles situated along the open coasts of the world using Eq. (1).
Regional SLA was derived at each computational proﬁle from
satellite altimetry sea level time series using the SSALTO/DUACS
multi-mission data29. Storm surge values (DAC) for the study
period were taken from a global application of the MOG2D-G
model30, forced by surface winds and atmospheric pressure from
the ERA-interim reanalysis31 while astronomical tides (T) were
extracted from the global tide model FES (Finite Element
Solution30). Wave runup was computed using two forms (for
steep and mild slopes, as appropriate for the proﬁle under consideration—see “Methods” section) of the commonly used
Stockdon et al.32 parametrization, using wave conditions from
the ERA-interim global wave reanalysis. All these individual

components feeding into Eq. (1) were re-sampled at an hourly
resolution to enable computing ECWL at an hourly resolution
such that co-occurrence of high values in tides, storm surge, and
waves will be captured in the analysis.
From the ECWL time series derived using Eq. (1) and the
maximum coastal elevations, the potential for overtopping was
computed at each transect at a resolution of 0.5° alongshore. A
detailed illustration and validation of the methodology adopted
for this computation are provided in Fig. S5 for selected historical
overtopping events (e.g., Katrina in the USA, Xynthia in Europe/
France). Figure 3a shows the time-averaged (averaged over the
1993–2015 period) annual number of overtopping hours (Na,l)
around the world. Regional hotspots of overtopping can be seen
in northern Europe, southern Mediterranean, western Canada,
far-eastern Russia, eastern Africa and Madagascar, and parts of
southeast Asia and northern Australia. The limitations associated
with the application of our approach at deltaic coasts are
addressed in the “Limitations and way forward” section.
The annual number of overtopping hours (Na,g) exhibits a
positive (i.e., increasing) trend (computed using the complete
hourly time series of ECWL, discretized into years) in most parts
of the world over the period 1993–2015 (Fig. 3b). The highest
rates of increase are observed in the Gulf of Mexico, Eastern
Europe (Baltic Sea), Southern Mediterranean, Eastern Africa and
Madagascar, far-eastern Russia, and parts of Southeast Asia and
Northern Australia. This might be because most of these regions
generally have small variability in ECWL (variance of the time
series), and hence, even small increases in regional sea level can
have a large impact on overtopping33. A few areas appear to have
experienced a small trend over 1993–2015, mainly in the mid to
high latitudes: e.g., the west coast of North America, Northern
Europe, most of South America, and South Asia.
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Fig. 3 Global distribution of coastal overtopping over the period 1993–2015. a Time-averaged annual number of overtopping hours (h/year) and b the
23-year trend in the annual number of overtopping hours (Na,l) (computed using the complete hourly time series of ECWL, discretized into years) (see
“Methods” for details of the computational approach adopted). Overtopping is assumed to occur when ECWL exceeds the maximum coastal elevation
(derived from AW2D30). ECWL = SLA + DAC + T + R is computed by combining hourly data of all contributing components over the 1993–2015 period.
For clarity, locations for which close to zero overtopping was computed are not shown in this ﬁgure (in contrast with Fig. 2 where all computational points
are shown).

In a globally aggregated sense, overtopping events are mostly
due to a combination of wave runup and tides over the
1993–2015 period (Fig. 4a). When wave runup and tides are
not accounted for (orange bars), the globally aggregated annual
number of overtopping hours is much less than when all
components contributing to ECWL are considered (gray bars).
When all components of ECWL are accounted for, an increasing
(signiﬁcant at 95% level, using the Mann–Kendall test) trend is
found for Na,g over the 1993–2015 period (Fig. 4a), which has
resulted in approximately a factor 1.5 increase in Na,g from 1993
to 2015. However, this increasing trend cannot be explained by
the combined contributions of tides and runup alone (Fig. 4a,
blue bars). Over a short period such as the 23 years analyzed here,
local trends in individual ECWL components (except for SLA at
some locations), and consequent overtopping, are mostly
indistinguishable from trends induced by internal climate
variability18,34. However, since Na,g is a globally aggregated
quantity, it is likely that the signature of internal climate
variability is damped by the spatial aggregation compared to
the globally coherent signature of SLR. Therefore, the observed
increasing trend in Na,g over the 1993–2015 period can only be
conﬁdently attributed to the increasing trend in SLA.
Overtopping and projected SLR. How will projected SLR
inﬂuence coastal overtopping characteristics over the twenty-ﬁrst
century? To answer this question, here we considered GMSLR
trajectories projected for the twenty-ﬁrst century under different
climate change scenarios (i.e., representative concentration
pathway (RCP) 8.5—high emission, low mitigation; RCP 2.6—
low emissions, high mitigation; and RCP 4.5—middle of the
4

road35,36) to compute future ECWL time series, keeping the other
contributions (R, T, and DAC) unchanged from the 1993–2015
period. Figure 4b shows that, in a globally aggregated sense, if
wave and tide contributions are not considered in ECWL computations (orange bars), Na,g by 2100 would be underestimated by
over 80%. Figure 4b also shows that, when the wave and tide
contributions are included in the computation (gray bars), a
discernible increase in Na,g is projected to occur around midcentury regardless of climate scenario, as indicated by the upward
inﬂection around mid-century. In contrast, if wave and tide
contributions to overtopping were ignored, a noticeable increase
in overtopping hours is only expected by around 2080 and only
under RCP 8.5. Figure 4b shows that, relative to its present-day
value, Na,g could be as much as 50 times larger by the end of the
twenty-ﬁrst century under RCP 8.5. Since the occurrence of
overtopping is based on the exceedance of a topographic
threshold (considered to be static here), a non-linear relationship
exists between the future increase in ECWL, mainly due to the
rate of GMSLR and the rate of change in Na,g (Fig. 4.b, inset). This
is because the threshold elevation for overtopping is exceeded
more often with accelerated SLR due to greater water depths and
more wave energy reaching the coast, leading to a faster increase
in the rate of change in Na,g, compared to the rate of change of sea
level itself. Not surprisingly, therefore Fig. S1 shows that the
number of regions around the world that are exposed to overtopping increases non-linearly with increasing global mean
sea level.
Limitations and way forward. Being a global-scale assessment,
inevitably there will be several limitations if attempts are made to

NATURE COMMUNICATIONS | (2021)12:3775 | https://doi.org/10.1038/s41467-021-24008-9 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24008-9

ARTICLE

Fig. 4 Globally aggregated annual number of present and future overtopping hours. a The globally aggregated annual number of overtopping hours
(Na,g) (gray bars), contribution to overtopping from waves and tide only (R + T, blue bars), and the contribution to overtopping from regional sea level rise
and storm surge only (e.g., SLA + DAC, orange bars). b Future projections of Na,g when contribution to overtopping from waves and tide (R + T) are
included (gray bars) or excluded (orange bars) considering projected median global mean sea level rise. The secondary x-axes at the bottom indicate the
years at which time the various median global mean sea level rise values from the main x-axis will be reached under RCP 8.5, RCP 4.5, and RCP 2.6
projections presented in IPCC, 20193. Inset in b compares different rates of changes of global mean sea level (in mm/year) with the computed rate of
change of Na,g. Triangles represent computed Na,g values and the dashed line is an exponential regression (R2 = 0.8) ﬁtted to the triangles, indicating an
exponential factor 2.7 between the rates of change global mean sea level and Na,g.

interpret our results at the local scale. One of the main limitations
would be due to the different impacts waves will have on different
types of coasts (e.g., deltas and sheltered coasts vs open coasts).
Recent studies have shown that waves might have a complex
inﬂuence on ﬂooding at tidal inlets and estuaries, and particularly
at large deltas, in combination with local hydrology and other sea
level contributions derived from met-ocean forcing37–40. Local
precipitation or river discharge can lead to compound ﬂood
events when they occur concurrently with storm surge events
and/or large wave runup events41–45. These additional factors
could not be taken into account in our analysis due to the lack of
suitable datasets at a global scale. Furthermore, when interpreting
the consequences of overtopping on coastal ﬂooding, it should be
noted that the occurrence of overtopping does not necessarily
imply that the entire low elevation coastal zone is ﬂooded. Rather,
overtopping drives localized coastal ﬂooding, immediately adjacent to areas of overtopping, which would likely be both temporally and spatially variable due to the combined effects of
temporal and alongshore gradients in breaking wave heights, and
alongshore variations in coastal elevation maxima.
Although satellite digital elevation models DEMs) are increasingly used in global/regional coastal ﬂooding studies11,12,22,46–50,
the quantitative accuracy of such assessments would necessarily
be a function of the noise and accuracy associated with the DEM
used; a limitation also applicable to our study. However, with

more and more advanced technologies used in successive
missions, the accuracy of satellite DEMs is continually improving,
enabling more reliable impact assessments based on satellite
DEMs. While a global validation of AW3D30 is beyond the scope
of the present study, the regional DEM/light detection and
ranging (LIDAR) comparisons shown in Fig. 5 for two different
sites in France and The Netherlands show that, among the
6 satellite DEMs tested here (CoastalDEM51, MERIT, SRTM52,
ASTER53, TandemX54, and AW3D30), AW3D30 has the lowest
error (average error ~1.5–2 m) with respect to maximum coastal
elevation estimations (i.e., the critical parameter in terms of
overtopping). It should, however, be noted that the results of
global scale studies cannot be expected to capture intricate local
scale details. Nevertheless, ﬁrst-pass global scale studies, such as
that presented here, will enable the determination of current
trends and the identiﬁcation of regional hotspots, which may then
be investigated further via higher-resolution, local studies at
vulnerable locations.
Global-scale coastal overtopping and ﬂooding studies currently
face a double observational bottleneck. On one hand, it is
currently impossible to observe sea levels right at the coast all
along the global coastline and in particular wave contributions to
ECWLs. On the other hand, accurate measurements of global
coastal morphological evolution and subsidence trends are still to
be done despite promising local to regional emerging satellite
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Fig. 5 Error quantiﬁcation of coastal maximum elevations derived from six global DEMs (CoastDEM, MERIT, SRTM30, ASTER, TandemX90, and
AW3D30), relative to LIDAR data for two regions in France and the Netherlands. a, b, respectively, show the maps of the local elevation data and the
transects (5 km spacing) that were used to calculate the differences in France (10 transects) and the Netherlands (29 transects). c, d show the elevation
proﬁles derived for example proﬁles (red lines in the maps) in France and the Netherlands. Identiﬁed coastal maxima for each case are shown by a circle
marker. e presents boxplots of the coastal maximum elevation differences separately for France and the Netherlands for each global DEM considered.
Boxes indicate the 25th–75th percentile range, with a horizontal line and dot showing the median and the mean, respectively. Whiskers indicate the
5th–95th range and circles points that are out of this range.

techniques55–57. In the near future, an advanced approach such as
that presented by Vos et al.58 to reconstruct foreshore slope from
satellite-derived shoreline tracking and tide level could be applied
globally. The global scale of the analysis presented here thus
necessitates some simpliﬁcations in estimating ECWL, particularly in calculating wave runup using Stockdon et al.’s32 empirical
formulae. Stockdon et al.’s32 wave runup parametrization was
developed for and is applicable for open wave-exposed sandy
beaches. For these sandy coasts and beaches, as a rule of thumb,
the wave setup is 20% of offshore wave height32,59,60. These
formulae are, however, commonly used for different environments, such as gravel beaches61. At rocky coasts with rocky
platforms, wave runup is important but reduced by bottom
friction over the rocky bottom62. At muddy coasts like the
Amazon River to Guyana in South America, high suspended
sediment concentrations tend to dampen wave action (and hence
overtopping)63. The indiscriminate application of Stockdon
et al.’s32 formulations at these latter two types of coasts may
have therefore resulted in overestimations in wave runup therein
and hence overtopping in our analysis.
Concerning storm surge estimates used in this study, the
relatively coarse resolution of the barotropic model (MOG-2D)
used and the known inability of ERA-interim to capture extreme
wind events mean that our analysis would not account for tropical
cyclones64 in our estimates of extreme storm surge events.
Regarding globally aggregated projections of future coastal
overtopping computed in this study, non-linear interactions
6

between SLR and other contributing components (tides, waves,
storm surge) have not been accounted for. Furthermore, climate
change-driven variations in storm surge and waves have not been
accounted for in this study.
The nearshore topography was considered constant in time
here with no morphodynamic evolution, which means that
possible SLR-driven changes in the coastal slope and maximum
coastal elevation are neglected in our analysis. Even if detailed
present-day bathymetry were available, past and future
bathymetry still remain unknown. As a result, this and other
recent global studies use a ﬁxed coastal bathymetry in time,
over periods spanning between 50 and a 100 years. However,
coastal systems are among the most dynamic natural environments on Earth65,66, continually evolving at various spatiotemporal scales, with, e.g., a single large storm being able to
reshape regional bathymetry that could signiﬁcantly affect
ECWLs in subsequent years. Thus, considering a passive coastal
bathymetry over a 100-year period assumes that computed
coastal ﬂooding is only a function of changes in coastal water
levels67,68. It should also be noted that local vertical land
movement (e.g., land subsidence) can in places (e.g., Jakarta,
New Orleans, Ho Chi Minh City) result in relative SLR rates
that are far greater than the GMSLR69,70 considered in all
future projections herein. Consideration of these regional and
local contributions to relative SLR will affect coastal ﬂooding
projections for certain locations, in particular at coastal cities
and low-lying deltas9,71–74.

NATURE COMMUNICATIONS | (2021)12:3775 | https://doi.org/10.1038/s41467-021-24008-9 | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24008-9

Finally, coastlines have been modiﬁed in various ways by
human activities, particularly in urbanized areas in which, for
example, ports have been constructed, land has been reclaimed
from the ocean28, seawalls built to combat coastline recession,
cliffs stabilized, and groins placed in an attempt to retain a beach
fringe and maintain dunes68. For example, in the US alone, 14%
of the national coastline is estimated to be hardened with
engineering structures, and this percentage is expected to increase
to 33% by 210075. Such human interventions (e.g., seawalls, dikes)
to the natural system generally results in steepening of coastal
slopes76, resulting in smaller wave dissipation zones compared to
natural coasts, which is not accounted for in this study.
In summary, this study has, for the ﬁrst time, quantitatively
assessed the potential for coastal overtopping at a global scale,
both for recent decades and over the twenty-ﬁrst century, by
combining high-resolution coastal topography from recently
developed global satellite-based products with state-of-the-art
computations of ECWL (including wave contributions). Our
results show an increasing trend in overtopping, resulting in
almost a factor 1.5 increase in globally aggregated annual
overtopping hours from 1993 to 2015. While overtopping events
are mainly due to the combined effect of wave runup
astronomical tides, these processes alone do not explain the
observed increasing trend in the globally aggregated annual
overtopping hours. Rather, it is the combination of regional sea
level, storm surge, wave runup, and tide that is responsible for the
observed increasing trend in overtopping, with the increasing
trend in regional sea level being the main driver. A ﬁrst-pass
assessment of overtopping potential over the twenty-ﬁrst century,
undertaken in a globally aggregated sense under RCP 2.6, RCP
4.5, and RCP 8.5, shows that, relative to its present-day estimate,
the globally aggregated annual overtopping hours will increase by
as much as 50 times by the end of the twenty-ﬁrst century under
RCP 8.5. These projections also show that the globally aggregated
annual overtopping hours will increase at a rate faster than that of
the GMSLR itself, following an exponential relationship (with an
exponential factor of 2.7) between rates of overtopping and SLR.
The acceleration in coastal overtopping is expected to continue
throughout the twenty-ﬁrst century and will be discernible by
mid-century under any climate scenario. Projections indicate that
more and more regions around the world will become exposed to
coastal overtopping with increasing mean sea level, especially in
the Tropics, Northwestern USA, Scandinavia, and Far-Eastern
Russia.
Methods
AW3D30 Global Digital Surface Model. The new and freely available ALOS
Global Digital Surface Model (ALOS World 3D—30 m, JAXA24,25), known as
AW3D30, was used in this study. This database is used here with its maximum
freely available resolution of 1 arc-second (i.e., approximately 30 m, while commercial AW3D PRISM resolution is 5 m). AW3D30 was acquired over the
2006–2011 period using optical stereo-based photogrammetry and is created as a
digital surface model converted from the WGS84/GRS80 ellipsoid height based on
the ITRF97 coordinate system, using the EGM96 geoid model. Marine ECWL and
land topography datasets used here are referenced to the same datum. Our analysis
is restricted to the coverage of AW3D30, from 60 degrees north to 60 degrees
south. High latitudes associated with no-data or low-quality area are not considered in this analysis. Although AW3D30 targets <5 m absolute accuracy, Tadono
et al.24, and also Fig. 5 (concentrating on two sites in France and The Netherlands),
show the accuracy is in fact higher than that for gentle slopes, which is mostly the
case in the low-elevation coastal zone (i.e., the focus study area in our study).
A sensitivity analysis of our overtopping estimates was conducted by using two
other bathymetric/topographic datasets and is presented in Fig. S4. The ﬁrst
independent dataset is a merged product of GEBCO and MERIT77. It was used in
our sensitivity analysis to compute estimates of maximum sub-aerial coastal
elevations (Fig. S3) and two different coastal slopes (Fig. S2): the coastal slope from
the shoreline to the maximum sub-aerial coastal elevation, as with AW3D30, and
the foreshore slopes (computed from the depth-of-closure to the shore, see
Athanasiou et al.77) that are required as input for the wave runup formulae. The
second independent dataset is the FLOod PROtection Standards FLOPROS78

dataset. It was used as a third estimate of maximum sub-aerial coastal elevations22
and explicitly accounts for artiﬁcial coastal protection structures.
Coastal topography extraction. Maximum sub-aerial coastal elevation and coastal
slopes were extracted from the above-mentioned MERIT, FLOPROS, and
AW3D30 datasets along the global coastline. Here the Global Self-consistent,
Hierarchical, High-resolution Geography Database (GSHHS79) coastline “h”
highest resolution (∼kilometric) was used. The coastal shoreline and topography
are highly variable alongshore. In order to obtain reasonably robust estimates,
cross-shore aerial topography proﬁles were extracted every 0.05°. From these, a
robust regional proﬁle is constructed every 0.5° alongshore by averaging ten 0.05°
spaced transects. This means that our analysis and conclusions are representative of
main regional topographical features (e.g., typical low-lying beach-dune, high cliff
coastline) but not of local features (e.g., estuaries). Furthermore, Islands with a
circumference <0.5° were excluded from the analysis, as we deemed it sufﬁcient at a
global scale and representative of the regional values seen in the literature. This
resulted in a total of 14,140 proﬁles along the open coasts of the world, for which
the analysis was performed.
The maximum coastal elevation and coastal slope at each proﬁle were calculated
using an automated detection method. In this method, the ﬁrst step is the
identiﬁcation of the local sea-land orientation of each proﬁle, based on the average
topography values on the two sides of the shoreline: the higher side is taken to be
land and the lower side to be sea. Second, the highest coastal point of each transect
(e.g., dune, cliff top, crest of structure) was taken as the local landward maximum
that was closest to the shoreline, within 1 km landward of the shoreline (see Fig. 5).
The slope used in the wave contribution calculations was then estimated as the
average slope between the shoreline and maximum coastal elevation, following the
approach presented by Diaz et al.80. Figure 5 shows the performance of six different
satellite DEMs (CoastDEM, MERIT, SRTM, ASTER, TandemX, and AW3D30)
relative to airborne LIDAR data at two low-lying coastal regions: (a) the open coast
of the Netherlands, which covers the largest part of the North and South Holland
provinces (acquired for the entire country over the 2014–2019 period) and (b) the
South West coast of France (acquired in October 2017). Despite the fact that the
AW3D30 DEM is based on composite imagery acquired over the period
2006–2011, different to the LIDAR dates, it is still the DEM with lowest error
(average error ~1.5–2 m) among the six DEMs considered, in terms of maximum
coastal elevation estimations—the critical parameter where coastal overtopping is
concerned.
Components of sea level at the coast. Altimetry-based sea-level time series
anomalies (SLA in Eq. (1), with reference the ellipsoid—WGS84/GRS80) are
extracted at the closest points to the coast from the gridded daily maps produced by
the SSALTO/DUACS multi-mission29 and distributed by the Copernicus Marine
Environment Monitoring Service81. Atmospheric variables (surface winds, sea level
pressure) and wave data (signiﬁcant wave height Hs and peak wave period Tp) were
extracted from the ERA-interim reanalysis31, developed by the European Centre
for Medium-Range Weather Forecasts model (ECMWF), at 0.5° × 0.5° and
6 hourly temporal resolution between 1993 and 2015. The ERA-interim reanalysis
uses a coupled ocean wind-wave and atmospheric model, which has been extensively validated31,82,83. Storm surge (DAC in Eq. (1)) time series were extracted for
the same period from the MOG2D-G barotropic model forced by ERA-interim
surface winds and atmospheric pressure with 6 hourly outputs. Astronomical tidal
elevations (T in Eq. (1)) for the 1993–2015 period were obtained at the closest
points to the coast from the global tide model FES30 at an hourly resolution. Wave
runup (R in Eq. (1)) was computed from the commonly used parametrization by
Stockdon et al.32, where R is given as a function of deep-water signiﬁcant wave
height Hs, wave length (Lo), and sub-aerial coastal slope (β). Here Stockdon
et al.’s32 parametrization was used in two forms depending on the ratio between
the coastal slope and incident waves as described by the Iribarren number
ξ ¼ tanðβÞ=ðH s =Lo Þ84:
●

Equation (2) at coasts with ξ < 0:3:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R ¼ 0:043 H s Lo

●

Equation (3) at coasts with ξ > 0:3:
h

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

i1=2 
R ¼ 1:1 0:35β H s Lo þ 0:5 H s Lp 0:5625β2 þ 0:004

ð2Þ
ð3Þ

R can be predicted using different methodologies, such as direct numerical
modeling with process-based local coastal models, meta-models, and empirical
formulations (e.g., Dodet et al.59). In Melet et al.’s21 discussion on the limitations of
using Stockdon et al.’s32 parametrization at global scale, it is highlighted that
process-based coastal models also need local nearshore proﬁles as inputs and
cannot yet simulate R with nearshore morphological updating over long timescales
and along the entire global coastline. R is therefore commonly predicted via
empirical formulations that relate it to a set of simple environmental parameters
(see review by Dodet et al.59). As this study aims at providing a ﬁrst-order estimate,
R is here computed using empirical formulae. For instance, Diaz-Sanchez et al.85
mention that the scatter between empirically predicted and observed R can be due
to local processes that are not represented by the formulations’ predictors.
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The automated computation procedures used in this study ensures that Eq. (2)
is used on natural beaches with milder slopes, while Eq. (3) is used at steep proﬁles,
such as, for instance, when coastal defense structures are present.
All the components feeding into Eq. (1) are ultimately interpolated to an hourly
resolution to account for compound nature of ECWL.
Method to compute overtopping. Using the above described hourly datasets, the
different contributions to ECWL were calculated hourly over the 1993–2015 period. Potential overtopping is deﬁned to occur when the ECWL thus computed
exceeds the maximum coastal elevation. To temporally aggregate the event-level
information, the number of hours of potential overtopping occurrences is counted
at each computational point for every year in the 1993–2015 period. A sensitivity
analysis of the overtopping projections to the choice of the topography dataset (i.e.,
AW3D30, MERIT, FLOPROS) was conducted and the results are shown in Fig. S4.
Figure S4 shows that using FLOPROS or MERIT in the computations leads to
higher overtopping rates, which is a direct result of the lower estimates of maximum sub-aerial coastal elevation compared in these two datasets, compared to
AW3D30 (Fig. S3).

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). LIDAR data in Fig. 5
were obtained from the Observatoire de la Côte Aquitaine (OCA). Coastal topographical
and protection products, AW3D30, MERIT, SRTM30, ASTER, TanDEM-X90 and
FLOPROS, are also freely available. CoastalDEM is distributed by Climate Central under
a non-commercial license. Relevant data are available on request from the authors.

Code availability
The code that supported the ﬁndings of this study is available from the corresponding
author upon reasonable request.

Received: 27 April 2020; Accepted: 26 May 2021;

References

Vitousek, S. et al. Doubling of coastal ﬂooding frequency within decades due
to sea-level rise. Sci. Rep. 7, 1399 (2017).
2. Vousdoukas, M. I. et al. Global probabilistic projections of extreme sea levels
show intensiﬁcation of coastal ﬂood hazard. Nat. Commun. 9, 2360 (2018).
3. Oppenheimer, M. et al. Sea Level Rise and Implications for Low Lying Islands,
Coasts and Communities. Special Report on the Ocean and Cryosphere in a
Changing Climate Ch. 4 (IPCC, 2019).
4. Lambert, E., Rohmer, J., Le Cozannet, G. & Van De Wal, R. S. W. Adaptation
time to magniﬁed ﬂood hazards underestimated when derived from tide gauge
records. Environ. Res. Lett. 15, 074015 (2020).
5. Nicholls, R. J. & Small, C. Improved estimates of coastal population and
exposure to hazards released. Eos Trans. Am. Geophys. Union 83, 301–305
(2002).
6. Neumann, B., Vafeidis, A. T., Zimmermann, J. & Nicholls, R. J. Future coastal
population growth and exposure to sea-level rise and coastal ﬂooding — a
global assessment. PLoS ONE 10, e0118571 (2015).
7. Tebaldi, C., Strauss, B. H. & Zervas, C. E. Modelling sea level rise impacts on
storm surges along US coasts. Environ. Res. Lett. 7, 14032 (2012).
8. Townend, I. H. Variation in design conditions in response to sea-level rise.
Proc. Inst. Civ. Eng. Water Marit. Energy 106, 205–213 (1994).
9. Kulp, S. A. & Strauss, B. H. New elevation data triple estimates of global
vulnerability to sea-level rise and coastal ﬂooding. Nat. Commun. 10, 4844
(2019).
10. Nicholls, R. J. & Cazenave, A. Sea-level rise and its impact on coastal zones.
Science 328, 1517–1520 (2010).
11. Hinkel, J. et al. Coastal ﬂood damage and adaptation costs under 21st century
sea-level rise. Proc. Natl Acad. Sci. 111, 3292–3297 (2014).
12. Kirezci, E. et al. Projections of global-scale extreme sea levels and resulting
episodic coastal ﬂooding over the 21st century. Sci. Rep. 10, 1–12 (2020).
1.

8

13. Hauer, M. E. et al. Sea-level rise and human migration. Nat. Rev. Earth
Environ. 1, 28–39 (2020).
14. Gregory, J. M. et al. Concepts and Terminology for Sea Level: Mean, Variability
and Change, Both Local and Global. Surv. Geophys. 40, 1251–1289 (2019).
15. Van der Meer, J. W. et al. EurOtop: manual on wave overtopping of sea
defences and related structures. An overtoppingmanual largely based on
European research, but for worldwide application. Report (2018).
16. Schmocker, L. & Hager, W. H. Plane dike-breach due to overtopping: effects
of sediment, dike height and discharge. J. Hydraul. Res. 50, 576–586 (2012).
17. Bertin, X. et al. A modeling-based analysis of the ﬂooding associated with
Xynthia, central Bay of Biscay. Coast. Eng. 94, 80–89 (2014).
18. Melet, A., Meyssignac, B., Almar, R. & Le Cozannet, G. Under-estimated wave
contribution to coastal sea-level rise. Nat. Clim. Change 8, 234–239 (2018).
19. Beetham, E. & Kench, P. S. Predicting wave overtopping thresholds on coral
reef-island shorelines with future sea-level rise. Nat. Commun. 9, 3997 (2018).
20. Beck, M. W. et al. The global ﬂood protection savings provided by coral reefs.
Nat. Commun. 9, 2186 (2018).
21. Melet, A. et al. Contribution of wave setup to projected coastal sea level
changes. J. Geophys. Res. Oceans 125, e2020JC016078 (2020).
22. Vousdoukas, M. I. et al. Climatic and socioeconomic controls of future coastal
ﬂood risk in Europe. Nat. Clim. Change https://doi.org/10.1038/s41558-0180260-4 (2018).
23. Minderhoud, P. S. J., Coumou, L., Erkens, G., Middelkoop, H. & Stouthamer,
E. Mekong delta much lower than previously assumed in sea-level rise impact
assessments. Nat. Commun. 10, 3847 (2019).
24. Tadono, T. et al. Generation of the 30 M-MESH global digital surface model
by alos prism. In International Archives of the Photogrammetry, Remote
Sensing and Spatial Information Sciences - ISPRS Archives 157–162 (ISPRS,
2016).
25. Zhang, K. et al. Accuracy assessment of ASTER, SRTM, ALOS, and TDX
DEMs for Hispaniola and implications for mapping vulnerability to coastal
ﬂooding. Remote Sens. Environ. 225, 290–306 (2019).
26. Burke, L. et al. Pilot Analysis of Global Ecosystems: Coastal Ecosystems. Pilot
Analysis of Global Ecosystems (World Resources Institute, 2001).
27. Schwartz, M. L. Encyclopedia of Coastal Science (Springer International
Publishing, 2003).
28. Luijendijk, A. et al. The state of the world’s beaches. Sci. Rep. 8, 6641
(2018).
29. Pujol, M. I. et al. DUACS DT2014: the new multi-mission altimeter data set
reprocessed over 20 years. Ocean Sci. 12, 1067–1090 (2016).
30. Carrere, L., Lyard, F. H., Cancet, M. & Guillot, A. Finite Element Solution
FES2014, a new tidal model – validation results and perspectives for
improvements. In ESA Living Planet Conference (European Space Agency,
2016).
31. Dee, D. P. et al. The ERA-Interim reanalysis: conﬁguration and performance
of the data assimilation system. Q. J. R. Meteorol. Soc. 137, 553–597
(2011).
32. Stockdon, H. F., Holman, R. A., Howd, P. A. & Sallenger, A. H. Empirical
parameterization of setup, swash, and runup. Coast. Eng. 53, 573–588
(2006).
33. Rueda, A. et al. A global classiﬁcation of coastal ﬂood hazard climates
associated with large-scale oceanographic forcing. Sci. Rep. 7, 5038 (2017).
34. Richter, K. et al. Detecting a forced signal in satellite-era sea-level change.
Environ. Res. Lett. 15, 094079 (2020).
35. Moss, R. H. et al. The next generation of scenarios for climate change research
and assessment. Nature 463, 747–756 (2010).
36. Church, J. A. et al. Sea-level rise by 2100. Science 342, 1445 (2013).
37. Tazkia, A. R. et al. Seasonal modulation of M2 tide in the Northern Bay of
Bengal. Cont. Shelf Res. 137, 154–162 (2017).
38. Gallien, T. W. et al. Coastal ﬂood modeling challenges in defended urban
backshores. Geosciences (Switzerland) 8, 450 (2018).
39. Lashley, C. H., Bertin, X., Roelvink, D. & Arnaud, G. Contribution of
infragravity waves to run-up and overwash in the pertuis breton embayment
(France). J. Mar. Sci. Eng. 7, 205 (2019).
40. Le Roy, S. et al. Coastal ﬂooding of urban areas by overtopping: Dynamic
modelling application to the Johanna storm (2008) in Gâvres (France). Nat.
Hazards Earth Syst. Sci. 15, 2497–2510 (2015).
41. Brammer, H. Bangladesh’s dynamic coastal regions and sea-level rise. Clim.
Risk Manag. 1, 51–62 (2014).
42. Ward, P. J. et al. Dependence between high sea-level and high river discharge
increases ﬂood hazard in global deltas and estuaries. Environ. Res. Lett. 13,
084012 (2018).
43. Moftakhari, H. R., Salvadori, G., AghaKouchak, A., Sanders, B. F. & Matthew,
R. A. Compounding effects of sea level rise and ﬂuvial ﬂooding. Proc. Natl
Acad. Sci. USA 114, 9785–9790 (2017).
44. Bevacqua, E. et al. Higher probability of compound ﬂooding from
precipitation and storm surge in Europe under anthropogenic climate change.
Sci. Adv. 5, eaaw5531 (2019).

NATURE COMMUNICATIONS | (2021)12:3775 | https://doi.org/10.1038/s41467-021-24008-9 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24008-9

45. Paprotny, D., Kreibich, H., Morales-Nápoles, O., Terefenko, P. & Schröter, K.
Estimating exposure of residential assets to natural hazards in Europe using
open data. Nat. Hazards Earth Syst. Sci. 20, 323–343 (2020).
46. Brown, S., Nicholls, R. J., Lowe, J. A. & Hinkel, J. Spatial variations of sea-level
rise and impacts: an application of DIVA. Clim. Change 134, 403–416 (2016).
47. Muis, S. et al. A comparison of two global datasets of extreme sea levels and
resulting ﬂood exposure. Earth’s Future 5, 379–392 (2017).
48. Lincke, D. & Hinkel, J. Economically robust protection against 21st century
sea-level rise. Glob. Environ. Chang 51, 67–73 (2018).
49. Vousdoukas, M. I. et al. Economic motivation for raising coastal ﬂood
defenses in Europe. Nat. Commun. 11, 2119 (2020).
50. Tiggeloven, T. et al. Global-scale beneﬁt-cost analysis of coastal ﬂood
adaptation to different ﬂood risk drivers using structural measures. Nat.
Hazards Earth Syst. Sci. 20, 1025–1044 (2020).
51. Kulp, S. A. & Strauss, B. H. Remote Sensing of Environment CoastalDEM: A
global coastal digital elevation model improved from SRTM using a neural
network. Remote Sens. Environ. 206, 231–239 (2018).
52. Farr, T. G. et al. The shuttle radar topography mission. Rev. Geophys. https://
doi.org/10.1029/2005RG000183 (2007).
53. Abrams, M., Crippen, R. & Fujisada, H. ASTER Global Digital Elevation
Model (GDEM) and ASTER Global Water Body Dataset (ASTWBD). Remote
Sens. 12, https://doi.org/10.3390/rs12071156 (2020).
54. Rizzoli, P. et al. Generation and performance assessment of the global
TanDEM-X digital elevation model. ISPRS J. Photogramm. Remote Sens. 132,
119–139 (2017).
55. Benveniste, J. et al. Requirements for a coastal hazards observing system.
Front. Mar. Sci. 6, 348 (2019).
56. Shirzaei, M. et al. Measuring, modelling and projecting coastal land
subsidence. Nat. Rev. Earth Environ. 2, 40–58 (2021).
57. Melet, A. et al. Earth observations for monitoring marine coastal hazards and
their drivers. Surv. Geophys. 41, 1489–1534 (2020).
58. Vos, K., Harley, M. D., Splinter, K. D., Walker, A. & Turner, I. L. Beach slopes
from satellite-derived shorelines. Geophys. Res. Lett. 47, e2020GL088365
(2020).
59. Dodet, G. et al. The contribution of wind-generated waves to coastal sea-level
changes. Surv. Geophys. 40, 1563–1601 (2019).
60. Guza, R. T. & Thornton, E. B. Wave set-up on a natural beach. J. Geophys. Res.
86, 4133–4137 (1981).
61. Poate, T. G., McCall, R. T. & Masselink, G. A new parameterisation for runup
on gravel beaches. Coast. Eng. 117, 176–190 (2016).
62. Dodet, G. et al. Wave runup over steep rocky cliffs. J. Geophys. Res. Oceans
123, 7185–7205 (2018).
63. Winterwerp, J. C., Graaff, R. F. D., Groeneweg, J. & Luijendijk, A. P. Modelling
of wave damping at Guyana mud coast. Coast. Eng. 54, 249–261 (2007).
64. Bloemendaal, N. et al. Generation of a global synthetic tropical cyclone hazard
dataset using STORM. Sci. Data 7, 40 (2020).
65. Ranasinghe, R. Assessing climate change impacts on open sandy coasts: a
review. Earth Sci. Rev. 160, 320–332 (2016).
66. Ranasinghe, R. On the need for a new generation of coastal change models for
the 21st century. Sci. Rep. https://doi.org/10.1038/s41598-020-58376-x (2020).
67. Le Cozannet, G. et al. Quantifying uncertainties of sandy shoreline change
projections as sea level rises. Sci. Rep. 9, 42 (2019).
68. Seraﬁn, K. A., Ruggiero, P., Barnard, P. L. & Stockdon, H. The inﬂuence of
shelf bathymetry and beach topography on extreme total water levels: linking
large-scale changes of the wave climate to local coastal hazards. Coast. Eng.
150, 1–17 (2019).
69. Nicholls, R. J. et al. Sea-level scenarios for evaluating coastal impacts. Wiley
Interdiscip. Rev. Clim. Change 5, 129–150 (2014).
70. Shirzaei, M. & Bürgmann, R. Global climate change and local land subsidence
exacerbate inundation risk to the San Francisco Bay Area. Sci. Adv. 4,
eaap9234 (2018).
71. Hallegatte, S., Green, C., Nicholls, R. J. & Corfee-Morlot, J. Future ﬂood losses
in major coastal cities. Nat. Clim. Change 3, 802–806 (2013).
72. Erkens, G., Bucx, T., Dam, R., De Lange, G. & Lambert, J. Sinking coastal
cities. In Proc. International Association of Hydrological Sciences (American
Geophysical Union, 2015).
73. Brown, S. & Nicholls, R. J. Subsidence and human inﬂuences in mega deltas:
the case of the Ganges-Brahmaputra-Meghna. Sci. Total Environ. 527–528,
362–374 (2015).
74. Becker, M. et al. Water level changes, subsidence, and sea level rise in the
Ganges-Brahmaputra-Meghna delta. Proc. Natl Acad. Sci. USA 117,
1867–1876 (2020).
75. Tavares, K. D., Fletcher, C. H. & Anderson, T. R. Risk of shoreline hardening
and associated beach loss peaks before mid-century: Oʻahu, Hawaiʻi. Sci. Rep.
10, (2020).

ARTICLE

76. Vousdoukas, M. I. et al. Reply to: Sandy beaches can survive sea-level rise. Nat.
Clim. Change 10, 996–997 (2020).
77. Athanasiou, P. et al. Global distribution of nearshore slopes with implications
for coastal retreat. Earth Syst. Sci. Data 11, 1515–1529 (2019).
78. Scussolini, P. et al. FLOPROS: an evolving global database of ﬂood protection
standards. Nat. Hazards Earth Syst. Sci. 16, 1049–1061 (2016).
79. Wessel, P. & Smith, W. H. F. A global, self-consistent, hierarchical, highresolution shoreline database. J. Geophys. Res. B Solid Earth 101, 8741–8743
(1996).
80. DIaz, H., Almar, R., Bergsma, E. W. J. & Leger, F. On the use of satellite-based
Digital Elevation Models to determine coastal topography. Int. Geosci. Remote
Sens. Symp. 8201–8204 (2019).
81. Le Traon, P. Y. et al. From observation to information and users: the
Copernicus Marine Service perspective. Front. Mar. Sci. https://doi.org/
10.3389/fmars.2019.00234 (2019).
82. Sterl, A. & Caires, S. Climatology, variability and extrema of ocean waves: the
web-based KNMI/ERA-40 wave atlas. Int. J. Climatol. 25, 963–977 (2005).
83. Caires, S., Swail, V. & Wang, X. Projection and analysis of extreme wave
climate. J. Clim. 19, 5581–5605 (2006).
84. Iribarren, C. R. & Nogales, C. M. Protection des ports. In PIANC Congress
1949 SII-C4 (PIANC, 1949).
85. Díaz-Sánchez, R., López-Gutiérrez, J. S., Lechuga, A. & Negro, V. Runup
variability due to time dependence and stochasticity in the beach proﬁles: two
extreme cases of the Spanish coast. J. Coast. Res. 70, 1–6 (2014).

Acknowledgements
R.R. is partly supported by the AXA Research fund. P.A. is supported by the EU Horizon
2020 Programme for Research and Innovation under grant no. 776613 (EUCP: European
Climate Prediction system).

Author contributions
R.A. conceived the study together with R.R. E.W.J.B., P.A., O.D., and L.P.A. participated
in the early-stage developments and ideas. E.K. extracted waves dataset. A.M. and F.P.
contributed to the manuscript at different stages. P.A. produced the Fig. 5 and AW3D30
comparison with DEMs. H.D. produced the extreme coastal sea level dataset and computed overtopping statistics. M.V. added the FLOPROS dataset to the study, with all
authors discussing results and implications and commenting on the manuscript and
responses to reviewer comments.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24008-9.
Correspondence and requests for materials should be addressed to R.A.
Peer review information Nature Communications thanks Patrick Barnard and the other
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

NATURE COMMUNICATIONS | (2021)12:3775 | https://doi.org/10.1038/s41467-021-24008-9 | www.nature.com/naturecommunications

9

