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Abstract

Coastal managers worldwide must prepare for changes in annual wave overtopping events
due to climate change and sea-level rise. Research often assesses overtopping discharges by
extreme events at a sea wall crest, typically using data from physical models or empirical
rules based on scaled experiments. Here, we analyse a unique 1-year field dataset of
coastal wave overtopping, from SW England, to determine the number of individual waves,
regardless of their size, overtopping two locations across a coastal structure. The coastal
conditions causing the most frequent overtopping differ from those driving it landward,
complicating hazard communications for multiuse infrastructure. These data are the first
field observations covering a year of tide, wave and wind conditions that cause overtopping
of a vertical sea wall. Storms have a minimal (<2%) contribution to the number of tides
associated with overtopping and the prevailing wave direction was not that associated with
most overtopping events. Overtopping histograms identify the variability in the most likely
time of overtopping relative to high tide for different wave categories across the structure.
Sea-level rise, beach lowering and climate change will influence the annual number of
waves overtopping in future. Change will be a complex balance between overtopping by
different wave categories due to their likelihood of coincidence with water levels that do
not cause depth-limitation over the foreshore or (partial-)reflection off the structure. It is
possible the number of waves overtopping will reduce at the crest of a sea wall, while more
of those overtopping waves will travel further inland.

Keywords: coastal wave overtopping; coastal hazard monitoring; coastal hazard
management; climate impact; storm impact; sea-level rise; landward wave overtopping
distribution

1. Introduction
Wave overtopping at the coastline occurs as a flow of water or vertical plume of spray

travelling landward over the crest (highest point) of a coastal barrier or structure (natural
or engineered). To reduce the annual deaths due to wave overtopping incidents in Europe,
research specifically into understanding tolerable and permissible wave overtopping limits
increased in momentum with the UK VOWS and EU CLASH projects [1]. Mean discharge,
peak volumes and flood area are often used to assess flood damages; however, for safety
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people also need to be aware of their likely exposure [2]. Overtopping limits for different
safety requirements (e.g., pedestrians, vehicles) will vary for different structures due to the
horizontal trajectory of the overtopping [3] and the infrastructure use. Preparedness for an
overtopping wave will also change the tolerable hazard threshold [1]. With accelerating sea-
level rise, changing coastal climate impacts and growth in coastal population, infrastructure
and amenities, it is critical to be able to revalidate/calibrate site-specific hazard thresholds
and reassess coastal infrastructure protection levels. Field data are urgently required for
coastal hazard managers to understand the predictable quantitative hazard conditions
relative to local hazard perception (public or infrastructure operators). Understanding the
inland variation in overtopping hazard is also critical to clearly communicate cross-structure
variability in risks where there are multiuse structures, e.g., public access alongside industry.

Wave overtopping poses a coastal hazard not only by transporting water landward
but also by carrying debris from the beach inland. Hazard management, both public
and within industry, is required to deliver resilience to damages (physical, economic and
social) from flooding and direct impact. Safety measures and mitigation strategies (for
people, transport and structures, etc.) must consider both intensity, duration and frequency
of overtopping events. Engineered beach-structure designs do not prevent all possible
overtopping conditions [4]. While the processes causing overtopping are well understood
and standardised [5], it is still critical to understand the site-specific present-day water level-
wave–wind regime that contributes most to overtopping hazard. Such information helps
to better prepare management activities (coastal structure design/maintenance and early
warning systems) for future changes in condition combinations that a location is exposed
to. Understanding the exposure of different elements (pedestrians, transport, property,
etc.) across a location to wave overtopping is essential for site-specific and element-specific
hazard management [4]. Process understanding has typically been gained using controlled
physical experiments and numerical simulations which expand the parameter space. While
studies focusing on individual wave overtopping hazard are growing, widely used generic
hazard thresholds are based on the mean wave overtopping discharge and total volume.
As accelerating sea-level rise puts pressure on structure designs, reducing the design life
of old structures, there is an increasing need to develop safety strategies in addition to
flood management. Interest in understanding additional parameters (e.g., number of
waves overtopping, duration of wave overtopping, frequency of wave overtopping and
distance of travel inland) is growing. More attention on the wave-by-wave distribution
of structure overtopping is required [6]. However, the required data can be difficult to
measure or generate in experiments, particularly when run at scale for structures vulnerable
to overtopping by plumes of wave spray. Site-specific spatial, i.e., cross-structure, hazard
understanding is also needed for multiuse structures. For example, under conditions
that do not pose a flood hazard, impact by overtopping spray may still be perceived as
dangerous to people or transport and access restricted. Continuous field monitoring collects
a wide range of conditions and removes the need to select plausible scenarios to analyse.
Information about the wide range of typical conditions driving wave overtopping is thus
gained, which is often missed when focusing resource to analyse low probability extreme
events, as required for scheme design.

There is a growing concern for coastal cities worldwide about the increasing trend in
the occurrence of nuisance (minor but frequent) flooding from multiple drivers, such as
rising sea level and compound rainfall with high tide events, as infrastructure ages and
urban areas sprawl (e.g., Jeong et al. [7]). Such flooding is increasingly impacting coastal
communities, for example, more frequent travel disruption during high tides [8]. In recent
decades, the globally averaged number of hours of wave overtopping has increased by
50% [9]. The increasing trend in overtopping hours is projected to be greater than that of
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mean sea level with the overtopping hours increasing by a factor of 50 by the end of the 21st
century under the highest emissions Representative Concentration Pathway (RCP 8.5) [9].
One third of the global coastline is exposed to direct wave impact considered pertinent for
coastal management, with projections indicating a non-linear increase in the number of
regions impacted by overtopping in response to global mean sea level [9]. Exposure and
vulnerability will be further increased by global population growth [10].

A critical threshold to determine if overtopping will occur and what its nature may
be like is the ratio between the barrier/structure’s freeboard (the crest elevation above
the still water level) and the wave height impacting the barrier/structure at its toe. For
vertical structures such as sea walls, common across Europe [11], the water depth and wave
steepness at the structure toe are also key parameters, as the wave shoaling and breaking
dynamics at the point of impact become important [5]. A flow of water over a vertical
structure with a large freeboard is only likely during extreme storm tides, while spray
overtopping is more common during typical wavy days with an onshore wind, which often
captures public interest [1]. For high vertical beach fronted sea walls, when water levels
enable wave breaking directly onto the vertical face a plume of spray can often be sent
vertically into the air. An onshore wind component or the onshore wave momentum can
carry this plume inland, even against the influence of a recurve or lip if present at the top
of the wall. Spray overtopping may also be generated when wind acts on the wave crest,
particularly when a reflected wave interacts with an incoming wave close to the structure
causing ‘clapotti’ [2].

For vertical sea walls overtopping can be ‘pulsating’ or ‘impulsive’. The first occurs
when the waves are relatively small compared with the water depth and the latter when
waves are relatively large compared with the water depth causing them to shoal up over
the foreshore or structure and violently break directly onto the structure [2]. Two main
wave (spray) overtopping responses occur for vertical beach fronted structures with a large
freeboard in consequence to the wave-water level–structure interaction [12,13]: (1) waves
are reflected without breaking if the tide creates relatively deep water at the structure
toe, causing limited or no overtopping; and (2) waves break directly on to the structure
toe causing impulsive loads and (violent/explosive) overtopping. Tides have a major
influence on this time-varying interaction as the water depth controls the wave breaking
process [5]. Impulsive (violent) overtopping can throw spray high into the air. Non-
impulsive/pulsating (less explosive) overtopping sends less water vertically into the air
or may not exceed the structure freeboard for high sea walls. Depending on the local
wave-water level regime a vertical structure is exposed to, wave overtopping discharge
can be greater during the mid-elevation of a tidal cycle than the highest tidal elevation [11].
How violently the waves break (surging or plunging) onto the structure toe influences the
explosiveness of the overtopping. If a wave breaks over the foreshore and there is a low
likelihood it will reform, the overtopping is unlikely to be impulsive [11]. Deeper water,
due to sea-level rise will reduce the freeboard but could increase or decrease the wave
height at the structure toe due to changes in the wave shoaling and breaking dynamics.
Changes in the beach profile fronting a structure will also change the wave dynamics (i.e.,
foreshore breakpoint position, wave steepening prior to breaking and wave reflection off
the structure). For a vertical structure with a large freeboard preventing overflow, the
change in the shallow water wave dynamics could reduce [11] or slightly increase [14]
the overtopping discharge. Sloping structures with low freeboard are at risk of waves
overflowing the crest increasing the overtopping discharge [14].

Most hazard forecasting services are based on operational numerical predictions that
apply empirical formulae for wave overtopping at a sea wall crest (highest point on the
primary structure, e.g., Stokes et al. [15]) to a regional water level-wave forecast and a
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recent available beach-barrier/structure profile. Research into wave-by-wave overtopping
is mainly conducted through laboratory experiments (e.g., Cecioni et al. [13]) or through
numerical prediction to extend the laboratory parameter space (e.g., Bagg et al. [16]) and
is limited in the range of wave–structure conditions considered [17]. There is a real need
for field observations to capture the full range of conditions and beach-structure profiles
under which overtopping occurs and to capture site-specific complexities. In the field 3D
complexity, such as oblique and crossing wind and swell waves, occurs. While research
in wave-basins (e.g., Van der Werf et al. [18]) is growing, process studies often focus on
a single structure type, e.g., dikes or caisson breakwaters. For hazard responders, low
energy conditions that cause overtopping have the greatest uncertainty when predicting
overtopping due to most attention being given to extreme conditions for scheme design and
inundation mapping. These low energy events have a high probability of occurrence each
year. Identifying the local coastal drivers of low intensity, high probability events perceived
as hazardous for public or safe operations through field observations is crucial for hazard
management. Typically, video is used in the field during daylight hours to qualitatively
assess wave overtopping to validate numerical predictions (e.g., de Santiago et al. [19]), but
emerging technology now enables quantitative monitoring of the occurrence of individual
overtopping waves [20]. It is rare to have site-specific field data to develop or calibrate
local overtopping predictions (e.g., McGlade et al. [21]). Laboratory experiments are often
limited in the range of conditions considered and numerical predictions require site-specific
calibration and validation [22]. Thus, forecast uncertainty is introduced, particularly for
infrastructure positioned landward of the crest without information about the landward
distribution of the overtopping.

To deliver tools for hazard prediction, scheme design and policy development, re-
search has focused on collecting mean overtopping volumes at the crest of a structure.
Although important for infrastructure design, limited research has focused on collecting
information on the landward distribution of wave overtopping. A relationship between
the landward reduction in wave overtopping discharge with distance from the structure
crest was proposed based on a UK case study at Samphire Hoe by Pullen et al. [23] and
is adopted within the industry standard guidance [5]. Due to the complexity of measur-
ing the inland transport of overtopping waves, later studies have continued to focus on
laboratory [24] or numerical approaches [25]. The present field study uses the ‘WireWall’
measurement system (see Yelland et al. [26] for details) to monitor the individual wave
events (plumes of spray, water jets and flow) that travel landward across a coastal structure
to create overtopping event histograms for 1-year of data. Here, two WireWalls were
deployed across the walkway of a beach fronted vertical sea wall structure, common to
Europe, in Dawlish SW England (Figure 1).

Like many countries the UK has a national network of tide gauges, wave buoys and
weather stations to monitor environmental conditions. Along with biannual beach surveys,
shoreline management plans use these monitoring data to plan hazard management ac-
tivities and build resilience or adaption plans to climate impacts. Many regions also have
an operational flood forecasting service. Across the SW of England, a public Operational
Waves and Water Levels (OWWL, ref. [15]) forecast system ingests daily wave and water
level forecasts from the Met Office, transforms the conditions along existing survey lines
and applies internationally accepted rules [5] to predict overtopping for the range of dif-
ferent beach-structure profiles to issue overtopping hazard warnings. The hazard alerts
have been validated using available webcams around the region [15]. Complementing the
existing national monitoring and regional prediction service with site-specific observation
of wave overtopping enables a frequency distribution of a full year of wave overtopping
events to be obtained and understood. This has been achieved using the wave overtopping
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research system ‘WireWall’ [26]. Together the field research and available environmen-
tal monitoring allow assessment of how the temporal occurrence of different metocean
conditions relative to predicted high tide influence the likelihood of waves overtopping
critical landward locations across a coastal structure. Predicted high tide is used as a
reference time because it is a readily available parameter to hazard responders and widely
used by the public. Dawlish represents a typical beach fronted vertical sea wall to assess
the present-day condition drivers of overtopping relative to the standard field datasets
available to and used by coastal managers. The data are presented using histograms to
provide a frequency distribution to show the variability in number of overtopping wave
events relative to different metocean conditions and the time-variability over the high tide
cycle. This approach has been used by Scott et al. [28] to assess coastal hazard drivers to
support hazard management strategies/response, in their case to rip current incidents.

Figure 1. (a) The WireWall study location in Dawlish (X) alongside regional wave (•) and water level
monitoring (•) in southwest England (mapping software by Pawlowicz [27]) and (b) the WireWall
monitoring systems positioned at the sea wall crest (SC) and railway line wall (RW) adjacent to the
anemometer (A). The structure ‘toe’ elevation is given (in m OD) and both the ‘crest’ representing the
highest point of the primary sea wall structure and the secondary ‘wall’ separating the railway from
the pedestrian walkway are identified.
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This research provides a field dataset of coastal drivers and consequent overtopping.
Focus is given to determining the number of individual waves overtopping, regardless of
their magnitude. Analysis of the field data aims to understand the combinations of present-
day coastal conditions that cause the most frequent wave overtopping events during a year
for a vertical sea wall, using Dawlish SW England as an example. To achieve this a set of
objectives have been accomplished:

1. Attain and collate a field dataset of concurrent waves, water levels, winds and wave
overtopping, to provide valid trigger thresholds of overtopping for local coastal
managers (Section 2).

2. Identify key drivers that cause most wave overtopping events, both at the sea wall
crest and at a distance inland of the crest, for a year of conditions at the field site
(Section 3).

3. Analyse frequency distributions of a year of wave overtopping events to understand
the timing of overtopping relative to the time of predicted high tide (Section 3).

4. Propose how the present-day overtopping event distributions could change in future
due to sea-level rise and climate impacts on the metocean conditions (Section 4).

2. Methods
To improve wave overtopping hazard forecasting and understanding of the cross-

structure distribution of wave overtopping events relative to predicted high tide for vertical
sea walls, a year of field data were collected at Dawlish, SW England (Figure 1a). These
data complement existing coastal monitoring and numerical prediction. Using histogram
analysis quantifies how often (frequently) the existing monitoring or forecast data are
associated with wave overtopping events for different condition categories and quantify
(count) how many individual waves overtop during set time intervals relative to the time of
predicted high tide. All elevations and heights are referenced to Ordnance Datum (Newlyn
in the UK), OD, the standard for defining Mean Sea Level used by the Ordnance Survey on
national mapping and mapping used by coastal managers.

2.1. Field Site

Dawlish represents a beach-fronted vertical sea wall with a public walkway and critical
railway infrastructure exposed to regular wave overtopping (Figure 1b). The railway line
is the only rail connection to the SW of England. A section of the sea wall collapsed during
extreme overtopping in February 2014. Due to the economic impact of the temporary
loss (eight-week closure) of this railway line, the economic consequence of sea-level rise
has been assessed [29]. However, detailed understanding of the spectrum of present-
day overtopping drivers and how they may change the future frequency of overtopping
has not been investigated other than with numerical approaches. Understanding the
likely combinations of concurrent coastal interactions is critical for safe operation of the
railway line, transporting both passengers and goods. The infrastructure owner, Network
Rail, requires hazard forecasting days in advance to plan for the implementation of safety
protocols: train specific speed limits, use of the landward track only, line closure, positioning
of rolling stock to enable efficient timetable recovery and to minimise disruption to reduce
delay and cancellation costs (e.g., Dawson et al. [29]). Regional speed limits are sometimes
applied (often in response to gale force wind forecasts) causing impact over a greater area
than necessary. An additional issue is that electric trains have their electronics positioned
on the roof, as standard. After direct contact with salt water (potentially by a single
wave) a train might not restart, although software updates now accommodate for multiple
attempts enabling a train to recover while coasting, as long as the water drains away
in time. Once a train stops in a station after travelling along a section of overtopping
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track it can become stranded if it does not restart, blocking the line, as reported (https:
//www.bbc.co.uk/news/uk-england-devon-59559338, accessed on 1 February 2022) in
the BBC news during Storm Barra. Reducing the speed limit if there is concern about the
infrastructure (track/sea wall) potentially increases the vulnerability of the electric trains
because they spend longer on the sea wall and are less likely to be able to coast their way
out of a problem. Understanding the local frequency of overtopping, not only the discharge,
is thus important for local hazard management.

Following collapse in 2014, a section of sea wall was rebuilt with a larger freeboard
to mitigate overflow of the walkway. The railway line is located over 3.5 m landward
of the sea wall crest behind a secondary wall (Figure 1b). During tides with forecast
overtopping a response protocol is adopted. This is when flooding of the track could
occur or damage to the sea wall, which could lead to undermining of the structure and
wash-out of the track support, as happened in 2014. Operation protocols include having
someone accompanying the train driver to monitor conditions and inspect the infrastructure
for damage. The regional control centre is contacted for actions to be taken following
the sighting of overtopping. The control centre use predicted high tide to assess if the
hazard is likely to increase (incoming tide) or decrease (outgoing tide) based on the time
of the call. Hazard predictions are not site-specific and without a wave overtopping
frequency distribution relative to predicted high tide any local asymmetries in the hazard
are unknown. In addition to daily operations, the South West Rail Resilience Programme is
delivering phased upgrades to sections of the sea wall. Better understanding site-specific
drivers of wave overtopping can support decision-makers by optimising when to change
from maintenance to redesign for the monitored sections.

2.2. Monitoring

Instruments were deployed for a year (10 March 2021 to the 17 March 2022), during
which overtopping (>23,000 individual waves at the sea wall crest) was recoded for 16%
(112 tides) of the tides that year. Over this period the UK experienced six named storms
(between 26 November 2021 and 21 February 2022), although due to the storm track
positions only Atlantic storm ‘Barra’ caused overtopping (for 2 tides) out of those storms at
Dawlish (7–8 December 2021). Most overtopping events were driven by typical conditions
during the year. The months with most overtopping (i.e., on more than 10 tides) were April,
May, October, December and March.

Individual wave overtopping events (plumes of wave spray travelling with horizontal
trajectory over the sea wall structure) were counted using the WireWall capacitance wire
system (validated in flume conditions [26]), ruggedised for long-term deployments [20].
WireWall recorded at 400 Hz for 6 h centred over every predicted high tide. Tidal predictions
were obtained for Exmouth from the commercial POLTIPS-3 software [30]. Two WireWall
systems were deployed over the cross-structure transect (Figure 1b) at the location where
the sea wall collapsed in 2014 [31]. Both systems were programmed to run every high
tide. The delayed mode data (downloaded from the logger and quality controlled [32]) are
used to investigate the landward variation in wave overtopping frequency distributions.
One system was installed on the seaward edge of the sea wall and the second system was
installed on the seaward face of the secondary railway line wall. The two locations are
referred to as sea wall crest (SC, using data from a wire 47 cm inland of the primary sea
wall edge) and railway wall (RW, using data from a wire 3.3 m inland of the primary sea
wall edge). The data represent the number of wave overtopping events reaching each wire
position, i.e., travelling landward cross-structure.

No data loss occurred for SC, but power issues prevented data collection for RW from
03:00 (GMT) 3 October until 16:40 (GMT) 18 October 2021. No (quality controlled) wave

https://www.bbc.co.uk/news/uk-england-devon-59559338
https://www.bbc.co.uk/news/uk-england-devon-59559338
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overtopping events reached the most inland wires on SC during these tides, suggesting
no events would have been recorded further inland at RW. The WireWall data were pro-
cessed to provide the timestamps of individual wave overtopping events. Camera footage
indicates overtopping at this site occurs as vertical plumes of spray. Quality control (QC)
is applied to each wave event detected. The WireWall system uses pairs of capacitance
and copper wires to measure the rate of discharge of each capacitance wire when a wave
bridges the (1 cm) gap between the pair. QC first checks that the capacitance discharge
signal caused by an individual overtopping wave exceeds the dry baseline capacitance
value of that wire pair, which is calculated every 10 min. This isolates the wave events. The
second check is that another wire pair adjacent to or seaward of the wire pair of interest
registers the same event, i.e., detects an event within 2 s. The second check removes isolated
splashes or human/animal interference. The open scaffolding framework of the WireWall
systems was designed to ensure the wires were exposed to overtopping from all directions,
with no directional sheltering from existing infrastructure. The 1 cm gap between the wires
in the pair prevents rain creating false overtopping events but allows overtopping spray
droplets of at least 1 cm diameter or jets of water to be detected.

An anemometer was installed at approximately 9.4 m OD height (~4 m above the sea
wall) adjacent to the WireWall system (SC) on the sea wall crest (Figure 1b). The height
was limited by safety requirements for the equipment to be able to fall seaward of the
railway line wall so may be influenced by surface friction but provides a good indication
of the wind conditions. The nearest available wind data from long-term monitoring were
West Bay Harbour (50◦42.640′ N 2◦45.837′ W), on the other side of the bay to Dawlish, or
Channel Lightship 62103 (49◦54′ N 2◦54′ W), which is offshore, thus potentially neither
are representative of the local wind conditions influencing the overtopping spray. Wind
data were recorded 4 August 2021 to 24 November 2021 and 6 January 2022 to 3 May 2022
and were processed to provide wind speeds and directions at 10 min intervals. Given
approximately 6 months of data are missing 10 min data from West Bay are also provided
in Appendix A to compare with Figures 2e and 3g,h.

Alongside the bespoke local WireWall and Anemometer instrument deployment,
long-term wave and water level measurements (Figure 2) are available from the National
Network of Regional Coastal Monitoring Programmes (NNRCMP) of England (located
in Figure 1a). For the deployment period the quality-controlled measurements were
obtained to limit data loss, remove erroneous data and obtain advanced statistics (e.g., the
wave energy period introduced to monitor coastal overtopping hazard from swell wave
contributions along the south coast of England, ref. [33]). The data used were from the
Exmouth station 117 (water levels recorded at 10 min intervals, approximately 4.5 km
alongshore) and the Dawlish station 103 (wave conditions recorded at 30 min intervals,
approximately 3 km offshore). These observed waves and water levels were input at the
seaward boundary of a measured beach profile to obtain the predicted wave height at the
structure toe (Figure 2f). The wave transformation was calculated using the Janssen and
Battjes [34] parametric surf zone model with a toe mound factored into the calculations
following Stokes et al. [15] to match the numerical predictions in the existing forecast
service (OWWL) available to coastal managers across the SW region as a public NNRCMP
resource. The profile from the upper beach to the wave buoy was compiled from the most
recent bathymetry survey (2020, from the SW coastal monitoring programme) and a laser
scan of the upper beach (collected February 2022 during instrument deployment).
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Figure 2. The observed wave–wind climate in Dawlish, directional roses (made with code from
Pereira [35]) of (a) zero moment wave height, Hm0, (m) measured at the wave buoy, (b) wave energy
period, Te, (s) measured at the wave buoy, (c) wave steepness, Ss, measured at the wave buoy, (d) wave
power, P, (KW/m) measured at the wave buoy, (e) wind speed, U, (m/s) measured at the WireWall
deployment location and a scatter plot to show (f) the predicted wave height transformations at the
sea wall toe, Hm0,t (m), from those measured at the buoy, Hm0 (m). The onshore bearing is at an angle
of 135◦, highlighted in red with a red dashed line.
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Figure 3. Histograms with log-y axis to show the number of observed records of metocean (MO)
conditions (grey line) and those conditions associated with wave overtopping at the sea wall crest
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(SC; yellow bars) and railway line wall (RW; orange bars). The metocean data are near-continuous
for the year (grey line) but the conditions compared with overtopping are limited to the 6 h high tide
WireWall measurement window for every tide during the 1-year period (black dashed line). (a) Wave
height, Hm0, (m) measured at the wave buoy. (b) Wave energy period, Te, (s) measured at the wave
buoy. (c) Transformed wave height at the structure toe, Hm0,t, (m). (d) Wave steepness, Ss, measured
at the wave buoy. (e) Wave direction, Wdir, (degrees) measured at the wave buoy with the vertical
dashed line indicating the onshore direction. (f) Wave power, P, (KW/m) measured at the wave
buoy. (g) Wind direction, Udir, (degrees) with the vertical dashed line indicating the onshore direction.
(h) Wind speed, U, (m/s). (i) Water level, η, (m OD) with the vertical dashed line indicating the mean
water level over the 1-year period. A scatter plot (j) of observed Hm0 against Te colour coded if wave
overtopping occurs at SC or RW. Wave observations were available at 30 min intervals, while water
level and wind observations were available at 10 min intervals.

The coastal metocean data provide information about the spectrum of conditions
during the year at Dawlish. The largest range in wave heights (Figure 2a) and wave energy
periods (Figure 2b) are from the SSE, both with the smallest and largest conditions being
observed from this direction. The SSE waves represent low (<0.5 m) swell waves to large
wind seas (see Figure 3j). Waves from the SE represent (short period) wind waves. While
the highest waves are from SSE (<3.5 m), waves from both the SE (<2.2 m) and the SSE often
reach 1.5 m. A higher proportion of the SE waves are steeper than 0.03 (Figure 2c), while
from the SSE waves with low steepness occur relatively often. The highest power waves
occur from SSE (Figure 2d), however, a large proportion of the waves from all directions
are low power (<4 KW/m). The winds are rarely directly onshore (135◦) at the sea wall
(Figure 2e and Appendix A Figure A1b) and waves within the bay from SSE and SE have
a similar low likelihood of having a following wind. Comparing the coastal wave and
transformed wave heights, it is seen (Figure 2f) that depth limitation can become more
influential for wave heights > 1 m. For the largest waves to maintain their height they must
coincide with higher tidal elevations. The occasional very large steep wind waves from the
SSE are thus more likely to be depth-limited than the moderately large steep wind waves
which are more common from the SE than SSE.

The timestamp of the individual wave overtopping events is compared with the time
of the metocean data or the time of predicted high tide to produce a set of frequency
distributions (Section 3). Data from the National Monitoring Networks represent a near-
continuous record, providing a year of coastal conditions. To enable comparison of the
(driving) metocean conditions with the (resultant) occurrence of individual wave over-
topping events (Section 3.1), each metocean record is assigned a flag to indicate if wave
overtopping occurred at either SC or RW within the monitoring interval of the metocean
record. For example, wave height data are provided at 30 min intervals. If overtopping at
SC is recorded within 15 min before to 15 min after the wave data timestamp that wave
condition is flagged as overtopping at SC. Any data loss in the metocean monitoring im-
pacts both data sources equally. For metocean data outside the 6 h WireWall monitoring
period there will be no information thus no overtopping recorded. Occasionally, during
high-energy conditions, wave overtopping had started before or continued after the time
the WireWalls turned on/off, but the number of overtopping waves is likely to be low
during the lower tidal elevations. When considering the wave overtopping hazard relative
to the time of predicted high tide (Section 3.2), all individual wave overtopping events are
included within the histograms.

To associate each individual wave overtopping event to a transformed wave height
(Section 3), the transformed waves were linearly interpolated to the time of overtopping.
If there were no transformed wave data (due to no coastal monitoring input) up to an
hour before or after an overtopping event, the nearest wave height condition is assigned.
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If there are no transformed wave data for over 1 h either side of an overtopping event,
no transformed wave information is assigned to that event. Uncertainty in the wave
transformation will occur due to the static nature of the beach profile, no inclusion of wave–
structure or wave–current interactions, and no inclusion of swash or wave setup, all of
which potentially modify the water depth and wave conditions at the toe. The transformed
wave conditions are obtained at approximately 5 m seaward of the vertical sea wall, which
at the time of the beach scan was at an elevation of −0.62 m OD.

2.3. Limitations

WireWall and the local anemometer were deployed for a year to complement existing
monitoring networks and forecasting services established for coastal management. These
data provide information about the concurrent environmental conditions that most fre-
quently cause wave overtopping but do not capture process interactions over a cross-shore
transect from nearshore to land. Application of the 1D numerical (OWWL) predictions
provides insights about the wave transformations using previously established code, which
has been validated to become a trusted resource for regional hazard management and now
rarely undergoes update. Ideally a laser scanner able to measure the beach level at low tide
and wave and water levels at the structure toe during high tide would have provided more
detailed data. However, laser instruments are power hungry when run at the required
sampling frequencies and with no mains power supply maintenance costs would have
escalate to collect the year-long dataset (further complicated by this deployment taking
place during the COVID-19 national lockdowns).

The WireWall data are constrained to 6 h measurement windows centred over high
tide. Analysis of the measurements show minimal data were lost due to this constraint,
applied to conserve batteries to support a 3-month maintenance cycle. The 6 h window
was considered appropriate by local coastal practitioners to capture conditions. Even with
this limitation continuous 6-hourly data are obtained to compare with available monitoring
of the driving conditions (provided at 10 or 30 min intervals). Traditionally physical and
numerical experiments focus on discrete combinations of wave-water level conditions,
often focusing on extremes, missing the detailed time-variability during the different
tide-weather events, especially of low energy high probability events. While numerical
simulations can efficiently cover longer timescales, they require validation/calibration for
a wide range of site-specific conditions and studies often focus on historic storm impacts or
extreme (high energy low probability) scenarios for scheme design/assessment.

The wave overtopping data are limited to providing information on the number of
overtopping waves due to uncertainty in the measurement of the depth of the overtopping
event (plume) and more importantly the inability to measure the horizontal velocity com-
ponent during large overtopping events due to the spacing between the wire pairs within
the WireWall system (which on average was approximately 40 cm). The spacing was not
wide enough to distinguish different start times of the overtopping events through the
WireWall rig due to overtopping water falling onto all wires simultaneously. This was the
first deployment of the WireWall system in a remote high energy location in a stand-alone
configuration (no personnel on site) for long-term monitoring to access the capability of
the technology development. While the design was rugged for a 1-year deployment the
PTFE coating of the capacitance wire was not as self-cleaning as expected influencing the
depth measurement. The wire pair spacing can be adjusted but was restricted to allow for
space between the two WireWall systems to allow for the 2 m COVID-19 social distancing
requirement in public places during the deployment. Further materials tests are required
in future research and ambitions have been established to wirelessly synchronise multiple
small WireWall systems to measure speed across larger distances (>2 m) with minimal
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intrusion across access routes. The desire is to monitor wave overtopping speeds and
discharge long term. Capturing data on the high probability low intensity overtopping
events will improve coupled wave–tide–surge-overtopping models. While these models
capture the interactive processes and there is confidence in overtopping predictions for
extreme events, coastal infrastructure managers now also require certainty in predicting
the more regularly occurring overtopping events.

3. Results
All available metocean and overtopping observations are analysed to assess the key

overtopping drivers and their thresholds during the year. The new understanding and
trigger levels are used to explain the time-evolution of a single event, Storm Barra (7–8
December 2021).

3.1. Wave Overtopping Drivers

Figure 3 illustrates the frequency distribution for different coastal metocean conditions
(in grey), including Storm Barra, recorded by existing monitoring networks for the year of
interest. A subset of these metocean conditions that were recorded during the 6 h periods
centred over every predicted high tide (i.e., when the WireWall systems were also running)
during the 1-year period is provided (in black), isolating the coastal conditions associated
with measured overtopping (histogram bars). When a metocean record coincides with
overtopping at either the sea wall crest (SC; in yellow) or railway line wall (RW; in orange),
that record contributes to the respective overtopping frequency distribution (bar) and can be
directly compared with the high tide frequency distribution of the parameter in question (in
black). Comparison of the 6 h high tide conditions (in black) and the continuous conditions
(in grey) over the year, show that only the water level range (Figure 3i) is limited while
most wave and wind conditions coincide with high tide during the year. Parameters which
vary most in response to the tides are the transformed wave height at the structure toe
(Figure 3c) and wave steepness at the wave buoy (Figure 3d). The convergences of the
data (black and grey lines) for higher values in these parameters, highlight steeper coastal
waves and higher waves at the structure toe are likely to occur around high tide. It should
be noted that the log-y scale of Figure 3g noticeably flattens the directional distribution,
smoothing the large dominance in wind direction from the SW (Figure 2e).

For overtopping to occur at Dawlish, the coastal waves (Figure 3a) need to be of
moderate size (Hm0 > 0.65 m), especially for overtopping to travel a distance landward
(Hm0 > 1.0 m). Large wave conditions (Hm0 > 1.5 m) have a low probability of occurrence
(Figure 2a) limiting their coincidence with high tide (±3 h). When they are coincident with
high tide elevations (Figure 3a), they often cause overtopping as the depth limitation of
these waves (Figure 2f) is reduced. The transformed wave heights, Hm0,t, reaching the
structure toe (Figure 3c) need to exceed 0.5 m to cause overtopping of SC and 0.75 m to
travel landward to RW. The waves that overtop are steep wind waves (Figure 3d) with a
(typical and) relatively low energy period (Figure 3b) but represent the full range of wave
powers (Figure 3f).

Overtopping is most likely for a restricted range of SE directed waves (110◦–140◦) and
for a wider range of direction from SSE waves (150◦–190◦) (Figure 3e). These directions
align to the directions with most waves (Figure 2a, primary wave direction SSE: 150◦–180◦

and secondary direction SE: 120◦–135◦). SE waves (125◦, Figure 3e) have the greatest
likelihood of overtopping, especially at SC. Compared with SSE waves SE waves are often
associated with a low energy period (Figure 2b). A large proportion of the SE waves
are of moderate size (Figure 2a) and steepness (Figure 2c), making them less likely to be
depth-limited, while the waves from SSE can range from small swell waves to large wind
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waves (Figure 2a,b). This slightly increases the likelihood of SE waves overtopping (at SC)
although SSE waves are more common. Larger waves (Hm0 > 1 m) that cause overtopping
to reach RW have a lower probability of occurrence from both directions (Figure 2a) and
are likely to be depth-limited, unless coincidental with high tide, minimising a directional
bias in maximum frequency. The waves are less likely to reach RW when there is a greater
E component in the wave direction (Figure 3e). This is probably due to large waves being
associated more frequently with the SSE direction (Figure 2a).

Overtopping is more likely to occur with strong onshore winds [11], which are rare
(Figure 2e and Appendix A Figure A1b). The topography of the bay (headlands and cliffs
close to the site of interest) has a noticeable influence on the wind directions. The SC
overtopping frequency distribution follows that of the wind direction (Figure 3g). Sug-
gesting that the wave momentum is a main driver for inland transport of the overtopping
rather than the wind. For the overtopping to reach RW the directional range for which
overtopping occurs is more limited to wind directions with an onshore (or alongshore)
component (70◦–230◦). While overtopping can occur under most wind speeds, it is most
likely when winds are 4–12 m/s and the winds need to exceed 3.5 m/s for overtopping
to reach the RW (Figure 3h). The strongest winds have a lower likelihood of coinciding
with high tide, limiting coincidental overtopping occurrences, but when they do coincide
overtopping is likely.

For overtopping to occur, water levels need to just reach or exceed the mean water
level (0.27 m OD, Figure 3i). Storm events (e.g., Barra, Section 3.2) can have significant
impact at the highest water levels, but when removed it is rare for overtopping to occur
for the highest water levels (>2 m OD) due to the low statistical probability of the spring
high tide coinciding with energetic wave conditions. During the deployment the highest
and lowest predicted high tides were 2.31 m OD and 0.44 m OD, respectively. Generally
higher water levels are required to enable larger waves to cause overtopping to travel
further landward.

For Dawlish, wind seas dominate the wave climate, especially from the SE, and are
associated with overtopping (Te < 7 s; Figure 3j). The larger and steeper the wind waves,
the more likely the overtopping is to be transported landward. While higher tidal levels
enable these conditions to reach the sea wall, the probability of large steep waves and
(strong onshore) winds occurring at high tide, let alone the highest tides, is limited.

In Figure 4 the time of every individual wave overtopping event at SC (Figure 4a)
and RW (Figure 4b) is plotted relative to predicted high tide. When the total number of
wave overtopping events are separated into transformed wave height categories we see
the following:

1. Small waves (Hm0,t < 1 m) have most impact at the onset/outset of the rising/falling
tide, but low impact for c. 90 min either side of predicted high tide. These waves
are most likely to represent small coastal waves and depth-limited coastal waves
(Figure 2f) impacting the sea wall. The high tide reduction in the number of wave
overtopping events is most likely due to reflection as seen in the video footage, e.g., 8
March 2022 [36].

2. Moderate-size waves (Hm0,t = 1–1.5 m) contribute the most to overtopping during
the 6 h monitoring period and are likely to be depth-limited waves (Figure 2f). A
reduction in the number of overtopping events occurs roughly an hour either side
of predicted high tide and the smaller waves within this category are also likely to
experience (partial-)reflection at this time.

3. Large waves (Hm0,t > 1.5 m) overtop for a limited duration. They can overtop at
high tide (for ~2 h) when depth limitations on the waves are reduced or when a
storm passes if the elevated water depths (by surge and wave setup) are sufficient to
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maintain the wave heights reaching the structure toe. In this distribution Storm Barra
causes noticeable overtopping from ~90 min after predicted high tide (see Section 3.2),
significantly contributing to the high energy categories of the frequency distributions.

Figure 4. Histograms with log-y axis of wave overtopping events measured by the WireWalls from
3 h before to 3 h after predicted high tide (0 min) for 1 year separated into transformed wave height
categories, Hm0,t (m). Data from (a) the sea wall crest (SC; in yellow) and (b) the railway line wall
(RW; in orange). ‘All’ data are measured by the WireWalls, and the ‘Hm0,t’ wave transformation
categories are calculated from the wave buoy and tide gauge monitoring over the same time intervals.
Gaps in the coastal monitoring prevent all wave overtopping events being categorised and the bar
transparency creates some differences in shading to that in the legend where data overlay.

The slight asymmetry in the wave overtopping frequency distribution at SC (a higher
peak on the rising tide and rapid reduction on the falling tide after 100 min) could be the
result of tidal (elevation) asymmetry. However, wave–current interaction is likely to be
important at this site in influencing the wave dynamics for all or certain wave directions.
Tidal predictions indicate slack tide is prior to predicted high tide (~1 h), thus, most of
the overtopping measurement window experiences an ebb flow (increasing for ~2 h after
predicted high tide).

3.2. Storm Response, Barra

Storm Barra impacted two tides on the 7 and 8 December 2021. We assess the temporal
variability in coastal conditions (Figure 5) compared with the thresholds for overtopping in
Figure 3. No wind data were recorded during this period, either at the WireWall location
or West Bay, the nearby secondary data source; we therefore focus on the wave and water
level conditions.

First tide: The (southerly) coastal waves increased in size as the tide rose (Figure 5a,b).
Overtopping had started when the WireWall systems turned on (06:00 (GMT), SC, Figure 5c)
and the number of overtopping events increased, reaching the railway line wall later, an
hour after the systems turned on (07:00 (GMT), RW, Figure 5d). The waves were not
particularly depth-limited during the rising tide, and a relatively large-sized transformed
height was maintained during the rising tide. At SC, the number of overtopping waves
follows the increase in the coastal wave height. At RW the overtopping starts later, when the
transformed waves are larger, and the number of overtopping events rapidly plateaus. After
high tide, the coastal waves continue to grow, but the falling tide impacts the (steep) waves
by causing depth limitation. There was a sudden drop in overtopping events (in the last
30 min of the high tide measurement window) in response to the drop in transformed wave
heights (roughly in agreement with Figure 4 as the representative distribution switches from
1 m < Hm0,t ≤ 1.5 m to Hm0,t ≤ 1 m). This was preceded by a drop in coastal wave height,
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suggesting a change in the wind conditions occurred, immediately reducing the transport
of the overtopping events landward while there was a lag in wave decay. Without local
wind data this cannot be confirmed. However, the camera overlooking the WireWall shows
a reduction in the transport of spray inland soon after 11:30 (GMT). Before 11:30 (GMT)
wind is clearly influencing the inland transport of spray for the vertical overtopping events.
After 11:40 (GMT) the wind transport inland is minimal. The transformed significant wave
height during overtopping (Figure 5b) exceeded 1 m, which is above the wave threshold
for overtopping (Figure 3c). Water levels of 0.2 m OD occurred (Figure 5a) close to the time
the WireWall system turned on/off, enabling overtopping (Figure 3i).

Figure 5. Conditions during Storm Barra: (a) water level (m OD), where the horizontal dotted line
is the threshold for overtopping (Figure 3i, 0.2 m), (b) coastal, Hm0, and transformed, Hm0,t, wave
height (m), where the solid horizontal lines are the thresholds for overtopping for the transformed
waves (Figure 3c), colour coded by the location of the overtopping (SC in yellow, 0.5 m, and RW in
orange, 0.75 m), (c) number of wave overtopping events at the sea wall crest (SC) and (d) number of
wave overtopping events at the sea wall crest (RW).

Second tide: The coastal waves waned (Figure 5b) and were still noticeably depth-
limited on the rising tide. Some overtopping occurred at SC (Figure 5c) once the water level
threshold (Figure 5a) was exceeded. No overtopping reached RW (Figure 5d) although the
wave thresholds are exceeded, suggesting that the wind is not transporting the vertical
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wave plumes inshore and/or the return lip on the structure is able to deflect much of
the uprush offshore. Without local wind data this cannot be confirmed. The camera was
operational until just before 17:00 (GMT) due to limited daylight. Footage of the spray
alongshore from the WireWall system, generated by wave impact on beach access steps on
the sea wall, was not being blown inshore but being deflected offshore. Depth-limitation
ceases at high tide and overtopping stops, suggesting that the transformed waves with
Hm0,t > 1 m (once the water level > 0.2 m OD) are reflected (by the vertical wall or return
lip) during this, relatively high, high tide (as suggested in Figure 4a).

4. Discussion
This paper focusses on the wave overtopping event frequency distribution for 1-year

of data, not the magnitude (discharge or volume) of overtopping, to understand the most
likely metocean drivers that cause overtopping at Dawlish. Identifying the variation in
most likely times of overtopping occurrence relative to predicted high tide at different
cross-structure locations illustrates the complexity of hazard communication for different
infrastructure users, e.g., in this case the public amenity and railway network. We explore
a full spectrum of conditions rather than storm events only. It is well known that coastal
wave heights are modulated by (1) the tide through water level and current interactions in-
fluencing: refraction, steepening, dissipation, bottom friction, reflection; and also modified
by (2) interactions with shallow morphology and sea breezes [37]. Having a frequency dis-
tribution of overtopping events alongside that of the metocean monitoring parameters can
optimise site-specific safety procedures and protocols, although every weather system will
create its own event-scale frequency distribution due to the timing of the wave propagation
relative to the tide.

For Dawlish, wind waves dominate the wave climate and are the main contributor to
wave overtopping, not long-period low-height swells due to the large (>~3 m) freeboard.
The larger wind waves are able to travel further landward across the structure when they
overtop. The transformed wave height at the structure toe is critical in enabling overtop-
ping, as depth limitation is a key factor in how overtopping is modulated through the
combination of offshore wave height and tidal level. Moderate-sized waves (Hm0 = 1–1.5 m)
that occur most frequently through the year are the biggest contributors to overtopping
as they do not require the highest (low probability spring/storm) tidal levels to maintain
a significant height on impact with the sea wall. These waves are common from the SE
at Dawlish, while waves from the SSE cover a wider spectrum of conditions and are the
dominant wave direction.

For vertical sea walls with a large freeboard relative to the tide, wave reflection at high
tide can limit or even stop the occurrence of overtopping if the water is deep enough relative
to the incident wave. Given the spectrum of wave heights within a wind sea, the frequency
of wave overtopping is likely to change in response to the tidal elevation depending on the
coincidental wave conditions. A reduction in the number of overtopping waves at high
tide for Dawlish can be observed and so can reflection of some of the waves within the
spectrum. At this time, the run up of the waves does not always exceed the freeboard or
is returned by the lip as it is much less explosive. The wave overtopping can be analysed
using the transformed wave height categories. Small-sized waves (Hm0,t < 1.0 m) have the
longest duration of reduced overtopping at high tide because the waves are likely to reflect
under more of the high tide conditions. Some moderate-sized waves (Hm0,t = 1.0–1.5 m)
can also reflect close to high tide, probably on the higher neap and spring condition, and the
maximum overtopping is most likely to occur approximately 100 min either side of high tide
at Dawlish. There is a slight rising tide dominance in the number of overtopping events for
moderate-sized waves, which creates a slight overall asymmetry in the overtopping event
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frequency distribution for the year. Large-sized waves (Hm0,t > 1.5 m) only overtop for a
limited duration around high tide (~1 h before and after unless there is a surge contribution
to the water levels) and contribute least to the overtopping event frequency distribution.
This is because at lower tide levels the larger waves will break on the beach further away
from the sea wall. Thompson et al. [38] also found that storm-driven overtopping of a
vertical sea wall occurred an hour before and after high tide with a high frequency of events
occurring at high tide. Further inland (at the railway line wall) the wave overtopping event
frequency distribution is much more constant around high tide because only overtopping
of the largest moderate-sized and large-sized waves travels landwards and these waves are
less likely to reflect.

Sea-level rise, beach lowering and/or a change in the wave climate could modify
the present-day overtopping event frequency distributions. Research into storm driven
overtopping has found the influence of the subtidal beach profile can have a varying role in
influencing the overtopping of different intensity storms [19]. Stein and Siegle [39] found
that a wider and flatter beach profile fronting a sea wall provides greater protection. Stokes
et al. [15] found overtopping hazard increases for storms during lower beach volumes.
Storm-driven scour at a structure toe can also change the water depth and increase the
overtopping discharge of an individual storm, although the size of the increase will vary
depending on the storm’s position within a sequence of events [40]. Many overtopping
studies are laboratory-based with limited resources to explore numerous water level—wave
combinations, often creating a focus on storm wave impact rather than tidal influence on
the vast range of more typical wave conditions. Numerical investigation into tide-surge
influence during a storm peak by Xie et al. [41] found overtopping discharge increased,
due to larger wave heights at the structure toe. When they considered sea-level rise the
overtopping discharge increased further. Raising the sea wall by an amount equivalent
to the sea-level rise scenario did not completely mitigate the increase in overtopping.
Assessment of overtopping discharge at vertical sea walls across England under rising
sea level scenarios up to 1 m found a non-linear response to return period, ranging from
over a factor of 4 increase for 1 in 1-year events to over a factor of 12 increase for 1 in
1000-year events [14]. However, the study does not explore how the overtopping event
frequency distribution over the tidal cycle could change influencing the annual duration
of overtopping and/or the annual number of waves overtopping. Both these quantities
are critical for infrastructure operators, particularly in transport, to build coastal resilience.
Here, we find many overtopping waves within the 1-year frequency distribution are below
the 0.25-year return period, defined as the storm threshold by the National Network of
Regional Coastal Monitoring Programmes of England and is presently calculated to be
Hm0 = 2.63 m or Te = 11.20 s at the Dawlish wave buoy. Figure 3a,b show nearly all of the
overtopping events at Dawlish are caused by wave conditions below these storm thresholds.
The ability to predict future overtopping is critical to assess future disruption to the railway
line at Dawlish. Using historic events to project sea level impacts found the number of days
with railway line restrictions could increase to 84–120 days a year by 2100 depending on
the sea-level rise scenario applied [29]. Without understanding how tidal interactions and
waves across the full spectrum will respond to deeper water introduces uncertainty in this
projection, which is focused on daily incidents, because understanding the wave-by-wave
overtopping hazard is critical given that a single wave could damage a train.

The annual duration of wave overtopping at any vertical sea wall will be the sum
of the different contributions from the full wave spectrum. How the individual wave
contributions change in future will vary due to local wave–tide–morphology interaction.
Deeper water levels in front of a sea wall due to sea-level rise and beach lowering will cause
complex and non-linear changes in the yearly overtopping event frequency distribution.
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Figure 6 is a schematic suggesting plausible changes in the yearly wave overtopping event
frequency distribution for Dawlish, as an example of a beach fronted vertical sea wall
exposed to a large spectrum of wind sea conditions. The present-day overtopping event
frequency distribution for vertical sea walls is likely to have a common shape, i.e., the
sum of a dominant ‘M-shaped’ moderate-sized wave distribution (Figure 6a) and smaller
‘n-shaped’ large-sized wave distribution (Figure 6b). Deeper water at the toe of a vertical
sea wall will cause a longer overall duration of when wave overtopping could potentially
occur either side of high tide (Section A, Figure 6) for both moderate- and large-sized
waves. However, the number of waves overtopping within this extended duration will
depend on the wave size. An increased duration may not simply enable time for more
waves to overtop. For commonly researched large-sized (storm) waves, the number of
waves overtopping for a limited number of hours at high tide is likely to increase (Section B,
Figure 6b) as depth limitations reduce. Overall, both the number of large-sized waves
overtopping at any instance and the duration of large-sized wave overtopping is likely to
increase (Figure 6b). This in agreement with the findings of, for example, Hames et al. [14]
and Almar et al. [9]. It should be noted there is the chance some of the waves at the lower
end of this category could start to reflect at high tide. The rarely researched response of
moderate-sized waves (<1.5 m, i.e., below the storm threshold) is much more complex, but
crucial to understand the annual overtopping hazard due to their dominance within the
yearly event frequency distribution. Overall, the duration of when moderate-sized waves
could overtop will extend, but the overall number of waves overtopping could increase
or decrease (Figure 6a). It is hypothesised the total number of waves will potentially
decrease. At high tide (section B Figure 6a) wave reflection could occur for a longer
duration and potentially occur for more waves within the moderate category, both reducing
the overtopping frequency for a few hours over high tide. If the largest waves in this
category experience reduce depth limitation, they are more likely to move into the large
wave category and contribute further to the increase in large-sized wave overtopping at
high tide. The water level enabling a maxima in the number of waves overtopping (sections
C Figure 6a) will occur earlier and later in the tide, which is when the water levels change
more quickly, potentially reducing the duration of maximum overtopping frequency. Thus,
the number of waves overtopping is again likely to reduce.

Figure 6. Schematic of the present-day (solid line) and proposed future (dashed line) wave overtop-
ping event frequency distributions for (a) moderate-sized waves at the structure toe and (b) large-
sized waves at the structure toe. The proposed future distribution is for deeper water levels due to
sea-level rise and/or beach lowering.

While there is confidence that the duration for which overtopping can occur during a
tide, and thus year, will increase with sea-level rise, the change in the total number of waves
overtopping during this time is less clear. It is speculated that at the crest of a sea wall
the total number could go down, as moderate-sized wave events are more common than
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large-sized wave events. However, the number of overtopping waves travelling further
landward is likely to increase in occurrence as this is controlled by the large-sized waves.
Large-sized waves are associated with higher discharge, which is why research focused on
storm events finds an increase in flood hazard. For moderate-sized waves the change in
flood hazard is rarely studied and will be a complex balance between the overall number
of lower discharge waves overtopping and their frequency, which could impact the built-in
drainage capability within a sea wall structure.

Future changes in the local wave climate may also impact the wave transformation
processes and change the dominant wave direction, size and frequency, causing overtop-
ping. Water depths are likely to mediate changes in the magnitude and frequency of the
occurrence of overtopping through wave–tide interactions. More frequent moderate-sized
waves could simply increase the number of events within the event frequency distribution
exaggerating the M-shape (Figure 6a) due to a balance between reflecting and depth-limited
processes, while more frequent large-sized waves will be depth-limited unless water depths
increase by a required amount. The resulting overtopping event frequency distribution
will again be a balance in the overtopping due to different size wave conditions and the
depth-limited verses reflective conditions. A shift in prevailing weather tracks is unlikely
to change the swell wave contribution at Dawlish due to the limited local fetches, but could
change the wave direction most often associated with wave overtopping in response to a
change in the height of the wind sea conditions. The direction with most frequent moderate
wind seas is most likely to cause overtopping and the direction with the largest waves most
likely to cause overtopping that travels landward.

Understanding the metocean drivers that cause most of the present-day wave over-
topping, provides useful information to support future planning. Assessing the potential
change in the overtopping frequency distribution suggests that the number of waves over-
topping the sea wall crest could reduce in a year but more of those overtopping waves will
travel further inland. This creates the need for different climate impact hazard communica-
tions for the public walkway and railway due to their cross-structure position on the same
coastal infrastructure. Regular monitoring of the coastal wave climate, coastal water levels
and seasonal beach levels provides early warning of an environmental state change and
trends indicate the likely wave overtopping response to better prepare. Climate projections
are often used to develop coastal resilience and adaptation plans to wave overtopping.
Consideration of the more typical wave heights must be given otherwise there is large
uncertainty in the annual hazard projection.

5. Conclusions
Concurrent metocean and wave overtopping field data allow improved understanding

of the most common conditions that drive wave overtopping landward across the Dawlish
sea wall for a full range of conditions. The study site represents a vertical beach fronted
sea wall with large freeboard exposed to a bidirectional and bimodal wave climate. The
meso-tidal regime exposes (dries) the structure toe at low tidal levels. We find in 1 year
the following:

1. Most tides associated with overtopping (98% of the overtopping tides for the year
2021–2022) do not coincide with storms but typical wave sizes (1–1.5 m) that are
common in the nearshore wave climate and less likely to be depth-limited during
most high tides.

2. Future changes in the number of coastal wave overtopping events are likely to be
controlled by the typical (moderate-sized but not large, i.e., 1–1.5 m at the structure)
wave height category and their site-specific shallow water response to changes in
climate, sea level and beach level.
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3. The prevailing wave direction observed in coastal monitoring is not the dominant
direction associated with overtopping because it is associated with a wide spectrum
of waves—the smallest and largest waves are unlikely to overtop.

4. The drivers causing a high number of wave overtopping events to reach different
landward locations across the coastal structure differ, complicating (present and
future) hazard communications.

5. An increase in water depth, due to sea-level rise and/or beach lowering, will af-
fect coastal overtopping by waves of varying size differently. The overall change
in the overtopping frequency distribution will be site-specific due to the complex
balance in the non-linear dynamics of the wave spectrum to wave shoaling, breaking
and reflection.

When investigating future overtopping hazard, it is critical to identify which wave
heights contribute most to overtopping at a site due to the local wave, tide, beach-structure
profile conditions and not focus on the (infrequent) extreme events only. Numerical
assessments must consider wave overtopping by moderate waves to fully understand
the cumulative annual hazard, the likely hazard duration over a tidal cycle and when in
the tidal cycle overtopping is likely to be most frequent. Wave–depth and wave–current
interactions should be investigated to fully understand the role of tidal asymmetries in
controlling the wave overtopping hazard relative to predicted high tide.
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Appendix A. West Bay Wind Observations
The nearest wind observations available through the National Network of Regional

Coastal Monitoring Programmes of England to the Dawlish study site are at West Bay
(Figure A1a), a small harbour settlement with cliffs either side. The location is more open
to offshore conditions than Dawlish, which at the study site is backed by a cliff with nearby
coastal headlands creating sheltering. The wind climate (Figure A1b) at West Bay during
the 1 year of wave overtopping monitoring (March 2021–2022) has a greater contribution
from inland (NE, roughly aligned with the river) and alongshore (W) directions. Wind data
from this location do not suggest that if more observations at Dawlish had been recorded
(Figure 2e) there would have been more onshore conditions in that location during the
study period. This station also stopped recording during Storm Barra (Section 3.2). The
last data were logged 6 December 2021 23:50 and logging resumed 21 December 2021
10:30 (GMT).

Figure A1. (a) Location of the West Bay weather station relative to the Dawlish study site (▲), other
symbols are shown in Figure 1. (b) The West Bay wind rose. Histograms with log-y axis to show
the number of observed records of metocean (MO) conditions and those conditions associated with
wave overtopping at the sea wall crest (SC; yellow bars) and railway line wall (RW; orange bars). The
metocean data are for the 1-year period (grey line) but the conditions compared with overtopping
are limited to the 6 h high tide WireWall measurement window for every tide during the year (black
dashed line). Wind observations were available at 10 min intervals for (c) wind direction, Udir,
(degrees), with the vertical dashed line indicating the onshore direction at Dawlish, not West Bay,
and (d) wind speed, U, (m/s).

The data at West Bay are recorded at a 10 min interval as are the data specifically
collected at Dawlish during the study. However, the data have not been combined to fill
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gaps in monitoring (Figures 2e and 3g,h) due to the different topographic influence on
the wind speeds and directions. When comparing the data, it is clear the West Bay station
recorded a wider range of wind directions (Figure A1c) than in Dawlish (Figure 3g), with
more frequent low wind speed conditions recorded and higher wind speeds (Figure A1d)
than in Dawlish (Figure 3h). The general trend in wind direction associated with over-
topping is similar, with bidirectional peaks occurring within 50◦–250◦ (Figure A1c). The
stronger winds at West Bay most frequently occur from directions that would have an
offshore component at Dawlish and locally the sea wall is likely to be sheltered by the cliff
at the instrumented overtopping monitoring site.
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