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Abstract

The temporal clustering of storms presents consecutive storm surge and wave hazards that
can lead to amplified flood and erosional damages; thus, clustering is important for coastal
stakeholders to consider. We analyse the prevalence of storm clustering around the UK
coastline by examining the temporal and spatial characteristics of storm surge, wave height,
and high still sea level exceedances at the 1 in 1- and 5-year return levels. First, at the inter-
annual timescale, we show that there are periods of high/low exceedance counts on national
and regional scales. Elevated annual counts of exceedances with smaller magnitudes can
occur without a respective signal of higher-magnitude exceedances. Secondly, at the intra-
annual timescale, we show that high proportions of exceedances are clustering over short
timescales. Storm surge, wave height and still sea level exceedances occurring <50 days
after the prior exceedance at a given site account for between ~35-44% and~ 15-22% of
all exceedances at the 1 in 1- and 5-year return levels, respectively. Still sea levels have the
highest proportion of exceedances clustered in quick succession, with~25% of 1 in 1-year
exceedances occurring < 2 days after the previous at the same site. Spatially, for UK storm
surges and still sea levels, the North Sea has the lowest proportion of clustering, whereas
the North Atlantic and Bristol Channel have the highest. For English wave records, the
highest proportions of clustering are found in the North Sea for exceedances of a lower
magnitude and the English Channel for exceedances of a higher magnitude. These find-
ings illuminate the prevalence of the clustering of coastal hazards around the UK—help-
ing coastal stakeholders evaluate the threat of surges, waves, and sea levels clustering over
short periods.
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1 Introduction

Coastal areas represent a small percentage of the world’s land surface (~2%) but contain
a disproportionately high proportion of the world’s population. Kulp and Strauss (2019)
estimated that 1 billion people currently occupy land < 10 m above current high tides lev-
els with 230 million of those living on land <1 m above high tide levels. Over the last
century, over 8 thousand people have been killed and 1.5 million people are affected annu-
ally by high sea levels on average (Bouwer and Jonkman, 2018). Mean global flood losses
in 2005 for the world’s major coastal cities were estimated at~$6 billion per year; this is
predicted to rise to $60-63 billion per year in 2050 even if adaptations maintain constant
flood probability (Hallegatte et al. 2013). Without adaptation to sea-level rise, up to 4.6%
of the global population is expected to be flooded annually in 2100, with expected annual
losses of such flooding being up to 9.3% of the global gross domestic product (Hinkel et al.
2014). Currently, around 24% of sandy beaches around the world are eroding (Luijendijk
et al. 2018), and increased lengths of coastline will be exposed to increased erosion risk in
the future (Vousdoukas et al. 2020).

The United Kingdom (UK) coastal zone is home to over 5.3 million people in English
and Welsh towns alone (Office for National Statistics, 2020), and holds great value to the
economy, culture, and the environment. Annual average economic damages from coastal
flooding in the UK are estimated to be £540 million (Sayers et al. 2015) and 28% of the
English & Welsh coastline is already experiencing rapid erosion (Masselink et al. 2020).
Therefore, improving the understanding of the causes and related impacts of coastal flood-
ing and erosion is of great importance for effective adaptation and management strategies.

In this paper we focus on the temporal ‘clustering’ (i.e. events occurring one after
another in close succession) of storm surges, wave heights, and high still sea levels around
the UK coast, which can strongly influence coastal flooding and erosion. These are driven
by storm clusters (also referred to as storm sequences), where multiple extratropical
cyclones pass through the same location in a given time period (Dacre and Pinto, 2020).
The issues associated with storm clustering were brought to the fore in the UK during the
extreme winter season of 2013/14 (Spencer et al. 2015; Wadey et al. 2014; Haigh et al.
2016). Multiple, intense extratropical storms impacted the UK coastline during this winter
period, with an average of 1 intense storm every 2.5 days in December-February (Priestley
et al. 2017b). Storm clustering could lead to amplified flood and erosion damage as the
attritional effects of the temporal clustering of high still sea levels, storm surges and waves
are augmented by a lack of recovery or repair time. Therefore, not accounting for cluster-
ing could lead to a potential underestimation of coastal flood and erosion risk. Further-
more, rising mean sea levels driven by climate change and possible changes in storminess
(Dangendorf et al. 2017; Nerem et al. 2018; Garner et al. 2018; Fox-Kemper et al. 2021)
will likely lead to increased clustering of storm surges, waves, and high still sea levels, fur-
ther exacerbating the impacts of flooding and erosion. Therefore, improved understanding
of storm clustering around the coastlines of the UK is crucial in mitigating against storm
damages into the future and assisting coastal management and planning.

Over the last decade, studies have started to examine storm clustering from a storm
surge, wave and/or high still sea level perspective. For example, Godoi et al. (2018)
and Stephens et al. (2020) assessed clustering in high still sea levels and waves around
the coastline of New Zealand and linked this to patterns of mean sea level anomaly and
large-scale ocean—atmosphere oscillations. In the UK, Wadey et al. (2014) and Haigh et al.
(2016) undertook assessments of the temporal clustering of high still sea levels and storm
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surges, and Malagon Santos et al. (2017) and Dhoop and Mason (2018) assessed cluster-
ing in waves. These studies showed that extreme wave events can cluster over short periods
(Malagon Santos et al. 2017), whereas high still sea levels are governed by the timescale
of spring-neap tidal variations (Haigh et al. 2016). The majority (86%) of high still sea
levels are caused by high spring tides that coincide with a moderate skew surge (differ-
ence between the maximum sea level and the maximum tidal level within a tidal cycle,
irrespective of their timing) (Haigh et al. 2016). Spatially, similar storm tracks have been
shown to have broad, regional-scale footprints of high still sea levels and waves (Haigh
et al. 2016; Malagon Santos et al. 2017; Dhoop and Mason, 2018). However, high still sea
levels that occur in close succession (<4 days) typically affect different parts of the UK
coastline (Haigh et al. 2016). Whereas the number of days between extreme wave events
were found to be similar among sites from the same region (Malagon Santos et al. 2017).
The impact of the clustering of storm surges, waves and high still sea levels at the coast
is varied and determined by a variety of site- and event-specific factors affecting beach
vulnerability (Eichentopf et al. 2019). These complex site- and event-specific factors deter-
mine exactly how a storm cluster affects a beach, but studies have shown that the cumula-
tive erosional effects of a storm sequence can be greater than a single more powerful storm
(e.g. Karunarathna et al., 2014; Dissanayake et al. 2015). Research has also found that
particularly stormy seasons can have long lasting impacts on beach morphology—Atlantic
coast beaches in Europe affected by the extreme 2013/14 winter season had not recovered
4 years later (Dodet et al., 2019).

Our overall aim in this paper is to assess the nature of temporal clustering of storm
surges, wave heights, and high still sea levels in measured and modelled time-series at sites
around the UK coast. We build on the earlier work of Haigh et al. (2016), Malagon San-
tos et al. (2017) and Dhoop and Mason (2018) but instead of analysing surges/still sea
levels and waves separately, we analyse them together using a consistent approach. We
also undertake an analysis at each gauge site individually, whereas these 3 previous stud-
ies focused on analysis of extreme events across sites, making it more difficult to quantify
whether clustering is an issue at an individual site. We also extend the previous studies by
comparing and contrasting measured and modelled hindcast time series. Utilising hindcast
records of sea levels and waves is common in the literature and here we assess their utility
by evaluating their ability to accurately capture what has been observed at the coast over
interannual timescales.

We have 2 specific main objectives with 1 sub-objective, as follows:

1. To assess the characteristics of clustering on interannual timescales, determining in
which periods clustering was most apparent;

a. To evaluate the performance of modelled hindcast data in capturing these temporal
and spatial patterns of exceedances; and

2. To examine the characteristics of clustering on intra-annual timescales, analysing the
number of days between consecutive exceedances.

We undertake our analysis considering and contrasting measured and modelled still sea
level records at 46 tide gauge sites, and wave datasets at 43 sites around the UK coast.
We identify all storm surge, wave heights and high still sea levels that exceed 2 thresh-
olds, namely, the 1 in 1-year threshold and the 1 in 5-year threshold. We choose the 1
in 1-year threshold to represent levels that are common enough to be present throughout
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the time-series and to ensure a higher number of exceedances are identified, thus allowing
clustering to be more readily identified. The 1 in 5-year thresholds represent more extreme
levels that are less frequent. The 1 in 5-year level also ensures high still sea levels arise
as a result of a storm surge, and not solely a large astronomical tide (lunar perigean cycle
causes tides to reach a maximum every 4.4 years; Haigh et al. 2011). To assess clustering
on interannual timescales, we examine the number of exceedances of storm surges, wave
heights and high still sea levels each’storm year’ period. Note, a storm year is defined as
being from 1st July to 30th of June the next year and when we refer to annual periods,
we are referring to this July to June of the next year period. We do this to encompass the
northern hemisphere winter storm season, as well as any exceedances that occur outside of
the season. We assess how well the modelled hindcasts capture the characteristics of storm
clustering, compared to the measured records. To assess clustering on intra-annual time-
scales, we examine the number of days between consecutive exceedances.

2 Data

Six main data sources are used in this study and are described below. The first dataset we
use is high-frequency measured still sea level records from the UK National Tide Gauge
Network, which comprises 43 operational ‘A-class’ tide gauges around the coast of the
UK. ‘A-class’ gauges are those that are monitored and maintained to a high standard for
scientific research. Note, these include a small number of tide gauges that are no longer
operational, but for which historical records are available. Still sea levels refer to changes
in the sea surface height driven by astronomical tides, storm surges and mean sea level,
but excluding wind waves. The records were downloaded from the 46 gauges for which
there was processed data (the 43 operational ‘A-class’ gauges plus 3 historical gauges).
This was obtained from the British Oceanographic Data Centre (BODC), which is respon-
sible for the monitoring, data retrieval, and quality control of the tide gauge network. The
tide gauge network forms part of the UK Coastal Flood Forecasting (UKCFF) service, a
partnership formed by the Environment Agency (EA), Scottish Environment Protection
Agency (SEPA), Department for Agriculture and Rivers Agency Northern Ireland (RANI)
and Natural Resources Wales (NRW). Values flagged as suspect by the BODC quality con-
trol were excluded from the datasets. The still sea levels were converted relative to ord-
nance datum Newlyn (ODN). Data are provided to the end of July 2021, with values prior
to 1993 in hourly temporal intervals, and values after 1993 in 15-min intervals. The longest
and shortest data records are Newlyn (106 years) and Moray Firth (10 years), respectively.
The average data length is 45 years and the average data coverage after flags are removed
is 81.3%. The location and durations of the tide gauge sites are listed in Tables 1 and 2 and
locations are shown in Fig. la.

The second dataset consisted of modelled hindcast still sea levels from the Coastal Data-
set for the Evaluation of Climate Impact (CODEC). CODEC consists of a historical cli-
mate period (1979-2018) and a future climate period (2040-2100), under different climate
change scenarios. To create the historical dataset (CODEC-ERAS), which is used in this
research, the third generation Global Tide and Surge Model (GTSMv3.0) was forced with
tidal-generating forces with a set of 60 frequencies and 10-m wind speeds and atmospheric
pressures from the Fifth Generation of ECMWF Atmospheric Reanalyses of the Global
Climate (ERAS5) (Hersbach et al. 2020). GTSMv3.0 is a depth-averaged hydrodynamic
model that is built from the unstructured Delft3D Flexible Mesh software. CODEC-ERAS
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has a resolution of 1.25 km along the European coast. The nearest grid node to each EA
tide gauge site was selected and the still sea levels extracted at a 10-min temporal resolu-
tion. More detailed information about CODEC can be found in Muis et al. (2020). The
location of the CODEC grid points closest to the tide gauge sites are shown in Fig. 1a.

The third dataset comprised of return periods for still sea levels. The annual exceed-
ance probabilities for all tide gauge sites in the UK National Tide Gauge Network were
gained from the EA’s ‘Coastal flood boundary conditions for the UK: update 2018’ (CFB)
report (Environment Agency, 2018). The return periods range from 1-year to 10,000-years.
The CFB report (2011) created a new statistical method, the Skew Surge Joint Probabil-
ity Method (Bastone et al. 2013), that was used to estimate return periods and levels for
the majority of the UK National Tide Gauge Network. The 2018 update to the first CFB
report utilised 10 years of additional data to extend the tide gauge records and made signif-
icant improvements to the statistical methods. Exceedance probabilities were calculated for
missing tide gauge sites, such as those in Northern Ireland, and the temporal interpolation
of return periods/levels from the hindcast reduced to 2 km or less.

The fourth dataset consisted of wave measurements obtained from the National Network
of Regional Coastal Monitoring Programmes of England (NNRCMP). This database con-
tains 52 wave sites around the English coastline: 42 directional waverider buoys (DWR);
6 wave radars (WaveREX); 3 step gauges; and 1 pressure array. NNRCMP wave data
were chosen over other UK buoy networks, such as WaveNet from the Centre for Envi-
ronment, Fisheries and Aquaculture (CEFAS), as the NNRCMP buoys tend to be closer
to the shore and as such are more suitable for the characterisation of events affecting the
coastline. However, this limits the analysis to England. Data are delivered in 30-min inter-
vals and each site is also provided with return periods/levels. Operational wave sites have
data up to the end of September 2021. The West Anglesey wave buoy was omitted as it
does not have quality-controlled data available. Values flagged by NNRCMP quality con-
trol were excluded from the research, as well as 6 further sites whose exceedance probabili-
ties have not been calculated. These sites were: Sandown Pier; Lymington; Swanage Pier;
Teignmouth Pier; Port Isaac; and Severn Bridge. The longest and shortest data records are
Milford (25 years) and New Brighton (1.7 years), respectively. The average data length is
11 years and the average data coverage after flags are removed is 92.8%. The locations and
durations of the wave sites are listed in Table 3 and locations are shown in Fig. 1b.

The fifth dataset we use was modelled hindcast significant wave heights (Hs) from
ERAS. ERAS replaced ERA-Interim and is based on the Integrated Forecasting System
(IFS) Cy41r2. For waves, ERAS has a much higher resolution of 40 km compared to its
predecessor (100 km). Data are provided at an hourly temporal resolution from 1979 up
to current day with a latency of around 5 days. In this research, we use wave data from the
1* January 1979 to the 1* January 2020. The availability of data back through time gives
a far longer time period of wave data than any of the UK buoy networks. This data is also
gap-free, coincident with the CODEC dataset, and allows for analysis anywhere around the
UK coastline. We extracted data from the nearest grid point to each NNRCMP wave site
to give comparable time-series. More information about the wave hindcast can be found in
Hersbach et al. (2020). The location of the ERA5 grid points closest to the NNRCMP wave
sites are shown in Fig. 1b.

The sixth dataset comprised of return periods for measured observations of high wave
heights. These were obtained from NNRCMP. These exceedance probabilities are calcu-
lated by fitting a generalised pareto distribution onto observations designated through the
peak-over-threshold method that is combined with a storm separation window (Dhoop and
Thompson, 2018).
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3 Methodology
3.1 Data preparation

In this paper we first focus on analysing time-series of: (1) storm surges; (2) significant
wave height; and (3) still sea level, offset by mean sea level (MSL) rise. We focus mainly
on the first two time-series, as storm surges and waves are stochastic and primarily driven
by meteorology—they therefore are most strongly influenced by storm clustering. In con-
trast, still sea levels include the deterministic tidal component driven by astronomical
forces. However, as it is the still sea level (e.g. tides plus storm surges) realised at the coast
that drives coastal flooding and erosion, we also consider clustering in still sea level.

The data preparation consists of 2 main steps. The first step involves generating time-
series of different components of sea level, as follows: (1) the non-tidal (i.e. storm surge)
component of still sea level, (2) significant wave height, and (3) still sea levels offset by
MSL rise. Significant wave height time-series were provided directly by the data source
and we use the raw measurements. The other 2 time-series were calculated, as described
below. The second step was to calculate the exceedance probabilities (i.e. return period
levels) of each new time-series.

In the first step, we derive the 2 records not provided by the data sources, namely; (1)
the non-tidal residual, which mostly contains the storm surge component, and (2) still sea
levels offset by MSL rise. To extract the first time-series, the non-tidal residual, we com-
puted the astronomical tidal component and removed this from the measured still sea level
record. To meet the harmonic analysis assumption of stationarity, the still sea levels for this
analysis had already been offset by MSL, as described below. The tidal component was
calculated using the MATLAB Unified Tidal Analysis and Prediction Functions (U-Tide)
(Codiga 2022), using a separate analysis for each calendar year. For any year contain-
ing <50% data, the constituents from the nearest year containing >50% of data were used.
The tidal component for each gauge was then removed from the observed still sea level, to
leave the non-tidal residual. The modelled hindcast data were already provided with the
tidal component from the data source, so this was removed from the modelled still sea
levels to obtain the modelled non-tidal residual. Hereafter, we use the term surge, or storm
surge, to refer to the non-tidal residual.

Because mean sea levels have risen around the UK coast (Hogarth et al. 2021), we
would expect there to be more high still sea level exceedances in recent decades; and this
is what we observe in the data. The rise of MSL brings the ‘base’ still sea level higher,
therefore meaning that less input is required from the storm surge component of still sea
levels to raise the overall levels above critical thresholds. As smaller storm surges are more
common than large storm surges, with a rise in MSL you would expect to see a conse-
quent rise in threshold exceedances. Thus, for the second time-series, we remove the influ-
ence of MSL rise, so that storm clustering can be better compared without the MSL influ-
ence which biases extreme events to more recent years. To offset observed still sea levels,
MSL trends at each tide gauge site were estimated using a linear regression method uti-
lised by multiple previous sea levels studies (Woodworth et al. 2009; Haigh et al. 2009,
2015, 2016). This method interpolates linear annual mean sea level trends at tide gauges to
hourly time-series and then removes them. This leaves the interannual mean sea level vari-
ability. Hereafter, still sea level refers to still sea level offset by MSL rise.

In a second step, we identify all the exceedances at each site, in the 3 time-series
we analyse, at or above the 1 in 1- and 5-year return level thresholds. Return levels are
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Fig.1 a Site locations of EA tide gauges and the CODEC grid points closest to each tide gauge, and b
site locations of NNRCMP wave sites and the ERAS grid points closest to each tide gauge. The sites are
grouped into 5 main regions geographically

available for the measured still sea level and wave height records, but not for the measured
non-tidal residual or for the modelled hindcast time-series. Hence, we computed our own
return levels for these datasets. We use a similar method to that of Dhoop and Thompson,
(2018); using the peaks-over thresholds method (POT), we extracted all data above the
99th percentile. To decluster the data, and ensure unique peaks were identified, we used the
‘storm window’ approach of Haigh et al. (2016). We removed all values that were within
plus or minus 16 h of each peak value. This period was chosen, as most storm surges last
for approximately 32 h (see Supplementary Figure S1 and S2). We fit a generalised pareto
distribution to the identified peaks at each site to gain estimates for return levels. Example
time-series of measured storm surge, significant wave height and high still sea levels are
shown in Fig. 2 for Newhaven (tide gauge) and Seaford (wave buoy), along with the levels
identified to be above the chosen thresholds.

3.2 Interannual timescale analysis

Next, we address the first objective, which is to assess the characteristics of clustering
around the UK coast on interannual timescales. To do this we analyse the spatial and tem-
poral characteristics of storm year annual counts of exceedances. The storm year period
was selected as extending from the 1st July to the 30th June the following year. Annual
exceedances at or above the 1 in 1- and 5-year return level threshold of each measured
and modelled parameter were counted at each site. An example is shown for Newhaven
(tide gauge) and Seaford (wave buoy) in Fig. 3. The timings of all measured exceedances
were then aggregated to show when in the year they occurred (see Supplementary Figure
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S3). The Annual counts for each site were collated and presented together to show changes
around the UK. Tide gauges around the UK were grouped into the 5 broad regions shown
in Fig. 1a that represent different parts of the UK coastline. The wave sites around England
were also grouped into 5 regions shown in Fig. 1b that represent broad portions of the
English coast. The higher density of wave sites meant that 13 NNRCMP sites shared the
same nearest ERAS grid node as a neighbouring site. Modelled data were compared to the
measured data to assess how well the hindcasts represented periods with a high number
of exceedances. For the surge and still sea level time-series, we focus on the time period
of 1979-2021 as it includes the time period from the CODEC dataset and measured data
availability before this period is relatively sparse. For the waves time-series, we also focus
on the same time-period as it includes the time period of the modelled ERAS dataset. How-
ever, the short wave records of measured data means that most sites only have data avail-
ability from the early 2010’s and interannual change for all regions can only be discussed
for the last decade.

3.3 Intra-annual timescale analysis

Finally, we address the second objective, which is to examine the characteristics of cluster-
ing on the intra-annual timescale. To achieve this, we analyse the number of days between
consecutive exceedances. This was carried out for all parameters and sites at the 1 in 1-
and 5-year threshold before being aggregated together for UK-wide and regional analy-
sis. Modelled data were not included in the second objective due to the differences seen
between measured and modelled data while undertaking the first objective, as is discussed
later in the paper.

4 Results
4.1 Interannual (storm year annual exceedances)

The first objective is to assess the characteristics of clustering around the UK coast on
interannual timescales and evaluate the performance of the modelled hindcasts at capturing
these characteristics. To do this we assess the number of exceedances per storm year from
1979/80 to 2021/22 above the 1 in 1- and 5-year thresholds in each of the three measured
and modelled time-series and examine how this varies in time and space (across sites). The
number of exceedances at or above the 1 in 1- and 5-year thresholds are plotted in Figs. 4, 5
and 6 for surge, wave height and still sea level, respectively. In each of these 3 figures the: 1
in 1-year exceedances are plotted in panels (a) and (b) and 1 in 5-year exceedances in pan-
els (c¢) and (d); and measured data is plotted in figure panels (a) and (c) and the modelled
data in panels (b) and (d). In these 3 figures, time (i.e. storm years 1979/90 to 2021/22) is
represented on the x-axis and each site gauge is represented as a block on the y-axis, with
the number of exceedances represented by a colour shading. On the y-axis the sites are
plotted clockwise around the coast from Lerwick (at the top) for surges and still sea levels,
and from Newbiggin for wave heights. The horizontal lines (blue: surges, red: wave heights
and still sea levels) indicate the 5 regions shown in the inserted maps on the left side and
in Fig. 1. The total number of exceedances, and the number of storm years containing an
exceedance for each site, are listed in Tables 1 and 2 for tide gauges and Table 3 for wave
sites. Below we present the results, first for surges, then waves, and then still sea levels.
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4.1.1 Storm surge

First, we consider the measured storm surge component, shown in Fig. 4a, c. Without clus-
tering, one might expect the 1 in 1-year exceedance to be reached each year at every site.
However, it is evident in Fig. 4a that some storm years have multiple 1 in 1-year exceed-
ances across multiple sites, and some storm years have no exceedances at certain sites and
in certain regions. The 2013/14 storm year is the clear standout with the majority of UK
gauges having elevated counts of threshold exceedances. Spatial coherence among sites
in each of the 5 regions is apparent; i.e. if 1 site has a high number of exceedances, this is
likely also apparent at the other sites within that region. Furthermore, in most storm years,
exceedance counts are high across 2 or more of the 5 regions during the same period; at the
1 in 1-year level there is no storm year when exceedance counts are higher for just 1 of the
5 regions alone, implying that annual clustering impacts on large spatial scales across the
UK. Surge exceedances at or above the 1 in 1-year level at each site are listed in Table 1. At
all sites, the number of storm years when there was an exceedance is far less than the total
number of years of data available, showing again that annual clustering is strongly preva-
lent in surge time-series. There were 161 storm surges exceedances in the 2013/14 storm
year at or above the 1 in 1-year return level with 40 of the 42 operational tide gauges expe-
riencing an exceedance in this period. 33 (29) gauges experienced 2 (3) or more exceed-
ances in 2013/14. The storm years at the 1 in 1-year return level threshold that have similar
high counts of exceedances across a large spatial coverage are the 1992/93 and 2006/07
periods. The 2006/07 storm year saw 114 storm surge exceedances across 41 out of 44
operational gauges for the 1 in 1-year level. In 1992/93, there was a similar number of
storm surge exceedances (115) at the 1 in 1-year level, but these exceedances were across
32 out of 40 operational UK gauges. The 1992/93 storm year was the beginning of a 9-year
period (1992/93-2001/02) which contained 7 out of the top 10 storm years on record in
terms of total number of UK-wide storm surge exceedances at or above the 1 in 1-year
return level threshold. Other periods of elevated exceedance counts occur with smaller spa-
tial footprints. The 2011/12 storm year saw the second largest number of 1 in 1-year surge
exceedances in North Sea gauges. This was despite 5 of the 12 operational gauges having
no exceedances. The other UK regions during this period, except the Irish Sea, saw rela-
tively low counts of exceedances relative to the rest of the time period (1979-2021) and the
number of operational gauges.

At the 1 in 5-year return level threshold (Fig. 4c), the rarity of exceedances of this mag-
nitude is apparent, as expected given the higher threshold, with long periods of few exceed-
ances for large parts of the UK coastline and a much smaller overall count of exceedances
(Table 2). Similar to the results from the 1 in 1-year threshold, some spatial coherence
among sites in each of the 5 regions is apparent. However, with the exception of the
2013/14 storm year, exceedance counts are typically only higher across 1 or 2 of the 5
regions. This implies that meteorological forcing generally results in the annual cluster-
ing of smaller magnitude exceedances on a national scale, whereas the annual clustering
of higher magnitude exceedances occur on a more local scale and are likely more reliant
on storm paths. At the 1 in 5-year return level threshold, the 2013/14 storm year remains
the most significant on record with 52 storm surge exceedances. 33 of the 42 operational
tide gauges saw at least 1 surge exceedance. The 1992/93 storm year has the second high-
est annual total of 1 in 5-year surge exceedances (32), but the spatial coverage is reduced.
All but 3 of the surge exceedances occurred across 16 North Sea and North Atlantic tide
gauges. Interestingly, the 2006/07 storm year that had a high number of 1 in 1-year return
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level surge exceedances does not have a matching signal at the 1 in 5-year return level.
Each region has numerous multi-year periods where zero, or very few, exceedances were
recorded. For example, between 2003/04 and 2018/19 in the English Channel, 1 in 5-year
surge exceedances were only recorded in the 2013/14 storm year. There are also periods
where it is evident that few exceedances occurred across the entire UK tide gauge network.
The early-mid 1980’s saw many storm years containing few exceedances, but there were
18 or more tide gauges that were not yet operational in this period. In contrast, some recent
storm years where nearly all tide gauges were operational recorded few surge exceedances
at the national scale. The 2003/04 storm year recorded only 2 surge exceedances at only
1 gauge, the storm years of 2016/17 and 2019/20 only saw 1 exceedance each, and the
2009/10 storm year recorded no surge exceedances across all operational UK gauges.

The annual counts of the corresponding modelled storm surge extremes from the
CODEC hindcast, at or above the 1 in 1-year and 1 in 5-year return level are shown in
Fig. 4b, d, respectively. Interestingly, although the CODEC hindcast has been extensively
validated against measured still sea level data (with small root mean square errors and
mean absolute errors in the high-frequency time-series; see Muis et al. 2020), the counts in
surge exceedances above thresholds do not appear to closely agree. This would suggest that
while the hindcast accurately captures the mean characteristics of measured still sea level
well, the more extreme surge levels are not as accurately predicted at the gauge locations.
For the coincident time period (1979/80-2018/19), it is apparent that CODEC underes-
timates the total number of exceedances across all gauges at the 1 in 1-year return level
(1771 to 1502 exceedances), and the 1 in 5-year return level (382 to 179 exceedances),
relative to the measured data. Differences in measured versus modelled total counts are
also likely to be greater than stated, as there is a significant proportion of measured data
missing due to non-operational tide gauges, whilst the modelled hindcast provides continu-
ous gap-free data throughout the time period. Although there is some coherence between
the measured annual storm surge exceedances and CODEC in relation to some of the peri-
ods of low, or no counts at the 1 in 1-year return level, the hindcast tends to overestimate
the spatial footprint. The most evident difference between the modelled hindcast and the
measured surge exceedances is the lessened signal of the 2013/14 storm year. It remains as
one of the most significant periods but does not dominate the record like in the measured
surge record. Instead, the most significant storm year in the modelled hindcast records is
1989/90. At the 1 in 1- (5-) year return level, 158 (37) surge exceedances were recorded
across 40 (27) sites, whereas in 2013/14 there were 147 (31) exceedances across 44 (29)
sites.

4.1.2 Wave

Next, we consider wave heights. The annual counts of measured high significant wave
heights at each of the 45 waves site, at or above the 1 in 1-year and 1 in 5-year return
level are shown in Fig. 5a and c, respectively. Due to the relatively short duration of meas-
ured wave data, it is more difficult to characterise interannual change. As with surge, the
2013/13 storm year stands out, with spatial coherence among sites being apparent in each
of the 5 regions. The general pattern of wave exceedances is comparable to surge exceed-
ances from the corresponding English tide gauges, but there is a greater number of neigh-
bouring wave sites recording exceedances with the higher spatial density of wave sites. At
the 1 in 1-year return level (Fig. 5a), numbers of exceedances are fairly consistent across
all regions throughout the short record, with only the 2012/13 storm year having a high
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sea levels (offset for MSL) at Newhaven—all parameters shown in metres (m). The timeseries are plotted
with 1 in 1- and 5-year exceedances highlighted

number of sites not experiencing an exceedance with most sites being operational. At the 1
in 5-year return level (Fig. 5c), the North Sea sites appear to more consistently experience
storm years with exceedances, but this is difficult to characterise relative to the particularly
short data lengths. For example, Chapel Point has 4 storm years with a wave height exceed-
ance at or above the 1 in 1-year level out of only 9 storm years in its record (Table 3).
Sites in the English Channel have been operational for longer and show that periods of
elevated counts of 1 in 5-year wave height exceedances can be preceded and/or followed
by periods of no exceedances. There were only eight 1 in 5-year exceedances recorded
between 2003/04 and 2012/13 across all operational sites in the English Channel and just 1
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Fig.3 Seasonal counts of exceedances above the 1 in 1- and 1 in 5-year return level for: a storm surges at
Newhaven, b significant wave heights at Seaford, and c still sea levels at Newhaven
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exceedance occurred between 2018/19 and 2020/21. In contrast, the extreme storm year of
2013/14 produced significantly higher exceedance counts in the English Channel. At both
1 in 1- and 5-year return levels, the 2013/14 period has the highest number of exceedances
across all sites and most instances of a site experiencing > 1 exceedances in a storm year.
This primarily occurred in English Channel wave sites. Across all sites and storm years
of measured wave height data,~25% of all 1 in 5-year exceedances happened at English
Channel sites in the 2013/14 period.

The annual exceedance counts of the modelled high significant wave heights from
the closest ERAS hindcast grid node to the corresponding wave site, at or above the 1 in
1-year and 1 in 5-year return level are shown in Fig. 5b and d, respectively. There are fewer
ERAS grid nodes than NNRCMP wave sites due to the coarse resolution of the ERAS wave
hindcast. It is important to note that spatial coherence between sites in the modelled data
will be strengthened by the fact that 13 sites share the same ERAS grid nodes. Due to
short wave records, the modelled data can only be contrasted to the measured data for the
last~10-15 years. The 2013/14 storm year has a high number of counts and a large spa-
tial footprint at both return levels. However, similar to the modelled surge component, the
1989/90 storm year has a higher total of exceedance counts than 2013/14, but it cannot be
validated whether this is unusual using the measured data (as it was with surge levels), due
to the limited record of measured wave data which doesn’t go this far back in time at most
sites. After the 2013/14 storm year, the model underestimates the number of exceedances
by 173 at the in 1-year level and 46 at the 1 in 5-year level when compared to the measured
data. As expected, there are some clear similarities in the general patterns seen between
the ERAS hindcast wave heights and the ERAS-forced CODEC surge exceedances as both
are primarily driven by the meteorology of the ERAS reanalysis. At the 1 in 1-year return
level, the ERAS annual exceedances closely resemble the CODEC annual exceedances at
the English tide gauges. One of the most noteworthy differences is the strong wave signal
in 1979/80 which is not seen at most English tide gauges in the modelled surges. Interest-
ingly, when discounting the shared wave grid nodes and focusing on the 30 distinct English
wave grid nodes analysed in the ERAS hindcast, compared to 46 UK grid nodes analysed
in the CODEC hindcast, the modelled wave data have 58 more exceedances than the surge
hindcast at the higher 1 in 5-year return level threshold. The modelled annual exceedances
of wave heights also have a higher level of spatial coherence, with 4 more storm years hav-
ing 6 or more neighbouring sites all experiencing at least 1 exceedance, despite the lower
overall number of sites. This further highlights the smaller spatial scales associated with
the annual clustering of higher magnitude exceedances.

4.1.3 Still sealevel

Finally, we consider high still sea levels (e.g. tide plus surge, offset by MSL rise). The
number of still sea level exceedances at or above the 1 in 1-year and 1 in 5-year per storm
year, is shown in Fig. 6a and c for the measured data at each of the 46 tide gauge sites.
As with storm surges and waves, the 2013/14 period is the most significant storm year
on record for the total number of UK-wide measured high still sea level exceedances at
both the 1 in 1- and 5-year return level threshold. There were 175 (68) high still sea level
exceedances across 39 (34) of the 42 operational tide gauges at the 1 in 1- (5-) year return
level. It is rare for a site to experience more than one 1 in 5-year still sea level exceedance
in a storm year yet in 2013/14 this was the case for 21 gauges. The 2006/07 storm year had
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Fig.4 Seasonal counts of storm surge exceedances from 1979/80. Panels (a) and (c¢) contain measured data
from EA tide gauges and panels (b) and (d) contain modelled data from CODEC. The top panels (a, b)
show counts at the 1 in 1-year return level and the bottom panels (¢, d) show counts at the 1 in 5-year return
level. The modelled data is from grid nodes closest to the corresponding tide gauge. The left-side panels
illustrate the regional partitioning with blue circles being the tide gauges and red crosses being the cor-
responding grid nodes. This partitioning is further highlighted in the blue lines on the main panels. Grey
shading indicates periods of no data availability
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Fig.5 Seasonal counts of significant wave height exceedances from 1979/80. Panels (a) and (c) contain
measured data from NNRCMP wave sites and panels (b) and (d) contain modelled data from ERAS. The
top panels (a, b) show counts at the 1 in 1-year return level and the bottom panels (¢, d) show counts at the
1 in 5-year return level. The modelled data is from grid nodes closest to the corresponding wave site. The
left-side panels illustrate the regional partitioning with green crosses being the wave sites and pink asterisks
being the corresponding grid nodes. This partitioning is further highlighted in the red lines on the main
panels. Grey shading indicates periods of no data availability
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Fig.6 Seasonal counts of still sea level (offset for MSL rise) exceedances from 1979/80. Panels (a) and (c)
contain measured data from EA tide gauges and panels (b) and (d) contain modelled data from CODEC.
The top panels (a, b) show counts at the 1 in 1-year return level and the bottom panels (¢, d) show counts at
the 1 in 5-year return level. The modelled data is from grid nodes closest to the corresponding tide gauge.
The left-side panels illustrate the regional partitioning with blue circles being the tide gauges and red
crosses being the corresponding grid nodes. This partitioning is further highlighted in the red lines on the
main panels. Grey shading indicates periods of no data availability

the second highest count of 1 in 1-year still sea level exceedances, experiencing 149 across
40 of 44 operational gauges. However, as with storm surges, this period does not have a
matching signal of 1 in 5-year return level exceedances. Only fifteen 1 in 5-year high still
sea level exceedances were recorded across 12 gauges. Numerous 1 in 1-year return level
exceedances that are clustered in the 1993/94 to 2001/02 period (Fig. 6a) are also not rep-
resented to a similar extent at the 1 in 5-year return level. There are clear differences in
the measured still sea levels compared to the measured annual storm surge exceedances
(Fig. 4a and c). Storm years that contain storm surge exceedances on local and regional
scales do not necessarily have a corresponding signal of still sea level exceedances. At the
lower 1 in 1-year return level, there are 254 more measured still sea level exceedances than
storm surge exceedances (Table 1). All regions except the North Sea recorded stiller sea
level exceedances than storm surge exceedances in the record. It is evident from Figs. 6a
and 4a that the higher number of still sea level exceedances are clustered spatially and tem-
porally to a larger extent than the storm surge exceedances, as there is a greater number of
storm years with no still sea level exceedances at regional and national scales. The 9-year
period (1992/93-2001/02) which contains 7 out of the top 10 storm years on record for 1
in 1-year return level surge exceedances, however, does also contain 7 of the top 10 storm
year for high still sea level exceedances (6 matching storm years). Conversely, at the higher
1 in 5-year return level threshold (Fig. 6¢), there were 44 more storm surge exceedances
than high still sea level exceedances in the record (Table 2). This is despite both the North
Atlantic and Bristol Channel regions recording higher still sea level exceedances than
storm surge exceedances. The North Sea saw the highest number of storm surge exceed-
ances (121) and the greatest difference between the numbers of still sea level exceedances
(44 more surge exceedances, 26 more than the next largest regional difference in the Eng-
lish Channel) at the 1 in 5-year return level.
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The number of modelled 1 in 1- and 5-year high still sea level exceedances (again offset
by MSL rise) from the CODEC hindcast is shown in Fig. 6b and d for the grid nodes clos-
est to each tide gauge. For the total count of exceedances across all gauges, the CODEC
hindcast appears to better represent still sea level exceedances than surge exceedances at
both 1 in 1- and 5-year thresholds for the coincident time period. At the 1 in 1-year return
level (Fig. 6b), CODEC slightly underrepresents the measured data by a difference of 94
still sea level exceedances, whilst at the 1 in 5-year return level (Fig. 6d) CODEC slightly
overestimates with 118 more modelled still sea level exceedances. The modelled still sea
level data are consistent with some of the patterns seen across the modelled data for surges
and waves. When exceedances occur in the modelled data, they tend to affect multiple
neighbouring sites. The modelled still sea level data have more than double the number of
storm years where 10 or more neighbouring tide gauges experience at least one 1 in 1-year
exceedance. The 2013/14 storm year has a particularly reduced signal in the modelled still
sea levels, despite having the third highest total count for a storm year; there were 87 (38)
fewer exceedances compared to 1989/90. Like with surge levels, there is some coherence
between measured and modelled still sea levels in relation to period of low, or no counts.

4.2 Intra-annual: Days-between exceedances

The second objective is to examine the characteristics of clustering on intra-annual time-
scales. To achieve this, we analyse the number of days between consecutive exceedances at
or above the 1 in 1- and 5-year return levels for each of the 3 parameters, at each gauge site.
We do this only for the measured datasets and the entirety of the measured data records
available. As highlighted in Sect. 4.1, there are key differences in the modelled hindcast
datasets when compared to the measured datasets in the annual count patterns of storm
surge, wave height, and high still sea level exceedances.

The number of days between consecutive measured exceedances that occur within
365 days of the previous exceedance, at or above the 1 in 1- and 5-year thresholds, is
shown in Fig. 7a, b for surge levels, 7c, d for wave heights, and 7e, f for still sea levels, for
each gauge site available. Consecutive events occurring within 365 days of each other are
evident at both return level thresholds. However, it is clear that there are many more exam-
ples at the lower 1 in 1-year return level, where numerous exceedances occurred within
365 days of the last. In each of the 3 parameters, there are a number of exceedances that
occurred within very small time periods (i.e.<3 days apart) for the 1 in 1-year thresh-
old. Interestingly, there are many exceedances of still sea level at or less than 1 day, and
between 6 and~ 10 days (Fig. 7e); a feature not present in the surge (Fig. 7a) and wave
(Fig. 7c) results. This is likely a result of the spring neap tidal cycle and confirms the find-
ings of Haigh et al. (2016); when storms are separated by 4-8 days, 1 will always occur
during neap tide, and the combined still sea level, even with a large storm surge, is unlikely
to be high enough to lead to a high still sea level. As expected, given the higher threshold,
there are much fewer exceedances occurring within shorter periods at the 1 in 5-year level,
particularly in the surge and wave records.

The total number of exceedances and the minimum, maximum, median, and average
number of days between consecutive exceedances for each site are listed in Tables 1 and 2
for tide gauges and Table 3 for wave sites. At the 1 in 1-year return level, the clustering of
exceedances is prevalent. For example, there are 1793 still sea level exceedances that occur
across all 45-gauge sites within 365 days of the last exceedance. However, at the 1 in 5-year
return level, the clustering of exceedances becomes far less apparent. Only ~ 7% of the 1793
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still sea level exceedances at or above the 1 in 1-year are at or above the 1 in 5-year level.
A similar proportion of 1 in 5-year exceedances is shown across the other parameters ana-
lysed when compared to their respective 1 in 1-year return level exceedance totals (~7% for
surges, ~ 8% for waves). Nevertheless, the proportions of 1 in 5-year exceedances occurring
in quick succession is still of significance given the rarity of exceedances of this magni-
tude. Importantly, all parameters have the highest number of the exceedances occurring on
short temporal scales in the periods of highest data availability. Therefore, it is likely that
due to the drop off in data availability before the 1990’s for tide gauge data, and the late
2000’s for wave data, that a significant number of exceedances have been missed. The gap
between many consecutive exceedances may also consequently be overestimated. Despite
this, it is clear that significant numbers of exceedances are clustering over short periods.

Next, we consider the percentage of consecutive exceedances around the UK occurring
at 6 different chosen timescales, namely: < 1-3 days, 3—14 days, 14-50 days, 50-100 days,
100-365 days, and>365 days. Results are shown in Fig. 8 for the 3 parameters, for
both the 1 in 1- and 5-year thresholds. For all parameters, the majority (>65%) of 1 in
1-year exceedances occur within 365 days of the previous exceedance. Importantly, sig-
nificant proportions occur on far shorter timescales. At the 1 in 1-year threshold, approxi-
mately ~24% (~44%) of still sea level exceedances occur within 3 (50) days of the previ-
ous exceedance whereas~ 10% of storm surge exceedances occur within 3 days and~26%
(~39%) occur within 14 (50) days of the previous exceedance. Approximately ~20%
(~35%) of wave height exceedances occur within 14 (50) days. Of the still sea level exceed-
ances occurring within 2 weeks of the last, ~75% occur in less than 2 days (Supplementary
Figure S4). At the 1 in 5-year return level, exceedances occurring within 365 days of the
previous exceedance account for~26% of surge exceedances and~34% of still sea level
exceedances. Although there are 33 examples of quick succession still sea level exceed-
ances occurring within 14 days of the last exceedance, all but 1 occurred within 4 days of
the previous exceedance.

The percentages of consecutive exceedances at the 6 specified timescales are shown in
Fig. 9a—e for surge and still sea level, but this time averaged across the sites within the spe-
cific 5 UK regions (shown in Fig. 1a) and again for all sites (Fig. 9f). Spatially, clustered
periods of 1 in 1-year exceedances account for similar proportions of consecutive exceed-
ances across all UK regions; there are negligible differences between regions. The regions
that have the smallest proportions of successive 1 in 1-year still sea level exceedances
occurring within 365 days of the previous exceedance are the North Sea and English Chan-
nel. The Bristol Channel and North Atlantic have the highest proportions occurring within
365 days of the prior exceedance. Both regions have over half of still sea level exceedances
occurring within 50 days of the last exceedance. At the higher 1 in 5-year return level,
the North Sea has the smallest proportions of exceedances occurring within 365 days of
the previous exceedance for both still sea level and surge parameters. Only ~21% of still
sea level exceedances and ~ 17% of surge exceedances occur within 365 days of the prior
exceedance. The Bristol Channel has the highest proportions for the 2 parameters. Despite
no 1 in 5-year still sea level exceedances occurring in the Bristol Channel within 14 days
of each other, ~60% occur within 365 days of the last. Conversely, the Bristol Channel has
a high proportion of 1 in 5-year surge exceedances occurring within 14 days of each other
(~17%). North Atlantic gauges have no still sea level exceedances occurring within 3-14
or 50-100 days of the last. Nevertheless, the North Atlantic still has the second highest
proportion of exceedances (~33%) occurring within 365 days of the prior exceedance. The
North Atlantic has a higher percentage (~21%) of 1 in 5-year surge exceedances occurring
within 14 days of the previous exceedance than the North Sea has exceedances occurring
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within 365 days of the last (~ 17%), yet North Atlantic gauges record no instances of a 1 in
5-year surge exceedance occurring within either 14-50 days or 50-100 days of the previ-
ous exceedance.

The percentage of consecutive exceedances at the 6 specified timescales are shown in
Fig. 10 for significant wave height; as the NNRCMP data is only for England, the data
is averaged across the sites in 5 main English regions (Fig. 10a—e, the regions are shown
in Fig. 1b) and again for all sites (Fig. 10f). The results must be approached with some
caution, as some regions have a low number of sites, and the overall wave record length
is short. Most of the wave sites are found in the English Channel, and these tend to also
have the longest records. However, for the measured exceedances, the North Sea has by
far the highest percentage (~20%) of 1 in 1-year exceedances occurring < 1-3 days after
the previous exceedance, when compared to the other English regions. The other regions
have~14-21% of consecutive exceedances occurring within 14 days of the previous—
except for the Irish Sea which only experiences~4% of exceedances in < 1-3 days of the
prior exceedance and no exceedances within 3—14 days. At the 1 in 5-year return level,
the differences become starker as the greater rarity of these exceedances combine with
the short records. The Irish Sea exhibits no exceedances within 14 days of the previous
exceedance, the Celtic Sea has no exceedances within 50 days of the prior, and the Bris-
tol Channel has no exceedances within 100 days of the prior.~5 (~11%) of North Sea 1
in 5-year return level exceedances occur within 3 (14) days of the previous exceedance,
whereas the English Channel has no exceedances within 3 days of the previous exceedance
but has ~ 18% occurring within 14 days.

5 Discussion

We used measured and modelled still sea level and wave data to quantify the prevalence
of storm clustering in surges, waves and still sea levels around the UK on interannual and
intra-annual timescales. Analysis of interannual clustering around the UK showed that all
parameters (i.e. surges, wave heights and still sea levels) exhibit consecutive storm years
that contain high counts of exceedances, as well as consecutive storm years that contain
low counts of exceedances. There are periods where significantly more exceedances are
found compared to other storm years, such as 2006/07 or 2013/14—which is the stormi-
est on record (Matthews et al. 2014) and saw widespread coastal flooding due to extreme
sea levels and waves (Haigh et al. 2016). Our results reaffirm this, with the season’s high
number of exceedances and large spatial footprint being unmatched across all measured
parameters. These periods of varying counts of exceedances are likely linked to changes in
the large-scale ocean-atmospheric patterns that have been shown to affect the prevalence of
UK storm surges and waves, such as the North Atlantic Oscillation (NAO) or West Europe
Pressure Anomaly (WEPA) (e.g. Woodworth et al. 2007; Castelle et al. 2017; Malagon
Santos et al. 2017).

Importantly, there are storm years where numerous exceedances at the 1 in 1-year
return level do not have a closely matched signal at the 1 in 5-year return level. For
example, 2006/07 recorded 149 still sea levels at or above the 1 in 1-year level, but only
15 of those still sea levels were at or above the higher 1 in 5-year level. This cluster-
ing of lower magnitude events is important for beach recovery mechanisms as it has
been shown that moderate to high energy winter wave conditions can be essential to
morphological recovery at certain beaches whilst stalling recovery at others (Scott
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et al. 2016; Dodet et al. 2019; Harley et al. 2022). With MSL continuing to rise into the
future, these clusters of exceedances will be either of a higher magnitude or occur even
more frequently through time as they will be associated with smaller surge events than
currently observed—the vast majority of UK sea level exceedances at the 1 in 5-year
return level are caused by moderate, rather than extreme, skew surge events that occur
at high spring tides (Haigh et al. 2016). Consequently, understanding how the cluster-
ing of storms of a lower magnitude occurs in the atmosphere would be of interest as
the literature investigating the atmospheric conditions responsible for the clustering of
midlatitude storms has focused on only the most intense storms (e.g. Pinto et al. 2014;
Priestley et al. 2017a, 2020; Dacre and Pinto, 2020).

There is a level of spatial coherence for exceedances shown among regions around the
UK coast—if a site were to experience a storm surge, wave height, or still sea level exceed-
ance in a storm year, it is likely that neighbouring sites in that region will also experience
an exceedance in that period. This spatial coherence supports other research that has identi-
fied broad regional footprints of storm events (Haigh et al. 2016) and has been utilised in
the risk assessments underpinning UK resilience planning (DEFRA, 2017). Incorporating
the high levels of temporal clustering seen in this research into the synthetic scenarios cre-
ated for the ‘National Risk Assessment: Coastal Flooding Impact Analysis’ (2017) would
also allow for the sensitivity of impacts in the national scenarios to be tested against the
arrival of storms in sequences.

A key finding of this work is that significant proportions of storm surge, wave height
and still sea level exceedances are clustered on intra-annual timescales. As expected,
exceedances of a lower-magnitude tend to cluster more than those of a higher-magni-
tude. Storm surge exceedances occurring within 50 days of the previous exceedance
account for ~40% and ~ 15% of exceedances at or above the 1 in 1-year, and 1 in 5-year
return level, respectively. Despite having a smaller storm window, which can allow
for more quick succession clustering to be recorded, our analysis similar to that of
Malagon Santos et al. (2017) resulted in lower proportions of 1 in 1-year wave height
exceedances occurring within 4, 8, and 20 days of the last event when compared to
their results. A similar proportion of wave exceedances occurred within 4 days of the
previous event (~12% compared to~16%), but we find only ~22% occurring within
20 days compared with Malagon Santos et al.’s (2017)~50%. In contrast, we iden-
tify significant further clustering in still sea levels than Haigh et al. (2016). With our
updated data record, we find 32 pairs of still sea levels that exceed the 1 in 5-year
return level whilst Haigh et al. (2016) found 7; although, they focused on events across
sites, whereas we focus on individual sites, so a direct comparison is not possible. We
find that still sea levels cluster more than storm surges and waves, with~25% (~9%)
of all consecutive 1 in 1- (5-) year still sea level exceedances occurring within 4 days
of the last and~83% (~78%) of these exceedances occurring within 2 days. At both
return levels, over half of all still sea level exceedances occurring within 28 days of the
prior exceedance happen within 2 days. These quick-succession exceedances are likely
to be a result of astronomical high tides either exceeding the threshold or raising the
still sea level enough so that lower-magnitude storm surges raise the sea levels above
critical thresholds. This is shown by the far higher number of 1 in 1-year storm surge
exceedances occurring within 2 days of the last (123 pairs) compared to the 1 in 5-year
exceedances (2 pairs).
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Days between

Fig.7 Number of days between consecutive measured (a, b) storm surge, (¢, d) significant wave height
and (e, f) still sea level exceedances that occur in less than 365 days. The number of days is calculated for
consecutive exceedances at individual sites and then collated. The left panels (a, ¢, e) are the number of
days between consecutive 1 in 1-year return level exceedances whereas the right panels (b, d, f) are for con-
secutive 1 in 5-year return level exceedances. Grey shading indicates the number of sites where 50% of data
within that year is available. The darker the grey the fewer sites have at least 50% data coverage for that year

Our analysis shows that storm surge exceedances are not always concurrent with still
sea level exceedances. As discussed above, this is expected as high still sea levels are
driven primarily by high spring tides and moderate, rather than extreme, surges (Haigh
et al. 2016). The spring/neap tidal cycle was shown in Haigh et al. (2016) to prevent con-
secutive 1 in 5-year still sea level events occurring within 4-8 days of each other as one
would always fall on neap tide. This tidal cycle leads to many ‘misses’ where extreme surge
events do not coincide with extreme still sea levels as the combined sea level is not raised
high enough. We found only one instance of 1 in 5-year still sea level exceedances occur-
ring within 4-8 days of each other, but we did find 29 1 in 1-year still sea level exceedances
occurring in this window. These represent particularly extreme surge events that raise still
sea levels above the 1 in 1-year return level even at neap tide.

Our comparison between the measured and modelled datasets illustrated some of the
important problems associated with using modelled hindcasts for the analysis of extremes.
There are significant challenges in accurately modelling extreme events (Sillmann et al.
2017) and any model will inherit the uncertainties associated with the forcing used to drive
the model. The modelled datasets used here accurately represented the general statistics of
the measured data (as illustrated by the good level of validation; see Muis et al. 2020) but,
as we show here, they do not capture some of the interannual and intra-annual signals and
patterns in the exceedance levels. For instance, it is unclear why the stormiest period on
record (2013/14) for still sea level, storm surge and significant wave height exceedances
was not characterised to the same extent in the modelled data of those parameters. Never-
theless, hindcasts are the only method of gaining gap-free continuous data around the coast
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Fig.8 Percentage of consecutive measured surge, significant wave height, and still sea level exceedances
around the UK occurring at different timescales. The number of days is calculated for consecutive exceed-
ances at every individual site and then collated. For each pair of stacked bars, the left bar is for 1 in 1-year
return level exceedances and the right bar is for 1 in 5-year level exceedances
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Fig.9 Percentage of consecutive surge and still sea level exceedances occurring at different timescales for
different regions of the UK shown in Fig. 1a. These regions are a North Sea, b English Channel, ¢ Bristol
Channel, d Irish Sea, e North Atlantic and f all regions together. The number of days is calculated for con-
secutive exceedances at individual sites and then collated by region. For each pair of stacked bars, the left
bar is for 1 in 1-year return level exceedances and the right bar is for 1 in 5-year level exceedances

(and at ungauged sites), which is particularly important considering the short data record
lengths of UK wave buoys.

A key limitation of our study is the lack of data availability through time. This is a com-
mon problem for the research of extreme natural hazards, but it is compounded in cluster-
ing research due to the further rarity of the phenomenon. Wave data are mainly limited to
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the last decade and any analysis further back in time relies on modelled hindcasts. The var-
ying data lengths of tide gauges also present the possibility of data bias when analysing the
days between consecutive exceedances. Repeating the intra-annual (days between) analysis
for tide gauge sites with>30 years of data produces similar results to that of all sites (see
Supplementary Figure S5). This indicates that the results are not significantly biased by
sites with short data lengths and present an adequate portrayal of extremes through time.
As the wave sites have far shorter data record lengths, an element of data bias must be
considered in wave height results. The use of non-English wave buoys would improve this
research, but wave buoys found in other parts of the UK (such as WaveNet’s) are mainly
further offshore and therefore unsuitable for this research. Although we have a higher den-
sity of sites for English regions when compared to the tide gauge network, we are miss-
ing key UK regions. For example, there are no wave sites in the North Atlantic nor on
the northern coastline of the Bristol Channel—2 important regions of clustering identified
from the still sea level and surge analysis.

This analysis focused on storm surges, significant wave heights and still sea levels.
Other parameters, such as long period swell waves and total water level can also affect
coastal flooding (e.g. Sibley and Cox, 2014) and understanding how these cluster across
the UK would be of interest. The ERA5 wave hindcast contains wave swell and could also
be used to create a novel dataset of total water level far longer than is possible with meas-
ured wave data. This extended dataset of total water levels around the UK coastline will be
of particular interest as wave-induced water levels represent the maximum potential haz-
ard from the compound effects of sea levels and waves. Further work could also examine
the specific storm durations, severities and chronologies of the clusters found here. Such
characteristics have been shown to greatly affect morphological response (Eichentopf et al.
2019) and analysis on this subject would help explain the extent that the exceedance clus-
tering found in this research is affecting the UK coastline.
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Fig. 10 Percentage of consecutive significant wave height exceedances occurring at different timescales for
different regions of the UK shown in Fig. 1b. These regions are a North Sea, b English Channel, ¢ Celtic
Sea, d Bristol Channel, e Irish Sea and f all regions together. The number of days is calculated for consecu-
tive exceedances at individual sites and then collated by region. For each pair of stacked bars, the left bar is
for 1 in 1-year return level exceedances and the right bar is for 1 in 5-year level exceedances
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6 Conclusions

In this paper we assessed the temporal characteristics of the clustering of storm surges,
waves and high still sea levels around the UK coastline. We identified exceedances
at or above the 1 in 1- and 1 in 5-year return level on two timescales: interannual and
intra-annual.

We used annual counts of exceedances to identify interannual clustering across
the time series and the spatial footprint of clustered periods. We compared measured
datasets to modelled hindcast datasets and highlighted the issues surrounding the use
of modelled data for the analysis of storm clustering. Exceedances are not consistent
through time and there are significant periods with and without exceedances, at our two
chosen thresholds. There is a level of spatial coherence between sites around different
regions of the UK with elevated annual counts of exceedances frequently occurring
across neighbouring sites in a given region. It is important to account for this when
assessing the risk of events aggregated at large scales; for example, to inform insurance
industry resilience or national emergency preparedness. The 2013/14 period is the most
extreme storm year on record, with exceptional high counts across all parameters at both
the 1 in 1- and 5-year return levels. Some storm years, such as 2006/07, also saw high
numbers of exceedances at the lower 1 in 1-year return level without a matching high
signal at the 1 in 5-year return level.

We then examined the number of days between consecutive exceedances to quantify the
proportion of exceedances that cluster over intra-annual timescales within a storm year.
We compared this between regions to classify differences between the levels of clustering
around the UK coast. A key finding is that within storm years containing multiple exceed-
ances, significant proportions of these occur in quick succession; storm surge, wave and
still sea level exceedances occurring within 50 days of the previous exceedance account
for~35-44% and ~ 15-22% of exceedances at or above the 1 in 1-year and 5-year return
level, respectively. The clustering of storms is apparent in all regions of the UK but is more
prevalent in the North Atlantic and Bristol Channel, and less prevalent in the North Sea.

This research has demonstrated the prevalence of clustering of extreme coastal storm
parameters at different temporal scales. It shows that coastal communities are likely to
face multiple storm surge, wave and still sea level exceedances in stormy years, and that
neighbouring regions are also likely to experience this as well during that period. This
highlights the non-stationarity of extreme environmental return periods and the chal-
lenges associated with assigning these to individual events. The criticality of cluster-
ing of storms in quick succession for amplifying damage and limiting recovery of the
natural and built coastal defence system has many implications for coastal stakeholders,
be it for the repeated closure of storm surge barriers, event allocation and multiple pay-
outs for insurers, or for higher levels of emotional distress within coastal communities
that have been associated with repeat flooding (Lamond, 2014). Developing a greater
understanding of the timescales on which storm surges, waves and still sea levels cluster
allows for improved preparedness in emergency planning and will better support coastal
resilience and adaptation measures. This is particularly pertinent to allow for fast, effec-
tive, post-event, actions to be taken in a future where a rapid increase in event frequency
and clustering should be expected as MSL, and associated tide levels, continue to rise.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11069-022-05617-z.
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