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A B S T R A C T

Coastal flooding, driven by extreme sea levels, is a significant threat to the coastline of the United Kingdom. The 
primary contribution to extreme sea levels is the combination of tide and surge and understanding how these 
components interact is critical to assessing extreme sea levels at the coast. Here, we analyse the interactions of 
skew surge and tidal high water, non-tidal residual and tidal phase, and non-tidal residual and tidal level using 
the entire observational tide gauge network of the UK, a near 500-year model, and a model run of 2013/14 with 
an artificially adjusted forcing to examine how storm arrival time impacts these interactions. We show that the 
levels of tide-surge interaction at most sites are relatively insensitive to the magnitude of the extreme value 
threshold and the declustering window size. Measured data show greater levels of interaction than modelled data 
and although there is little interaction between skew surge and tidal high water, there are sizeable tide-surge 
interactions between the non-tidal residual and the astronomical tide, the largest being for tidal phase. 
Around the UK, extreme non-tidal residuals generally occur favourably between 1 and 5 h before tidal high water 
and at tidal levels that are at, or below, the average tidal level. When storm arrival time is artificially shifted, the 
overall change in interaction around the UK is relatively small, with skew surge and non-tidal residual maxima 
occurring at similar respective tidal high waters, tidal phases, and tidal levels, although variation is seen on 
smaller spatial scales. Our findings advance the understanding of non-linear tide-surge interactions around the 
UK, which is essential for the accurate estimation of extreme sea level probabilities and thus the defence of the 
coastline against coastal flooding.

1. Introduction

Coastal flooding from extreme sea levels is among the costliest and 
most dangerous natural hazards, with wide ranging social, economic, 
and environmental impacts. The United Kingdom (UK) has a long his
tory of coastal flood events, the most prominent in the last century being 
the ‘Big Flood’ of January 31st to February 1st 1953, where 330 people 
lost their lives on the east coast of England and Scotland with an esti
mated £1.2 billion in damages (McRobie et al., 2005). The UK has also 
seen periods of significant, continued coastal flooding such as in 
2013/14, which was the stormiest winter season on record (Matthews 
et al., 2014). During the December to February period in 2013/14 an 
intense extra-tropical cyclone hit the UK on average every 2.5 days 
(Priestley et al., 2017). The high number of storm events and the low 
inter-event times translated into the highest number of sea level, surge, 

and wave threshold exceedance events for a winter season in the UK, 
also with the highest levels of temporal clustering (Jenkins et al., 2023; 
Wadey et al., 2015). The UK has seen an annual average of £540 million 
worth of damages due to coastal flooding (Sayers et al., 2015) presenting 
a significant risk to coastal assets, such as residential and commercial 
property, storm surge barriers, and strategic coastal infrastructure, 
including nuclear power stations. Therefore, flooding is one of the 
highest priority risks for civil emergencies in the UK (Cabinet Office, 
2020).

Coastal flooding from extreme sea levels occurs due to combinations 
of: a) astronomical tide; b) storm surge; c) waves (particularly wave 
setup and runup); and d) relative mean sea level (Pugh and Woodworth, 
2014). The stage of the tide is crucial to the creation of extreme sea 
levels, and in the UK most occur due to moderate skew surges (the ab
solute difference within a tidal cycle between the maximum measured 
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sea level and the predicted tidal high water level, irrespective of the time 
of occurrence: de Vries et al., 1995) combining with high spring tides 
rather than simply extreme surges (Haigh et al., 2016). All four com
ponents of extreme sea levels experience topographic amplification near 
the coast and there are non-linear interactions between the four com
ponents (Haigh et al., 2022). Non-linear interactions between the tidal 
and storm surge components have been recognised and studied, 
particularly in the southern North Sea. For example, Doodson (1929)
noticed a tendency for surge maxima in the Thames Estuary in the UK to 
occur most frequently on the rising tide. Proudman (1957, 1955)
examined the propagation of an externally forced tide and surge into an 
estuary of uniform section and highlighted the impact of shallow water 
and bottom friction on the timing and magnitude of highwater, both for 
standing and progressing waves. Rossiter (1961) used numerical solu
tions, again in an idealized estuary, and showed how a negative surge 
would retard tidal propagation, whereas a positive surge would advance 
high water, through a combination of depth affecting the wave propa
gation speed, and depth-dependent frictional terms in the equations of 
motion. Assessing tide gauge data along the UK east coast, Prandle and 
Wolf (1978a, 1978b) confirmed the tendency for surge peaks to occur 
most often on the rising tide. They also used numerical models to 
conclude that this pattern arises irrespective of the phase relationship 
between tide and surge in the northern North Sea and separated the 
contributions to interaction from shallow water and bottom friction. 
Building on these early studies, Horsburgh and Wilson (2007) analysed 
sea level data at 5 tide gauges in the North Sea and showed that the 
mode of peak non-tidal residual occurrence is 3–5 h before the nearest 
high water. They showed that these patterns can be described using a 
simple mathematical explanation based on a phase shift of the tidal 
signal combined with the modulation of surge production due to water 
depth. Since then, many others have highlighted and examined 
non-linear interactions between the tide and storm surge components in 
other regions of the world (e.g., Dinápoli et al., 2021; Hu et al., 2023; 
Song et al., 2020; Xiao et al., 2021; Yang et al., 2023; Zhang et al., 2010) 
and, recently, a global analysis was undertaken by Arns et al. (2020)
who found that extreme sea level magnitude can be overestimated by up 
to 30 % if non-linear interactions are not considered.

The Horsburgh and Wilson (2007) study highlighted that the analysis 
of non-tidal residuals is problematic since there is not always a genuine 
atmospheric contribution to large residuals (Williams et al., 2016). This 
has encouraged the use of skew surges, rather than non-tidal residuals. 
An illustration of skew surge is shown in Fig. 1a. Based on an analysis of 
tide gauge records spanning decades from the UK, the United States, the 
Netherlands, and Ireland, Williams et al. (2016) assessed the relation
ship between high tides and skew surges and showed that the magnitude 
of the height of tidal high water exerts no influence on the size of the 

most extreme skew surges. These results justified the assumption of in
dependence between tides and skew surges, which is used for the esti
mation of extreme sea level probabilities in the UK coastal flood 
boundary conditions approach (Batstone et al., 2013; Environment 
Agency, 2018). Previous methodologies for calculating extreme sea level 
probabilities around the UK coast (e.g., Dixon and Tawn, 1994) used 
empirical relationships between tide and non-tidal residual to account 
for non-linear interactions.

In this paper, we contrast, for the first time to our knowledge, the 
main methods that have been applied to UK tide gauge data on regional 
to national spatial scales, building on the approaches applied by Hors
burgh and Wilson (2007); Haigh et al. (2010); and Williams et al. 
(2016). Horsburgh and Wilson (2007) compared the normalised distri
bution of the frequency of non-tidal residual events against tidal phase at 
6 North Sea sites, also modelling the difference in surge production with, 
and without, the inclusion of the tide. Haigh et al. (2010), building on 
the approach of Dixon and Tawn (1994), introduced the use of the 
Chi-squared test statistic for tidal phase at the time of extreme non-tidal 
residuals to test for tide-surge interactions at 18 English and French tide 
gauges in the English Channel. They also undertook the analysis of 
different temporal periods in a record, applying linear regression to 
Chi-squared test results to evaluate changes to tide-surge interaction 
through time. Williams et al. (2016), for 77 tide gauges in Northern 
Europe and the east coast of the U.S.A, applied Kendall’s rank-based 
correlation (τ) for extreme skew surges (top 1 %) and predicted high 
water, before comparing the probability density functions (pdf) of high 
waters against the pdf’s of high waters at the time of the top 1 % of skew 
surges. Then, they evaluated seasonal signals of tide-surge interaction by 
comparing the pdf of high waters at the time of extreme skew surges for 
different months that are weighted by their storminess. Finally, Williams 
et al. (2016) modelled the difference in skew surge at 7 sites when four 
synthetically generated storms arrive at either a spring, or neap tide. 
Following some of these methods, we analyse tide-surge interactions 
and compare results around the UK coastline through the lens of: (1) 
skew surge against high tidal level; (2) non-tidal residual against tidal 
level; and (3) non-tidal residual against tidal phase (note it is not 
possible to assess skew surge against tidal phase, as by definition, each 
skew surge occurs at high water). We test the levels of tide-surge 
interaction sensitivity seen with varying event-defining thresholds and 
‘storm windows’ for each of these ‘parameter pairs’, to highlight dif
ferences in interaction seen with varying event definition and declus
tering methods. We start by using measured sea level data at 45 tide 
gauges around the UK coast. We then repeat this analysis for a 
state-of-the-art near 500-year model run of tide and surge under 
pre-industrial climate conditions (Howard and Williams, 2021) and 
compare the measured and modelled results. Then, we implement a 

Fig. 1. Illustration of (a) skew surge: the difference between the maximum measured sea level and the predicted tidal high water in a tidal cycle, and (b) tidal phase: 
the time to the nearest predicted tidal high water.
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hydrodynamic modelling exercise to assess the magnitude of non-linear 
interactions that arise as a result of storms at different times in the tidal 
cycle, showing how the interactions change with a time-adjusted 
meteorological forcing and how they alter the extreme sea level 
magnitude variation.

We have two objectives for our time-series analysis and a third 
objective for our modelling exercise. For the time-series analysis our 
objectives are: 

1. To examine the sensitivity of tide-surge interactions due to varying 
event-definition and declustering windows;

2. To determine the levels of tide-surge interaction seen around the UK 
in the observational record and compare this to the levels seen in a 
near 500-year model run;

And, for the modelling exercise our objective is: 

3. To analyse how tide-surge interaction, and extreme event magni
tude, change with shifts in storm arrival time.

2. Data and methods

The analysis was undertaken in two main steps: (1) the time-series 
analysis, and (2) the hydrodynamic modelling. Each analysis stage is 
described in the sub-sections below, along with the datasets used.

2.1. Time-series analysis

For this analysis, we utilise measured time-series of tidal level and 
phase, non-tidal residual, and skew surge to investigate the levels and 
characteristics of non-linear interactions that occur around the UK. We 
then repeat this analysis for sea level data from a near 500-year pre- 
industrial climate model control run and compare the differences in 
interaction.

2.1.1. Data
The measured data sources used in this stage of analysis are sea level 

records from the UK National Tide Gauge Network (UKNTGN) that 
forms part of the Coastal Flood Forecasting Service (UKCFFS). These 
gauges provide high-frequency measurements of still sea level in hourly 
frequency before 1993 and 15-min frequency after 1993. Still sea level is 
the height of the sea surface excluding ocean surface waves, consisting 
of the astronomical tide, storm surge components and mean sea level 
variations. Still sea level data records from the gauges were downloaded 
from the British Oceanographic Data Centre (BODC) website (http 
s://www.bodc.ac.uk/).

BODC monitors, retrieves and quality controls the measurements 
from the tide gauge network. Any flagged values by the BODC quality 
control were removed and the levels were converted relative to 
ordnance datum Newlyn (ODN). The 45 tide gauge locations and their 
regional grouping used in this paper can be seen in Fig. 2.

The modelled data source for the time-series analysis is the dataset of 
simulated UK storm surges described in Howard and Williams (2021). 
The authors created the dataset using the National Oceanography 

Fig. 2. The Continental Shelf Model 3 model domain and grid nodes, as well as the locations of the UK National Tide Gauge Network tide gauges and their 
regionalisation used in this study.
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Centre’s Continental Shelf 3 (CS3) model forced with a 483-year control 
run of pre-industrial climate from the Hadley Centre Global Environ
ment Model in the Global Couple configuration 3, medium resolution 
atmosphere, medium resolution ocean numerical model (HadG
EM3-GC3-MM) (Williams et al., 2018). CS3 is a depth-averaged baro
tropic coastal shelf model that has a resolution of 1/9◦ by 1/6◦ (latitude, 
longitude) and consists of the European shelf region (48N–63N, 
12W-13E) (Flather et al., 1991). The 15 largest tidal constituents are 
applied at the domain lateral boundaries. Typically, when forced with 
numerical atmospheric data, total water levels produced by CS3 see root 
mean square errors in the order of 10 cm (Flather, 2000). CS3 was also 
used for the modelling component of this study. HadGEM3-GC3-MM in 
the mid-latitudes has a horizontal resolution of 1/4◦ for the ocean and 
~60 km for the atmosphere. A tide-only run and a tide and surge run 
were provided, consisting of hourly time-series on a 135 by 150 (latitude 
by longitude) grid. As the climate conditions were fixed, there is no 
influence of climate change and mean sea level change was also not 
included. We determined the grid nodes closest to the measured tide 
gauges and extracted those time-series for this analysis. The model 
domain and grid nodes can be seen in Fig. 2.

2.1.2. Data pre-processing
From the measured and modelled data records, we derived 4 time- 

series, namely: (1) astronomical tide, (2) phase of astronomical tide, 
(3) non-tidal residual and (4) skew surge.

To calculate astronomical tide levels from the measured sea level 
records, we first removed relative mean sea level (MSL) trends from the 
still sea level records to meet the assumption of stationarity in the tidal 
harmonic analysis. Linear regression was used to estimate MSL trends in 
a method undertaken by numerous previous sea level studies (Haigh 
et al., 2009, 2016; Jenkins et al., 2023; Woodworth et al., 2009). This 
method leaves interannual MSL variability within the time-series by 
removing annual MSL trends that had been first interpolated to hourly 
time-series. Harmonic analysis and tidal reconstruction were then un
dertaken using the MATLAB Unified Tidal Analysis and Prediction 
Functions (U-Tide) (Codiga, 2022), analysing each calendar year sepa
rately. If a year contained less than 50 % of data, the constituents 
calculated from the harmonic analysis of the nearest year that contained 
over 50 % of data were used for the tidal reconstruction. Modelled tidal 
levels were provided within the dataset, so no pre-processing was 
necessary.

As this research is centred on extreme events and coastal flooding, 
the timing relative to astronomical high water is of great interest as tides 
strongly modulate coastal flooding in the UK (Haigh et al., 2016; Jenkins 
et al., 2023). Therefore ‘phase’ in this study refers to the time relative to 
the nearest astronomical high water, as shown in Fig. 1b. To calculate 
tidal phase, we first identified all the astronomical high waters in the 
measured and modelled tide time-series. Then we calculated the time to 
the nearest astronomical high water for every timestep, leaving an 
equally sized time-series of tidal phase as for the tidal level.

The measured non-tidal residual was calculated simply by subtract
ing the calculated astronomical tide from the measured still sea level at 
each tide gauge. Similarly, we subtracted the tide-only modelled time- 
series from the modelled tide and surge time-series to get the 
modelled non-tidal residual. The non-tidal residual primarily contains 
the meteorological contribution termed the ‘surge’ but may also contain 
harmonic prediction errors or timing errors and non-linear interactions.

Skew surges, by definition, occur once per tidal cycle. To determine 
the skew surge values, we used the astronomical high waters identified 
in the computing of tidal phase and calculated the difference between 
those and the maximum measured or modelled still sea level for each 
respective tidal cycle, extracting time-series of skew surges at each tide 
gauge site or grid node.

2.1.3. Analysis
For the data analysis of the time-series, we combine parts of, and 

build upon, the different methods of Horsburgh and Wilson (2007), 
Haigh et al. (2010), and Williams et al. (2016), which to date (to our 
knowledge) have not been compared and contrasted. We do this for the 
parameters of: (1) non-tidal residual against tidal level; (2) non-tidal 
residual against tidal phase; and (3) skew surge against high tidal level.

Initially, we applied Williams et al. (2016) method, testing for the 
independence of non-tidal residual and skew surge from the tide by 
analysing whether tidal levels and phases at the time of extreme events 
have the same statistical distribution as all the respective tidal levels or 
phases, and whether skew surges have the same distribution as tidal high 
waters. If the distributions are the same, then one can conclude that the 
variables are independent from one another. We utilised a Gaussian 
kernel density estimator (kde) to estimate probability density functions 
(pdf/s), first to get 100 evaluation points for the population (e.g., 100 
tidal phases from all the tidal phases in a time-series), then to use those 
evaluation points to undertake a kde pdf of the population, and lastly to 
get a kde pdf of the sample (e.g., tidal phases at time of extreme 
non-tidal residuals evaluated along the same 100 evaluation points 
derived from the entire tidal phase time-series). For skew surge and tidal 
levels, the bandwidth for the kernel smoothing function was calculated 
through the ‘plug-in’ method (aka improved Sheather-Jones) that uti
lises an adaptive, Gaussian kernel density estimator based on smoothing 
properties of the most general linear diffusion process, with an estimated 
limiting and stationary probability density reducing bias and error. The 
properties of estimator are used to compute an optimal, non-parametric 
bandwidth selection (Botev et al., 2010). For tidal phase, as the data is 
integers with relatively little variation/range (number of hours to 
nearest tidal high water), the plug-in method smoothed the data too 
much and Silverman’s rule of thumb method (Silverman, 1986) for 
bandwidth calculation did not smooth the data enough. Instead, a 
bandwidth of 1 was given as it represented the minimum difference 
between data points pre-1993 and gave a smoothing that got rid of the 
inherent ‘spikiness’ of tidal phase but still illustrated the whole range of 
values. To enable results at different sites to be directly comparable, 
each of the pdf distributions (population and sample) at each site were 
normalised by dividing by the max value of the combined results.

First, to evaluate our first objective we tested the levels of tide-surge 
interaction seen in the measured and modelled data with varying event- 
defining thresholds and declustering windows for each parameter, 
highlighting the difference in interaction seen with varying event and 
declustering methods. For the threshold selection, we chose the 95th, 
97th, and 99th percentiles. We chose the 99th percentile as it represents 
a magnitude that could constitute a flooding hazard, and the sensitivity 
testing showed that there were no significant differences with the 
threshold selection. It also aligns with Williams et al. (2016), who noted 
that such a threshold stopped the potential error of lower magnitude 
skew surges resulting from errors within the predicted tidal high waters. 
The 95th and 97th percentiles were then chosen as lower thresholds, as 
these were high enough to still be considered as ‘extreme’, yet low 
enough in magnitude to potentially highlight differences to the 99th 
percentile. For the declustering, we followed the ‘storm window’ 
approach of Haigh et al. (2016) and Jenkins et al. (2023), where values 
are sorted by magnitude and then windows of time around each largest 
value in turn are deleted. Despite both studies using the same method 
and focusing on the same study region, they used different ‘storm win
dow’ periods of 84 h (3.5 days) and 32 h (1.33 days), respectively. 
Therefore, to test tide-surge interaction sensitivity to the declustering 
window length, we chose to utilise the windows used in those studies 
plus an additional window of 60 h (2.5 days) that represents a window 
between the two. We plotted and overlaid the pdfs of the samples for 
each parameter pair that were calculated at the varying thresholds and 
declustering windows. This shows the difference in distribution 
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magnitude and shape (representing interaction) with differing magni
tudes and declustering windows.

Next, for our second objective we tested for the independence of non- 
tidal residual and skew surge from the tide by analysing whether tidal 
levels and phases at the time of extreme events have the same distri
bution as all the respective tidal levels or phases, and examined whether 
skew surges have the same distribution as all high tidal levels. Again, as 
the sensitivity testing showed that there were no significant differences 
with the threshold selection and declustering window length, we 
decided to proceed with the 99th percentile as the threshold to avoid any 
potential skew surge errors associated with predicted tidal high water 
errors, and a declustering window of 32 h as it is the smallest window 
which allows for the inclusion of any quick succession clustering. For 
both measured and modelled data, at each site, we used the calculated 
pdfs of the samples and the populations and plotted the difference in the 
distribution magnitude across the evaluation points. This corresponds to 
all the parameter pairs: tidal high waters at the time of extreme skew 
surges and all tidal high waters; tidal phase at the time of extreme non- 
tidal residuals and all tidal phases; and tidal level at the time of extreme 
non-tidal residuals and all tidal levels (as mentioned above, we cannot 
analyse skew surges against tidal phase).

To test if the population and sample distributions for each of the 
three parameter pairs are statistically different from each other (which 
would imply that there are significant non-linear interactions between 
parameters), we applied a Chi-squared goodness of fit test. Haigh et al. 
(2010) split tidal levels and phases at the time of extreme non-tidal re
siduals into equiprobable bands and then used the Chi-squared test 
statistic (χ2) to test if tidal level and non-tidal residual were indepen
dent. If independent, you would expect to see an equal number of 
non-tidal residuals per tidal level/phase band, so the larger the χ2 the 
greater the dependence as the number of extreme non-tidal residuals per 
band is further from the expected number. We repeated this analysis 
with a slight adjustment, changing the constant expected number 
(counts) of extreme-related observations in each equally sized band to 
instead match the relative proportion of tidal levels/phases seen in the 
whole time-series for the corresponding band. This better represents the 
actual distributions of level/phase in varying tidal regimes. However, 
the large, varying sample sizes from our data may bias the Chi-squared 
test, particularly across different sites. To address this, we applied 
Cramer’s V (ϕc) effect size measurement for the Chi-squared test to 
negate the effect that the number of observations has on the results. This 
enabled direct comparison between sites and parameters, with Cramer’s 
V providing a ϕc value between 0, indicating no association, and 1, 
indicating complete association. Thus, in this context, a ϕc value of 1 
indicates that there is a strong likelihood that the sample distribution, e. 
g., tidal levels at the time of extreme non-tidal residuals, is completely 
distinct from the expected distribution that is calculated from the pop
ulation, e.g., all tidal levels. For the measured and modelled data, at all 
sites, the χ2 and then the ϕc were calculated for the three parameter 
pairs.

2.2. Hydrodynamic modelling

In the second stage of this study, we carried out a hydrodynamic 
modelling exercise to assess the magnitude of non-linear interactions 
that occur during storms events when the timing of the meteorological 
forcing, which drives the surge component of sea level, is altered 
backwards and forwards in time. We do this across all the sites in the 
UKNTGN, following a similar approach of Haigh et al. (2014) and Wil
liams et al. (2016).

2.2.1. Event selection
We chose to model the years of 2013 and 2014 as this encompassed 

the entire 2013/14 winter season, which was unprecedented in its 
number of events and the temporal clustering of those events (Jenkins 
et al., 2023; Matthews et al., 2014; Priestley et al., 2017).

2.2.2. Model setup and simulations
We used the CS3 depth averaged hydrodynamic model (see Section 

2.1.1) to simulate the water levels for each of the storm events. This 
model was used, until recently, by the Met Office to forecast extreme 
water levels around the UK. It is considered as one of the world’s most 
extensively validated operational storm surge forecasting models 
(Flather et al., 1991).

For the years of 2013/14, we downloaded u and v-components of 
wind velocity (at 10 m) and mean sea level pressure from the ERA5 
meteorological re-analysis (Hersbach et al., 2020) covering the area of 
12◦W to 13◦E and 48◦N to 63◦ N (same region as CS3), to encompass the 
hydrodynamic model domain. These data were used as the meteoro
logical forcing input to the CS3 model to generate surge for the simu
lation. The temporal resolution of the ERA5 dataset is hourly and the 
spatial resolution is 0.25◦ (~35 km), which we interpolated to the ~12 
km model resolution of CS3.

A simulation was run for tide-only, and then another simulation was 
run with tide where the hydrodynamic model was driven by the mete
orological forcing from ERA5. Then, we ran another 4 additional sim
ulations in which the hydrodynamic model’s meteorological forcing was 
artificially adjusted by − 6, − 3, +3 and + 6 h. Most of the storm events’ 
peak non-tidal residuals coincided approximately with high water, 
hence, the − 6 shift corresponds with the previous low water, − 3 shift 
with peak flood, +3 with peak ebb, and +6 with the following low 
water. For these simulations, we converted the meteorological forcing 
from ERA5 to CS3 format and shifted the meteorological data forward 
and backward. The results for each model grid cell were saved on an 
hourly frequency. We extracted the time-series from each simulation run 
and simply subtracted the tide-only simulation from the tide and surge 
simulations to gain the non-tidal residual. We then calculated the tidal 
phase and skew surge in the same manner as we did for the time-series 
for stage 1 of the analysis.

2.2.3. Analysis
The same approach as in stage 1 (time-series data analysis), bar the 

varying threshold and storm window analysis, was used to analyse the 
results of every time-shifted simulation to assess the interactions that 
arise due to storms occurring at different times in the tidal cycle. This 
was done for the time-series at each model grid point closest to the 
UKNTGN gauge sites. In brief, as it is described in detail above, kde pdfs 
were calculated for the modelled high tidal level at the time of extreme 
skew surge, modelled tidal phase at the time of extreme non-tidal re
siduals, and modelled tidal level at the time of the extreme non-tidal 
residuals. As the modelled time-series only covered a period of 2 
years, we chose to lower the threshold that defines an ‘extreme’ event 
for this aspect of the analysis to the 95th percentile to increase the 
sample size.

3. Results

3.1. Time-series data analysis

The first objective is to test the sensitivity of tide-surge interactions 
to varying thresholds and declustering window lengths. To do this, we 
calculate pdfs for our parameters and overlay them to show the differ
ences in the distributions’ magnitude and shape that represents tide- 
surge interaction. We do this for each site (Fig. S1–S6, supplementary 
materials), but for illustration here, we use the same sites as the UKCP18 
report section on projected future return level curves (Met Office, 2018), 
namely Avonmouth, Lerwick, Sheerness and Newlyn. Fig. 3 shows the 
results for these example sites, with the thresholds of the 95th, 97th, and 
99th percentile, and storm windows of 32 h, 60 h, and 84 h for the tidal 
level and phase analysis. Overall, the differences in interaction with a 
changing threshold and storm window are relatively small but with 
larger differences in some parameters/sites. For example, the modelled 
pdfs at Sheerness for the distribution of tidal phase at the time of 
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extreme non-tidal residuals see a larger peak at the 99th percentile 
regardless of the storm window. However, when differences like these 
occur, they also tend to not alter the shape of the distribution to any 
great degree and tend to not alter the character of interaction seen. As 
mentioned, for the rest of our UK-wide analysis we used the 99th 
percentile as a threshold and a storm window of 32 h (see Section 2.1.3).

The second objective is to determine the levels of tide-surge 

interaction seen around the UK in the observational record and compare 
this to the levels seen in a near 500-year model run. We first do this by 
calculating the pdfs of the samples (1) tidal high waters at time of 
extreme skew surges; (2) tidal phases at time of extreme non-tidal re
siduals; and (3) tidal levels at the time of extreme non-tidal residuals); 
and the pdfs of the populations (all tidal high waters; all tidal phases; 
and all tidal levels) and plot the difference in magnitude across the pdf 

Fig. 3. Probability density functions of tidal high waters at the time of extreme skew surges, tidal phases at the time of extreme non-tidal residuals, and tidal levels at 
the time of extreme non-tidal residuals, for the thresholds of the 95th, 97th, and 99th percentiles, and the storm window (sw) lengths of 32hrs, 72hrs, and 84hrs. 
Results are shown for both measured and modelled data at the example sites of Avonmouth, Lerwick, Sheerness, and Newlyn.

Fig. 4. Difference in probability density function between the population and the sample at each tide gauge, going from St. Mary’s (Isles of Scilly) anti-clockwise 
around the coast of the UK. The left column (a, d) shows the difference between all tidal high waters and tidal high waters at the time of extreme skew surges, the 
middle column (b, e) shows the difference between all tidal phases and tidal phases at the time of extreme non-tidal residuals, and the right column (c, f) shows the 
difference between all tidal levels and tidal levels at the time of extreme non-tidal residuals. The top row (panels a–c) shows measured data, and the bottom row (d–f) 
shows modelled data.
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evaluation points. Fig. 4 shows the normalised results for measured data 
(top row, panels a–c) and modelled data (bottom row, panels d–f), for all 
parameters: the difference between all predicted tidal high waters and 
predicted tidal high waters at the time of extreme skew surges (left 
column, panels a and d); the difference between all tidal phases and tidal 
phases at the time of extreme non-tidal residuals (middle column, panels 
b and e); and the difference between all tidal levels and tidal levels at the 
time of extreme non-tidal residuals (right column, panels c and f). Pos
itive differences (red colours) show where the sample has a higher pdf 
value than the population, whereas negative differences (blue colours) 
show where the sample has a lower pdf value than the population. 
Generally, Fig. 4 shows that the measured data tends to have larger 
differences between the population and sample distributions than the 
modelled data. The lowest magnitude of interaction is seen for skew 
surge at the time of tidal high waters against all tidal high waters and the 
highest level of interaction is seen for tidal phase at the time of extreme 
non-tidal residuals against all non-tidal residual.

For measured skew surge shown in Fig. 4a, the Bristol Channel has 
the greatest level of interaction where there is a slight tendency for 
extreme skew surges to occur at lower magnitude tidal high waters, 
particularly further into the region, from Hinkley Point up and around to 
Newport, with Ilfracombe, Mumbles and Milford Haven not seeing any 
real difference in tidal high water level at the time of extreme skew 
surges. For the rest of the UK coast the level of interaction is of a smaller 
magnitude, with no dominant recurring pattern. For example, in the 
North Atlantic there is a slight tendency for extreme skew surges not to 
occur at the lower magnitude tidal high waters, and in the North Sea 
from Lerwick to Leith a similar pattern is seen, but then from Felixstowe 
to Sheerness this pattern reverses. In the other regions there is no clear 
spatial coherence between sites. Modelled skew surges shown in Fig. 4d 
see a lower level of interaction, with much of the pdf evaluation points 
for the whole coastline seeing values of between − 0.01 and 0.1. In the 
only area where a slightly stronger pattern emerges, the North Sea, 
extreme skew surges show a slight tendency to not occur at higher 
magnitude tidal high waters, instead there is a slight tendency for the 
extreme skew surges to occur at average, or just below average, tidal 
high waters. This signal is clearest in the northern North Sea, in direct 
contrast to the measured data.

The difference in measured tidal phase at the time of extreme non- 
tidal residuals and all tidal phases in Fig. 4b shows the largest levels 
of interaction of any of the parameters for both the measured and 
modelled data. There is a clear signal seen across the UK coastline that 
the most extreme non-tidal residuals tend not to occur at the time of, or 
just after, the time of tidal high water. Instead, they tend to occur 
relatively more frequently around 3.5 h before, or to a lesser extent, 4 h 
after, tidal high water. The strongest levels of interaction are seen in the 
Bristol Channel and in the North Sea. Dover and Newhaven in the En
glish Channel see higher levels of interaction closer to tidal high water, 
showing that extreme non-tidal residuals at those tide gauge sites occur 
(relatively) more frequently around 1 h before tidal high water. Also, the 
English Channel has the only sites where the highest levels of interaction 
are seen for extreme non-tidal residuals after tidal high water, with 
Portsmouth and Weymouth having their largest levels of interaction 
occurring around 4–5 h after tidal high water. In the modelled results in 
Fig. 4e, there is a lower magnitude of interaction seen when compared to 
the measured tidal phases, and a slightly different overall pattern seen. 
Typically, most tide gauge locations still see higher levels of extreme 
non-tidal residuals occurring before high water, but unlike the measured 
results, there are not any strong examples of this interaction also 
occurring after high water. The largest level of interaction for any 
modelled data across all the parameter pairs is seen in the Bristol 
Channel, at Portbury, Avonmouth and Newport. These tide gauge lo
cations see high levels of interaction from around 2 h before high water 
to just after high water. The other region that sees a high level of 
interaction is the North Sea. The modelled results mirror somewhat the 
measured results for the region, with extreme non-tidal residuals 

tending to occur around 1–3.5 h before high water and tending not to 
occur from the time of high water to around 2.5 h after.

The difference in tidal level at the time of extreme non-tidal residuals 
and all tidal levels is shown in Fig. 4c (measured) and 4f (modelled). The 
measured data show a pattern whereby extreme non-tidal residuals tend 
to occur at tidal levels lower than the average tidal level at that site. This 
then transitions to no difference in likelihood as the tidal level increases 
to around the average, and then an increased likelihood at tidal levels 
above the average. However, the magnitude of the tidal levels and the 
resulting ‘midpoint’ between the different types of interaction, alters 
between regions and even neighbouring tide gauges. For example, for 
the Irish Sea, this ‘midpoint’ is around the average tidal level, whereas in 
the North Sea, it is typically of a slightly greater magnitude than the 
average. The Bristol Channel tide gauges of Portbury, Avonmouth and 
Newport see the largest interaction, with some of this interaction also 
occurring at the lowest tidal levels. Dover and Newhaven, in the English 
Channel, see the greatest levels of interaction at higher tidal levels, 
where, unlike the other tide gauges, there is no significant tendency for 
non-tidal residual extremes to occur at times when the tidal level is at or 
below average. Like all the parameter pairs, lower levels of interaction 
are seen in the modelled results. The modelled results largely match the 
measured results, just at a lower magnitude of interaction, except in the 
Bristol Channel. The tide gauge locations of Portbury, Avonmouth and 
Newport see the opposite signal of interaction than what would be ex
pected from the other modelled gauges and the measured results, where 
it has a strong negative interaction at low tidal levels. This means that 
there is a strong tendency for extreme non-tidal residuals to not occur at 
the lower tidal levels at these gauge locations in the model.

To further determine and quantify the levels of tide-surge interaction 
seen around the UK in the observational record and compare this to the 
modelled data, we apply the Chi-squared test (χ2) and then Cramer’s V 
(ϕc) to the χ2 results for our parameter pairs. We present the ϕc results 
spatially in Fig. 5. Measured results are shown in the top row (panels 
a–c) and modelled results are shown the bottom row (panels d–f). Each 
column represents a parameter pair (left to right): (1) tidal high waters 
at the time of extreme skew surges against all tidal high waters; (2) tidal 
phases at the time of extreme non-tidal residuals against all tidal phases; 
and (3) tidal levels at the time of extreme non-tidal residuals against all 
tidal levels. Fig. 5 shows that the ϕc results for tidal high waters and 
extreme skew surges (panels a, d) are of a far smaller magnitude than of 
tidal levels (panels b, e) and phases (panels c, f) at the time of extreme 
non-tidal residuals. There are no tide gauge sites, for measured or 
modelled data, where the deviation in distribution between the 
measured tidal high waters at the time of extreme skew surges and the 
expected tidal high waters is greater than 0.4 ϕc. The modelled data 
(panel d) only has three tide gauge sites where the ϕc values are above 
0.1, namely Wick, Aberdeen, Leith and Moray Firth. The measured data 
(panel a) has far more sites with ϕc values above 0.1, but still none above 
0.4. Conversely, most of these sites are in the English Channel, the 
Bristol Channel, and the East of England. The four tide gauges that have 
ϕc values above 0.1 in the North of England are Millport, Tobermory, 
Stornoway and Moray Firth.

As expected from the results presented above and shown in Fig. 4, the 
largest ϕc values are seen around the UK for the tidal phases at the time 
of extreme non-tidal residuals. Like with the skew surge ϕc results, the 
measured results shown in Fig. 5b around the UK are typically greater 
than their modelled counterparts (5e). For the measured tidal phase 
analysis, most tide gauges see ϕc values of ≥0.3, which indicates a 
moderate deviation in distribution between tidal phases at the time of 
extreme non-tidal residuals and expected tidal phases for most of the UK. 
The tide gauge sites with the largest values are Liverpool, Newport, 
Portbury, Jersey, Dover, Felixstowe and Cromer, who all see ϕc values of 
≥0.5. Newport, Portbury, Felixstowe and Cromer all see values ≥0.6, 
which indicates a strong non-linear interaction for tidal phase at these 
sites.

There is a level of spatial coherence, with some regions seeing similar 
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results. However, there are also large differences between some sites 
within a region. For example, Dover and Newhaven in the English 
Channel. The modelled tidal phase analysis shows a reduced magnitude 
of ϕc values for most tide gauges. This is particularly evident on the West 
coast of the UK, where most sites have ϕc values that are less than 0.1. 
There is a greater level of spatial coherence around the coastline of the 
UK than in the measured results. From the sites mentioned above with 
large ϕc values for the measured data, only Newport and Portbury retain 
a large ϕc value in the modelled results. Felixstowe, for instance, sees its 
ϕc value drop by ≥0.5. On the other hand, Portbury has the largest ϕc 
value (≥0.8) for any parameter pair across both the measured and 
modelled data, showing the most significant deviation between the ex
pected tidal phases and the measured tidal phases at the time of extreme 
non-tidal residuals.

The ϕc results for predicted tidal levels at the time of extreme non- 
tidal residuals against expected predicted tidal levels are shown in 
Fig. 5c for measured data and Fig. 5f for modelled data. Like all 
parameter pairs, the modelled results show less interaction than the 
measured data and both show a good level of spatial coherence. No 

modelled ϕc results for tidal levels are greater than 0.4, with the North 
Sea seeing the most spatial coherence and the highest ϕc values, with 
Leith and Moray Firth having the largest ϕc values (≥0.3) in the UK. In 
the measured results, the North Sea still some has some of the highest ϕc 
values seen, but these are instead seen in the English North Sea, rather 
than the Scottish coast. Cromer has the highest value (≥0.7 ϕc) of 
anywhere in the UK, showing a strong deviation of the distributions; 
with Whitby, Newport and Portbury also having large values (0.5 ϕc), 
showing a moderate deviation of the distribution of tidal levels at the 
time of extreme non-tidal residuals and the expected tidal levels.

3.2. Hydrodynamic modelling

The third objective is to evaluate the difference in tide-surge inter
action and event magnitude with a shift in storm arrival time. To assess 
this, we ran the CS3 model for the years 2013 and 2014 with an artifi
cially time-adjusted meteorological forcing and extracted the modelled 
time-series at the grid nodes closest to the tide gauge sites in the 
UKNTGN. In the same manner as the time-series analysis, the difference 

Fig. 5. Cramer’s V values (ϕc) for the population versus the sample at each tide gauge. The left column (a, d) shows ϕc for all tidal high waters against tidal high 
waters at the time of extreme skew surges, the middle column (b, e) shows ϕc for all tidal phases against tidal phases at the time of extreme non-tidal residuals, and 
the right column (c, f) shows ϕc for all tidal levels against tidal levels at the time of extreme non-tidal residuals. The top row (a–c) shows measured data, and the 
bottom row (d–f) shows modelled data.

Fig. 6. Difference in probability density function between all tidal high waters and tidal high waters at the time of extreme skew surges at each tide gauge for the 
2013/14 model run and subsequent time shifted runs, going from St. Mary’s (Isles of Scilly) anti-clockwise around the coast of the UK. The middle panel (c) shows the 
results with the unadjusted forcing, whereas the other panels show the difference between the runs with the time adjusted forcing and the unadjusted run: (a) shows 
the difference between the − 6 h time shifted run and the unadjusted run, (b) the difference between the − 3 h time shifted run and the unadjusted run, (d) the 
difference between the +3 h time shifted run and the unadjusted run, and (e) the difference between the +6 h time shifted run and the unadjusted run.
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between sample and population pdfs for our parameter pairs from this 
new data source is shown in Figs. 6–8, for the three selected parameter 
pairs analysed in objective 1. Each figure shows a parameter pair with 
the result for the unadjusted time-series (0 h) shown in panel c and the 
difference between the unadjusted time-series and the adjusted time- 
series shown in the surrounding panels. Panel a shows the difference 
between 0 h and − 6 h, panel b the difference between 0 h and − 3 h, 
panel d the difference between 0 h and +3 h, and panel e the difference 
between 0 h and +6 h. This enables the interaction for this 2013/14 
period to be seen from the 0 h result and discern how this interaction 
changes with an artificially time-adjusted forcing.

Fig. 6 shows the results for high waters at the time of extreme skew 
surges against all high waters. Overall, a similarly low level of interac
tion is seen for this modelled subset of data (no time adjustment, 6c) as 
for the measured results for skew surge (Fig. 4a), but with a different 
pattern. The 2013/14 modelled results in Fig. 6 show more spatial 
coherence, with some clearer regional signals. The English Channel, 
Bristol Channel, and Irish Sea show a general trend of extreme skew 
surges tending to occur relatively less frequently at high water levels 
that are roughly between the ~25th and ~75th percentiles of all high 
waters, with extreme skew surges occurring relatively more frequently 
outside of this middle section of data (i.e., <25th percentile and >75th 
percentile). The key difference for the North Atlantic and North Sea is 
that negative values (indicating extreme skew surges occurring rela
tively less frequently) are not typically seen around the average tidal 
high water level. Instead, all occur at higher levels; and, apart from 
Sheerness, there are no significant positive values (indicating extreme 

skew surges occurring relatively more frequently) that occur at tidal 
high water levels that are greater than the average of all tidal high water 
levels for this period. As the forcing is moved backwards (panels a–b) 
and forwards (panels d–e) in time, this change does not greatly affect the 
relative tendencies of when extreme skew surges occurred. For most tide 
gauges across all the time shifted results, the differences seen were small 
in magnitude (≤0.1) along the sample points of tidal high water level. 
The largest differences seen are for Llandudno and Fishguard in the Irish 
Sea. As the forcing is moved forwards in time, Llandudno sees a signif
icant positive change at higher tidal levels where at 0 h there was a 
tendency for relatively less extreme skew surges to occur. There is also a 
significant positive change at Fishguard for tidal high water levels 
slightly above the average, that at 0 h saw a tendency for relatively less 
extreme skew surges to occur. Interestingly, this change is only seen at 
the +6 h time shift, and not at +3 h.

The 2013/14 model run results for tidal phase are shown in Fig. 7. 
For the unaltered forcing results (7c), the strength of interaction seen is 
also similar to the measured time-series (Fig. 4b). However, the pattern 
seen is more akin to the results from the 500-year model run (Fig. 4e), 
with few examples of higher levels of extreme non-tidal residuals 
occurring after high water, as most positive interactions occur just 
before tidal high water, and most negative interaction occurs just after 
tidal high water. These interactions are nearer the time of high water 
than in the modelled 500-year run, with a smaller spread. As the 
meteorological forcing is moved backwards and forwards in time, larger 
differences between the time shifted results and the 0 h unaltered results 
are seen than for skew surges (Fig. 6). Typically, the time shifted results 

Fig. 7. Difference in probability density function between all tidal phases and tidal phases at the time of extreme non-tidal residuals at each tide gauge for the 2013/ 
14 model run and subsequent time shifted runs, going from St. Mary’s (Isles of Scilly) anti-clockwise around the coast of the UK. The middle panel (c) shows the 
results with the unadjusted forcing, whereas the other panels show the difference between the runs with the time adjusted forcing and the unadjusted run: (a) shows 
the difference between the − 6 h time shifted run and the unadjusted run, (b) the difference between the − 3 h time shifted run and the unadjusted run, (d) the 
difference between the +3 h time shifted run and the unadjusted run, and (e) the difference between the +6 h time shifted run and the unadjusted run.

Fig. 8. Difference in probability density function between all tidal levels and tidal levels at the time of extreme non-tidal residuals at each tide gauge for the 2013/14 
model run and subsequent time shifted runs, going from St. Mary’s (Isles of Scilly) anti-clockwise around the coast of the UK. The middle panel (c) shows the results 
with the unadjusted forcing, whereas the other panels show the difference between the runs with the time adjusted forcing and the unadjusted run: (a) shows the 
difference between the − 6 h time shifted run and the unadjusted run, (b) the difference between the − 3 h time shifted run and the unadjusted run, (d) the difference 
between the +3 h time shifted run and the unadjusted run, and (e) the difference between the +6 h time shifted run and the unadjusted run.
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show that changes to the interaction seen at 0 h are in the opposite di
rection to the initial interaction. I.e., a positive value at 0 h, indicating a 
higher relative tendency for extreme non-tidal residuals to occur at that 
tidal phase, would typically get smaller after time adjustment, indicating 
a reduction in that tendency. The pattern, though, changes by region 
(Fig. 7). For example, in the +3 h time adjustment (panel d), most 
positive changes in the Irish Sea are seen at the time of high water, 
whereas in the North Sea, most of the positive changes are seen a couple 
of hours after tidal high water. The − 3 h (panel b) and +3 h time ad
justments see similar results, with the − 3 h results seeing some stronger 
negative changes and the +3 h results having more tide gauges seeing 
changes greater than ±0.1 along the sample points. Interestingly, for the 
− 6 h (panel a) and +6 h (panel e) adjustments, there is very little dif
ference between the results.

Fig. 8 shows the difference in distribution of tidal levels at the time of 
extreme non-tidal residuals and all tidal levels for the 2013/14 modelled 
data. Without any time shifting of the forcing data (Fig. 8c), again, the 
level of interaction seen is similar to the measured results in Fig. 4c and 
greater than the 500-year model results in Fig. 4f. The pattern is also 
similar to the measured data, but with some key differences. Overall, 
gauges tend to show a positive level of interaction (indicating a greater 
relative tendency of extreme non-tidal residual occurrence) nearer the 
average tidal level when compared to the measured results. The most 
obvious difference is the considerable change in signal in the Bristol 
Channel. Hinkley Point has a similar signal to the modelled data, but all 
other tide gauges in the Bristol Channel see positive signals at higher 
tidal levels than in the measured data, particularly at Ilfracombe, 
Newport and Mumbles where the strongest level of positive interaction 
seen is at tidal levels above the average. The strongest negative in
teractions (Fig. 8c) are seen at Portbury, Avonmouth and Newport, 
where the strongest positive interactions occur at tidal levels close to the 
minimum for the 2013/14 model run, in contrast to the measured data 
(Fig. 4c). This indicates a strong tendency for extreme non-tidal re
siduals to occur relatively less frequency at the lowest tidal levels in 
2013/14. There are also stronger negative interactions seen at lower 
tidal levels in the North Sea and English Channel when compared to the 
measured time-series results. When the forcing is time shifted (panels 
a–b, d-e), like the results for tidal phase, the greatest changes in inter
action are seen in the Irish Sea. When the time shifting is at its maximum 
(− 6 and +6 h, panels a and e, respectively), model grid nodes at the 
locations of the tide gauges in the Irish Sea show a comparable pattern of 
change with most sites seeing negative differences below their respec
tive average tidal level and positive differences above. The difference for 
the +3 h time shift (Fig. 8d) also sees a comparable pattern in the Irish 
Sea, whereas for the − 3 h time shift this pattern is less evident. In the 
other regions, there is not a consistent pattern across the time shifted 
results and differences are typically of a reduced magnitude.

4. Discussion

In this paper, we have assessed non-linear tide-surge interactions 
around the UK coast using both measured data and a near 500-year 
model dataset through the lens of skew surge against tidal high water, 
non-tidal residual against tidal phase, and non-tidal residual against 
tidal level; the three main approaches used to assess tide-surge inter
action, which to our knowledge, have not been compared in detail 
before now. We show that there are substantial tide-surge interactions 
around the UK coastline between the non-tidal residual and the astro
nomical tide. As Horsburgh and Wilson (2007) and Haigh et al. (2010)
showed, tide-surge interactions can be different on the ebb and flood 
phases of the tide, so it is important to not just consider tidal level but 
also the tidal phase. We find that the largest levels of interaction for any 
of the parameters are for tidal phase at the time of extreme non-tidal 
residuals. At almost all tide gauges, measured extreme non-tidal re
siduals tend to occur relatively more frequently between 1 and 5 h 
before tidal high water, relatively less frequently from 1 h before tidal 

high water to 2.5 h after, and relatively more frequently again, but to a 
lesser magnitude and at fewer tide gauges, between 3 and 5.5 h after 
tidal high water. This is also seen in the interaction between tidal level at 
the time of extreme non-tidal residual, where almost all tide gauges see 
increased tendencies for extreme non-tidal residuals to occur below the 
average tidal level, and decreased tendencies for tidal levels above the 
average. The significance of these interactions varies in space, with the 
Bristol Channel tide gauges of Newport and Portbury being the standout 
sites that saw high levels of interaction across all parameters and tests, 
likely due to the Bristol Channel having the largest tidal range in the UK. 
The tendency for extreme non-tidal residuals to occur at lower tidal 
levels and on the flood tide is likely a result of a phase shift of the tidal 
signal, rather than a true meteorological influence. It does confirm, as 
Williams et al. (2016) stressed, that the analysis of non-tidal residuals is 
problematic since there is not always a genuine meteorological contri
bution to large residuals. Our results also concur with those of Williams 
et al. (2016) in that the interaction between high tide and extreme skew 
surges is much less pronounced compared to the non-tidal residual. We 
would therefore recommend that any sea level analysis for UKNTGN 
sites should focus on skew surges and not the non-tidal residual, and that 
the assumption of independence between high tides and skew surges 
used for the estimation of extreme sea level probabilities in the latest 
2018 UK coastal flood boundary conditions report (Environment 
Agency, 2018) is appropriate.

The foundation of analysis from this study was built from Horsburgh 
and Wilson (2007), Haigh et al. (2010) and Williams et al. (2016). Our 
analysis tended to produce similar results to their studies and agrees 
with their conclusions, even with our different data temporal ranges and 
methodological adjustments. The use of normalised probability distri
butions in Horsburgh and Wilson (2007) and Williams et al. (2016) to 
show the nature of interactions do not see significant differences to our 
results, despite our data having an increased number of years, and 
therefore extreme events. Our results for the tidal phase and extreme 
non-tidal residuals Cramer’s V analysis at English Channel tide gauge 
sites, although not directly comparable, also align with the magnitude of 
Haigh et al.’s (2010) Chi-squared results. Although no significant 
change in value magnitude is seen here for the small number of over
lapping sites, we propose that using Cramer’s V for this approach is 
beneficial as it negates the influence of sample size and produces results 
that are easier to interpret than Chi-squared.

Comparing the sensitivities of the chosen example sites to a changing 
threshold and storm window, a similar interpretation is drawn to the 
results from all the UKNTGN sites, in that, although there are some 
differences seen for certain parameters when the threshold and storm 
window changes. These differences tend to be small in magnitude and 
not greatly affect the overall distribution shape. Some sites see more 
difference than others however, for example in Fig. 3, measured high 
waters at the time of extreme skew surges at Avonmouth, or modelled 
tidal phases at the time of extreme non-tidal residuals at Sheerness. 
Nonetheless, overall, it is proposed that an exhaustive selection process 
of threshold and declustering window for the wider analysis of tide- 
surge interaction around the UK is not mandatory, as the general dif
ference in distribution magnitude and shape is not of great significance. 
For the intricate analysis of individual sites and individual parameters, a 
more detailed approach may prove beneficial, such as for specific high 
risk coastal assets or defences such as storm surge barriers and nuclear 
power stations.

Although there is a level of spatial coherence between sites in our 
analysis for the signal of interaction, there are no clear regional patterns 
for the strength of interaction that was measured using Chi-squared and 
Cramer’s V. As storm surges in the UK typically affect large parts of the 
coastline and multiple tide gauge sites, it is likely that neighbouring sites 
often see extreme non-tidal residuals occur at similar stages of the tide 
and therefore experience some commonality to the tide-surge interac
tion. However, as the spatial coherence is not seen in the strength of 
interaction, it is likely that local effects, such as bathymetry, could be 
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driving those differences. For example, there are occasions where 
nearby sites experience different levels of interaction — the measured ϕc 
results for tidal phase saw a significant difference between Harwich and 
Felixstowe, despite the tide gauges being less than 4 km away from each 
other. Local effects would best explain this, as well as the influence of 
storm direction in relation to the orientation of the coast. Similar dif
ferences in Chi-squared values between sites were seen in the English 
Channel by Haigh et al. (2010), but also in other parts of the world such 
as the coast of China (Feng et al., 2019) and the east coast of India 
(Antony and Unnikrishnan, 2013) as the strength of non-linear tide-
surge interactions tends to be site specific.

The tide gauges of Harwich and Felixstowe also have different tem
poral ranges, and more detailed up-to-date analysis into the changing of 
non-linear tide-surge interaction signals through time, or in different 
periods, would be of interest. This would be especially relevant in 
relation to temporally clustered periods (e.g., Jenkins et al., 2023), as 
although we show that there is not much variation in interaction with a 
changing magnitude of event, other storm characteristics, such as repeat 
time, would be of interest to evaluate in the context of non-linear 
tide-surge interaction.

Our use of observational records means that there is a change of 
temporal frequency pre- and post-1993 from hourly to every 15-min. 
The coarser frequency may mask some interactions, but we expect 
that this effect will be minimal in context of the duration of UK surges 
(Haigh et al., 2016; Jenkins et al., 2023) and tides. The difference in 
calculation of tides for the measured and modelled analysis might have 
produced slightly differing tidal levels. However, it is also unlikely that 
such minor variation would have had any impact on the levels of 
interaction seen in the timeseries.

In this study, the near 500-year modelled results consistently showed 
a lower level of tide-surge interaction than the measured results. 
Although some of the overall patterns seen in the measured results were 
captured in the near 500-year model, many were not adequately 
captured, and nearly all would be of a lower level of interaction. A more 
comparable level of interaction was seen in the 2013/14 model run, the 
stormiest winter season on record in the UK, and, as discussed above, 
further investigation into the difference in interaction depending on the 
time period analysed would be of interest. However, models do tend to 
struggle in accurately representing extremes (Sillmann et al., 2017), for 
example, Jenkins et al. (2023) highlighted key differences between 
measured extreme surges in the UK and a modelled hindcast, and in 
Jenkins et al., 2024, where the authors used the same near 500-year 
modelled dataset used in this paper, the model was shown to under
perform slightly in representing the measured levels of temporal clus
tering of extreme surges. It is probable that the coarse spatial resolution 
of such large-scale hydrodynamic models, combined with the complex 
bathymetry of the UK coastline, could cause some of the underestima
tion in non-linear tide-surge interaction seen. It has been noted that shelf 
models such as CS3 cannot fully represent areas such as the Bristol 
Channel that have large tidal ranges and strong interactions (Flather, 
2000). Nonetheless, models are the only way of gaining continuous, 
gap-free coverage around the UK coastline and play a major role in UK 
surge forecasting and emergency preparedness planning. As tide-surge 
interaction is critical to the realisation of extreme sea levels which 
lead to flooding at the coast, it is crucial that the representation of 
tide-surge interaction continues to improve in coastal surge models.

Our time shifted analysis shows that, while there were differences 
with the levels of tide-surge interaction between the time shifts, these 
differences were not seen on a UK-wide scale and did not have clear 
coherence as the forcing time changed. Overall, for most sites, the 
magnitude of change was also not that large (typically around ±0.2), 
suggesting that while the varying arrival time of a storm can affect the 
timing (tidal phase) and tidal level at the time of the maximum surge, it 
is more likely that the maximum surge will occur at the same tidal 
times/levels of the other maximum surges in the time series. Changes of 
±6 h in storm arrival time had little effect on the tide-surge interaction 

for skew surge, as one could predict. The largest differences seen were 
actually between the 2013/14 subset of data and the other full time 
series results. To enhance this study, we would recommend that the 
model runs with the meteorological time shifts be applied to a longer 
period of 10–20 years, so that the extra data could more accurately 
represent the impact of change in storm arrival time on tide-surge 
interaction. With extended time series, extreme sea level probabilities 
for the time adjusted time series could be calculated around the coast of 
the UK, showing if there would be a change in return levels, and the 
impact of using non-tidal residual against skew surge in such estimations 
of water level return periods could be assessed more fully.

A limitation of our method was the lack of physical analysis to link 
specific mechanisms to the interaction seen. Although the mechanisms 
of non-linear tide-surge interaction in the UK are well known (e.g., 
Proudman, 1957, 1955; Rossiter, 1961; Prandle and Wolf, 1978a, 
1978b; Horsburgh and Wilson, 2007), as we focused on purely times
eries data and the reporting of interaction, although it is highly likely 
that the previously reported mechanisms are driving the interaction seen 
here, we cannot confirm this. Future research that explores the physical 
mechanisms of the interaction seen here in relation to the observed 
propagation of surge events in the UK (Haigh et al., 2016; Camus et al., 
2024) would be of interest.

5. Conclusions

In this study we assessed non-linear tide surge interactions around 
the UK coast. We used measured and modelled sea level time-series data 
analysis combined with a complementary hydrodynamic modelling ex
ercise, in which we artificially adjusted meteorological forcing back
ward and forward in time to coincide with different stages of the tide, to 
systematically assess the prevalence, characteristics, and importance of 
non-linear tide-surge interactions around the United Kingdom. For the 
first time, we compared and contrasted the different methods that have 
been used to assess non-linear tide-surge interactions in past studies and 
importantly show how the results can differ depending on which 
parameter is used in the analysis (i.e., skew surge; tidal level; or tidal 
phase). Results from both the data analysis and modelling exercise show 
there are considerable non-linear interactions between the non-tidal 
residual (defined as being total water level minus astronomical tide) 
and the astronomical tide, both in terms of tidal level and phase. 
Extreme non-tidal residuals in the UK tend to occur relatively more 
frequently primarily before (strongest signal at − 3.5 h), and to a lesser 
extent, after (strongest signal at +4 h), tidal high water, and at tidal 
levels at, or below, the average for that site. In contrast, although there is 
some level of non-linear interaction between skew surge and tidal high 
waters, the extent of this interaction is negligible when compared to the 
other parameters and one can conclude that the two are virtually in
dependent. Tide-surge interactions were under-represented in the 
modelled data, which may have implications for the forecasting of 
coastal extreme sea levels. Change in storm arrival time can affect the 
level of non-linear tide-surge interaction, even on a regional scale, but 
the results suggest that greater differences in UK-wide signal are seen 
when analysing different periods. As the combination of tide and surge 
constitute the main component of extreme sea levels, which drive 
coastal flooding, it is critical that non-linear tide-surge interaction is 
fully understood. Accurately representing such interaction is a key 
element of robustly calculating extreme sea level probabilities that are 
used to monitor the coast and warn against coastal flooding.
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