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Abstract The likelihood of coastal inundation (high tide flooding) depends on the coincidence of mean sea
level (MSL), high tide, and surge, relative to the height of local thresholds. Here we present a nonparametric
Joint Probability of Maxima Method for deriving frequency-based exceedance thresholds and for quantifying
the changing heights of water level maxima. Our approach builds upon the Skew Surge Joint Probability Method
(Batstone et al., 2013, https://doi.org/10.1016/j.oceaneng.2013.02.003) in using predicted high water (HW)
level and skew surge components, adding MSL as a third component, and accounting for seasonal variation.
From the derived distributions, we obtain threshold levels exceeded at specific average recurrence intervals of 1,
5, and 10 years. Changes in exceedances are compared between two 19-year epochs for 166 tide gauges: 140
from a global data set (GESLA: 1983-2001 vs. 2002-2020), and 26 from an Australian data set (BoM: 1992—
2010 vs. 2004-2022). We find that the change in exceedance levels between epochs typically exceeds the
respective change in MSL and varies between the different threshold levels. We quantify the specific
contribution of each component, finding that MSL contributions are influential at most sites, while tides
contribute a lesser amount, and surge contributions vary substantially. Exceedance frequency more than doubles
on average and increases most at those locations with the smallest variability in the height of high tide. Our
approach serves to address a critical gap in offering specific and localized measures of changes in coastal
inundation frequency.

Plain Language Summary Any change in the height or timing of mean sea level (MSL), tides, or
surges results in a change in the probability of coastal flooding. We developed a way to represent every likely
combination of MSL, high tide, and surge for two 19-year periods, a timespan that is long enough to account for
natural differences in tides and seasons associated with surges. Our method combines only the tides and surges
that occur during the same season, improving on previous similar approaches. We used observations from 166
tide gauges, comparing changes between periods from 1983-2001 to 2002-2020 for a global data set (GESLA),
and between overlapping periods from 1992-2010 to 2004-2022 for an Australian data set (BoM). The
comparison between these periods allowed us to calculate the height that a coastal barrier would need to be
modified to avoid more frequent flooding, and to quantify the individual amounts from changes in MSL, tides,
and surges. Higher MSL was commonly associated with higher flood probability, but changes in tides and
surges made important differences for many sites. On average, a coastal barrier exceeded once per year in the
earlier period was overtopped at least twice per year in the more recent period.

1. Introduction

Coastal flooding occurs when the combination of mean sea level (MSL), tide, and surge levels produce a total
high water (HW) level above a specific threshold. The thresholds for coastal flooding are commonly specified in
terms of their Average Recurrence Interval (ARI) of exceedance, often extracted from exceedance curves drawn
from observed annual maximum sea levels (Coles, 2001). For example, the height of a coastal protection designed
to be exceeded once in 100 years may be based on the maximum level recorded in the last century. As MSL rises,
driven by a continuing warming climate (Fox-Kemper et al., 2023), coastal authorities must prepare for sea level
extremes occurring above previously observed levels (Hunter, 2010), and minor coastal flooding occurring with
increased and intolerable frequency (Thompson et al., 2021). Whether coastal flooding becomes intolerable
depends on the assets at risk, the time and costs for repair and recovery between events, and the capacity of
communities to withstand impacts.
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The variation in the height of observed sea level relative to land defines the position of the coast, the intertidal
zone, and the exposure of land to sea level hazards. Change in any one of these components modifies the exposure
of low-lying areas near the coast to inundation. The observed sea level at any time, &(7), excluding the effects of
waves, can be considered as the sum of three main components: MSL Z, tide level X(¢), and residual surge level
due to meteorological influences Y(r) (Pugh & Vassie, 1978):

&0 =Zy+ X(0) + Y1) (1

Extreme sea levels typically occur when a larger tide and surge coincide. Broadly, there are two classes of
techniques commonly employed for estimating the heights of extreme sea levels, either employed individually or
in combination: extreme value analysis (including annual maxima, r-largest, and Peak-Over-Threshold methods),
and joint probability methods (JPMs) (Coles, 2001; Haigh et al., 2010). The former techniques have restricted
applicability for the many tide gauge records which are of insufficient length to adequately represent the full range
of sea level variability. The development of the JPM addressed this limitation for the estimation of extreme sea
levels by including the possibility of any observed surge occurring with any tide. The initial JPM for coastal
protection was developed by Pugh and Vassie (1978, 1980), informing the design of seawall heights from tide
gauge records as brief as 5 years, for example,:

[+

Pf(z) = Piige(2) * Psurge(z) = / Pige(z— ) Psurge(() d¢ @

—00

where:

Pg(2) is the probability density function (PDF) of observable sea level,

P4(2) 1s the PDF of the tide component, representing the combined tide and MSL components by predicted
(astronomical) levels, and.

Pgurge(2) is the PDF of the surge component, represented by the non-tidal residual obtained from the dif-
ference between predicted and observed levels.

The convolution of the two component PDFs is expressed by the asterisk operator (*) and defined by the integral
of the product of the two PDFs once one is reflected and shifted over the other.

Extreme value analysis, for example, Generalized Extreme Value (GEV) for block maxima and Generalized
Pareto Distribution (GPD) for peak-over-threshold, are often used to extend the upper tail of the distribution for
estimating values beyond the observation record for exceedance curves, or above the sum of maximum tide and
maximum surge for JPM techniques. The JPM was revised (RIPM) to better estimate extreme sea levels with
return periods >100 years (Tawn, 1992; Tawn et al., 1989). A comparison study by Haigh et al. (2010)
demonstrated that statistical techniques added in the RIPM to (a) isolate independent storms, and (b) apply a GEV
distribution to the extreme tails, significantly improved the predictive accuracy and applicability of the JPM
approach for estimating high return period sea levels. The treatment of each overtopping as distinct events acts to
limit the significant effect of autocorrelation present in hourly sea level data.

Since the development of the RIPM, Batstone et al. (2013) developed the Skew Surge Joint Probability Method
(SSJPM), effectively limiting the effects of autocorrelation and tide-surge dependence by representing the tide
and surge variables with predicted HW levels and skew surges, respectively. Skew surges measure the height
difference between predicted and observed peak water levels regardless of timing difference. In addition, Wil-
liams et al. (2016) and Li et al. (2022) recognised the significance of seasonal correlation between tide and surge
variables. Where positive correlation exists, larger surges are more likely to occur during the same season as the
largest tides. Any seasonal dependence between tides and surges modifies the likelihood of any surge occurring
on any tide and thus changes the probability of exceedance.

While rising MSL is regarded as the dominant driver of changing extremes and exceedances, other factors have
been recognised as having significant contributions: (a) interannual sea level variability (e.g., Jevrejeva
et al., 2006), (b) changing tidal amplitude (Haigh et al., 2020), and (c) changing surge amplitude and seasonality
(e.g., Marcos & Woodworth, 2017). The significance of changing tides (Haigh et al., 2020) and surges (Li
et al., 2022; Marcos & Woodworth, 2017) indicate that contributions of non-MSL factors can sometimes exceed
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the magnitude of MSL change. Importantly, in those locations where the sea level variability is characteristically
small, the frequency of exceedances increases exponentially with MSL (Church et al., 2008; Hunter, 2012;
Thompson et al., 2021). Any assessment or projection of changes in exceedance characteristics should therefore
incorporate changing variability in each of the sea level components, including surge seasonality, with respect to
local characteristics.

Advances in JPM techniques have improved the accuracy of estimation of extreme sea levels (Haigh et al., 2010),
but the estimation of exceedance frequency has remained limited due to the difficulty in consistently defining
exceedance thresholds. Defining a universal approach for the determination of thresholds is complicated by the
highly localized nature of sea level variability, along with a lack of reliable records of sufficient length (Sweet
et al., 2018). As a result, elevation-based thresholds based on tidal range plus a storm buffer are often preferred
over frequency-based thresholds (ARIs). For example, elevation-based thresholds were adopted across the U.S.
using MHHW (Mean Higher HW) plus a statistically derived buffer correlated with different flood severity levels
from longer observational records (Sweet & Park, 2014). Quantifying the level of impact to assets at risk from
exceedances above either elevation or frequency-based thresholds typically rely on local expertise and accurate
surveys. Alternatively, impact-based thresholds are sometimes derived directly from published eyewitness ac-
counts (Hague et al., 2022), or defined by a local authority from historical observation, for example, U.S. National
Weather Service (Thompson et al., 2021).

Here we modified the JPM approach to represent the transient variability of total HW levels at 166 tide gauge sites
in five ocean regions. We term our JPM approach the Joint Probability of Maxima Method (JPMM), which re-
sembles the SSJPM developed by Batstone et al. (2013) in convolving predicted HW tide and skew surge var-
iables. However, it differs by (a) adding a third variable to capture variability in annual MSL, (b) accounting for
seasonal dependence between tide and surge variables, and (c) excluding the GPD procedure for estimating
extreme sea levels. The JPMM is explained in Sections 2.3-2.7 where we describe the derivation and convolution
of component distributions (Section 2.3), the inclusion of the MSL component in our approach (Section 2.4), and
the treatment of seasonality (Section 2.5). From the total HW probability derived, determining exceedance
thresholds and calculating the changes in exceedance levels and exceedance frequency between two 19-year
epochs is described (Section 2.6), and finally, quantifying the individual contributions of each component to
changing exceedance levels (Section 2.7).

From the exceedance statistics derived, we show the change in height of the specified ARI thresholds across
different ocean regions, including the respective contributions of changes to MSL, tide, and surges. We compare
the change in exceedance level to local relative sea level change and the change in exceedance frequency to local
characteristic tidal variability. We also compare our estimation of probable exceedances with the corresponding
number observed. Code for replicating our JPMM in MATLAB is provided in the Supporting Information S1.

2. Methods
2.1. Data

High frequency tide gauge observations for 166 sites shown in Figure 1 were obtained from two sources: (a) 140
sites from GESLA Version 3.0 (Caldwell et al., 2015; Haigh et al., 2022; Woodworth et al., 2017), and (b) 26 sites
from the Bureau of Meteorology (BoM), with 15 sites from the Australian Baseline Sea Level Monitoring
Program (ABSLMP) and 11 sites from the Pacific Sea Level and Geodetic Monitoring Program (PSLGMP). The
GESLA data serve to provide a global perspective from continuous long-term records. The BoM data represent
consistent and vertically controlled records in a southern region. Time series were selected to span two tidal
epochs, each of 19 years to include the variability in tides over the 18.61-year nodal cycle (e.g., Haigh et al., 2011;
NOAA, 2003; Peng et al., 2019). The duration of each epoch is also considered sufficient for characterizing
variability in annual MSL and surges associated with interannual climate cycles (e.g., Jevrejeva et al., 2006; Unal
& Ghil, 1995). For GESLA data, two distinct non-overlapping epochs were used (1983-2001 and 2002-2020).
For BoM data, the two epochs (1992-2010 and 2004-2022) encompassing the available record overlap by
7 years.

Site records were selected according to the following criteria: ongoing operation as of 2021, minimum record
length of 38 years for GESLA and 30 years for BoM data, classed as a coastal location (i.e., non-estuarine as
specified by data owners), and having no known data quality issues. Sea levels for ABSLMP time series were
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Figure 1. Locations of tide gauge data for 166 sites used in this study. High water statistics were compared between two 19-year epochs: 1992-2010 versus 2004-2022
for BoM data and 1983-2001 versus 2002—-2020 for GESLA data. Region designations are indicative only.

offset to Australian Height Datum, except for Cocos Islands which was adjusted to local MSL 1996-2006 (Palmer
etal., 2023). Sea levels for PSLGMP and GESLA time series were left as provided, referenced to their respective
Chart Datums. Time series, provided at various sampling intervals up to one hour, were linearly interpolated to
one hourly intervals in Coordinated Universal Time (UTC) and divided into one year increments with each year
extended by one day before 1st January and after 31st December to ensure that skew surges were counted at the
beginning and end of each year.

2.2. Separation of Sea Level Components

Sea level components were extracted from hourly observations to represent three principal processes (excluding
waves) that contribute to sea level at any given site:

1. Annual Mean Sea Level
2. High water tide: the height of each predicted high tide peak above the respective annual MSL, and
3. Skew surge: the height of the nearest observed peak above each predicted high tide peak.

Harmonic analyses were performed on hourly observations and tidal predictions produced for each Jan-Dec year
using the UTide MATLAB Toolbox (Codiga, 2011). Tidal predictions represent the predictable astronomical
influences on sea levels. Harmonic constituents were automatically selected from the 146 constituents defined in
UTide, including the annual and semi-annual constituents Sa and Ssa. The identification of HW peaks, and
computation of skew surges were performed using the Tide Peaks Toolbox (Palmer et al., 2023). Harmonic
analysis was carried out one year at a time for all years where a minimum of 6 months data were available, and
sites were excluded where there were fewer than 14 out of 19 years (with a minimum of 6 months data) in either
epoch. A further 10 sites were excluded as not being tidally dominant, defined as where fewer than 350 tides per
year were counted with >10 cm between subsequent low and high tides. These criteria produced the total of 140
GESLA sites and 26 BoM sites, representing diverse geographic locations, tidal regimes, and surge characteristics
(Figure 1).

The annual MSL component is taken as the Z, term in the tidal analysis, noting that Z, can vary marginally from
the arithmetic mean of hourly observations observed over the same period. Tide predictions theoretically exclude
those fluctuations in sea level associated with non-astronomical influences. Some of the variation associated with
astronomical signals in the tide is however correlated with seasonal cycles in surges. Some (e.g., Li et al., 2022)
have defined the semi-annual signal as a separate sea level component to isolate the solar influence on tides and
surges. We opted to retain the annual and semi-annual tidal constituents when computing the predicted tide
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because tide and surge components can exhibit semi-annual signals with different phases, for example, where
maximum tides occur in autumn/spring, but maximum surges occur in winter. The seasonal variations in tides and
surges are considered when convolving the tide and surge PDFs as described in Section 2.5.

The PDF for each component was formed by counting the number of occurrences in bins of 1 cm in height,
centered on the half-centimetre, and then dividing by the total number of samples to derive their probability. The
selection of bin placement and bin widths can influence the estimation of extreme values of the PDF (Makko-
nen, 2006). This can become a significant challenge when parametric models are fit to the tails to extrapolate for
rare events. However, as we are interested in the estimation of exceedances recurring with observable frequency
within the specified epochs, the effect of bin design is of lesser consequence. We return to discuss this effect in the
results section.

The number of opportunities for HW exceedance varies according to the typical number of tides observed in a
location. The estimation of exceedance frequency (expressed as ARI in years) was estimated from the average
number of predicted HW peaks per year in each epoch. The representativeness of each tide gauge record in
observing the actual number of exceedances and capturing the full characteristic in variability is limited by data
gaps. Without gaps, the PDFs include a sample size of 19 for MSL, and predicted HW tide and skew surge PDFs
include sample sizes from 6,650 for diurnal regimes, up to 13,414 for semidiurnal regimes.

2.3. MSL Component Distribution

The MSL component describes the average sea level relative to land, without removing the effect of vertical land
movement (VLM). The inclusion of the annual MSL PDF in the JPMM captures the year-to-year variability in
ocean volume and its spatial distribution. This enables the local significance of changing MSL, including the
mean and interannual variability, to be assessed relative to local thresholds (critical for coastal flooding) and other
sea level component contributions.

Annual MSL time series are shown in Figure 2 with monthly and 19-year means shown for comparison. The PDFs
of annual means for each epoch are shown to the right. The examples from Cambridge, U.S. (GESLA) and Port
Kembla (BoM) are chosen for Figures 2—4 to contrast two sites with positive MSL trends but different charac-
teristics in sea level variability and response in changing exceedance frequency. As evident for both sites, a
positive MSL trend is readily apparent across the time series. The equivalent figures are provided for all 166 sites
in the Supporting Information S1.

Joint Probability Methods rely on the assumption of independence between variables, that is, that any annual MSL
can coincide with any tide or any surge. A trend or any other temporal dependence between variables jeopardizes
this assumption. However, accurately isolating a linear trend in annual MSL over a 19-year epoch is unreliable,
complicated by non-linear changes in MSL (including the effect of VLM) and the influences of inter- and intra-
decadal climate cycles (e.g., Jorda, 2014). Instead, over each 19 year period we retain any apparent trend and
estimate the rate of MSL change in the difference in the mean of the distributions between epochs (AuMSL as
shown in Figure 2).

2.4. Joint Tide and Surge Component Distribution

The joint probability of tide and surge variables represents the likelihood of any skew surge occurring with any
high tide. However, where tides and surges exhibit seasonal cycles, the probability of coinciding depends on the
time of year. For example, at Cambridge, U.S (Figure 3; left), the highest HW tides occur in July-September
whereas the highest surges occur in December-February, reducing the likelihood of the highest surge coin-
ciding with the highest tide. Monthly HW tide and skew surge PDFs are shown in Figure 3 from the same two
example sites used in Figure 2. Figure 3 highlights that both tides and surges can vary month-to-month in different
ways, including in their variation, mean, mode, and skewness. The joint probability of HW tide and skew surge
P, (z) which accounts for seasonal variation was computed as follows:

)

2o » 2 _ _
Pt+s(z) = Z E(P:ide(z) * P;urge(z)) = Z E P:ide(g) Péurge(z - C) dC (3)
i=1 i=1

—00

where:
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Figure 2. Mean Sea Level (MSL) for two example sites: Cambridge, U.S. (GESLA; top) and Port Kembla (BoM; bottom). Hourly sea level data averaged over monthly
(blue), annually (black), and for two 19-year epochs (gray = epoch 1, orange = epoch 2). The probability distributions of annual MSL are shown on the right for the two
respective epochs using the same vertical axis. Statistics are shown for epoch MSL (#MSL) and interquartile range (IQR).

Pii.(2) and P. _ (z) represent the PDFs of the 12 HW tide and skew surge components binned in equal-length

months denoted by i.

urge

To account for potential seasonal dependence between HW tides and skew surges, we derived probability dis-
tributions which exclude the coincidence of tide and surge at different times of the year. The HW tide and skew
surge variables for each epoch were binned and cumulated according to month, defined as 12 equal length periods
of 30.44 days. Joint probability distributions of HW tide and surge were convolved for each month, and then the
monthly PDFs were summed by adding probabilities along each 1 cm increment in bin height, weighting each as
1/12th of the total probability.

For illustration, the PDF derived from the predicted HW tide and skew surge PDFs without separating by months
first (i.e., method does not account for seasonal variation: NSA) is shown in black next to the PDF which accounts
for seasonality (SA) in blue (Figure 3). To illustrate the effect of the difference between NSA and SA curves, the
levels of the 1 year ARI joint tide and surge are marked. We explain how these levels were computed in Sec-
tion 2.6. From this point on, we use the seasonally accounted P, (z) to compute the total HW level distribution.
The equivalent figures are provided for all 166 sites in the Supporting Information S1.

PALMER ET AL.

6 of 18

8508017 SUOLULLOD SA IS0 3ot dde U Aq pausienob 8.8 sajole VO ‘95N JO S9N J0j Aiq1 78U U AB|IA L (SUOIIPUOD-PUE-SULBIALIOY A8 |1 Ae.q U1 IUO//STNY) SUOIIPUOD PUE SWIS 1 84} 88S " [1202/80/ET] U0 ARIqIT8UIUO AB]IA *[10UN0D U01asSY [EIIPSIA PUY U ESH [UOIRN AQ LE202000E202/620T OT/I0p/LI0Y A8 |1m Ateiqiputjuo'sandnBe//sdny wouy pepeojumod '8 ‘vZ0z ‘16266912



MAs~I

"“"-’ Journal of Geophysical Research: Oceans 10.1029/2023JC020737
Cambridge, USA HW tide Ptide(z) Port Kembla, AUS HW tide Pﬁde(z)
el L% Ly 's
£ ?ﬁj’g\%\’%)) :
£ |JFMAMUJJASOND Total f £
4l JFMAMUJJASOND Totl
:
1r HW skew surge _P surge (2) HW skew surge surge(z)
BN AR s AR £
NI P ars s e e E
© ANF A A A B A A B e e 2
B ! JFMAMUJJASONTD Total T
MU FMAMUJJASOND Toal
P I P 12
2r Joint HW tide & surge s(@ Joint HW tide & surge t+s(%)

" Rty | ' o
— = - +0. m | —
oS0 6
£ £
20 k=)
£ T

(</(J << T T 53 0

2ls O

JFMAMUJ JASOND o JFMAMUJI JASOND 7o
2 Epoch 2 (2002-2020) . Epoch 2 (2004-2022)

Figure 3. Deriving the joint probability of tide and surge at high water (HW) accounting for seasonal variation. Two examples shown: Cambridge, U.S. (GESLA; left)
and Port Kembla (BoM; right). Height on the y-axis represents meters above mean sea level (MSL) for predicted HW tide (top), skew surge above HW tide (middle), and
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(black = NSA). The 1 year average recurrence interval (ARI) level for the SA curve minus the 1 year ARI level for the NSA curve is shown in the lower panels

(AARI 1 yr).

2.5. Total Joint Probability Distribution
Based on Equation 2 from Pugh and Vassie (1978), we extended the JPM to include Z, as a third random
continuous variable in the PDF of observable HW levels P(z) as follows:

Pg(Z) = PZO(Z) * (Ptide(z) * Psurge(z)) (4)

where:

P7,(2) is the PDF of annual MSL,
P4.(2) is the PDF of the HW tide component, and.
Pquree(2) is the PDF of the skew surge component.

Now to account for the seasonality in joint tide and surge distribution P, (z), we define the PDF of total
observable HW level, as:

PA(&) = Py(2) # Pu(2) = f PA(O) Pras(c— 0) de s)

The integral now includes the product of the three sea level components, with the convolution of the MSL PDF
with the joint tide and surge PDF. The maximum total HW level for a specific site and epoch is obtained by (and
limited to) the maximum computed MSL in any year, plus the maximum predicted HW tide above MSL, plus the
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Figure 4. Summary joint probability of maxima method for two example locations: Cambridge, U.S. (GESLA; top) and Port
Kembla (BoM; bottom). Distributions representing the sea level components in epoch 1 (gray) and epoch 2 (orange) are
shown with mean and interquartile ranges. Exceedance thresholds were defined at 1 year (solid black line), 5 years (black
dashed line), and 10 years (black dotted line) Average Recurrence Interval (ARI) high water levels. The change in
exceedance level AH and frequency AF between epochs were calculated for each ARI threshold.

maximum computed skew surge above the predicted HW level. Likewise, the minimum total HW level is ob-
tained by (and limited to) the minimum computed MSL, plus the minimum predicted HW tide above MSL, plus
the minimum skew surge above the predicted HW level. The combined PDF from these convolutions charac-
terizes the variation in sea level according to the MSL, tides, and surges observed during the respective epoch,
accounting for seasonal dependence between tides and surges.

2.6. Frequency-Based Thresholds to Define Exceedances

For each site, the HW exceedance threshold corresponding to each specified ARI level was computed by
cumulatively summing the probabilities in the total HW level distribution from the maximum bin height down.
The ARI threshold level (H) was determined by the bin height at which the sum of probabilities reached 1, 0.5,
and 0.2 (for 1, 5, and 10 year ARISs, respectively) expressed for the average expected number of tides (n) occurring
per year. The observed number of exceedances above each of these ARI levels was then counted from the
observed tide gauge record for each respective epoch for comparison purposes. The expected number (V) of
exceedances per year above threshold H in each epoch E is given as:
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Ng = / n. P (z) dz (6)
H

The change in exceedances was measured between epochs for two quantities: (a) the change in height of ex-
ceedance level (AH), meaning the difference between bin heights at which the exceedance frequency equaled the
1,5, and 10 year ARI in each epoch; and, (b) the change in exceedance frequency (AF), meaning the difference in
the frequency of exceedances in epoch 2 above the 1, 5, and 10 year ARI levels determined for epoch 1. The
change in exceedance frequency AF is expressed as a multiplier, that is, a multiplier of 2 represents a two-fold
increase in the number of exceedances in epoch 2 above the epoch 1 threshold, whereas a multiplier of 0.5
represents half the number of exceedances. Specific to each epoch, the bin height at which Nz = {1, 0.5, 0.2} is
defined as H, for epoch 1 and H, for epoch 2. This enables the change in exceedance level AH to be defined as:

AH =H, —H, 7

for N, and N,, the expected number of exceedances per year for epoch 1 and epoch 2, respectively, the change in
exceedance frequency AF is defined as:

“n. P: (2) dz
ar="2_ 7/’1;0 (0 )
Nl -/h] I’l.Pé:](Z) dZ

where P (z) and P,(z) are the joint probability distributions for total HW level in epochs 1 and 2, respectively,
and integrated for n HWs per year above the epoch 1 threshold level, H.

Summarizing the JPMM approach, the separated sea level components and total HW level PDFs, and the ex-
ceedance statistics AH and AF obtained, are illustrated in Figure 4 for Cambridge, U.S., and Port Kembla. Two
distributions representing each 19-year epoch are derived for each component. The change in the height of ex-
ceedance level AH between epoch 1 and epoch 2 represents height a coastal protection would need to be modified
to expect the same frequency of exceedance events. The change in the frequency of exceedance AF of total HW
level represents the increase or reduction in the frequency of a coastal protection being overtopped if left un-
modified. The equivalent figures are provided for all 166 sites in the Supporting Information S1.

2.7. Quantifying the Component Contributions to Changing Exceedances

The total HW level PDF represents the characteristic variability of high tides at a specific location for a specific
epoch attributable to the combination of sea level processes. Change in any of the individual components between
epochs represents the contribution of that process to changes in exceedance likelihood. The inherent relationships
between three sea level components suggest that: (a) changes in the MSL characteristics tend to be more
influential at the center of the total HW level distribution, (b) changes in the HW tide characteristics tend to be
most influential within the interquartile range, and (c) changes in the skew surge characteristics tend to be most
influential in the tails of the total HW PDF.

To quantify the contributions of each component to changes in exceedance levels, the total HW PDF for epoch 2
was re-computed with one component exchanged for the epoch 1 equivalent. For example, the contribution of any
change in MSL properties was quantified by combining the MSL distribution from epoch 1 with the joint tide and
surge distribution for epoch 2. The resultant PDF gives the heights of each threshold minus the contribution from
the replaced component. This process was repeated to quantify the respective contributions of each component to
the net change in each exceedance level AH.

3. Results
3.1. Changing Exceedance Levels

First, we describe the change in exceedance levels AH at the specified ARIs between epochs 1 and 2, then we
expand on the contributions of MSL, tide, and surge components to AH. The net change in exceedance levels
between epochs, AH, the height a coastal protection would need to be modified to maintain the same exceedance
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Figure 5. Changing heights of exceedance levels (AH) between two 19-year epochs at three threshold levels for 166 tide gauge sites. Thresholds defined at: (a) 1 year,
(b) 5 year, and (c) 10 year average recurrence interval (ARI) levels. Sites are grouped by region and ordered left to right from north to south. For Oceania sites (BoM) the
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frequency, are shown by the black blocks in Figure 5. Exceedance levels increased for 89% of sites at the 1 year
ARI level, for 85% of sites at the 5 year ARI level, and for 81% of sites at the 10 year ARI level.

Changes in exceedance levels at the 1 year ARI threshold (Figure 5a) are predominantly positive and relatively
spatially coherent (noting that gauges are ordered left to right from north to south for each region shown). Larger
increases are observed for gauges in the West Atlantic region along the eastern U.S. and Canadian coasts. Smaller
increases are observed for the East Atlantic and Oceania regions, which are consistent with the overall average
increase of 0.036 m between epochs. The North and East Pacific regions are the most spatially variable and
include various sites with significant decreases in exceedance levels. Larger increases and larger decreases in
exceedance levels (including a site in Churchill, Canada) are indicative of the effect of significant VLM in those
locations (Hammond et al., 2021). Results for each individual site are provided in the table provided in the
Supporting Information S1.

The direction of AH from epoch 1 to 2 was generally constant between the different ARI levels, however the site-
to-site variability in the magnitude of change varies increasingly with ARI level. This can be observed as an
increasing spread of the black blocks from 1 year ARI (Figure 5a) to 10 year ARI (Figure 5c) and is quantified
using the mean absolute deviation (MAD) of AH across all sites for each ARI. The MAD increases from 0.052 m
(1 year ARI) to 0.063 m (5 year ARI) to 0.077 m (10 year ARI), while on average, AH across all sites remains
approximately constant between ARI levels, 0.044, 0.040, and 0.043 m for 1, 5, and 10 year ARISs, respectively.

At 56% of sites, AH is reasonably constant (<2 cm difference) between the 1, 5, and 10 year ARI thresholds. The
magnitude of change generally increases with ARI level for the remainder of the sites. The most dramatic changes
between ARI thresholds are seen in the West Atlantic region, in both directions. For example, at Sewells Point,
U.S., AHis +19 cm at 1 year ARI, +37 cm at 5 year ARI, and +47 cm at 10 year ARI thresholds. Whereas, at
Charlotte Amalie, U.S., AH is +5 cm at 1 year ARI, 0 cm at 5 year ARI, and —7 cm at 10 year ARI thresholds.

The individual contributions of sea level components (MSL, tide and surge) are shown by blue, magenta, and
orange color blocks, respectively, in Figure 5. In some cases, positive contributions from one or more components
offset negative contributions from another component. For instance, at Whitby, UK, the MSL component con-
tributes +18 cm (blue, Figure 5a), which is partially offset by —3 cm contribution from the tide component
(magenta) and another —3 cm from the surge component (orange). The net change in the exceedance level at this
site is +13 cm (noting that differences of +2 cm between the sum of contributions and the net AH are influenced
by rounding errors in the discretization of the distributions). The two cases where the difference between the sum
of the component contributions and the net AH were >2 cm (Kungsvik and Smogen, SWE) correspond with the
two lowest values of HW variability in the sample, with tides relatively much smaller than the surge influence.

As seen by the predominance of blue in Figure 5, the MSL component is the dominant contributor to AH in most
locations. The MSL contributions are relatively constant between different ARI thresholds (i.e., compared be-
tween panels a, b, and c). Contributions from the tide component (magenta) are typically smaller than MSL and
also relatively constant between thresholds. The surge component (orange) contributions vary substantially be-
tween thresholds and within regions, indicating surges are the dominant driver of increasing spatial variability in
AH, particularly at 5 and 10 year ARI thresholds.

To further investigate the specific contributions of each component (MSL, tide, and surge) to AH, we inspect
differences in central tendency (mean) and percentiles between epochs. For MSL, its contribution to exceedance
level is typically comparable with differences in the mean (AuMSL from Figure 2) of the PDF, Py (z), between
epochs. On average this contribution was 37 mm across all sites and 61 mm at sites where AuMSL was positive.
On average, the 75th percentile of MSL increased by 39 mm and interquartile range increased by 7 mm, sug-
gesting some small differences in MSL variability between epochs. Therefore, the contribution from change in
MSL can be largely attributed to a vertical shift rather than changing variability.

The contribution of changing tide characteristics to exceedance levels (magenta, Figure 5) was typically small
relative to MSL and roughly evenly divided between negative and positive contributions of comparable
magnitude. Positive tide contributions average +14, +15, and +17 mm at 1, 5, and 10 year ARI levels,
respectively. Positive contributions are noticeable at the higher latitude sites in the North Pacific region and
spread throughout the West Atlantic sites. Negative contributions average —15, —17, and —16 mm at the 1, 5, and
10 year ARI levels, respectively. Negative contributions appear scattered throughout the regions. Tide
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Figure 6. (a) Change in exceedance level AH vs. change in mean sea level AuMSL between epochs, and (b) change in exceedance frequency AF, expressed as a
multiplier in frequency of epoch 2 exceedance above epoch 1 ARI threshold levels, versus total high water variability, represented by interquartile range.

contributions correspond to differences in the 75th to 95th percentile levels of the HW tide PDFs, P;4.(2), between
epochs.

The contributions of changing surge characteristics to exceedance levels (orange, Figure 5) are typically small
relative to MSL at the 1 year ARI level, but increase with greater variability, both positive and negative, across
sites at increasing ARI thresholds. This is readily apparent from the increasing prevalence of orange from the top
(a: 1 year ARI) to bottom (c: 10 year ARI) of Figure 5. At some sites, notably in the West Atlantic region, the
surge contribution far exceeded the MSL contribution at the 10 year ARI level. Surge contributions are roughly
evenly divided between negative and positive contributions with positive surge contributions averaging 18 mm,
36 mm, and 55 mm at 1, 5, and 10 year ARI levels, respectively, and negative surge contributions averaging —15,
—40, and —62 mm at 1, 5, and 10 year ARI levels, respectively. The very large contributions at some sites (e.g.,
+0.39 m at Lewisetta and —0.43 m at Cedar Key in the West Atlantic region, both of which are likely a result of
exposure to hurricanes affecting the southern and eastern U.S. coasts) have a strong effect on these network wide
averages. We return to the effect of extreme surge events on ARI levels in the Discussion.

Surge contributions correspond to differences in the extreme upper percentile levels of the surge PDFs (Pgy,c(2))
between epochs. At the 1 year ARI level, surge contributions correspond to differences in the 95th and 99.7th
percentile levels of skew surges between epochs. These percentiles equate to the largest 35 and 2 skew surges per
year, respectively, in a semidiurnal regime. At the 5 year ARI level, surge contributions correspond to differences
in the 99.7th and 99.97th percentile levels (equating to the largest 2 per year and 1 per 5 years, respectively, in a
semidiurnal regime). At the 10 year ARI level, surge contributions correspond to differences in the 99.97th and
99.99th percentile levels between epochs (equating to the largest skew surge in 5 and 14 years, respectively, in a
semidiurnal regime).

While MSL is the dominant contributor to AH overall, AH is on average higher than AuyMSL and there are notable
differences, higher and lower, particularly for positive changes in MSL (see Figure 6a). These differences, shown
by the respective positions of the circles relative to the black line representing 1:1 relationship between AuMSL
and AH in Figure 6a, are greatest for 5 and 10 year ARI thresholds. The AH between epochs is greater than the
respective AuMSL (circles above the 1:1 line) for 61% of sites at 1 year ARI level (blue), for 54% of sites at 5 year
ARI level (teal), and for 52% of sites at 10 year ARI level (light green). Whereas AH between epochs is more than
double the respective AuMSL for 21% of sites at 1 year ARIlevel (blue), for 26% of sites at 5 year ARI level (teal),
and for 32% of sites at 10 year ARI level (light green). Likewise, there are sites where AH between epochs are less
than the respective AuMSL (circles below the 1:1 line).
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3.2. Changing Exceedance Frequencies

The change in exceedance frequency AF is the frequency that a coastal protection would be overtopped in epoch 2
if left unmodified from epoch 1. This AF is derived from the change in the integral of the Py(z) PDF above the
specified epoch 1 threshold between epochs, according to the predicted number of HWs per year (Equation 8). We
express AF for each ARI threshold by the multiplier in frequency of exceedance.

To expand on how we derive the AF multiplier, the probability in any given year (on average) of 1 year ARI
exceedance from epoch 1 is 1, of 5 year ARI exceedance is 0.2, and of 10 year ARI exceedance is 0.1. Computing
the respective multipliers for Port Kembla for example, (Figure 4), the probability of exceeding the 1 year ARI
threshold from epoch 1 in epoch 2 is 2.43. For this site, the multiplier in frequency is therefore 2.43 (2.43/1). This
result indicates that the 1 year ARI threshold is 2.43 times more likely to be exceeded in epoch 2 compared with
epoch 1. Over the 19-year epoch length, this implies 46—47 exceedances in epoch 2 compared to 19 in epoch 1.
The probability of exceeding the 5 year ARI threshold from epoch 1 in epoch 2 is 0.644, hence the multiplier is
3.22 (0.644/0.2), or 12—-13 exceedances over the 19-year epoch instead of 3—4. The probability of exceeding the
10 year ARI threshold from epoch 1 in epoch 2 is 0.338, hence the multiplier is 3.38 (0.338/0.1), or 7-8
exceedances over 19 years instead of 1-2.

The multiplier in frequency AF between epochs is shown plotted against HW variability (represented by the
interquartile range of the total HW level distribution) in Figure 6b. Epoch 1 thresholds are exceeded more
frequently in epoch 2 for most sites at all ARI levels: for 82% of sites at 1 year ARI level (darker shade), 77% of
sites at 5 year ARI level (mid shade), and 72% of sites at 10 year ARI level (lighter shade). On average, AF is
comparable across all ARI levels (2.48 for 1 year, 2.85 for 5 year, and 3.15 for 10 year). Smaller HW variability is
strongly associated with increased exceedance frequency, whereas the association is weak for reduced exceed-
ance frequency (Figure 6b).

The multiplier in frequency (AF) of exceedance over 1/5/10 year ARI thresholds from epoch 1 in epoch 2 is
shown in Figure 7a. Changes in exceedance frequency are relatively spatially coherent. Larger increases in AF are
seen at lower latitudes in the North Pacific and West Atlantic regions. Larger decreases in AF are seen at higher
latitudes in the North Pacific. While the direction of AF is aligned with the respective AH (seen in Figure 6a),
large AH levels do not necessarily correspond to large AF. Using the example site from Section 3.1 at Sewells
Point, U.S., a AH of +19 cm at 1 year ARI corresponds to a AF of 2.68. In contrast, a much larger AF of 15.27 is
seen at Vaca Key, U.S., despite a smaller AH of +13 cm.

In Figure 7b, the AF above the 1 year ARI level from epoch 1 is expressed by the number of exceedances,
averaged per year in epoch 2, comparing the number derived from the total HW level PDF with the number in the
observational record. The circles represent the average expected number of exceedances per year in epoch 2 from
the P.(z) PDF above the 1 year ARI level from epoch 1 (represented by the darker circles in Figure 7a). The circles
are shaded according to HW variability (represented by IQR) so that lighter purple represents lower variability in
total HW level. The gray bars represent the number of exceedances observed in epoch 2 above the 1 year ARI
level from epoch 1 when the threshold is shifted by =1 cm. Larger ranges indicate greater density in HW
probability near the exceedance threshold.

As indicated in Figure 7a, larger AF values correspond to some exceptional increases in the number of
exceedances in southern North Pacific and West Atlantic regions, and notably for Samoa in the Oceania region.
Of the 166 sites, 13 sites are estimated to have experienced a fivefold or more increase in the number of
exceedances during epoch 2 above the level exceeded once per year during epoch 1. These large increases also
correspond to larger density in the distribution of HW levels observed near the threshold (larger gray bars,
Figure 7b) and smaller HW variability (lighter purple circles, Figure 7b). Similarly, where the largest reductions
in exceedance frequency are indicated in Figure 7a, for example the higher latitudes of the North Pacific region,
there are zero exceedances annually on average in epoch 2, previously exceeded once per year in epoch 1. These
larger reductions also correspond with smaller density in the distribution of HW levels observed near the
threshold (smaller gray bars), and larger HW variability (darker purple circles).

Differences in the number of exceedances estimated versus the number observed are indicated in Figure 7b where
the circles fall above or below the gray bars. The estimated number is higher than the number counted in the
observations for 60% of sites, indicated by those circles above the upper limit of the gray bars (representing the
number of exceedances observed during epoch 2 above the 1 year ARI threshold from epoch 1 4+1 cm). These
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Figure 7. Change in exceedance frequency (AF') for 166 sites. Sites grouped by ocean region and ordered left to right from north to south. Oceania sites compared
between 1992-2010 and 2004—-2022 epochs, remaining sites compared between 1983-2001 and 2002-2020 epochs. (a) Expressed as a multiplier in frequency (AF) in
epoch 2 above 1, 5, and 10 year average recurrence interval (ARI) levels from epoch 1, and (b) expressed in the average number of exceedances per year expected in
epoch 2 above the 1 year ARI threshold from epoch 1 (solid circles). Symbols shaded according to high water (HW) variability (interquartile range of total HW level)
from small (light) to large (dark). Gray bars indicate the range in the number of exceedances observed when the 1 year ARI threshold is shifted by +1 cm.

differences amount to an average of 0.4 additional exceedances estimated per year. The estimated number of
exceedances is lower than the number counted in the observations for 7% of sites, indicated by those circles below
the lower limit of the gray bars (representing the number of exceedances observed during epoch 2 above the 1 year
ARI level from epoch 1 —1 cm). These differences amount to an average of 0.3 fewer exceedances estimated per
year. Though these differences are typically small, they indicate that some deviation can be expected in the
estimation of exceedance frequency from the total HW level PDF. We return to this in the discussion.

4. Discussion

Here we utilize the JPM approach commonly employed for estimating the height of the most extreme sea levels to
further understand contributions to the growing problem of high tide flooding (Sweet & Park, 2014). The use of
maxima in the JPMM, represented by HW tide and surge levels, underpins both the estimation of the height of
thresholds based on frequency of exceedance and of exceedance frequency above a specific threshold. The resultant
total HW level distributions capture the unique combined influences of MSL, tide, and surge processes and their
variation from epoch to epoch and site to site. We quantify the contributions from each sea level component in terms
of the changing ARI levels, relating them directly to the required height of coastal protections.
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Approximately three quarters of the 166 sites studied exhibit differences in the height of 1, 5 and 10 year ARI
exceedance levels that are larger than the respective change in MSL (AuMSL). This serves to reinforce that
changes in the heights of total HW levels are complex and not linearly related to the rate of MSL change.
Contributions by tide and surge components between epochs can add to and subtract from contributions by the
MSL component, with surge contributions responsible for the largest differences at 5 and 10 year ARIs, especially
along the West Atlantic coast. For any individual site, the change in exceedance frequency is dependent on the
magnitude and sign of changes in exceedance levels (AH), and just as importantly, the magnitude of local HW
variability. For 42% of sites investigated, the probable frequency of exceeding 1 year ARI levels from epoch 1 in
epoch 2 more than doubled, for 22% of sites frequency more than tripled, and for 13% of sites frequency more than
quadrupled.

Assessing the change in exceedance frequency above previous thresholds serves to identify those sites with
greater sensitivity to small changes. Our findings reinforce previous studies in demonstrating that smaller
characteristic variability is associated with larger proportional response in exceedance frequency (Church
et al., 2008; Hunter, 2012; Thompson et al., 2021). For sites with the largest AF above 1 year ARI level from
epoch 1, where the number of expected exceedances has multiplied more than fivefold in epoch 2 (Figure 7b), the
variability in total HW level (expressed by IQR) is less than 0.3 m.

The distinct advantage of the JPMM (similar to the SSJPM; Batstone et al., 2013) over earlier JPM approaches lies
in the use of tidal maxima rather than hourly (or other interval) water levels in the generation of tide and surge
distributions. Batstone et al. (2013) employed the skew surge to better represent meteorological effects for
estimating extreme sea levels and to limit the effects of tide-surge dependence (Williams et al., 2016). We build
upon this method by taking advantage of the total HW probabilities obtained, representing distinct opportunities
for inundation events, to compute their recurrence intervals. It is effective in locations where tides are the
dominant influence on HW variability, recalling that exceedances typically occur when a larger tide and surge
coincide. We note that this study ignores the effects of waves and setup and undertook to exclude those locations
where river influences are significant. The contributions of these processes to high tide flooding deserve further
consideration.

The total HW level PDFs derived for each epoch enable the quantification of individual sea level component
contributions to AH. In previous studies, the contribution of changing tides to total HW levels has been estimated
as a relative percentage (Li et al., 2022), from the amplitudes of tidal constituents (Devlin et al., 2017), or from
tidal datums (Mawdsley et al., 2015). The contribution of changing surges has previously been estimated from
annual maxima (Calafat et al., 2022) or percentiles (Marcos & Woodworth, 2017; Mawdsley & Haigh, 2016).
Here, we demonstrate that the contribution of each component to total HW levels depends upon the effect of any
change in individual component properties, their relative importance, and their co-occurrence with other com-
ponents. The convolutions in the JPMM technique capture these complex interactions along with their impact on
exceedance probability.

One notable example of this complex interaction is seen at Samoa. The computed change in MSL between epochs
for Samoa (AuMSL = 0.121 m) is less than the estimated contribution to AH from the MSL component alone
(0.190 m). The effect of increased variation in annual MSL at this location contributes in addition to the change in
the mean between epochs. Changes to the shape of the annual MSL distribution will reflect changes in interannual
sea level variability as well as non-linear VLM. Samoa experienced an abrupt change in VLM following a
magnitude 8.1 earthquake on 29 September 2009. The rate of VLM at the Samoa tide gauge before the earthquake
is estimated to be negligible, but from 2010 to 2019 is estimated to be —7.8 = 2.2 mm/yr (Brown et al., 2024). The
extreme AF for Samoa can therefore be attributed to large AH due to changes in the MSL component, pre-
dominantly caused by VLM. The large AH is consequently translated into an exponential increase in exceedance
frequency because of the small HW variability at this location (IQR = 0.180 m). Comparatively, linear VLM at
sites experiencing Global Isostatic Adjustment (GIA) will not have the same effect as seen at Samoa. At sites in
Northern U.S. for example, the largely linear rates of Glacial Isostatic Adjustment (GIA) contribute to AuMSL but
make negligible difference to the variation in the MSL component between epochs.

Another example of complex interactions exists in the seasonal variation in tide and surge variables. At locations
where seasonal variation in surges is larger, combining tide and surge distributions month-by-month reduces the
potential effects of dependence in the joint PDF. At locations where either tide or surge distributions remain
relatively constant seasonally (e.g., Port Kembla in Figure 3), the seasonal accounting makes little difference to
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the joint tide and surge PDF. Combining events occurring in the same month of the year may, in some cases, have
the unintended consequence of excluding plausible coincidence. Alternatively, the study by Williams et al. (2016)
which combined events occurring in the 3-monthly seasons may include potentially implausible coincident tides
and skew surges. Overall, the effect of accounting for seasonal variability has lesser consequence compared to
changes in each component and their respective contribution for most locations. Regardless, it remains important
to inspect monthly variation between tide and surge, alongside relative MSL, to understand the local drivers of
HW exceedances and the relationships between them.

It is important to recognize that while we compare the changes in exceedance levels and frequency across sites,
the differences between epochs 1 and 2 in the Oceania region (BoM sites) occur over a shorter period and include
overlapping years from 2004 to 2010 (inclusive). It is therefore inappropriate to directly compare changes found
at sites in this region with those at GESLA sites. Even so, the results for Oceania indicate significant changes in
exceedance frequency between the overlapping epochs, representing a timeframe 7 years shorter than the GESLA
results.

The differences between the number of exceedances estimated (derived from the total HW level PDF) and the
numbers of HWs observed (by counting in the observational record) represent deviation from the probability
estimates over the 19-year epoch duration used. The differences seen at the 1 year ARI level (as shown by circles
falling outside the gray bars in Figure 7b) are typically small, as are differences at 5 and 10 year ARI levels
(provided in the results table supplied in the Supporting Information S1). We expect some differences driven by
gaps in the observational record or simply by chance given the epoch duration as a function of the chosen ARIs.
We assume that 19 years adequately captures the characteristic variability of each component for each site and
that the JPMM approach adequately represents the actual probability of MSL, tides, and surges combining.
Likewise, the 19-year tidal epoch is commonly adopted by authorities when representing tidal variability over the
18.61 years nodal cycle for calculating tidal datums (Palmer et al., 2023) and for benchmarking MSL (Fox-
Kemper et al., 2023).

However, for surges the presence (or absence) of extreme levels in any 19-year epoch may simply reflect the
occurrence (or otherwise) of a few infrequently large events. Changes in exceedance levels dominated by surge
contributions (shown by orange blocks in Figure 5), especially at 5 and 10 year ARIs, cannot be reliably inter-
preted as changes to the physical drivers of surges at a given location. This serves to illustrate the potential
limitations in the reliability of user-specified threshold levels with ARIs >10 years and epochs <19 years in
customizing the JPMM approach.

Including the possibility of any extreme surge event occurring with every high tide results in the propagation of
those extremes in the joint tide and surge distribution. In general, the use of exceedance curves and probability
distributions asserts that all levels in between the maximum observed event and the maximum possible event are
probable with diminishing return period, that is, that the “true” underlying distribution has light or asymptotically
exponential tails. However, surge extremes are often characterized by heavy upper tails in the water level dis-
tribution (Howard, 2022). While the change in surge extremes cannot be reliably quantified over timescales as
brief as two 19-year epochs (Wahl et al., 2017), our results serve to identify those locations subject to high
variability in surge extremes, where exceedances are surge, rather than tidally, dominant.

The need to raise coastal protections or retreat in advance of intolerable inundation presents an existential
challenge for many low-lying populations globally. Increased frequency of minor and moderate high tide flooding
are linked with increased migration and disproportionately affect marginalized communities (Hauer et al., 2019).
Changing MSL may be the dominant driver of increased exceedance frequency, but the characteristic sea level
variability at each location and the contributions of non-MSL components are at least as important.

Data Availability Statement

All tide gauge data are freely available from www.gesla.org, and the Bureau of Meteorology at http://www.bom.
gov.au/oceanography/projects/abslmp/data/index.shtml for ABSLMP stations and http://www.bom.gov.au/
oceanography/projects/spslemp/data/index.shtml for PSLGMP stations. The data analysis was performed using
MATLAB, demonstration code is available at https://doi.org/10.5281/zenodo.12597330 (Palmer, 2024) under the
Open source initiative 3-clause BSD License. Figure 1 was produced using QGIS.
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