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Abstract

Coastal planning implies the estimation of extreme sea levels. As the distribu-

tion of astronomical high tides can be predicted, most recent publications sug-

gest focusing on the estimation of extreme skew surges. Historical

information, record sea levels observed before the beginning of systematic tide

gauge recordings, can improve estimations. The corresponding skew surges

can be estimated but are not necessarily exhaustive. Indeed, some historical

extreme skew surges can remain unnoticed if they are combined with low or

moderate tides, or for a variety of reasons. To deal with this exhaustiveness

issue, a previous publication proposed an unbiased method for combining sys-

tematic period skew surges with historical period extreme sea levels. This

method appeared more reliable than previously proposed approaches. The pre-

sent study aims at presenting a broader evaluation of this method, based on its

application to nine sites located on the English Channel and North Sea coasts.

The method is also improved to consider several historical periods and various

types of historical information. Results confirm the method to be reliable, use-

ful, and relevant. A number of recommendations is also formulated for the

selection and use of historical information for sea level frequency analyses.
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1 | INTRODUCTION

Coastal planning needs to consider the risk of marine
submersion especially in the present context of climate
change. Then, estimating extreme sea levels, and espe-
cially extreme sea levels at high tide (maximum sea
levels) which are the most dangerous, is essential for
design purposes. Maximum sea levels can be defined as

the combination of the predicted astronomical high tide
and the skew surge. The astronomical high tide is a deter-
ministic and predictable variable caused by gravitational
forces. The skew surge is the difference between the
observed maximum sea level and the predicted astronom-
ical high tide during a tidal cycle and it is caused by
atmospheric phenomena. The statistical distribution of
maximum sea levels (or sea levels) is usually obtained
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after a convolution of the statistical distribution of pre-
dicted astronomical high tides (or predicted astronomical
tides) and the statistical distribution of skew surges
(or surges) which needs to be estimated (Batstone
et al., 2013; Dixon & Tawn, 1999; Liu et al., 2010; Mazas
et al., 2014; Pugh & Vassie, 1978; J. Tawn et al., 1989;
J. A. Tawn, 1992; Tomasin & Pirazzoli, 2008). The inde-
pendence between astronomical high tides and skew
surges can be reasonably assumed (Williams et al., 2016)
compared to the independence between astronomical
tides and surges. Hence, the use of skew surges instead of
surges makes the convolution easier because the interac-
tions between both components of maximum sea levels
can be neglected (Mazas et al., 2014). Moreover, accord-
ing to (Arns et al., 2015; Batstone et al., 2013; Wahl &
Chambers, 2015), the skew surge is a better indicator of
the meteorological impact on sea level than the surge.

The integration of historical information allows to
increase the sample size, to enrich the data set in the right
tail of the distribution and then, to reduce the estimation
uncertainties of the statistical distribution (Benito
et al., 2004; Ga�al et al., 2010; Hamdi et al., 2015; Ouarda &
Ashkar, 1998; Payrastre et al., 2011; Reis &
Stedinger, 2005). In the context of coastal analysis, histori-
cal events are the record maximum sea levels that
occurred before the beginning of the systematic observa-
tion period—that is, period during which tide gauge
recordings are available—and that may be retrieved from
archives or field surveys. The skew surges corresponding
to these records can be estimated, but some extreme skew
surges can easily remain unnoticed if they are combined
with low or moderate astronomical high tides and do not
generate extreme maximum sea levels (Outten
et al., 2020). This is visible with the measured systematic
data sets: some extreme skew surges, even the largest, can
be missed when extreme maximum sea levels are sampled
(see Figure 1 for an example). Then, the exhaustiveness of
historical information for the calibration of a skew surge
statistical method, which is essential for an unbiased sta-
tistical inference (Gaume, 2018), cannot be guaranteed in
the case of skew surges. Frau et al. (2018) and Hamdi et al.
(2015) attempt to overcome the issue of the historical skew
surges exhaustiveness but respectively present some posi-
tive and negative bias demonstrated through Monte Carlo
simulations in Saint Criq et al. (2022), hereinafter referred
to as SQ22. A large number of random samples was simu-
lated with the same characteristics based on four real case
studies. Then the maximum likelihood estimates and the
posterior credibility intervals were analyzed with boxplots
and rank histograms (Nguyen et al., 2014).

SQ22 propose a new statistical inference procedure
including the historical record maximum sea levels,
instead of their corresponding skew surges. Indeed, the

historical record maximum sea levels larger than a high
enough threshold can reasonably be considered exhaustive
during the historical period. For the calibration of the sta-
tistical distribution of skew surges, this method combines,
in a single Bayesian inference procedure, information of
two different natures: skew surges for the systematic
period and extreme maximum sea levels for the historical
period. The systematic skew surges are sub-sampled to a
peaks-over-threshold (POT) sample and are modeled by a
Generalized Pareto (GP) distribution. The statistical distri-
bution of the historical maximum sea levels is replaced in
the likelihood by a numerical approximation which allows
the implementation of this new inference procedure. This
method, which will be called the historical sea levels
(HSLs) method, is based on the hypotheses of indepen-
dence between astronomical high tides and skew surges.

The HSL method appears reliable for the quantiles
and parameters estimated by the maximum likelihood, as
well as for the posterior credibility intervals of quantiles
estimated in the Bayesian framework. The reduction of
the averaged widths of the posterior credibility intervals
(compared to the analysis of the systematic data only)
shows the added value of the historical record maximum
sea levels. The HSL method is applied to some case stud-
ies selecting a historical threshold that is not exceeded
during the historical period according to the available
information. This deterioration of the historical informa-
tion is only moderately observable on the obtained poste-
rior credibility intervals. This means that knowing that a
sea level has not been exceeded—for example, a coastal
infrastructure has not been submerged—during a

FIGURE 1 Systematic events at Aberdeen (UK). The black

points represent the extreme skew surges (larger than u) when

sampling the extreme maximum sea levels (larger than ηH ).
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historical period is a valuable information from a statisti-
cal point of view. This is an interesting result, especially
at sites without available historical information.

The present study aims to challenge the HSL method
proposed in SQ22 and its conclusions with new case studies.
The HSL method is summarized in Section 2.1, the likeli-
hood formulation is adapted to consider various uncertainty
levels affecting historical information—that is, in case of
uncertainties on historical information. Section 2.2 presents
the evaluation methodology. The application case studies
are presented in Section 2.3. The application results are
illustrated and discussed in Section 3.

2 | METHODS

2.1 | Combination of skew surges and
sea levels in the same likelihood

SQ22 propose to combine in a single Bayesian inference,
Xsys ¼ xsys,1, xsys,2,…, xsys,m

� �
, the systematic POT sample

of m skew surges exceeding the threshold u during
the systematic period of wS years and Zhist ¼
zhist,1, zhist,2,…, zhist,hz

� �
, the hz historical record maximum

sea levels exceeding the threshold ηH during the histori-
cal period of duration wH years. The global likelihood of
the systematic skew surges and the historical record max-
imum sea levels L Xsys,Zhistjθ

� �
is given by the product of

the likelihood of the systematic skew surge sample
L Xsysjθ
� �

and the likelihood of the HSL sample L Zhistjθð Þ:

L Xsys,Zhistjθ
� �¼ L Xsysjθ

� �
:L Zhistjθð Þ ð1Þ

with θ¼ σ, ξ, λð Þ the parameters to estimate. Skew surges
exceeding the threshold u are chosen to be modeled by a
GP distribution of scale parameter σ>0 and shape
parameter ξ�ℝ. The number of skew surges exceeding
the threshold u per year follows a Poisson process of
intensity λ (Coles, 2001).

L Xsysjθ
� �

, the likelihood of the systematic skew surge
sample is defined, 8 i� 1,…,mf g, xsys,i independent and
identically distributed (i.i.d), by:

L Xsysjθ
� �¼Pθ M¼mð Þ:

Ym
i¼1

f θ xsys,i
� � ð2Þ

with Pθ M¼mð Þ¼ λwsð Þm
m! exp �λwSð Þ the probability of

observing m skew surges exceeding u during a systematic
period of wS years and f θ the GP probability density
function.

On average, there are 706 high tidal levels during a
year so, there are NwH ¼ 706�wH high tidal levels during

the historical period. Here, two consecutive events are
assumed to be independent, but a storm can last 2 or
3 days, especially on the French Atlantic coast (Bulteau
et al., 2015; Kergadallan et al., 2014). Then, to consider
the temporal dependence, the number of high tidal levels
per year should be reduced. L Zhistjθð Þ, the likelihood of
the historical maximum sea levels, describes the NwH �hz
maximum sea levels that do not exceed ηH and the hz
maximum sea levels that exceed ηH during the historical
period of duration wH years. 8 i� 1,…, hzf g, zhist,i i.i.d,
L Zhistjθð Þ is defined by:

L Zhistjθð Þ¼ eGθ ηHð ÞNwH�hz : 1� eGθ ηHð Þ
h ihz

:
Yhz
i¼1

egθ zhist,ið Þ
1� eGθ ηHð Þ

ð3Þ

with egθ, eGθ respectively the probability density and
cumulative distribution functions of high tidal levels
which can be numerically computed given the statistical
distributions of astronomical high tides, skew surges
lower than u and skew surges exceeding u (for more
details, see Appendix A in SQ22).

Likelihood (3) is valid if the historical maximum sea
levels zhist are considered to be accurately known. How-
ever, uncertainties affecting zhist can be accounted for
(see Equation 4): (a) range data, the historical maximum
sea levels are known with uncertainties, they are com-
prised between the perception threshold ηH and a value
ϕH with ϕH > ηH , (b) binomial censored data, it is known
that the threshold ηH has been exceeded hz times over
the historical period but the corresponding maximum sea
levels are unknown, (c) lower limit data, a limit value ϕH

has not been exceeded during the historical period. Note
that the range data likelihood (4a) could be more precise
taking into account uncertainties on each HSL such as 8
i 1,…, hzf g, zhist,i � ηiH ,ϕ

i
H

� �
.

L Zhistjθð Þ¼

eGθ ηHð ÞNwH�hz : eGθ ϕHð Þ� eGθ ηHð Þ
h ihz

if að Þ range data,
eGθ ηHð ÞNwH�hz : 1� eGθ ηHð Þ

h ihz
if bð Þbinomial censored data,

eGθ ϕHð ÞNwH

if cð Þ lower limit data:

8>>>>>>>>>>><
>>>>>>>>>>>:

ð4Þ

2.2 | Methods

The RStan package was used to conduct Bayesian Mar-
kov Chain Monte Carlo inferences based on the

SAINT CRIQ ET AL. 3 of 14
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formulated likelihood with non-informative priors. The
results of the inference procedure consist in the posterior
densities for the calibrated parameters θ¼ σ, ξ, λð Þ and of
the corresponding skew surge quantiles. Note that Stan
model related to the likelihood based on systematic skew
surges and historical maximum sea levels (Equation 3)
was made available within the scope of SQ22 at https://
doi.org/10.5281/zenodo.6260203.

The HSL method is challenged with different evalua-
tion criteria based on several tide gauges covering a vari-
ety of situations by their systematic and historical
characteristics (see Section 2.3). First, the HSL method is
implemented on observed systematic skew surges and
exact historical maximum sea levels to measure the possi-
ble reduction of uncertainties by the integration of histor-
ical record maximum sea levels. The exact historical
maximum sea levels are supposed to be perfectly known
without any uncertainty. Then, uncertainties on histori-
cal maximum sea levels have to be accounted for to be in
a more realistic context (see Equation 4). Then, the HSL
method is implemented on observed systematic skew
surges and historical information according to its accu-
racy (exact data, range data, binomial censored data and
lower limit data) to evaluate the sensitivity of the accu-
racy historical information on the inference results, espe-
cially of the width of the posterior credibility intervals. In
the cases of range data and lower limit data, the limit
value ϕH is chosen as the maximum of the observed HSL
added to 0.01 (ϕH ¼ max zhistð Þþ0:01). Finally, the objec-
tive is to evaluate the most relevant descriptive parame-
ters of the historical information. Then, from the
observed data sets, a sensitivity analysis is conducted to
the length of the historical duration wH and to the limit
value ϕH on the posterior credibility intervals. In the case
of exact data (likelihood (3)), wH is taken as wH þα with
α the duration per historical record event. There are
uncertainties to estimate wH and in the worst case, the
bias on wH is around α years. In the cases of range data
(likelihood (4a)) and lower limit data (likelihood (4c)),
ϕH is taken as max zhistð Þþβ, with max zhistð Þ the maxi-
mum record HSL and β varying in 0:01, 0:5, 1, 2f g.

2.3 | Case study

Within the scope of this study, a database is developed,
selecting tide gauges whose historical information is
available or with long systematic series that can be split,
for sake of illustration, into two periods (systematic and
historical) to create artificial historical information as
was done for Brest and Saint Nazaire in SQ22. This data-
base contains nine tide gauges: Calais, Cherbourg, Le
Havre and Saint Malo on the English Channel coast,

Nieuport and Oostende on the Belgium North coast,
Aberdeen on the UK North coast, and Delfzijl and Vlis-
singen on the Netherlands North coast (Bernardara
et al., 2011; Haigh et al., 2010, 2016; Sterl et al., 2009;
Woodworth et al., 2007). Figure 2 shows their geographic
location.

2.3.1 | Systematic data sets

The French Hydrographical and Oceanographical Service
(data.shom.fr), the Flemish Agency for Maritime and
Coastal Services (meetnetvlaamsebanken.be), the British
Oceanographic Data Centre (bodc.ac.uk) and the Minis-
tery of Infrastructure and Water Management of the
Netherlands (rijkswaterstaat.nl) make available the
hourly tide gauge data at the mentioned sites. These data
are processed with a harmonic analysis through the R
package TideHarmonics (Stephenson, 2015). As tidal pre-
dictions are calculated for the present time, to obtain the
actual surges of past periods, the data must be corrected
for a possible eustatism. If there is a significant trend in
the temporal evolution of the annual mean of sea levels
(calculated according to the Permanent Service for Mean
Sea Level recommendations), then the series of observed
sea levels is adjusted so that the corresponding series of
annual means is stationary. The hourly astronomical
tidal levels are computed, then, the series of astronomical

FIGURE 2 Geographic location of selected tide gauges
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high tides and skew surges can be extracted. Finally, the
GP parameter stability criterion—based on fitting the
model at a range of thresholds (Coles, 2001)—helps to
select the POT threshold u (see Table 1) and to build the
POT sample. The nine POT samples obtained are verified
to be i.i.d. The independence between skew surges and
astronomical high tides, which is a necessary hypothesis
to apply the HSL method, is tested for the nine tide
gauges through the approach proposed by Arns et al.
(2020) This independence can be assumed between the
extreme skew surges and their associated astronomical
high tides, but not for astronomical high tides and skew
surges leading to the extreme maximum sea levels (see
Appendix A). The systematic data sets for the nine
selected tide gauges have different characteristics (see
Table 1). The systematic period is more or less well docu-
mented (the systematic duration varies between 20.18
and 50.72 years and the POT sample size varies between
23 and 69), the orders of magnitude for the skew surges
are different (the POT threshold varies between 0.44 and
1.71m) and there are various patterns for the astronomi-
cal high tide component. For the nine tidal gauges, a tide
surge ratio higher than 2 confirms the need to model sep-
arately the astronomical high tides and the skew surges
as shown in (Haigh et al., 2010). Saint Malo has a very
high tide surge ratio and its highest astronomical high
tide is very important compared to the other tide gauges,
then the astronomical high tide appears to be the domi-
nant component for record maximum sea levels. In this
case, the HSL method is particularly interesting since the
historical skew surges are certainly non-exhaustive and
also particularly challenged because of the limited weigh
of the extreme skew surges on the historical extreme sea
level distribution. Calais, Cherbourg, Le Havre and Brest

(SQ22) have similar values of tide surge ratio, lowest and
highest astronomical high tide which testify of the rela-
tive importance of the high tide compared to the skew
surge. At Aberdeen, Nieuport and Oostende, the astro-
nomical high tide component is even more moderate, the
tide surge ratio is about 13. Finally, at Delfzijl and Vlis-
singen, the maximum sea levels are clearly driven by the
skew surge. Indeed, their tide surge ratios are reduced
and the POT threshold is higher than the lowest astro-
nomical high tide which is especially visible at Delfzijl.
Then, at these stations, record maximum sea levels are
related to record skew surges and the use of HSL method
would be less essential than at Saint Malo since historical
record skew surges would tend to be (or very closed to
be) exhaustive and the method proposed by Hamdi et al.
(2015) could then be used with probable limited bias.

2.3.2 | Historical data sets

Historical record maximum sea levels are provided by a
database developed by the French Institute for Radiologi-
cal Protection and Nuclear Safety (Giloy et al., 2018) for
Belgium and French tide gauges and by a UK database
developed by the British Oceanographic Data Centre
from 1915 (Haigh et al., 2017) for Aberdeen. The system-
atic series of Delfzijl and Vlissingen start respectively in
1879 and 1863, present a measuring gap between 1960
and 1987. Then, they are split into a systematic sample
(after 1987) and a historical sample (before 1960). For
both Dutch tide gauges, the historical record maximum
sea levels above 4 m are extracted. The hypothesis of sta-
tionary is accepted for the complete series of Delfzijl
(from 1879 to 2021), but rejected for the complete series

TABLE 1 Characteristics of the systematic data sets, the lowest astronomical high tide (LAHT), and the highest astronomical high

tide (HAHT)

Site
Tide gauge
recording period wS (years) u (m) n

Tide
surge ratioa LAHT (m) HAHT (m)

Aberdeen 1990–2021 24.61 0.65 26 12.50 3.05 4.85

Calais 1941–2021 42.56 0.60 43 25.20 5.16 7.84

Cherbourg 1943–2020 46.40 0.44 45 28.26 4.38 7.13

Delfzijl 1987–2021 34.53 1.71 33 2.05 0.81 1.84

Le Havre 1938–2021 50.72 0.60 69 25.59 5.92 8.55

Nieuport 2000–2020 20.18 0.71 26 13.65 3.28 5.43

Oostende 2000–2020 20.26 0.75 23 12.63 3.19 5.26

Saint Malo 1986–2021 26.64 0.50 30 47.62 7.81 13.52

Vlissingen 1987–2021 34.54 1.00 29 5.41 0.89 2.92

Note: The systematic duration wS does not account for the period of missing values.
aRatio of the 98% astronomical high tide to the 98% skew surge quantile (Dixon & Tawn, 1999).
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of Vlissingen (from 1863 to 2021). Indeed, the two highest
skew surges occurred during the historical period and are
very large compared to the other skew surges of the com-
plete series. The complete series contains 43 skew surges
at Delfzijl and 47 at Vlissingen.

The nine tide gauges also present various situations for
the historical period (see Tables 2 and B1): the length of
the historical period (from 17.84 to 130 years), the number
of historical record maximum sea levels (from 1 event to
5 events) and the height of the record maximum sea levels
(ηH varies between 4.05 and 12.96m) which is directly
related to the astronomical high tidal range (see Table 1).
The historical duration wH is chosen larger than the time
laps between the first historical record and the beginning
of the systematic period. P AjXsys

� �
and P BjXsys

� �
are

computed to test the consistency of historical samples
according to the systematic data sets, on the assumption
that skew surges are following a GP distribution. At
Aberdeen, Calais, Delfzijl, Le Havre and Saint Malo, the
historical data set seems to be consistent with the distri-
bution adjusted on the systematic skew surges (P AjXsys

� �
and P BjXsys

� �
close to one). In these cases, the systematic

and historical data sets seem consistent and the system-
atic data sets do not seem to impose strong constraints on
the skew surge distribution. At Cherbourg, Nieuport and
Oostende, according to the systematic data sets, the
threshold ηH can be easily exceeded hz times during the
historical period (P A jXsys

�
) high), but the maximum his-

torical observed sea level can hardly be exceeded during
the historical period (P BjXsys

� �¼ 0). At Vlissingen, the
sea level distribution estimated only on systematic skew
surges can hardly allow the realization of the record max-
imum sea levels observed during the historical period

(P AjXsys
� �¼P BjXsys

� �¼ 0). The statistical consistency
between systematic and historical data sets is highly ques-
tionable if we assume that the skew surges follow a GP dis-
tribution. Mixing both datasets in the same statistical
inference procedure is likewise questionable and may result
in problematic outcomes as will be illustrated hereafter.

Tide gauges can sometimes be defective as it was the
case at Le Havre in 1984 when a major event occurred
but could not be recorded (see Table B1). This observa-
tion is integrated as historical information in the HSL
method. The 1984 event is very extreme and it appears
reasonable to suppose that, if another event would have
exceeded it during the systematic period but not mea-
sured, this event would have been retrieved. Then, the
historical duration associated to this event is taken as the
sum of the gap measures between 1938 and 2021. Conse-
quently, at Le Havre, two historical periods have been
defined (see Table 2).

3 | APPLICATION OF THE HSL
METHOD TO OBSERVED DATA SETS

The HSL method is applied to observed data sets. In
Section 3.1, the historical record maximum sea levels
retrieved from archives (see Table B1) are supposed to be
precisely known.

3.1 | Exact data

At Delfzijl and Vlissingen, as the complete skew surge
series are available (see Section 2.3.2), it is possible to

TABLE 2 Characteristics of the historical data sets

Site Range wH (years) ηH (m) ϕH (m) hz P A jXsys
�

) P B jXsys
�

) wH=wS

Aberdeen 1915–1990 80 5.10 5.10 2 1.00 1.00 3.25

Calais 1905–1941 50 7.70 7.70 1 1.00 1.00 1.17

Cherbourg 1821–1943 130 7.17 7.96 2 1.00 0.00 2.80

Delfzijl 1879–1960 28.15 4.34 4.34 1 0.96 0.96 0.82

Le Havre 1882–1938 70 8.40 8.55 3 1.00 1.00 1.38

Le Havre 1938–2021 33.26 9.28 9.28 1 0.00 0.00 0.66

Nieuport 1932–2000 80 6.08 6.73 5 0.99 0.00 3.96

Oostende 1932–2000 80 6.01 6.66 4 0.82 0.00 3.95

Saint Malo 1877–1986 100 12.96 12.96 1 1.00 1.00 3.75

Vlissingen 1863–1960 17.84 4.05 4.54 3 0.00 0.00 0.52

Note: ηH and ϕH are the observed minimum and maximum historical maximum sea levels. A jXsys (respectively B jXsys) represents the event “ηH (respectively

ϕH ) is exceeded at least hz (respectively 1) time(s) during the historical period knowing the systematic data set.” Then, P A jXsys
�

) ¼ 1� Phz�1

i¼0
G
~

bθ ηHð ÞN�i and

P B jXsys
�

) ¼ 1�G
~

bθ ϕHð ÞN are computed with the parameters bθ estimated on systematic data sets by the maximum likelihood.
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compare the results of the HSL method with the ideal
case—that is, perfect knowledge of the historical skew
surges. The adjusted credibility intervals with the HSL
method are very similar to those obtained in the ideal
case, and even if narrower, they are consistent with the
data sets since they contain the complete skew surges
series (see Figure 3). This result is very satisfactory since
a large number of historical events is processed in the
inference for the ideal case compared to the HSL

historical samples: 43 (respectively 18) historical skew
surges versus 1 (respectively 3) historical maximum sea
levels at Delfzijl (respectively Vlissingen). This and simi-
lar results obtained in SQ22 for the French tide gauges of
Brest and Saint Nazaire allow to validate the HSL
method.

The inclusion of the exact historical record maximum
sea levels leads to a significant reduction of the width of
the posterior credibility intervals for all tide gauges

FIGURE 3 Ninety percent skew surge posterior credibility intervals without historical information (HI), based on the systematic data

(gray line), integrating the historical record sea levels as exact data (black line) and in the ideal case, when all skew surges are known during

the systematic and historical periods (black line) for Delfzijl and Vlissingen. The dotted lines represent the median estimates of each method.
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except for Nieuport and Vlissingen, but to a redirection
of the posterior credibility intervals, and for the last case,
a significant increase of the estimated quantile (see
Figure 3). At Nieuport and Vlissingen, this result was
expected because of statistical inconsistency of the sys-
tematic and historical data sets. The reduction of uncer-
tainties for the skew surge quantiles—that is, reduction
of the posterior credibility interval width—is discussed in
light of the consistency between systematic and historical
samples (see P AjXsys

� �
and P BjXsys

� �
in Table 2). For all

tide gauges and all methods, the median adjustments are
in the lower part of the posterior credibility intervals. It is
interesting to notice that the median adjustments
obtained with the HSL method and without historical
information are almost superposed.

At Aberdeen, Calais, Delfzijl and Saint Malo, the sys-
tematic and historical data sets appear statistically consis-
tent and the posterior credibility intervals are
significantly narrower in comparison to the other sites.
Moreover, at Aberdeen and Saint Malo, the historical
duration is at least three times longer than the systematic
duration which helps to significantly lower the upper
bound of the posterior credibility interval. At Calais, due
to equivalent lengths of the systematic and historical
periods, the uncertainties could not be as reduced as for
Aberdeen and Saint Malo. At Delfzijl, the historical dura-
tion is slightly lower than the systematic duration, but
the strong reduction of uncertainties (as for Aberdeen
and Saint Malo) may be allowed because of the very high
initial uncertainties—that is, the posterior credibility
interval based on the systematic skew surges is very large.
At Cherbourg and Oostende, the historical sample
appears to contain, at least, one exceptional event clearly
not consistent with the systematic sample (P BjXsys

� �¼ 0
in Table 2), so the integration of historical maximum sea
levels only allows to slightly reduce the uncertainties. A
similar phenomenon is observed at Le Havre, for the sec-
ond historical period (1938–2021).

As a first conclusion, these analyses indicate that
some factors have an influence on the reduction of the
credibility intervals, like the consistency between system-
atic and historical samples, the initial uncertainties and
the length of the historical duration compared to the sys-
tematic duration. Note that the most important reduc-
tions (at Aberdeen, Calais, Delfzijl and Saint Malo) are
obtained with only one or two record maximum sea
levels exceeding the historical perception threshold,
whereas the least reduced posterior credibility intervals
(at Le Havre, Cherbourg and Oostende) are obtained
with three or four record maximum sea levels (see
Table 2 and Figure 3).

The inconsistency between systematic and historical
data sets at Vlissingen and Nieuport leads to a redirection
of the posterior statistical distributions and credibility
intervals. Indeed, at Vlissingen, three very extreme maxi-
mum sea levels (see Table 2) are reported during a very
short historical period compared to the systematic dura-
tion (wH ≈ wS

2 ). At Nieuport, extreme events are also
observed, but during a relatively long historical period
(wH ≈ 4�wS). Their empirical frequency is more in
accordance with the systematic observations, then the
redirection of the posterior credibility intervals is more
limited than at Vlissingen.

3.2 | Sensitivity analysis of historical
information quality

Accounting for the possible uncertainties affecting the
historical information (range data, binomial censored
data or lower limit data instead of exact data) has an
impact that is only moderately observable on the poste-
rior credibility intervals except in some particular cases
and an almost invisible impact on the median adjust-
ments (see Figure 4). This is consistent with the conclu-
sions drawn by Payrastre et al. (2011) on river discharge
series: the length of the historical period has more impact
on the inference results than the number and accuracy of
documented historical events.

At Aberdeen, Calais and Saint Malo, the posterior
credibility intervals produced with any type of historical
information are mostly superposed which means that no
matter the accuracy of historical records, the information
content is almost the same. Indeed, there is only one
exceedance at Calais and Saint Malo and two excee-
dances of same value at Aberdeen. At Delfzijl, there is
also one exceedance, the historical posterior credibility
intervals are also very close except for binomial censored
data, for which the upper bound is quite higher than the
other ones. Indeed, this type of historical information is
the least restrictive for the magnitude of historical maxi-
mum sea levels and leads to the highest upper bound as
it is observed at most of the tide gauges (Aberdeen,
Calais, Delfzijl, Le Havre, Nieuport, Oostende, and Vlis-
singen). There are also some particularities directly
related to the samples.

At Le Havre and Nieuport, the four posterior credibil-
ity intervals are quite close. The case of Oostende is simi-
lar with a higher scattering. At Cherbourg, the posterior
credibility intervals are superposed except the one
obtained with binomial censored data. Indeed, in this
case, the highest HSL seems highly improbable according
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to the systematic data set (see Table 2), pulling up the cal-
ibrated statistical distribution. The binomial censored
data method relaxes the constraint imposed to the cali-
bration by this extreme historical record.

The case of Vlissingen is very special compared to the
other ones since the systematic and historical data sets
appear extremely inconsistent (see Section 2.3.2). The
strong sensitivity to the uncertainties on the historical
data, and then to the weight given to the historical data
in the adjustment, reflects this statistical inconsistency.

3.3 | Complementary analysis

Some complementary analyses are conducted to evaluate
the sensitivity of the inference outcomes to (1) the esti-
mated historical duration wH , (2) the estimated limit
value ϕH for historical record maximum sea levels, when
the “range data” likelihood is used, or (3) when the
“lower limit data” likelihood is used. Similar results are
obtained for all nine sites. For the sake of simplification,
only the results of Aberdeen are presented herein (see

FIGURE 4 Ninety percent posterior skew surge posterior credibility intervals based on the systematic data and on historical maximum

sea levels as exact data (black line), range data (red line), binomial censored data (blue line) or lower limit data (purple line). The dotted

lines represent the median estimates of each method.
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Figure 5). This data set has been selected because of the
statistical consistency between systematic and historical
data sets.

The historical duration wH has to be estimated. It is,
at least, the time laps between the first historical record
and the last one or between the first historical record and
the beginning of the systematic period. But, it is common
to select a slightly larger value for wH to avoid introduc-
ing biases as discussed by Schendel and Thongwichian
(2017). According to these considerations, at Aberdeen,
the historical duration has been estimated to wH ¼ 80
years. The historical inventory covers the period
1915 – 1990 and there are two reported record maximum
sea levels, then the empirical return period of these
records is about 30 years. Figure 5a shows the posterior
credibility intervals, in the case of exact data, when the
historical duration wH varies in a reasonable range of
80�30 years. The historical duration appears to have a
moderate impact on the statistical inference results, the
longer estimated historical duration, the lower are the
uncertainties. Yet, the additional information content
increases with the length of the estimated historical
duration.

As expected, in the case of range data, the posterior
credibility intervals are relatively insensitive to uncer-
tainties affecting the estimated limit value ϕH for histori-
cal record maximum sea levels (see Figure 5b).

Finally, in the case of lower limit data, the posterior
credibility intervals are very sensitive to the estimated
limit value ϕH (see Figure 5c). The lower the limit value,
the more informative is the added historical content. Yet,
the possible range of the historical maximum sea levels is
reduced leading to narrower posterior credibility inter-
vals. When the lower limit value ϕH tends to infinity, the
added value of the historical information is very reduced
and the obtained adjustments tend to the ones obtained

with systematic data only. Yet, a very high ϕH is not
informative at all in the case of lower limit data.

Based on all previous analyses and Payrastre et al.
(2011), the most determining information included in the
historical data set appears to be the years without
observed records. Then, a particular attention must be
given to the determination of the value wH . This conclu-
sion is valid provided that the historical and systematic
data sets appear consistent at the light of the calibrated
statistical distribution. If it is not the case, it does not
mean that the historical data is useless. On the contrary,
it questions the adequacy of the statistical distribution
and hence the basics of the risk assessment method. But
this last issue goes far beyond the objectives of this paper.

4 | CONCLUSION

SQ22 proposed a new statistical inference procedure to
properly integrate historical information about extreme
maximum sea levels in skew surge statistical analyses, to
overcome the issue of non-exhaustiveness of the skew
surge variable. The procedure consists in combining data
sets of different natures: skew surges for the recent period
and maximum sea levels for the historical period. This
new method is valid under the assumption of indepen-
dence between astronomical high tides and skew surges
and it is implemented by replacing the analytic expres-
sion of the probability density and cumulative functions
of maximum sea levels by numerical approximations in
the likelihood formulations. The flexibility of the likeli-
hood formulation allows to consider different levels of
uncertainties affecting the historical information (see
Section 2.1) and several historical periods.

The method proposed in SQ22 was implemented
herein on nine additional case studies with different

FIGURE 5 Ninety percent skew surge posterior credibility intervals based on the systematic data and the historical record maximum

sea levels as (a) exact value adjusting the historical duration (likelihood (3)), (b) range value adjusting the upper bound of the interval ϕH

(likelihood (4a)) and (c) lower limit data adjusting the value not exceeded ϕH (likelihood (4c)).
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characteristics. The comparison with results based on a
perfect knowledge of historical skew surges, when this
information was available, confirm the relevance of the
proposed approach. Indeed, the posterior credibility
intervals appear unbiased and very close to those
obtained with a perfect knowledge of the historical skew
surges. The results of the present study indicate that all
data, being recorded by tide gauges or not, are informa-
tive, deserve to be integrated in statistical analyses, on
the condition of being exhaustive. The integration of his-
torical information should lead to reduce the estimation
uncertainties on condition that the systematic and histor-
ical data sets appear statistically consistent, at the light of
the calibrated distribution. Otherwise, the historical
information, if criticized and confirmed, still should be
considered as of crucial importance. It will not help
reducing statistical inference uncertainties but will
clearly question the adequacy of the statistical distribu-
tion and hence the basics of the risk assessment method.
In any case, even if less accurate than systematic mea-
surements, historical information should be considered
in risk assessment procedures.

The sensitivity analyses conducted reveal some key
features for useful historical record series. First, the dura-
tion of the period covered by the historical inventory wH

appears to be of primary importance. The level of accu-
racy of the historical record maximum sea levels has little
influence on the statistical inference results. Second, the
limit value ϕH , which it has not been exceeded during
the historical period, is decisive. Its underestimation will
introduce significant biases in the inference procedure
and should be avoided. But its overestimation, for sake of
prudence, will reduce the historical information content.
It is of course possible to consider several historical
periods differing by their content and accuracy. Future
efforts should focus on the integration of expert knowl-
edge such as coastal structure with known altitude which
has not been submerged during a considered historical
period. This is very promising for sites with high
uncertainties.

The HSL method presents good properties, but should
be improved by considering the skew surge—high tide
dependence and the temporal dependence between two
consecutive events. One weakness of this method is that
historical information is only available at a few tide
gauges as historical data collection is difficult and expen-
sive. Consequently, the use of expert knowledge and the
integration of other types of information should be highly
considered.
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APPENDIX A: INDEPENDENCE BETWEEN
SKEW SURGES AND ASTRONOMICAL HIGH
TIDES

The independence between skew surges and astronom-
ical high tides is verified, as in (Arns et al., 2020)

through the scatter plot of predicted astronomical high
tides versus the corresponding skew surges and a Ken-
dall test (see Figure A1) If the Kendall's value τ is equal
to 0, there is no correlation between astronomical high
tides and skew surges. On the other hand, if τj j ¼ 1, astro-
nomical high tides and skew surges are perfectly
dependent.

FIGURE A1 Scatter plot of predicted astronomical high tides versus observed skew surges and the Kendall's τ values. The gray points

represent all the maximum sea levels, the red points represent the 1% largest maximum sea levels and the blue points represent the

maximum sea levels associated with the 1% largest skew surges. The colored numbers are the Kendall's τ values.
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APPENDIX B: HISTORICAL INFORMATION

TABLE B1 Record historical

maximum sea levels with their

corresponding skew surges

Site Date Maximum sea levels (m) Skew surges (m)

Cherbourg 13-09-1821 7.96 1.28

Cherbourg 01-01-1877 7.17 0.71

Saint Malo 01-01-1877 12.96 0.43

Le Havre 27-10-1882 8.42 0.30

Le Havre 22-01-1890 8.55 0.55

Le Havre 06-12-1896 8.40 0.54

Calais 07-01-1905 7.70 0.56

Vlissingen 12-03-1906 4.05 1.49

Vlissingen 31-12-1910 4.33 2.37

Delfzijl 13-01-1916 4.34 3.34

Oostende 23-11-1930 6.19 1.64

Oostende 26-04-1944 6.01 1.81

Oostende 01-03-1949 6.04 1.57

Nieuport 01-02-1953 6.73 2.17

Oostende 01-02-1953 6.66 2.22

Vlissingen 01-02-1953 4.54 2.41

Nieuport 21-03-1961 6.10 1.39

Aberdeen 28-02-1967 5.10 0.49

Aberdeen 29-09-1969 5.10 0.64

Le Havre 23-11-1984 9.28 1.18

Nieuport 15-11-1993 6.14 0.95

Nieuport 28-01-1994 6.08 1.18

Nieuport 02-01-1995 6.08 1.13
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