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Summary This work examines the multiscale variability in sea level along the English Chan- 
nel coasts (NW France) using a wavelet multiresolution decomposition of water level values and 
climate oscillations in order to gain insights in the connection between the global atmospheric 
circulation and the local-scale variability of the monthly extreme surges. Changes in surges 
have exhibited different oscillatory components from the intermonthly ( ∼3—6-months) to the 
interannual scales ( ∼1.5-years, ∼2—4-years, ∼5—8-years) with mean explained variances of 
∼40% and ∼25% of the total variability respectively. The correlation between the multireso- 
lution components of surges and 28 exceptional stormy events with different intensities has 
revealed that energetic events are manifested at all timescales while moderate events are 
limited to short scales. 
By considering the two hypotheses of (1) the physical mechanisms of the atmospheric circu- 
lation change according to the timescales and (2) their connection with the local variability 
improves the prediction of the extremes, the multiscale components of the monthly extreme 
surges have been investigated using four different climate oscillations (Sea Surface Tempera- 
ture (SST), Sea-Level Pressure (SLP), Zonal Wind (ZW), and North Atlantic Oscillation (NAO)); 
results show statistically significant correlations with ∼3—6-months, ∼1.5-years, ∼2—4-years, 
and ∼5—8-years, respectively. Such physical links, from global to local scales, have been 
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considered to model the multiscale monthly extreme surges using a time-dependent Gener- 
alized Extreme Value (GEV) distribution. The incorporation of the climate information in the 
GEV parameters has considerably improved the fitting of the different timescales of surges with 
an explained variance higher than 30%. This improvement exhibits their nonlinear relationship 
with the large-scale atmospheric circulation. 
© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

ith the present context of global climate change, most of
esearchers claim that the sea-level variability and the in- 
rease of storminess are considered significant hazards for 
everal low-lying coastal communities (e.g. Hanson et al., 
011 ; Nicholls et al., 2011 ). Hence, many efforts have been
evoted to better understand the natural processes driv- 
ng the multiscale variability of the extreme sea levels 
o produce a more accurate estimation of their fluctua- 
ions and ensuring reliable coastal risk assessments. This 
hallenge serves as the basis for implementing an appro- 
riate adaptation strategy reducing the disastrous risks of 
he coastal flooding. The sea-level changes, encompassing 
yclical seasonal components superimposed on long-term 

rends and stochastic variability, are one of the most impor-
ant physical processes affecting the coastal systems. These 
hanges are due to the frequent temporal shifts linked to
he nonlinear, stochastic, or transient effects of external 
actors such as the global climate patterns ( Pasquini et al.,
008 ). 
Changes in sea levels are largely driven by the large-scale 

tmospheric and oceanic circulation patterns operating on 
ntermonthly and interannual timescales. Moreover, study- 
ng the links of the sea-level variability with the climate
eleconnections, related to prominent atmospheric modes 
s proxies, is necessary to fully understand the interplay be-
ween the climate oscillations and the oceanographic pro- 
esses (e.g. Dangendorf et al., 2012 ; Levin, 1992 ; Yan, 2004 ;
ampieri et al., 2017 ). Some works have been implemented
o understand and extract the signature of internal cli- 
ate variability from the observed sea-level patterns (e.g. 
angendorf et al., 2012 ; Levin, 1992 ; Yan, 2004 ; Zampieri
t al., 2017 ) with the aim of contributing in the multiscale
ea-level predictions that emerge as urgent priorities in the 
tate-of-the-art climate research. 
Large timescale studies around the English Channel 

South coast of UK) have been presented in Haigh et al.
2009) work, where changes in the mean sea levels have 
een investigated by the use of hourly sea-level records ex- 
ended by data archaeology. They have found that mean 
ea-level trends vary between 0.8 and 2.3 mm/year around 
he Channel. A new approach of spectral analysis has been 
sed by Turki et al. (2015a) to investigate the annual and
he intermonthly changes of the sea level along the English 
hannel coasts (NW France). Such multiscale changes have 
een linked to a combination of meteorological and North 
tlantic Oscillation (NAO) climate drivers, involving several 
rocesses over a wide range of spatial and temporal scales. 
Being an alarming problem for the coastal vulnerability, 
xtreme events have gained the attention of the scientists 
ho have reported the dynamics (e.g., Haigh et al., 2010 ;
dier et al., 2012 ; Masina and Lamberti, 2013 ; Tomasin and
irazzoli, 2008 ; Turki et al., 2019 ) and the projections (e.g.,
ousdoukas et al., 2017 ) of extreme sea levels consider-
ng the stationary and the nonstationary contributions from 

ides, waves, sea-level-rise components (e.g., Brown et al., 
010 ; Idier et al., 2017 ), and large-scale climate oscillations
e.g., Colberg et al., 2019 ; Turki et al., 2019 ). 
A number of studies have examined the relationship be-

ween the global atmospheric patterns and the local sea 
evels to estimate sea-level extreme values by the use of
onstationary statistical approaches. Regional studies of ex- 
reme sea levels have been conducted in various works us-
ng different methodologies; the most common of them is 
elated to the Generalized Extreme Value (GEV) models. A
eview of extreme analyses has been performed by Mendez
nd Woodworth (2010) ; they applied a nonstationary ex-
reme value model to the monthly maxima with a special fo-
us on NAO to study the variability of the extreme sea levels
long the European coasts. Masina and Lamberti (2013) have
sed a nonstationary GEV model to demonstrate a coherent
ehavior between the regional and the global scales from a
etailed analysis of the annual mean sea-level evolution in
he Adriatic sea with the NAO and AO (Arctic Oscillation) in-
ices; they have suggested that the increase in the extreme
ater levels since the 1990s is related to the changes in
he wind regime and the intensification of Bora and Sirocco
inds after the second half of the 20 th century. 
In the English Channel, the extreme sea levels have been

ddressed by several works (e.g. Haigh et al., 2010 ; Idier
t al., 2012 ; Tomasin and Pirazzoli, 2008 ; Turki et al., 2019 )
ith the aim of investigating their dynamics at different
imescales and their connections to the atmospheric circu- 
ation patterns. 

Haigh et al. (2010) investigated the interannual and the
nterdecadal extreme surges in the English Channel and 
heir strong relationship with the NAO index. Their results
howed weak negative correlations throughout the Chan- 
el and strong positive correlations at the boundary along
he Southern North Sea. Using a numerical approach, Idier
t al. (2012) studied the spatial evolution of some historical
torms in the Atlantic Sea and their dependence on tides. 
Recently, Turki et al. (2019) have examined the multi-

cale variability of the sea-level changes in the Seine Bay
NW France) in relation with the global climate oscillations 
rom the SLP composites; they have demonstrated dipo- 
ar patterns of high-low pressures suggesting positive and 
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1 http://www.esrl.noaa.gov/psd/data/gridded/data.ncep. 
reanalysis.derived.html 
negative anomalies at the interdecadal and the interannual
scales, respectively. 

Despite these important advances, no particular studies
exist on sea-level dynamics and extreme events linked to
the large-scale climate oscillations along the English Chan-
nel coastlines. The aforementioned works of Turki et al.
(2015a , 2019 ) have focused on the multiscale sea-level vari-
ability along the French coasts related to the NAO and the
Sea-Level Pressure (SLP) patterns; however, they have not
addressed the regional behavior of the extreme sea levels
in relation with the global climate oscillations. 

The present contribution aims to investigate the re-
gional dynamics of the sea level and the extreme events in
some selected English Channel coasts (NW France) and seeks
to understand their multiscale connection to the large-
scale atmospheric circulation. A spectral approach based on
the continuous and multi-resolution wavelet techniques has
been used herein in order to (i) visualize and investigate the
spectral content of the sea levels on intermonthly to the
interannual scales, (ii) identify the links between the sea-
level fluctuations and the increase of the historical storm
events, (iii) quantify the multiscale changes in the monthly
maxima of extreme surges and their connection with the at-
mospheric circulation by applying a nonstationary approach
using the climate oscillations. 

The rest of the paper is organized into four sections:
Section 2 gives a description of the data sources and the
methodological approach used to investigate the multiscale
variability of the sea level with the atmospheric circulation.
Local-scale changes in sea levels along the English Chan-
nel and their connection with the climate oscillations have
been addressed and discussed in sections 3 and 4 , respec-
tively. Finally, all findings are summarized and concluded in
Section 5 . 

2. Data and methods 

2.1. Sea-level and climate datasets 

The present research is focused on the Normandy coasts
along the Southern side of the English Channel (North of
France); it has been conducted in the framework of the
French research program ANR RICOCHET and the interna-
tional project COTEST funded by CNES-TOSCA and related
to the future mission Surface Water and Ocean Topography
(SWOT). 

Sea-level data, obtained from three tide gauge sites, are
used in the present study: (1) Dunkirk station which is a few
kilometers away from Belgian borders, ( 2 ) Le Havre stations
situated on the right bank of the estuary of the Seine River,
and ( 3 ) Cherbourg station located on the Cotentin Peninsula
and at the opening of the Atlantic Sea. These stations pro-
vide time-series of hourly observations measured between
1964 and 2010. The tide gauges are operated and main-
tained by the National French Center of Oceanographic Data
(SHOM). The observations which correspond to the hydro-
graphic zero level are referenced to zero tide gauge ( Fig. 1 ).
The storm events produced in the English Channel largely
occurred along Cherbourg, Le Havre, and Dunkirk coasts.
The surges in these regions are equal or higher than the
values of 2year return period (Re) which represents 1.2 m,
1.3 m, and 1.6 m, respectively (SHOM). 

The large-scale atmospheric circulations are represented
in the present analysis by four different climate indices
which are considered as fundamental drivers in the At-
lantic regions: the Sea Surface Temperature (SST), the North
Atlantic Oscillation (NAO), the Zonal Wind (ZW) compo-
nent extracted at 850hPa, and the Sea-Level Pressure (SLP).
Monthly time-series of climate index have been provided by
the NCEP-NCAR Reanalysis fields 1 with the same period dur-
ing which the sea-level observations were conducted (i.e.
1964—2010). 

2.2. Methods 

The total sea-level height, resulting from the astronomical
and the meteorological processes, exhibits a temporal non-
stationarity which is explained by a combination of the ef-
fects of the long-term trends in the mean sea level, the
modulation by the deterministic tidal component and the
stochastic signal of surges, and the interactions between
tides and surges. The occurrence of extreme sea levels
is controlled by periods of astronomically-generated high
tides, in particular, at inter-annual scale when two phenom-
ena of precession cause systematic variation of high tides.
The modulation of the tides contributes to the enhanced
risk of coastal flooding. Therefore, the separation between
tidal and non-tidal signal is an important task in any analysis
of sea-level time-series. 

By the hypothesis of independence between the astro-
nomical tides and the stochastic residual of surges, the non-
linear relationship between the tidal modulation and surges
is not considered in the present analysis. Using the classical
harmonic analysis, the tidal component has been modeled
as the sum of a finite set of sinusoids at specific frequen-
cies to determine the determinist phase/ amplitude of each
sinusoid and predict the astronomical component of tides.
In order to obtain a quantitative assessment of the non-
tidal contribution in storminess changes, technical methods
based on MATLAB t-tide package have been used to esti-
mate year-by-year tidal constituents. A year-by-year tidal
simulation ( Shaw and Tsimplis, 2010 ) has been applied to
the sea-level time-series to determine the amplitude and
the phase of tidal modulations using harmonic analysis fit-
ted to 18.61-, 9.305-, 8.85-, and 4.425-year sinusoidal sig-
nals ( Pugh, 1987 ). The radiational components have been
also considered for the extraction of the stochastic compo-
nent of surges ( Williams et al., 2018 ). The hourly sea-level
measurements present some short gaps (of some days) dis-
tributed during the first 30 years (1964—1995) of the total
time-series. These gaps, with respect to the total series,
represent 2% in Cherbourg and Le Havre and 5% in Dunkirk;
they have been processed by the hybrid model for filling
gaps developed by Turki et al. (2015b) . The model applies
a purely statistical approach to the stochastic component
of the sea level (residual component) based on Autoregres-
sive Moving Average (ARMA) techniques with introducing SLP
in ARMA as a main physical process driving the residual

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.html
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Figure 1 Geographical location of the study area and the different tide gauges along the Southern English Channel coasts (NW 

France): Dunkirk, Le Havre, and Cherbourg. 

Figure 2 The hourly surges during the period 1964—2010 in (a) Dunkirk, (b) Le Havre, and (c) Cherbourg. 
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ea level. They have used this model to process the sea-
evel records provided by the tide gauges along the Atlantic
rench coasts. The model has been used also by Turki et al.
2019) for data processing. The total sea level and surges at
unkirk, Le Havre, and Cherbourg are illustrated in Fig. 2 . 
The general approach developed herein intends to: (1) 

dentify the main timescales of the variability of the total
ea levels and surges, (2) characterize the multiscale rela- 
ionships between the local-scale hydro-climatological sig- 
al of the surges and the historical storm events on large
cales, (3) examine the ability of the potential monthly cli-
ate predictors (NAO, ZW, SLP, SST) to describe the time-
cale decomposition of the monthly extreme surges by iden- 
ifying the physical link between both variables at each time
cale. Such physical link has been used for a multiscale pa-
ameterization of the non-stationary GEV models. Firstly, 
he hourly hydro-climatological signals (i.e. total sea level 
nd surges) have been analyzed using continuous wavelet 
ransform (CWT) to explore the spectral content of oceano-
raphic signals. The typical scales of the sea-level variabil-
ty ( Turki et al., 2015a , 2019 ) have been detected from dif-
erent records. 
The CWT is a well-known method that has been used

ver the past decade for data analysis in hydrology, geo-
hysics, and environmental sciences ( Labat, 2005 ; Sang,
013 ; Torrence and Compo, 1998 ). The continuous wavelet
ransform produces either a time-scale or time-period with 
he means of the Fourier transform contour diagram on
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mate oscillations. The extent of these oscillations is not 
which time is indicated on the x -axis, period, or scale on
the y -axis, and amplitude (or variance, or power, etc.) on
the z -axis. 

Secondly, the hourly surges have been decomposed
by wavelet multiresolution analysis into different internal
components corresponding to different time-scales. Briefly,
the multiresolution analysis consists of the iterative filter-
ing of the time-series using a series of low-pass and high-
pass filters which eventually produce one high-frequency
“rough” component called “wavelet detail” and one lower
frequency “coarse” component called “smooth” or “approx-
imation”. 

The smooth, produced at each scale, is then subse-
quently decomposed into a second wavelet detail and a sec-
ond smooth, the latter is decomposed again in the same way
until one last smooth remains and will no longer be decom-
posed. Summing up all wavelet details and the last smooth
(i.e. the lowest-frequency component) gives back the orig-
inal signal. In summary, the total signal has been separated
into a relatively small number of wavelet components from
high to low frequencies that altogether explains the vari-
ability of the signal; this will be illustrated later using the
hourly measurements and the monthly maxima of surges. 

Finally and with the aim of addressing the nonstation-
ary behavior of extreme surges, the monthly maxima of the
surges have been calculated and decomposed with the mul-
tiresolution analysis. Then, a nonstationary extreme value
analysis based on the GEV distribution with time-dependent
parameters ( Coles, 2001 ) has been implemented to model
the series of the monthly maxima surges. There are several
GEV families which depend on the shape parameter, e.g.
Weibull ( ɛ < 0), Gumbel ( ɛ = 0), and Fréchet ( ɛ > 0). The
three parameters of the GEV (i.e. location μ, scale ψ, shape
ɛ ) are estimated by the maximum likelihood function. 

The nonstationary effect was considered by incorporat-
ing the selected climate indices (NAO, SST, ZW, and SLP) into
the parametrization of the GEV models. Akaike Information
Criterion (AIC) has been used to select the most appropri-
ate probability function models. The methods of maximum
likelihood were used for the estimation of the distributions
parameters. The approach used considers the location ( μ),
the scale ( ψ), and the shape ( ɛ ) parameters with relevant
covariates, which are described by a selected climate in-
dex: 

μ( t ) = β0 ,μ + β1 ,μY 1 + . . . + βn ,μY n , (1)

ψ ( t ) = β0 ,ψ + β1 ,ψ Y 1 + . . . + βn ,ψ Y n , (2)

ε ( t ) = β0 ,ε + β1 ,ε Y 1 + . . . + βn ,ε Y n , (3)

where β0 , β1, …, βn are the coefficients, and Y i is the co-
variate represented by the climate index. For each spectral
component, only one climate index can be used among the
parameters μ, ψ, and ɛ of the nonstationary GEV model.
With the aim of optimizing the best use of the climate in-
dex into the different GEV parameters, a series of sensitiv-
ity analyses were implemented for each time scale. The AIC
measures the goodness of fit of the model ( Akaike, 1974 )
to the relation AIC = —2l + 2K ; where l is the log-likelihood
value estimated for the fitted model, and K is the number of
the model parameters. Higher ranked models should result

from lower AIC scores. 
3. Results 

3.1. The multiscale sea-level variability 

The variability of the total sea level (SL) and the surges (S)
has been investigated using the continuous wavelet trans-
form (CWT). In the spectrum of Fig. 3 , the color scale repre-
sents an increasing power (variance) from blue to red. The
CWT diagrams highlight the existence of several modes of
variability; each color represents one of the energy bands
with certain ranges of frequencies. The annual mode is
clearly illustrated for SL while it is largely dissipated for S
spectrum with a diminution higher than 90% in Dunkirk and
Cherbourg. The dissipation of the annual spectrum becomes
less important (with a spectrum diminution of 72%) for S in
Le Havre as it gets closer to the Seine Bay. where the hydro-
logical signature, induced by the Seine River, still remains
to be observed within the stochastic component of the sea
level. 

At the interannual scales, the CWT diagrams highlight
two modes of ∼2—4-yr and ∼5—8-yr at all the stations, par-
ticularly Cherbourg and Le Havre. Such low frequencies are
well-structured with 45% and 65% of the explained variance
higher than those calculated from the CWT of SL. The CWT
diagrams of S display a new mode of ∼1.5-yr while the an-
nual mode, observed in the SL diagrams, has been disap-
peared. 

The multiresolution analysis has been applied to local
surges with the aim of achieving the full timescale decom-
position of the signal. The process results in separation
of different components or wavelet details for each sig-
nal ( Figs. 4—6 ). We focused only on frequencies ranging be-
tween ∼3-months and ∼5—8-years, whose fluctuations cor-
respond to the oscillation periods less than half the length
of the record and exhibit a high-energy contribution on the
variance of the total signal. 

Results have been explored to investigate the dynamics
of surges at different timescales. The variability is clearly
dominated by the high-frequencies of ∼3-months and ∼6-
months, explaining a variance between 35% and 45% of the
total energy respectively ( Table 1 ). Then, the low frequency
components of ∼1.5-yr, ∼2—4-yr, and ∼5—8-yr explain a
mean variance of 25% of the total energy ( Table 1 ). 

Figs. 4—6 show a series of oscillatory components of
surges from intermonthly to interannual scales, not clearly
identified by a simple visual inspection of the signal. Simi-
larities of surge components have been highly observed for
the interannual modes of ∼5—8-yr and ∼2—4-yr while they
seem to be significantly less important for high frequencies
of ∼3-months and ∼6-months. This result suggests that dif-
ferent physical phenomena should be considered to explain
the local variability of surges ( ∼3-months and ∼6-months);
they are induced by combining the effects of meteorolog-
ical and oceanographic forces including changes in atmo-
spheric pressures and wind velocities in shallow water ar-
eas. Beyond the ∼1.5-yr timescale, the large-scale patterns
of surges, described by the low frequency components, tend
to be quite similar between the different sites in terms of
intensity and amplitude. Such variability exhibits a global
contribution of some physical processes related to the cli-
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Figure 3 Continuous wavelet transform (CWT) of the total and the non—tidal (surges) sea level at (a) Dunkirk, (b) Le Havre and 
(c) Cherbourg during the period 1964—2010. 

Table 1 The explained variance expressed as percentage of total variance of surges for all sites: Dunkirk, Le Havre and 
Cherbourg. 

∼ 3 months ∼ 6 months ∼ 1.5- y ∼ 2—4 -y ∼ 5—8-y 

Dunkirk 20 % 15.6 % 12.8 % 8.6 % 5.3 % 
Le Havre 27.7 % 18.2 % 14 % 8.8 % 5.7 % 
Cherbourg 28.8 % 20.5 % 15.4 % 8.9 % 4.2 % 
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Figure 4 Wavelet details (components) resulting from multiresolution analysis of surges from 1964 to 2012 at the intermonthly 
( ∼3 months, ∼ 6 months) and interannual ( ∼1.5-yr, ∼2—4-yr, ∼5—8-yr) time scales in Dunkirk. The black, grey and white boxes are 
used for storms manifested similarly in Le Havre and Cherbourg (same return period observed), similarly in Cherbourg and Dunkirk 
and similarly for all sites, respectively. 

Figure 5 Wavelet details (components) resulting from multiresolution analysis of surges from 1964 to 2012 at the intermonthly 
( ∼3 months, ∼6 months) and interannual ( ∼1.5-yr, ∼2—4-yr, ∼5—8-yr) time scales in Le Havre. The black, grey and white boxes are 
used for storms manifested similarly in Le Havre and Cherbourg (same return period observed), similarly in Cherbourg and Dunkirk 
and similarly for all sites, respectively. 
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Figure 6 Wavelet details (components) resulting from multiresolution analysis of surges from 1964 to 2012 at the intermonthly 
( ∼3 months, ∼6 months) and interannual ( ∼1.5-yr, ∼2—4-yr, ∼5—8-yr) time scales in Cherbourg. The black, grey and white boxes 
are used for storms manifested similarly in Le Havre and Cherbourg (same return period observed), similarly in Cherbourg and 
Dunkirk and similarly for all sites, respectively. 
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trictly similar and changes according to the timescale vari- 
bility since the dynamics of surges is not necessarily re-
ated to the same type of atmospheric circulation process. 
his relationship will be addressed later in the second part
f this section. 
A total of 28 historical stormy events (from T 1 to T 28 ),

roduced in the English Channel during the period 1964—
010 and with surges higher than 2-yr return period level 
Re), have been extracted from SHOM data base ( Table 2 ).
he historical events have been attached to the different 
pectral components of surges ( Figs. 4—6 ) by vertical bars
ith different colors (black, grey and white). 
In these figures, we distinguish three types of events: ( 1 )

he first one, depicted by the black bars, represents the
torms occurring in Le Havre and Cherbourg with the same 
e; ( 2 ) the second one, depicted by the white bars, shows
he storms similarly manifested in Cherbourg, Le Havre and 
unkirk; ( 3 ) the third one, depicted by the grey bars, illus-
rates the storms occurring in Le Havre and Cherbourg with
he same Re .The percentages of each of the bars are 21.4,
7.2, and 21.4%, respectively. 
The storms in Figs. 4—6 show that the signature of each

vent is fully identified at the intermonthly scales while it
s manifested differently at the interannual scales. 

The events of November 1965 (T 1 ) and January 1968 (T 2 ),
roduced at neap tides, are highlighted by the peak of the
urges at the interannual scales; they are limited to ∼1.5-yr
nd ∼2—4-yr in Le Havre and Cherbourg where Re is of 2—5
ears. The storms T 3 (July 1969) and T 4 (February 1974) ex-
ibit a high energy for most of the components in Le Havre
Re of 5—10 years), as shown in Fig. 5 ; furthermore, their
ffects are limited to ∼1.5-yr component in Dunkirk and 
herbourg. As documented by Bessemoulin (2002) , these 
torms (in particular T 3 ) were resulted from the big at-
ospheric depression Ex-Bertha with high wind velocities 
more than 150 km/h) and barometric gradients (maximum 

f 14 hPa). T 5 is manifested in different locations with Re of
-years; its impact is restricted to the ∼1.5-yr component of
urges. Similar behavior has been identified for the events
 9—12 , T 15—16 , and T 18 produced at neap tides. The events T 6 
January 1978), T 13 (February 1989), and T 14 (January 1990,
DARIA’) coincide with spring tides and high return period
Re > 5 years); they have been recorded at the interannual
cales in Le Havre and Cherbourg. According to the previ-
us works of Bessoumoulin (2002) and Pirazzoli et al. (2005) ,
hese events were induced by cold fronts known as Kata split
ront responsible for decreasing of the pressure and a shift
f the wind from SSW to WSW. 
The events T 7 , T 8 , and T 17 were produced during win-

er periods at the equinoxes of spring tides with Re of
—10 years; they are manifested at the full interannual
imescales (from ∼1.5-yr to ∼5—8-yr) in Le Havre and Cher-
ourg. Such events were generated by two huge anticy-
lones with large pressure gradients from the North to the
est: the first one was resulting from the NW winds; the
econd one was coming from the Atlantic to reach the North
ea and the Scandinavian countries, responsible for more 
han 70% of the submersion phenomena in the NW France
 Costa et al., 2004 ). 
The two storms of T 19 (December 1999) and T 20 (Decem-

er 2001) highlighted a clear signature limited to ∼1.5-yr
n Dunkirk and Cherbourg while they are manifested at dif-
erent interannual scales than Le Havre, close to the Seine
ay, where the influence of the hydrological variability is 



234 I. Turki et al./Oceanologia 62 (2020) 226—242 

Table 2 List of storminess with a surge return period (Re) higher than 2 years and produced between 1964 and 2010 in 
Dunkirk, Le Havre, and Cherbourg. The black, grey, and white boxes are used for storms manifested similarly in Le Havre and 
Cherbourg (same return period observed), similarly in Cherbourg and Dunkirk and similarly for all sites, respectively. 

Code Date Surge return period Tide cycle 

T1 November, 1965 H5–H10 (Dunkirk) 
H2–H5 (Le Havre, Cherbourg) 

Neap �de 

T2 January, 1968 H5–H10 (Dunkirk) 
H2–H5 (Le Havre, Cherbourg) 

Neap �de 

T3 July, 1969 H2 (Dunkirk, Cherbourg) 
H5–H10 (Le Havre) 

Neap �de 

T4 February, 1974 H2 (Dunkirk, Cherbourg) 
H2–H5 (Le Havre) 

Spring �de 

T5 December, 1976 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T6 January, 1978 H5–H10 (Dunkirk) 
H5 (Le Havre, Cherbourg) 

Spring �de (equinoxes) 

T7 December, 1979 H5–H10 (Le Havre, Cherbourg) 
H5 (Dunkirk) 

Spring �de (equinoxes) 

T8 December, 1981 H5–H10 (Le Havre, Cherbourg) 
H5 (Dunkirk) 

Spring �de 

T9 December, 1982 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T10 January, 1984 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T11 March, 1986 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T12 October, 1987 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T13 February, 1989 H5–H10 (Cherbourg, Dunkirk) 
H2–H5 (Le Havre) 

Spring �de 

T14 January, 1990 
(DARIA) 

H5–H10 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T15 May, 1992 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T16 September, 1993 H2 (Dunkirk, Le Havre, Cherbourg)  

T17 December, 1995 H5–H10 (Dunkirk, Le Havre, Cherbourg) Spring �de (equinoxes) 

T18 October, 1998 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T19 December, 1999 H2 (Dunkirk, Cherbourg) 
H5–H10 (Le Havre) 

Spring �de 

T20 December, 2001 H2 (Dunkirk, Cherbourg) 
 

H5–H10 (Le Havre) 

Spring �de 

T21 February, 2004 H5–H10 (Dunkirk, Cherbourg) 
H5 (Le Havre) 

Neap �de 

T22 April, 2005 H2–H5 (Dunkirk, Le Havre, Cherbourg) Spring �de 

T23 March, 2006 H2–H5 (Dunkirk, Le Havre, Cherbourg) Spring �de (equinoxes) 

T24 November, 2007 H2 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T25 March, 2008 H5–H10 (Dunkirk, Le Havre, Cherbourg) Spring �de (equinoxes) 

T26 January, 2009 H2–H5 (Dunkirk, Le Havre, Cherbourg) Neap �de 

T27 February, 2010 H5–H10 (Dunkirk, Le Havre, Cherbourg) Spring �de 

T28 December, 2010 H2–H5 (Dunkirk) 
H5–H10 (Le Havre, Cherbourg) 

Neap �de 
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mportant during the flooding events between 20th century 
nd the beginning of 21 st century ( Massei et al., 2017 ). 
T 21 (February 2004) was produced at neap tides with 

trong winds of 140 km/h ( SHOM, 2014 ); this event is mainly
arried out by the interannual components. T 22 and T 23 (Re
etween 2 and 5 years), were recorded for the sites at the
cales of ∼1.5-yr and ∼2—4-yr while T 24 (Re of 2 years) is
imited to ∼1.5-yr. The last events T 25 , T 27 , and T 28 (Re >
 years) occurred during the winter periods the equinoxes 
f spring tides, are manifested at all timescales in Le Havre
nd Cherbourg and seem to be limited to ∼4—8-yr compo-
ent in Dunkirk. 
Accordingly, the multiscale variability of the surges, as a 

esponse to extreme events, highlights that 14% of storms 
re manifested at all the interannual timescales while 32% 

f them are limited to ∼2—4-yr. This correspondence sug- 
ests the relationship between the return period of the 
torms and the multiscale variability of the surges; storms 
ith Re < 5 years are manifested at timescales smaller than
 years while storms with high Re of 5—10 years should be
bserved from the intermonthly to the interannual scales of 
5—8-yr. 
This diagnosis of the historical events and their manifes- 

ation along the North French coasts (From Dunkirk to Cher-
ourg) allows the following classification: (i) the events pro- 
uced at neap tides and similarly affecting the studied sites 
f the Normandy coasts at the interannual scales of ∼1.5-
r (T 5 , T 9-12 , T 15—16 , and T 18 ) and ∼2—4-yr (T 22 and T 23 ); (ii)
he events induced by Kata split font under spring tides and
volving similarly in Le Havre and Cherbourg and with higher
mpact in Dunkirk (T 6 and T 13—14 ); (iii) the events induced
y a combination of two anticyclones effects, from the At-
antic to the North Sea, and affecting similarly Le Havre
nd Cherbourg and with a less remarkable impact in Dunkirk
T 17 and T 7-8 ); (vi) the events produced at spring tides and
ighly affecting Le Havre at different timescales compared 
o Dunkirk and Cherbourg where their manifestation is lim- 
ted to ∼1.5-yr (T 3—4 and T 19—21 ). 

The distribution of the storms is not homogenous in time;
oreover, their manifestation, according to different cat- 
gories of return period, takes a nonlinear behavior since 
he number of the events in a window of one year is not
he same throughout the time. Indeed, all significant events 
Re > 2 years) have been identified during only 20 years
f measurements from 46 years, the total period of the
resent study (1964—2010). These dynamics explain the al- 
ering phases of high (Re > 2 years) and moderate (Re < 2
ears) storms in accordance with their return period. Mod- 
rate phases are longer with 3—4 successive years during 
he first 35 years (1964—2000) and decrease to 2 years after
000. The phases of high storms exhibit different categories 
f events: 75% of them are produced between November 
nd February and 25% of them are produced between March 
nd October. 
Hence, the distribution of storminess is controlled by 

 series of seasonal patterns related to changes in ocean 
ave climate and energy conditions. These seasonal oscilla- 
ions are clearly identified at the intermonthly surges ( ∼3—
-months) for all sites. At this scale, similar oscillations have 
een demonstrated by Tsimplis and Woodworth (1994) from 

he analysis of the mean sea levels. According to the ob-
ained results, the stormy events, produced under specific 
eteorological and oceanographic conditions on tides, have 
xhibited a strong seasonal dependence on the tides which
nderline a complex network induced by a nonlinear con-
ribution of many physical processes. The hydrological ef- 
ect should be also considered in the present context of the
eine Bay where the river discharge contributes in the total
ariability of the stochastic component, in particular during 
he extreme events of the flooding produced between 1999
nd 2001. 
Haigh el al. (2010) used English Channel sea-level dataset

rom 18 tide gauges to evaluate the changes in the extremes
hroughout the 20 th century. They have identified differ-
nt intra- and inter-decadal variability in surges with the
trongest intensity on the late 1950s. Their studies have
hown strong relationship between the storm surges and 
he NAO index with weak negative correlations throughout 
he Channel and strong positive correlations at the bound-
ry along the Southern North Sea. The interactions of tides
ith surges have also been investigated by the same authors
howing their increase eastward along the English Channel. 
he tide-surge interaction has been also studied by Idier
t al. (2012) using a numerical approach to compute some
istorical storms in the Atlantic and the North Sea. Accord-
ng to their analyses, the tide-surge interaction in the En-
lish Channel is significantly important; it increases in the
astern half of the English Channel and decreases in west-
rly direction. In the present research, the stochastic signal 
f surges has been individually studied and its interaction
ith tides has not taken into account. The neap-spring tidal
ycle has been considered to investigate the dynamics of
he stormy events along the French coasts and their signa-
ures in different intermonthly and interannual components 
f the extreme surges. 

.2. How does the variability in extreme surges 
epend on the global atmospheric circulation? 

his part focuses on the connection between the multiscale
ariability of the local surges along the French coasts and
he global climate oscillations. 
The monthly extrema have been simulated from the 

ourly records of surges in the considered sites. The
onthly distribution of the extreme values has been calcu-

ated for each scale from the intermonthly to the interan-
ual modes and illustrated by the means of boxplot presen-
ations (example for Dunkirk in Fig. 7 ). These distributions
xhibit that the maximum surges change according to the
imescale; the multiscale evolution shows an oscillatory be- 
avior for the short-scales (intermonthly and the first inter-
nnual of ∼1.5-yr) shifting between high and low changes 
n April and September. This shift is more visible at the in-
ermonthly scales of ∼3-months and ∼6-months. For larger 
cales, the extreme surges display a uniform evolution dur-
ng the time. 

With the aim of addressing the nonstationary behavior of
he extreme surges, we have applied the wavelet multireso-
ution decomposition of monthly extrema for each site. The
rocess has resulted in the separation of different compo-
ents, i.e. 5 wavelet details traduced by two intermonthly
cales ( ∼3-months and ∼6-months) and three interannual 
cales ( ∼1.5-yr, ∼2—4-yr, and ∼5—8-yr). The explained 
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Figure 7 The boxplot of the monthly maxima of surges on the intermontly ( ∼3 months and ∼6 months) to the interannual ( ∼1.5- 
yr; ∼2—4-yr and ∼5—8-yr) scales; case of Dunkirk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

variances of these scales are higher than those resulting
from the multiresolution analysis of the hourly surges: the
variance of the intermonthly scales has a mean percentage
of 45% of the total signal while the interannual scales vary
between 28% and 36%. 

Then, the nonstationary behavior of the monthly ex-
treme surges has been addressed by investigating their
physical connections with the different climate indices (i.e.
SST, SLP, ZW, and NAO). The total signal (not decomposed) of
the climate indices has been linked to the extreme compo-
nents calculated previously. For each spectral component,
a series of Monte Carlo simulations have been carried out
to identify the most statistically significant correlation with
the climate index. The best correlation of each surge com-
ponent (i.e. ∼3-months and ∼6-months, ∼1.5-yr, ∼2—4-yr
and 5—8-yr) with the suitable climate index (i.e. SST, SLP,
ZW, and NAO) is illustrated in Fig. 8 . The correlation coeffi-
cients vary between 0.5 and 0.6 at the intermonthly scales
(i.e. ∼3-months and ∼6-months) showing good agreements
of SST index with the extreme surges. The ∼1.5-yr com-
ponent is linked to SLP index with correlation coefficients
varying between 0.65 and 0.7. Significant coefficients higher
than 0.7 have been observed for the interannual scales of
∼2—4-yr and ∼5—8-yr exhibiting strong links with ZW and
NAO indices respectively. 

In the second part of this section, a stationary and a non-
stationary extreme value analyses based on the GEV distri-
bution with time-dependent parameters ( Coles, 2001 ) have
been implemented to model the spectral component of the
monthly maxima of the surges. 

Here, we are interested to separately model the differ-
ent components of the extreme surges by using the GEV dis-
tribution. The GEV distribution uses the maximum likelihood
method with a parametrization of the different parameters
of location, scale, and shape. 

Five stationary GEV models (GEV01, GEV02, GEV3,
GEV04, and GEV05) have been used to fit the different spec-
tral components of the monthly extreme surges. The AIC
criterion has been calculated for each spectral component
( Table 3 ) to compare their distributions. Results show higher
AIC scores for the intermonthly scales of ∼3-months and
∼6-months (GEV01 and GEV02); they decrease at larger-
scales of ∼5.8-yr (GEV05). The differences between the ob-
served extreme values and the empirical ones, calculated
from the stationary GEV models (from GEV01 to GEV05),
should be explained by significant discrepancies which vary
according to the timescale of the extreme surges. These
discrepancies decrease in the sites where the interannual
scales (i.e. GEV04 and GEV05) experience a uniform trend of
extremes. 

With the aim of improving the modelling of extreme
surges, five nonstationary GEV models (GEV1, GEV2, GEV3,
GEV4 and GEV5) have been applied to all spectral compo-
nents. The parameters of the nonstationary GEV distribution
have been estimated using the maximum likelihood method
( Coles, 2001 ). Maximizing the log-likelihood function has
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Figure 8 Multiresolution decomposition of the monthly maxima of surges (black line). The signal of climate oscillations associated 
with the different indices SST, SLP, ZW, NAO (grey line) has been correlated to the spectral components of surges. Only the con- 
nection maximizing the correlation coefficient between a selected climate index and the component of surges (from intermonthly 
to interannual timescales) is presented (the normalized values have been calculated to superpose both signals). The correlation 
coefficients are also displayed at each time scale. 

Table 3 Akaike Information Criterion (AIC) test results for distribution models of extreme surges using the stationary GEV 
model. 

∼ 3 months ∼ 6 months ∼ 1.5- y ∼ 2—4 —y ∼ 5—8-y 

Dunkirk -450 -352 -324 -352 -345 
Le Havre -410 -322 -320 -350 -352 
Cherbourg -395 -301 -314 -345 -350 

Table 4 Akaike Information Criterion (AIC) test results for the distribution models of the extreme surges using the nonsta- 
tionary GEV model. 

∼ 3 months/ SST ∼ 6 months/ SST ∼ 1.5- y/ SLP ∼ 2—4 —y/ ZW ∼ 5—8-y/ NAO 

Dunkirk -310 -282 -266 -248 -232 
Le Havre -308 -279 -260 -252 -243 
Cherbourg -315 -285 -264 -245 -245 
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een performed by means of the ‘trust region reflective al-
orithm’ ( Coleman and Li, 1996 ). 
For each model, the best climate index describing the in-

ernal oscillations of the monthly maxima has been used as 
 covariable in GEV distribution to address the nonstation- 
ry behavior of the extreme values. For each spectral com- 
onent, the structure of the most appropriate nonstation- 
ry GEV distribution has been selected by choosing the most 
dequate climate index that minimizes the Akaike informa- 
ion criterion ( Akaike, 1974 ). Here, the total signal of the
limate index has been used as shown in Fig. 8 . The good-
ess of the fit of each model has been checked through the
isual inspection of the quantile-quantile (Q-Q) plots; these 
lots compare the empirical quantiles against the quantiles 
f the fitted model. The substantial departure from the di-
gonal indicates an inadequacy of the GEV model. 
Results provided by GEV1—5 reveal a better performance 
the lowest values of AIC) of extreme estimation compared
o the previous models of GEV01—05 and give the most
ppropriate distributions by the use of the climate oscil-
ations. Indeed, the SLP, ZW, and NAO indices have been
sed for the interannual scales of ∼1.5-yr, ∼2—4-yr, and
5—8-yr respectively while the SST index has been selected
s the most adequate for the intermonthly scales of ∼3-
onths and ∼6-months ( Table 4 ). The Q-Q plots for the
ll timescales of the monthly maxima in Dunkirk are illus-
rated in Fig. 9 ; they confirm the suitability of the selected
odels. 
Accordingly, the nonstationary GEV models have exhib- 

ted high improvements at all timescales, in particular at
he intermonthly scales (GEV01/GEV1; GEV02/GEV2) where 
he AIC scores have significantly decreased. 
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Figure 9 The quantile plot between observed and modelled extreme surges obtained using the nonstationary GEV model at 
different time scales. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Discussion 

Results provided in the present research highlight the ori-
gin of the nonlinear relationship between large- and local-
scales. Indeed, the intermonthly and the interannual ex-
treme surges may be related to different combinations of
several, not necessarily similar, oscillating atmospheric pat-
terns. The use of a multiresolution approach to investigate
the dynamics of the extreme surges into the downscaling
studies proves to be useful for assessing the nonlinear inter-
actions between large-scale climate variability and local-
scale hydrodynamic changes of the sea-level hydrodynam-
ics. 

Investigating the physical relationships of the climate os-
cillations with the multiscale surges have shown that the
multimodel climate ensemble should be used to better un-
derstand this complexity, in particular for extreme events. 

The seasonal and the interannual physical relationships
between the local hydrodynamics and the climate variabil-
ity have been investigated in numerous previous works.
They focused on the atmospheric circulation with different
related mechanisms (e.g., Feliks et al., 2011 ; Lopez-Parages
et al. 2012 ; Zampieri et al., 2017 ). 

The use of the SST index to estimate the intermonthly
extreme surges shows that their seasonal variability should
be related to the variation of temperature in the sea surface
controlled by an important atmosphere-ocean interaction in
the Atlantic Sea. For short-scales, Bell and Goring (1998) in-
vestigated the relationship between the seasonal variations
of the sea level and the SST along the north-east coasts of
the New Zeland. They have demonstrated that the dominant
influence of SST on the annual cycle of sea level is related
to the thermo-steric sea-level adjustments with 50—80% of
the variance in the annual frequency. Their works have sug-
gested that the sea level generally peaks at the end of April
(austral autumn) lagging the SST cycle by around 2 months,
and its seasonal modulation is explained by changes in the
oceanic current patterns and the seasonal coupling of cli-
mate oscillation effects. Previous studies have indicated the
impact of the midlatitude SST gradients on the atmospheric
circulation influencing the amplitude and the location of the
storm tracks (e.g., Nakamura and Yamane 2009 ; O’Reilly and
Czaja 2015 ; Small et al., 2014 ). For large-scales, the key
role of SST in the atmosphere-ocean interaction has been
also addressed by several works. According to some obser-
vational studies, the meridional shifts in the location of the
Gulf Stream extension fronts are significantly linked to the
large-scale variations in the atmospheric circulation at the
intraseasonal timescales (e.g., Frankignoul et al., 2011 ). Re-
cently, Wills et al. (2016) have examined the atmosphere-
ocean interaction over the Gulf Stream and its relation with
two potential different patterns of atmospheric circulation
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nomalies: one pattern leads to SST field and another resul-
ant pattern lags the SST field and is considered as an atmo-
pheric response to midlatitude ocean forcing ( Wills et al.,
016 ). 
The spatial distribution of the SST anomalies is strongly 

elated to the study area, the influence of the seabed to-
ography and the runoff conditions. Considering the cases 
f the Bristol Channel ( Mayes and Wheeler, 2013 ) and the
eine Bay in the English Channel, negative anomalies of SST 
re generally located near to coastal zones connected to hy- 
rological systems and influenced by rivers and the annual 
egime of precipitations. The Northern Atlantic SST fields 
ave been hypothesized to be linked to the interannual and 
he decadal persistence of atmospheric circulation anoma- 
ies ( Namias, 1969 ; 1972). These anomalies have been de-
ned to be connected to the Atlantic Multidecadal Oscilla- 
ion (AMO) as a natural mode of variability (e.g., Schlesinger 
nd Ramankutty, 1994 ). 
Lopez-Parages et al. (2012) have studied the statistical 

redictability of the rainfall variability and stated that it 
an be improved by selecting the most suitable predictors 
epending on the period on which the prediction is car-
ied out. They have also suggested that the nonstationary 
ink of the rainfall with SST takes place when the dipo-
ar patterns of the rainfall are reinforced with the nega- 
ive phases of the AMO (Atlantic Multidecadal Oscillation) 
long the 20 th century. In this study, the seasonal modula-
ions of surges have displayed strong links with changes in 
ST phases. The SST patterns, due to the intrinsic modes 
f the atmospheric circulation variability, play a key role 
n regulating the global climate change and thus providing 
 source of potential predictability for the climate fluctua- 
ions on seasonal timescales. For larger scales, the SST in-
ex can be related to the Atlantic Multidecadal Oscillation. 
The correlation between the ∼1.5-yr interannual vari- 

bility of extreme surges and the SLP index has been demon-
trated for the study sites in this work. In this context,
urki et al. (2019) investigated the connection between the 
ocal dynamics of the surges and the global atmospheric cir-
ulation from SLP composites. They have suggested dipo- 
ar patterns of high-low pressures with a series of anoma-
ies at the interannual and the interdecadal scales which 
hould be related to the physical mechanisms linked to the
orth-Atlantic and ocean/atmospheric circulation oscillat- 
ng at the same timescales. As documented by Frankignoul 
t al. (2011) , the SLP fields and the baroclinic instabil-
ty of wind stress are related to the Gulf Stream path as
iven by NCEP reanalysis; the dominant signal is a north-
ard (southward) displacement of the Gulf Stream when the 
AO reaches positive (negative) extrema. Zampieri et al. 
2017) used the daily mean SLP fields to analyze the in-
uence of the Atlantic sea temperature variability on the 
ay-by-day sequence of large-scale atmospheric circulation 
atterns over the Euro-Atlantic region. They have found 
ignificant changes in the frequencies of certain weather 
egimes associated with the phase shifts of the AMO. For
ydrological applications, several works have investigated 
he multiscale relationships between the local hydrological 
hanges and the climate variability. Lavers et al. (2010) as- 
ociated the 7.2-yr timescales to SLP patterns which are not
xactly reminiscent of the NAO and define centers of action
hich are shifted to the North. 
The relationship between the ZW index and the ∼2-4-yr
nterannual variability of extreme surges has been signifi- 
antly validated for the different sites of the English Chan-
el coasts (as shown by GEV4). The ZW is generally associ-
ted with the atmospheric jets induced by the geostrophic
quilibrium with the zonal mean height gradients. The wind-
tress anomalies induce a zonal wind-stress increasing over 
he subtropical and the subpolar gyre boundaries. The fast
arotropic response to the wind stress is explained by east-
rly winds in the Tropics and westerly winds in the mid-
atitude ( Wang, 2001 ). According to some previous works
e.g., L’Heureux and Thompson 2006 ; Seager et al. 2003 ),
he inter-hemispheric symmetry of both temperature and 
onal wind bears great resemblance to regression patterns 
ssociated with the observed El Niño. Lu et al. (2008) inves-
igated El Niño minus La Niña composites for the air tem-
erature, zonal wind, and the tropopause pressure level. 
hey derived these parameters from the difference of pat-
erns between 14 warm years and 12 cold years. They have
emonstrated that the tropospheric zonal wind is intensified 
ear the equatorward flank of the jet, resulting in a equa-
orward strengthening of the jet. Andrade et al. (2012) in-
estigated the extreme temperature in Europe and its 
ccurrence in relation to the large-scale atmospheric circu- 
ation. They used the zonal wind component at 850 hPa to
dentify the positive and negative phases of the extreme pe-
iods. They suggested that both phases of extreme tempera-
ure changes are commonly connected to strong large-scale 
hanges in zonal and meridional transports of heat and mois-
ure, resulting in changes in the temperature patterns over
estern and central Europe ( Corte-Real et al., 1995 ; Trigo
t al., 2002 ). The studies from Mizuta (2012) and Zappa
t al (2013) have demonstrated the physical links between
he ZW and the extreme events from 11 Global Climate
odel runs, suggesting the complex relationship between 
he climate oscillation and the jet stream activity. They
ave found a slight increase in the frequency and strength
f the storms over the central Europe and decreases in the
he number of the storms over the Norwegian and Mediter-
anean seas. 
In the English Channel and along the UK and the North-

rn coasts, changes in trends of the extreme waters and
torm surges have been explained by the variations of the
nergy pressure and ZW variability additional to the ther-
osteric fluctuations. These studies are in closer agree- 
ents with the present research where strong physical links 
etween the ZW and the interannual component ∼2-4-yr of
he extreme surges have been demonstrated along the En-
lish Channel coasts (North France) 
In the present study, the larger scales of the ∼5-8-yr ex-

reme surges have been linked to the NAO index. In agree-
ent with other previous works (e.g. Marcos et al., 2012 ;
hilips et al., 2013 ), the NAO is considered as an influencing
limate driver for the large-scale atmospheric circulation. 
he physical mechanisms explaining the effects of the con-
inuous changes in NAO patterns on the sea-level variabil-
ty have been addressed in several studies (e.g., Trisimplis
nd Josey, 2001 ). Investigating the low frequencies of the
ea levels has shown the existence of the long-term oscilla-
ions that originate from large-scale climate variability and 
hus control the interannual extreme surges along the En-
lish Channel. The key role of the NAO on the interannual
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sea-level variability has been explained by some previous
works: Philips et al. (2013) investigated the influence of
the NAO on the mean and the maximum extreme sea levels
in the Bristol Channel/Severn Estuary. They have demon-
strated that when high NAO winters increase in the posi-
tive phase, wind speeds also escalate while increasing the
negative NAO warmers results in low wind speeds. Then,
the correlation between the low/high extreme surges and
the NAO in the Atlantic has demonstrated a proportional-
ity between NAO values and the augmentation in the win-
ter storms. Feliks et al. (2011) defined significant oscilla-
tory modes periods of ∼2.8-yr, ∼4.2-yr, and ∼5.8-yr in both
observed NAO index and NAO atmospheric marine boundary
layer simulations forced with SST; they have suggested that
the atmospheric oscillatory modes should be induced by the
Gulf Stream oceanic front. 

We can conclude that different atmospheric oscillations
could be related to the variations in the extreme surges
according to the timescale considered; for each scale, its
best physical connection with a specific climate oscillation
is proven. This result suggests that the atmospheric circula-
tion acts as a regulator controlling the multiscale variabil-
ity of extreme surges with a nonlinear connection between
the large-scale atmospheric circulation and the local scale
hydrodynamics. Such nonlinear characteristics depend on
the dynamics of the different sequences of the atmospheric
and water vapour transport patterns during the month prior
to the sea-level observations (e.g., Lavers et al., 2015 ). 

The multiscale dependence of the local-scale hydrody-
namic changes on the internal modes of the global-scale
climate oscillations is still under debate. The use of the di-
verse indices of SST, NAO, ZW, and SLP could improve the
estimation of the extreme values in the oceanography tasks
and deepen the scientific understanding of the physical dy-
namics of surges in coastal environments. 

In this work, the signal of surges has been linearly ex-
tracted from the total sea level time-series by the use of
the classical harmonic analysis and thanks to the assump-
tion that the water level is the sum of the mean sea level,
tides, and surges. This assumption is not completely valid in
the English Channel where the significant tide-surge inter-
actions ( Tomassin & Pirazzoli, 2008 ) and the effects of the
sea-level rise on tides and surges are important (e.g. Idier
et al., 2017 ). 

Neglecting this nonlinear interaction between the
surges, tides, and the sea-level rise in the present work sug-
gests some uncertainties in the estimation of the spectral
components from the instantaneous and monthly extreme
surges. These uncertainties, extracted from the multireso-
lution analysis of, could not affect the main results of the
present work since the nonstationary downscaling from the
global atmospheric circulation to the local surges should be
similar to upscaling the short scales of less than days to the
scales of months, i.e. the upscaling in which the significant
interaction between the surges and tides is more important

5. Conclusion 

The results of the study explain key role of the cli-
mate patterns in the nonstationy dynamics of the ex-
treme surges; the ‘switch on’ and ‘off’ of each cli-
mate index is strongly related to the multiscale vari-
ability. The use of the climate drivers could help
improving the intermonthly and the interannual fore-
casting. Furthemore, they can be considered for GCM
simulations that are designed to look for the physical mech-
anisms explaining the teleconnections between the atmo-
spheric circulation and the sea-level variability. 

Depending on the atmospheric circulation, described by
the climate indices and weather forecasts, the stochastic
models necessary for estimating the extreme surges can
be developed and improved according with their multiscale
variability and their physical connections with the global cli-
mate oscillations. Furthermore, similar assessments should
be undertaken to improve understanding of the storminess
uncertainty. 
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