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Abstract. The English Channel is characterised by strongcoastline Blake et al, 2006 and was one of the six most
tidal currents and a wide tidal range, such that their influ-powerful hurricanes ever recorded in the Atlantic, inflicting
ence on surges is expected to be non-negligible. In order ta death toll of 1836 and 80 billion dollars worth of damage.
better assess storm surges in this zone, tide-surge interad-he Xynthia event was a mid-latitude storm resulting in a
tions are investigated. A preliminary data analysis on hourlymuch smaller storm surge of about 1.5m, which coincided
surges indicates some preferential times of occurrence oWith a spring high tide. As a result, this event severely im-
large storm surges at rising tide, especially in Dunkerque. Tagpacted low-lying coastal areas located in the central part of
examine this further, a numerical modelling approach is chothe Bay of Biscay on 27-28 February 201Be(tin et al,

sen, based on the 2DH shallow-water model (MARS). The2012, causing 53 fatalities and material damage assessed
surges are computed both with and without tide interaction.at more than one billion euros. Vivid memories of severe
For the two selected events (the November 2007 North Seaoastal disasters also attach to the 1953 and 1962 storm surge
and March 2008 Atlantic storms), it appears that the instan-events, which caused flooding over broad coastal areas in the
taneous tide-surge interaction is seen to be non-negligible isouth-western Netherlands and eastern Engl&wetritsen

the eastern half of the English Channel, reaching values 02005 and in northern Germanwd@n Storch et aJ.2008,
74cm (i.e. 50 % of the same event maximal storm surge) inrespectively. These examples illustrate the need for a better
the Dover Strait for the studied cases. This interaction de-understanding of storm surge phenomena, as well as for im-
creases in westerly direction. In the risk-analysis communityproved water level forecast systems and land planning with
in France, extreme water levels have been determined assumespect to coastal flood risk.

ing skew surges and tide as independent. The same hydrody- Storm surges are known to have some potential interac-
namic model is used to investigate this dependence in the Ertions with tides Flather 2001). Indeed, many studies have
glish Channel. Simple computations are performed with theinvestigated this dependence, either from a theoretical stand-
same meteorological forcing, while varying the tidal ampli- point or in specific locationsRossiter(1961) and Flather
tude, and the skew surge differendass are analysed. Skew (20071 explain how tide and surge can mutually alternate
surges appear to be tide-dependent, with negligible values aheir phase, in such a way that a positive (resp. neg.) surge
Dss (<0.05m) over a large portion of the English Channel, would speed (resp. slow) the tidal propagation. By analysing
although reaching several tens of centimetres in some locathe shallow-water equations in greater detail, the various
tions (e.g. the Isle of Wight and Dover Strait). contributions of the tide-surge interactions can be identified
(Flather 2001 Zhang et al.2010: shallow-water effect (wa-

ter depth), advective term, bottom friction term. For instance,

) Zhang et al(2010, resp.Rego and Li(2010, investigated

1 Introduction quantitatively the various contributions of the tide-surge in-

) ) ) ) teraction terms in the water-level, resp. in the Taiwan Strait
Recent events like Katrina (2005) or Xynthia (2010) illus- g the North Sea, showing that, there, the dominant contri-

trate the potentially devastating effect that storm surges cap tion comes from the nonlinear bottom friction.
have on the coasts. Hurricane Katrina generated a storm

surge exceeding 9 m in some locations along the Mississippi
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From an operational perspective, an understanding of this 5oen
interaction is of value in order to choose relevant strategies
in water level forecast or risk-analysis. Indeed, there are sev- 51°N
eral possible approaches to forecast the water level on the N
coast induced by storm surges and tides. One (F1) is to nu-
merically model storm surge and add it to the existing re- 49°N
fined tidal database (e.g. the Nivmar systdéfanjul et al,
200L NOAA system, Glahn et al., 2009). A second (F2) “&N
is to numerically compute the storm surge and the tide to-

gether (e.g. the North Sea forecast system operated by Rijk-. . . .
swaterstaat and The Royal Netherlands Meteorological Insth-:'g' 1. Bathymetry (m) and study site location. The inset shows the

tute KNMI_, and maintai.ned. by Deltares; the Previmer syste_mg_ogdEloi%rgigra;go(;r?Zr::éz?sr_e‘fg T\Ao;trf 28332; d depressions (grey:
www.previmer.org, maintained by Ifremer). For example, it
will be noted thaHorsburgh and Wilso2007), concerning
the North Sea, confirmed via data analysis that to obtain reliympjications for an extremes analysis are discussed (Sect. 5),
able forecasts of sea level, numerical models must accuratelynq subsequently conclusions are drawn.
reproduce both tide and surges, and their interactions. A last
strategy found in the literature (F3) is to numerically com-
pute the storm surge and the tide together, but subsequently The study area and preliminary evidence of tide-surge
deduce the storm surge by subtraction, and finally add itto a interactions
more precise tide database (e.g. the UK’s operational coastal
flooded warning system, dflather 2000). The present study focuses on the English Channel @ig.
Regarding risk analyses, a knowledge of the extreme wateT his channel, lying between France and England, is charac-
level is required to provide the frequency of damages in theterised by mean spring tidal ranges varying between 1 (off
risk-analysis (Risk= Hazardx Vulnerability x Frequency). the Isle of Wight) and 12 m (Saint-Michael’s Mount Bay),
Here again, more than one strategy can be implementednd by associated maximal mean spring tidal currents rang-
(Mazas and Hamp2011, Haigh et al, 2010. One (E1) is  ing from a few cms? to about 5ms?! north-west of Co-
to apply the theory of extremes to the water lew&r{ den  tentin headland§HOM, 2000. Compared to the North Sea,
Brink et al, 2003 2005. Another (E2), which seeks to pro- the English Channelis subject to larger tidal ranges and tidal
cure a longer return period, is based on the same statisticadurrents. Thus, given the fact that there are interactions be-
theory, but applied to the skew storm surge, rather than théween tide and storm surge in the North Sea and knowing that
total water level. It will be recalled that the skew storm surge such interactions theoretically increase with increasing tidal
results from the difference between the highest (resp. low+ange and tidal currents, we can expect some dependencies
est) water level and the highest (resp. lowest) predicted (tide)n the English Channel.
level, for a same high (resp. low) tide. The second step of A preliminary analysis of tide gauge data has been
strategy E2 is subsequently to combine the skew surge probachieved, over the period 2003-2009, for three locations:
bility with the predictable tide probability afterwardSifnon Dunkerque, Saint-Malo and Le Conquet. The whole hourly
et al, 2008. water level was processed by harmonic component analysis
We will note that the approaches F1 and E2 both implic- to extract the tide. Then, the hourly storm surge (termed prac-
itly assume the independence between, resp., instantaneotisal storm surge in the present paper) was deduced by sub-
storm surge and tide, and skew storm surge and tide. In detraction between the water level and the tide. The probability
veloping water level forecast systems or risk-analysis in adistribution of the 1% highest hourly storm surges for each
given area, the first step required is thus to select the relevargauge datum (Fig2) gives some indications of possible in-
strategy, by analysing the actual dependence between storteraction between tide and storm surges. The weather is pre-
surge and tide. In the context of developing a water level fore-sumed independent of the tide, i.e. if the water level is a su-
cast systemviww.previmer.ord along the French coastline, perposition of tide and surge, then the storm surge could oc-
investigations have been carried out to ascertain the influenceur at any time with respect to high water, and thus its distri-
of tide on the storm surge, specifically in the English Chan-bution would accordingly be random. At Dunkerque, Fg.
nel. The aim of the present paper is to better assess this tideshows that most of the largest practical storm surges occur
surge interaction in the English Channel, and also to discusaround low tide, and, moreover 4-5 h before high tide (i.e. at
the possible implications of the results for an extremes analysising tide). The same type of behaviour is observed at Saint-
sis regarding this area. First, Sect. 2 introduces the study ardsalo (Fig.2b). Such phenomena have been most widely ob-
and some preliminary indications of interactions. Then, theserved in the North Sed(andle and Wolf1979 and ex-
method, model and data are presented (Sect. 3). In Sect. flained on the basis of theoretical consideratidharéburgh
the instantaneous storm-surge interactions are analysed. Ttad Wilson 2007). The basic idea (at first order) is that tide

Saint-Malo France

= T T T T
6°W 4°W 2°W 0° 2°E
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3 Method, model and data

(©)
or -
ﬂ ‘ ‘ First, for the analysis of tide-surge interaction, following the
VEIRTRTRNTITMOOOIIERD i o i
6 5 4 -3 . SR ten as the sum of the tidal levedy(), the pure storm surge

Phase of the tide. In hours afier H.7. (£s) produced by the meteorological conditions only, and the
residual elevation due to tide-surge interactig, (such that
Fig. 2. Occurrence (%) of the 1% highest observed (black) and¢ = &1+ £s+£. In practice, the storm surge (termed practical
modelled (grey) hourly storm surges versus the tidal phase, in hourgtorm surgegs) is often deduced from data by subtracting
after high tide (h) _for(_a) Dunkerque(b) Saint-Malo,(c) Le Con- andér, such that in facts) = £s+ & . Using numerical mod-
quet. The ca!culatlon is perfprmed over the period 2003—-2009. Theelling, it is possible to estimate, &1 and£s, such that we
99th percentile (corresponding to the thresholds of the 1% highes&an deduce the residual eIevatilon due to ’tide-surge interac-

storm surges) are (0.65; 0.54), (0.43; 0.37), (0.37; 0.33), in metre,. . o . .
respectively for each tidal gauge locati@@ b, c), with the first tion &. This is the basic idea underlying the method used in

value corresponding to the data processing, and the second, to tﬁ@e presen.t paper.
processing of the model results. Comparing 3-D and 2-D models for storm surge mod-

elling, Dukhovskoy and Morey2011) recall that 2-D ap-

proaches have two main drawbacks: the bottom friction
and surge are shallow-water waves propagating with a phasparametrisation, which is dependent on the depth-averaged
speed of,/gD, whereD is the total water depth anglthe  flow and not on the bottom stress, and the resolution of the
gravity acceleration. Increased water depth (induced, for in~ertical flow structure (in case of vertical shear). However,
stance, by a positive storm surge) would thus result in an inthe 2-D shallow-water model did turn out to reproduce storm
creased phase speed of both surge and tide (directly, but alssurges well Bertin et al, 2012. Thus, in the present study,
due to increased bed friction, friction being inversely pro- a 2-D approach is chosen, with a preliminary validation of
portional to water depth). Then, this increase would lead toits ability to reproduce observed surges and tide-surge in-
a positive phase lag of the practical storm surge, such thateraction. The selected numerical model is MARS, based
the practical storm surge would occur preferably at risingon shallow-water equationsgzure and Duma2008. The
tide. This is consistent with the results obtainedSigrl et  Fig. 1 inset shows the computational domain. It covers a
al. (2009 on the influence of mean high tide on general ex- much larger area than the English Channel in order to prop-
treme values (GEV) parameters in the North Sea, which shoverly reproduce storm surges generated at greater distance in
that the largest practical storm surde,, occurs before the the Atlantic or North Sea. The grid size is 2 km. In the present
high tide. At Le Conquet (Fig2c), the largest practical storm model, the drag coefficient that allows the air—sea momentum
surges do not occur preferably at one time more than anotheftux to be taken into account depends on waves and wind. It
with respect to high tide, and there is accordingly no evidenceshould be noted that the drag coefficient is generally used as a
of tide-surge interaction at this location. tuning parameter in storm surge modéls/gers et al.2012).

In our model, the air—sea momentum flux is parametrised by

a non-dimensional surface roughness lengghhased on the

o

Normalized Occurence (%)

o
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Table 1.Observed and modelled 0.5, 1 and 2-yr return period storm

-~ 3 . .
surges (in metres). Results obtained for a data processing over thi :E; ol (a) o ——Model |
period 2003-2009. o | N + Data |

1] +.

£ of

T =0.5yr T=1yr T =2yr S + ke
n - L L
Obs  Model Obs  Model Obs  Model 0811/07 09/11/07 10/11/07 11/11/07
T
Dunkerque 119  0.96 141 114 159 1.28 me
Saint-Malo  0.75  0.60 0.89 0.70 1.02 079 €2 b ‘ ‘
Le Conquet 051  0.43 059  0.49 093 0.83 = |0 - ——Model

o 1f + + Data -

g 0 : 7

Q
Charnock(1955 formulation, such that the roughness length 509}03/08 10/03/08 11/03/08 12/03/08
is a function of the wave characteristid®(man, 2009. The Time
bed shear stress is computed using a Strickler coefficient of = ‘ ‘ —
35m/3s1. As tidal forcing, the 14 tidal components/f; =06 © . odel |
Mm, Msgm, Mtm, O1, P1, Q1, K1, M2, K2, 2N2, N2,82 50_4,

M4) are used, derived from the global tidal model FES2004 ¢ ool
(Lyard et al, 2006. Concerning meteorological forcing, a 3- £ "

h ARPEGE data set (provided by Meteo-France) based on 09fda/08 10/03/08 _ 1170T3/08 12/03/08

a 6-h time-step analysis, completed by 3-h time-step pre- Time

dictions, is used_. The_ARPEGE grid size i$9 i.e. about Fig. 4. Time series of observed and modelled practical storm surge

50km. The last input is the wave data, used to compute thgor the November 2007 event (Dunkerqag,and the March 2008

Charnock coefficient in every cell and for every time step, event (at Saint-Malob, and Le Conquetg). Observed and mod-

and then the drag coefficiedip. These data derive from elled data have been processed accordingly to exactly the same pro-

modelling work carried out with the WW3 moddRéscle  cedure, and over the same time span (the tidal component has been

and Ardhuin 2012. Such approach yields drag coefficients computed based on observed and modelled water level over the pe-

Cp of about 0.0025 to 0.0035 for stormy events. These val-fiod 2003-2009).

ues are on the same order of magnitude as those obtained by

Moon et al.(2004). i , ) )
The model's ability to reproduce the tide, the storm surgesT: @nd one with meteorological forcing only (wind, atmo-

and the tide-surge interaction is assessed by comparison Wit'fﬁpherIC press.ure) 'yleldmg'g,. Be5|de§, in Of‘?'ef tq obtain

data. First, the tide is evaluated at Dunkerque, Saint-Mald® _representatlve view of tide-surge interactions in the _En-

and Le Conquet and displays a good correlation (correlatior?/iSh Channel, we focus on two storm events, schematized

coefficient of 0.99) with the tidal prediction of the French ©n Fi9-1: one from North Sea (November 2007), and another

Hydrographic Service (SHOM). Figuiillustrates how ef- from the Atlantic (March 2008).

fectively the tide was reproduced by the model at Dunkerque.

To validate the surge, observed and modelled surges are rep- Tide-surge interaction

dered comparable. The observed and modelled water level

(including tide and meteorological forcings) are processed4.1 Results

over a 7-yr time span. First, a tidal component analysis is

performed Simon 2007, then the tide is subtracted from the Figure 5 shows the maximal value of the hourly practical

total water level. Tabl& demonstrates the model’s ability to storm surgets; and of the hourly tide-surge interaction ele-

reproduce observed surges at this scale, focusing on surgestiong|, for the two selected events. For the November 2007

with return periods of 0.5, 1 and 2yr. In addition, Fy. event (Fig.1), we notice strong storm surges, exceeding

illustrates the model's ability for two stormy events (pre- 1.5m in some locations, all over the North Sea with a gradual

sented later on in the paper). Finally, the model’'s capacitydecrease in the English Channel, up to the Cotentin headland,

to properly reproduce tide-surge interaction is investigatedwhere the maximum practical storm surge falls below 0.1 m.

based on comparison with observed data. Fiuskows the  Considering the interaction elevatign it would appear to

distribution of the 1% highest storm surges versus the tidabe stronger in the southern part of North Sea as well as in the

phase. The model exhibits behaviour similar to that of theEnglish Channel, attaining values greater than 0.6 m, espe-

data. These comparisons confirm that the model can validlially in the Somme Bay, to the west of Dunkerque. For the

be used to study tide-surge interaction. second event, that of March 2008, associated with a depres-
To investigate and quantify the elevatign three types  sion coming from Ireland (Fidl), the maximal storm surges

of runs are effected: one with full forcing (tide, wind, atmo- are smaller than for the November 2007 event, in the En-

spheric pressure) which yielgs one with tide only yielding  glish Channel, with values lower than 1.5m. Regarding the

Nat. Hazards Earth Syst. Sci., 12, 3708718 2012 www.nat-hazards-earth-syst-sci.net/12/3709/2012/
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Fig. 5. Maximum value of the practical storm surgg (left) and the residual tide-surge interaction elevagip(right), for the two events of
November 2007 (above) and March 2008 (below). Data interval: 12-min.

Table 2. Synthesis of characteristics values of practical storm surgerespond to local maxima &, but not to the absolute max-
£s) and tide-surge interaction elevatign for the studied events imum value of¢; during the event, as illustrated by the time
(Ev. 1: November 2007; Ev. 2: March 2008) and locations. Tigle  series for Dunkerque, where the maximurn%'pbccurs 6h
indicates the time at whicfts, | is highest during the event. Num- after high tide. Thus, to complete the analysis, we focus on
pers in |.taI|cs indicate the corresponding valu&gfor & when it the & values wher &g | is highest (Table with rs the cor-
Is negative. responding time). For Dunkerqui(zs) respectively equals
0.37 and 0.51m for the 2007 and 2008 events, i.e. 25 and
57 %. For Saint-Malo, it also reaches 28 % of the maximum
practical storm surge (March 2008 eveftits) = 0.26 m).
max(| égi) (m) 149 0.90 0.25 0.93 0.26  0.58 For Le Conquet, the contribution is lower, reaching 12 % of
g‘?g frln‘)) (m) 8:;‘71 8:21 8:3? 0'0226 8:82 gé)?? the maximum practical storm surge (November 2007 event,
& (ts) = —0.03m). To sum up the results for the studied
eventsg is large at Dunkerque (up to 0.74 m) moderate at
Saint-Malo (up to 0.26 m), and smaller at Le Conquet (up
to 9cm), whereas its relative value foe= ts is still large at
unkerque (up to 51 %), and moderate at Saint-Malo and Le
onquet (up to 28 %).
From these two studied events, we can deduce that tide-

Water level time series and statistical analysisgpaindé, e interactions are significant in a lar tern part of
allow the analysis to be completed at the three locations opUrge Interactions are signiiica a large eastern part o
the English Channel, and moreover in the Dunkerque sur-

Dunkerque, Saint-Malo and Le Conquet. First, we consider . . .
the example of the November 2007 event (Fy.The tide- roundings, with large surges occurring preferably before the

. . . high tide. Such types of comparisons were performed for
surge interaction elevatioh decreases from Dunkerque to- . .
wards Le Conquet, and can be positive or negative dependin’g.‘eI dlfebrqar}ll eventsltof 2009 (Quentin) and 2010 (Xynthia),
on the time and location. It reaches 0.74 m at Dunkerque, fo Ielding simitar results.

a maximal practical storm surge, of 1.49 m (Table2), such

that it is equal to about 50% d&fk,. At Le Conquetgs is
mainly negative, reaching0.25m, whereas is comprised  These tide-surge interactions can be explained by means of
between 0.09 ane-0.03m (Table2), i.e. equal to about one  the physical equations. Indeed, shallow-water equations can

third of | s |. It is of note thatfs; and§ maxima do not  pe written as follows, omitting the horizontal viscosity term
occur at the same time (Fig). In agreement with the pre- (4 v2y) for the sake of clarity:

liminary data analysis on the surge distribution with tidal
phase (Fig2), Fig. 6 shows that, for stormy events at lo-
cations where tide-surge interaction was detected in Sect. 2,
the maximum ofés; occurs 4 to 5h before high tide at
Dunkerque (November 2007 and March 2007) and 3 h be-
fore high tide at Saint-Malo (March 2008). These peaks cor-

Dunkerque Saint-Malo Le Conquet

Ev.1 Ev.2 Ev.1 Ev.2 Ev.1 Ev.2

tide-surge interaction, the maximal valuespfs about 0.3 m
in some areas, and reaches 0.7 m in a limited area, around t
Dover Strait.

4.2 Analysis

www.nat-hazards-earth-syst-sci.net/12/3709/2012/ Nat. Hazards Earth Syst. Sci., 12, 373@E8 2012
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Fig. 6. Time series of the various components of the water elevgtian Dunkerque (top), Saint-Malo (middle), Le Conquet (bottom), for
the November 2007 (left) and March 2008 (right) events.

— the shallow-water effect which arises from nonlinear

& terms related td = (H + &) in Egs. (1), (2) and (3) in
5 TV (Dw=0 1) the following places: advective term of continuity equa-
u _1 tion, division by depth for the bed-friction term and di-
5T uvVu-— fku=—gV(E -§)+ ZVPa vision by depth for the wind-forcing term.
+ iD(rs_ Tp) (2) — the nonlinear effect of the bottom friction term with
fol

guadratic parametrisation in Eg. (3).
with u the depth-integrated currerd, the free surfaceD ) ] . )
the total water depth (equal to the sum of undisturbed water Thus, tidal current and tidal water level interact directly
depthH and the free surface elevatio} p the density of sea  With the hydrodynamics induced by wind and pressure,
water, g the gravity accelerationp, the atmospheric pres- through the advection term, the so-called shallow-water ef-
sure, f the Coriolis parameter (2sing, with o the angular fect (watgr he|gr_1t in the denominator of thg fr!ctlon tgrm)
speed of Earth rotation argthe latitude) and a unit vector and nonlinear friction term related to veIo_cny interactions
in the vertical.zp andzs are respectively the bed and wind (Flather 2001 Zhang et al.2010. Moreover, in many cases,
shear stress. The quatratic law is applied in the parametrisgh® dominant tide-surge interaction term comes from the fric-

tion of zp, andzs such that: tion term. As an example of a similar environment, we can
2113 refer to theZzhang et al(2010 study on Taiwan Strait. They

Tp = pgulul/K“D (3)  numerically show that the quadratic nonlinear friction term

s = paCpU10/U10] 4) contributes significantly to tide-surge interaction, as com-

pared to the advective term and the shallow-water effect.
The present results obtained in the English Channel reveal
that tide-surge interaction appears to be pronounced in the
area comprised between Saint-Malo and the North Sea, for
the studied events. We discuss the contributions of these ef-
fects in the tide-surge interaction pattern, based on the anal-
ysis of the above equation.
— the advective effect, arising from the advective terms of Regarding the effect of the nonlinear advective term,
the momentum Eq. (2). the tidal current pattern in the English Channel is highly

whereK is the Strickler coefficientCp is the free surface
drag cofficient,p, is the air density antl1g is the wind ve-
locity atz =10m.

In Egs. (1), (2) and (3), as highlighted Bhang et al.
(2010, there are several nonlinear terms which can be clas
sified in three nonlinear effects:

Nat. Hazards Earth Syst. Sci., 12, 3708718 2012 www.nat-hazards-earth-syst-sci.net/12/3709/2012/
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heterogeneous and locally strong, with mean spring tide cur- — MIST: Tide — MINT: Tide
------- MST: Total Water Elevation - MNT: Total Water Elevation

rents ranging from 1 to 5 nt$ between Cherbourg and Eng-
land SHOM, 2000, whereas in the middle western part of
the English Channel, the tidal currents are much smaller.
Moreover, in some areas, tidal currents are large as comparedg
to the storm induced currents. For instance, around the Dover &
Strait, tidal and storm-induced currents may be on the same
order of magnitudeldier et al, 2002. This tidal current pat- To00  SAr600  9AL0r1200  9ALr1800 1041607000
tern should imply interactions in nonlinear advection terms a

in the Dover Strait that are larger than those offshore Brit-
tany.

The shallow-water effect depends on the relative magni-
tude of the water deptH, the tidal level and the storm surge.
The tidal range in the entire English Channel (on average,
about 6 m for a mean Spring tidBHOM (2000) is most of- 10}308 0:00 10/3/08 6:00 10/3/08 12:00 10/3/08 18:00 11/3/08 0:00
ten larger than the storm surge (1-yr return period storm surge
smaller than 1 m everywhere along the French cdistipn Fig. 7. Time series of tide and total water elevation for mean neap
et al, 2008, contributing to tide-surge interaction more or and spring tide (M2-modulated on the boundaries) at Dunkerque
less all over the English Channel. However, the water deptt{o" the November 2007 event (above), and Le Conquet for the
H in the eastern part of the English Channel is smaller (abou{vIarCh 2008 event (below).

50 m) than in the western part, implying that the shallow-

water effect should be larger in the Eastern part. For in-q,e tg the friction effect alone. Using these equations, and
stance, this effect contributes to the modulated surge pmdu%creasing the tidal range to 6m (representative of the En-

tion. Indeed, under some assumptions (mainly 1-D flow andyjish channel for a mean spring tide), we obtain friction ef-
constant wind fieldPugh(1987) shows thatzthe sea surface ot that is four times larger, i.e. interaction of tenths of cen-
slope ¢¢/dx) is in equilibrium with CpU10°/D, such that  imetres, due to the quadratic friction effect alone. Besides,

the wind stress produces more surge in shallow water, and suggested bghang et al(2010, the alignment of tidal
thus at low tide than at high tide, other things being equal. As,

’ ' and meteorological induced currents can also contribute to
explained byHorsburgh and Wilso(2007), such phenomena o hiaining of the strong (resp. small) tide-surge interaction

can lead to an increase in the phase lag of the practical storm ihe pover Strait (resp. northern Brittany) trhough the fric-
surge compared to the tide, such that the storm surge can prggy term, Indeed, in the Dover Strait, flood and ebb current
cede high water by more than four hours. This behaviour cary,5ye mostly the same direction (at least for energetic events)
be identified for instance during the November 2007 event at, he storm-induced ondslier et al, 2002 2011), whereas

Dunkerque (Fig6). o , for events coming from the Atlantic, at the entrance to the
Wolf (1978 investigated the contribution of the non-linear. channel, storm-induced currents do not have time to be con-
friction term to the tide-surge interaction. In that study, the ¢i5ined enough by the morphology and the coast, and thus
definition is slightly different with the quadratic friction term - 5 |ess aligned with the ebb/flood currents. As explained by
including the water depth variations, i.e. one part of _theZhang et al(2010), from Eq. (2), the increased force of bed
shallow-water effect. They solved analytically the motion gess que to the alignment of tidal and storm-induced current

equation of two plane progressive waves travelling togethers goqt by the pressure gradient force (surface slope) and

in a semi-infinite uniform channel, the waves being the surgean, the surge residuah ], such that tide-surge interaction

and the tide. The second-order solution allows identifying s jntensified by the channelling effect of the strait. The tidal
the contribution of the three effects (shallow-water, advec-¢rent is periodic, and accordingly this interaction process

tive and nonlinear friction) in the tide-surge interaction. They 5 5150 periodic and results in oscillations&fwith the tidal

show that the increase 6f on rising tide is due to shallow  hering during stormy events (see the results at Dunkerque,
water and advection effect, whereas the quadratic friction efFig. 6).

fect tends to reducé at high tide. These results were ob- 1,5 the large (resp. weak) tide-surge interaction in the
tained for conditions quite similar to the ones of the overall 5¢tern (resp. western) part of English Channel can be inter-
English Channel, in terms of water depth (40 m) and Surgésreteq as resulting from the bathymetry and the two tidal con-
amplitude (0.4 to 1 m), and for a quadratic friction term (like g \fions (current and free-surface elevation) patterns, with

in our model). However, the tidal conditions were smaller o, expected contribution from the friction term of tenths of
(tidal range of 1 m). With these conditions, and investigat- centimetres.

ing all the possible hourly phase lags between tide and surge,
they obtain interactions reaching about 14 cm at the southern
North Sea (700 km from the northern North Sea entrance),
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Fig. 8. High tide skew storm surges for mean spring tide (left) and the difference between skew storm surges obtained for a mean neap tide
and a mean spring tide (right), for the November 2007 (above) and March 2008 (below) events. The meteorological forcing is the same as in

Fig. 5. Data interval: 12 min.

one with tide and meteorological forcing conditions (MNT2

o (SSu-S8m) [m]
=Ny 02 and MST2). The skew storm surge at high tide is then com-
%' puted for each case (the two fictitious tides and the two me-
005 teorological events).
005 First, tides times series (mean neap and mean spring), for
' the two selected events (November 2007 and March 2008),

show that it is not just a sinusoidal signal of changing am-
plitude (Fig. 7). Indeed, an M2 signal is imposed at the
Fig. 9. Difference between high tide skew storm surges Obtainedboundary conditions, with just a modulation of the ampli-
for a meteorological phase lag of 3 h (as compared with the originaltude_ While tide propagates over the continental shelf, har-
meteorological conditions) and the skew storm surges obtained for ’

the original meteorological conditions (zero phase lag). The simula- TONICS are generated, rendering the signal no longer sinu-

tion is performed for a mean spring tide and for the November 200750|dal. Figure? also indicates the total water ele_)vatl_on. For
event. Data interval: 12 min. the November 2007 event at Dunkerque, the high tide skew

storm surge (0.97 m) is significantly larger than the one for
the mean neap tide (0.73m). For the March 2008 event,
at Le Conquet, the high tide skew storm surges are close
for mean spring tide (ST = 0.43m) and mean neap tide
(SSunT = 0.45m). Indeed, for the November 2007 event at
Figure 6 shows thatt; exhibits some temporal periodicity Dunkerque, the practical storm surge is much larger for the
with positive and negative values, but also several local maxSPring tide than for the neap tide (not shown here), whereas
ima (e.g. at Dunkerque in November 2007: the largest maxJor the March 2008 event, skew storm surges are similar for
imum occurs at low tide, and the smallest one just beforePoth the mean spring tide and the mean neap tide (not shown
high tide). These temporal fluctuations indicate that the inter-n€re). This is in agreement with the results of the previous
pretation of the existing instantaneous tide-surge interactiorf€ction (tide-surge interactions significant in the eastern part
in terms of flooding risks and return levels is not straight- of the English Channel and negligible at Le Conquet).
forward. To better analyse what the implications in terms of From a spatial point of view, Fig8 shows, for the two
risks are, some complementary investigations are carried oufVents, the skew surge & over the English Channel for
focusing on the skew surges. The results above show that thé'€ mean spring tide case and the differerss of the
instantaneous storm surge is related to the tide. Then, we capk€W surges obtained for the two tide scenarios (i.fs3S
wonder what happens with the skew storm surges: does it de>SMnT). For the November 2007 event, the skew surge for
pend on the tide? To look into this question, complementarythe mean spring tide case (%) is smaller than 0.05 m
tests are carried out. They consist in computing the eventd? the western part of the English Channel and increases to-
of November 2007 and March 2008 with two M2-modulated Ward the East, reaching more than 1 m at east of the Dover
tides, corresponding respectively to a mean neap tide (MNT)Strait. The skew surge differencBss is small (absolute
and a mean spring tide (MST). For each case, two simulayalue lower than 0.05m) in most parts of the English Chan-

tions are performed: one with tide only (MNT1 and MST1), Nel at the exception of all the surroundings of the Dover

2°E

4°E

2°W 0° 6°E

5 Skew surges at high tide and implication for extremes
analysis
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Strait, Dss reaching values of about 0.20m in the vicinity is less pronounced at Saint-Malo and barely detectable at
of Dunkerque. Considering the March 2008 event, the mearLe Conquet. In order to better identify the tide-surge de-
spring tide skew surge (%87) is highest in the middle of pendence, numerical computations with the shallow-water
the English Channel, witbssvalues up to 0.70 m. The skew model MARS have been carried out for two events (one
surge differencéssis small (absolute value lower than 0.05 storm from the North Sea and another from Ireland). It ap-
m) in most parts of the English Channel, with the exceptionpears that the elevation due to tide-surge interaction is on the
of some UK coastal areas (e.g. the Isle of Wight), where itorder of tens of centimetres in the eastern part of the English
reaches 0.15 m, and the Dover Strait (e.g. Dunkerque), wher€hannel, decreasing towards the west, and is practically in-
negative values of less tharD.10 m are obtained. existent offshore Brittany. These strong interactions can be
These results, albeit based on a limited number of eventsexplained by strong tidal currents around the Dover Strait
show that skew surges in the English Channel are tideand at the Cotentin headland, accompanied by shallow wa-
dependent. For the selected events, this dependence appetesdepths. To better assess the consequence of the tide-surge
to be weak in more or less half of the English Channel (ab-dependence in coastal risks analysis, the skew surges are
solute difference less than 0.05m), whereas it is significantlso investigated. The analysis is based on the same events
in some UK coastal areas and over a wide area surroundingNovember 2007 and March 2008), but different tides are
the Dover Strait, with values at Dunkerque up to 0.23 m for considered. It is seen that there are locations in the English
the the November 2007 case. It should be noted that for ex€hannel where skew surge is dependent on tide. This conclu-
treme tides (springest tide), the differences should be evesion places emphasis on the relevance of preferably taking
larger. To complete the analysis, a computation is carried ouinto account this dependency in extreme water level analyses
focusing on the time the meteorological event occurs versusn this area.
the tidal phase: we consider a mean spring tide (as above)
and modify the phase lag between the tidal conditions and
the meteorology by introducing a 3-h phase lag in the mete-AcknowledgementsThis work was jointly supported by the CPER
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