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ABSTRACT

We present new observations on the dynamics ofngptides
propagating in the Gironde estuary and the Gar®&iver up to 160 km
from the estuary mouth. The amplification and disbo of the tide
lead to the formation, in the Garonne River, oflwielveloped undular
tidal bores, which propagate over more than 30 Kew results about
the structure and the dynamics of the secondareii@ld associated
with tidal bores are presented.
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INTRODUCTION

A tidal bore is a positive surge propagating wgsstr that
may form when a significant amplitude rising tidetexs shallow,
gently sloping and narrowing rivers. Tidal boresvdhdbeen widely
observed worldwide in estuaries and rivers in negiwith large tidal
amplitudes €.g. Tricker, 1965, Lynch, 1982, Simpsat al, 2004,
Wolanskiet al, 2004). The study of this surge wave phenomeson i
motivated by its significant impact on the riverosgstem behavior,
and also because tidal bores present analogies tsuittami-induced
river bores (Higmanet al, 2004). Such tsunami bores can cause
tremendous damage when propagating up rivegs Tsujiet al. (1991)
and Tanakat al. (2008)). Even if the physical mechanisms contnglli
the formation of tidal bores and tsunami bores diferent, their
propagation up rivers shows many similarities.bdith cases, the surge
wave can evolve into a large range of bore typesnfundular non-
breaking bore to purely breaking bores. The comperpetition
between energy dissipation, nonlinear and dispersiffects, which
govern bore dynamics, makes the prediction of ttesiolution a
challenging task for numerical models. Contraryt$anamis, tidal
bores are mainly related to a predictable phenometat is the
astronomical tide. Thus, to analyze large amplitookee propagation in
the field, we conducted in 2010 two intensive fiegddperiments
devoted to tidal bore propagation in the GaronneeR{see Bonneton
et al, 2011b) that revealed that, in this river, tidabrds were

ubiquitous as observed for a large majority of gidk the present
paper, we focus our discussion on the propagatidarge amplitude
tidal bores (namedhascaret which occur during spring tides and low
fresh water discharge periods.

FIELD SITE

Podensac field site
Pk -32

La ﬁeule
Pk 67
Fig. 1 Location map of the Gironde estuary and Gonne River.
Tide propagates in the estuary from Le Verdon tc BAmbes and
continues in the Garonne and Dordogne rivers. \dlleloped bores
(mascaretys propagate in the Garonne River between Bordeauk a
Langon. PK: distance expressed in kilometers fidant de pierre
(south of Bordeaux).
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The Gironde estuary is located in the Bay of Bisce the
southwest coast of France and is formed from theting of the
rivers Dordogne and Garonne (see Fig. 1). The sstslows a
regular funnel shape of 75 km. In the Gironde mptith mean neap
tidal range and mean spring tidal range is 2.5 nd & m,
respectively. As the tide propagates upstream &edaebb-flood
asymmetry occurs in the upper reaches of the gstuat the wave is
amplified (Castaing and Allen, 1981). This largeptitnde tidal
wave propagates in the Garonne River (the sameieapgbr
Dordogne River) up to La Réole, 160 km from theuast mouth.
During spring tides and low fresh water dischargeiqus, large
amplitude undular tidal bores (namethscarets form in the two
rivers (Parisotet al, 2010). In the Garonne Rivanascaretsoccur
approximately between Bordeaux and Langon (see Ejig.They
correspond to Froude numbers larger than aboutBbAnetonet al.
(2011b) showed that low Froude number tidal botess readily
apparent thamascaret frequently occur in the Garonne River. Tidal
bores form for a large majority of tides, with arccorrence
percentage of 90% for low flow discharges and 65%oldrge flow
discharges.
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Fig. 2 Time series of tide elevation (altimetry NGEN69 system)

the 10" of September 2010 in different locations of theoBile

estuary and the Garonne River. PK93, Le Verdon;4PKPauillac;

PK 03, Bordeaux; PK -32, Podensac field site; PK t&angon; PK -

67, La Réole.

In order to observe tidal bores for a large rangeidal
amplitudes and contrasting degree of river disahargvo field
campaigns were conducted in 2010 around the sgnmtautumn
equinox. The field site was located in the GaroRneer (France) at
Podensac located 140 km upstream from the estuanghmThis site
was selected owing to the presence, during spiithg, of well-
developed undular tidal bores. The first campaiBarisotet al.
2010), took place between the'2df February and the f'5of April,
for large fresh water discharges (around 78Gand the second one
(Bonnetonet al.2011b), between the'bf September and the ¥f
October, for low water discharges (around 12%s)nin the present
paper, we analyze the propagation of a large andgitidal borei(e.
mascaret on the 18 of September, for one of the largest tide
observed during the campaigns. This analysis isshasn the
combination of tidal gauge measurements and aehiakrvations
along the estuary and the Garonne River and, noagly, on video
observations and high-frequency pressure measuteraePodensac
field site. A detailed description of the field expnent is given in
Bonnetoret al. (2011b).

Fig. 3 Aerial photographs on the M@®f September 2010 of the
different mascarettypes of the Garonne River. The Froude number
increases from panel (a) to panel (d). a, Can®is16, 16h47 UT;

b, Podensac field site, PK -32, 17:31 UT; c, PaBedguey, PK -33,
17:37 UT,; d, east Arcins river branch, PK -6, 16tIb.
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Fig. 4 Tidal bore refraction around La Lande islaRK -12, in the
Garonne River, the 10of September 2010, 16:37 UT.

RESULTS

The evolution of water levels, over two tidal cyclen the
10" of September 2010, at different locations of thei@le estuary
and the Garonne River is presented in Fig. 2. Tded tvave in the
lower estuary (Le Verdon) is fairly symmetric. Asttide propagates
upstream, the wave is deformed and a marked elb-#symmetry
occurs in the central estuary (Pauillac) and sulesaty intensifies in
the Garonne River (Bordeaux and Podensac). At RBadenhe time
of level rise is 3h20min and the time of level falBh. In the Gironde
estuary, the effect of tidal wave convergencedesprogresses up the
funneled estuary is larger than frictional dissipraieffects (see Allen
et al, 1980). This imbalance leads to an increase ofitlz range,
Tgr, from 5.0 m at the estuary mouth to a maximum & @& at
Podensac. Slightly further Podensac, the tidalesstgrts to decrease
with a value of 4.9 m at Langon and 0.4 m at lal®éat Bordeaux
and Podensac, the moment where the tide flow ttongsing is
characterized by a sudden and intense increaskeofvater level,
which can be associated with the occurrence ofla tiore. Aerial
and boat observations showed that well-formed tidates {.e.
mascare} occur in the Garonne area where tidal asymmetny a
amplitude reach maximum intensities, that is betwaecins island
(PK-6) and Cadillac (PK-35). During the propagatidoth the

intensity and the shape of the tidal bore are styodependent on the
local river bathymetry. Anascaretmay disappear in areas of deeper
water and subsequently reform in shallow areas Worthwhile to
note thaimascaretisappearing is not necessary due to the absénce o
a tidal bore at rising tide, but to the fact thatdw a Froude number

of about 1.1, tidal bores are readily apparent @eenetonet al,
2011b) except indirectly from some boundary layerbtlent
structures generated by the bore at the river banks
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Fig. 5 Rectified image (video system) of the undtildal bore at the
Podensac field site (PK -32), the™éf March 2010 (17:30 UT).

Aerial photographs of the main types of Garomeescarets
are shown in Fig. 3. The most frequently obsemwedcareis a non-
breaking undular bore (see Fig. 3a). Very localibedaking areas
can be observed on the river banks. A more intemsklar bore is
illustrated in Fig. 3b. The surge Froude numbeisebaon cross-
section mean water depth is 1.17 and the mean jar@® m. If the
first three secondary waves are non-breaking, ezdepn the river
banks, the next waves can locally break outsiderither banks.
Reflection of the first wave at the banks is clgaiiible in fig. 3b.
The interaction between secondary waves and tHewshaid-slope
river banks leads to the modulation of the secondave field into a
triangular shape. This wave pattern is similarose observed in
trapezoidal channel by Treske (1994) for the saamge of Froude
number. The higheshascaretobserved during the aerial survey is
presented in Fig. 3c and corresponds to a Frouddeuof about 1.2
and a mean jump of about 1 m. It is an undularkinggbore with a
breaking front which expands along a large parthef river cross-
section. Atypical undular breaking bores with larGeoude numbers,
but with much smaller bore jump (about 0.5 m), barobserved in a
narrow and shallow Garonne branch along the Ansllasid (see Fig.
3d).



Strong refraction processes occur along river me@nand
around islands. Fig. 4 shows a spectacular exaofplmdular bore
refraction around La Lande island. Timascaretsplits into two parts
propagating separately in each branch of the rilrerthe deeper
branch (on the right side of fig. 4), the bore @gates faster than in
the other branch and is strongly refracted at flaadh outlet. After
the island, two bores propagate one behind the.ofte second one
moves faster than the other and finally the twoebamerge in one
undular bore.
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Fig. 6 Water elevation time series (altimetry NGENG9 system) the
10" of March 2010 (17:30 UT), when the tide flow tutosrising at

the Podensac field site (PK -32). Tidal rangez=@.3 m.

Comparisons between two pressure sensors alongea €ross-
section transect. Dashed line: elevation in thepdegart of the
transect (3.1 m water depth at low tide); contiraitine: elevation
close to the river bank (1.3 m water depth at lole)t

To analyze in more details the spatial structur¢hef undular bore
wave field, a video system (2 HDV cameras, SONY HBERIE)
was set up on the west bank of the Podensac fitdd Bnage
coordinates were rectified to ground projected domtes using a
direct linear transformation calibrated on grounshteol points.
The pixel footprint ranges from less than 20 cmrrika camera to
about 2 m at 250 m from the camera. The wave fidserved the
10" of September 2010 is presented in fig 5. In agezemwith the
aerial view (fig. 3b), we can observe intense birgaklong the river
banks and the modulation of the secondary wavel fiato a
triangular shape. The bore celerity is equal torb/& and the first
wavelength, measured in the river axis, is equall8b m. We
observe a decrease of the secondary wavelengthtfremiver axis to
the river banks. After the first four waves, secanydwaves locally
break outside the river banks. Pressure measursmené performed
synchronously with the video observations and cdedeto water
depth (see fig. 6). Due to strong non-hydrostéfieces associated to
well-developed tidal bores, a non-hydrostatic otifom, based on
linear theory, was applied to the data. This methasl been validated
by comparing its results with direct acoustic scefatracking
measurements. In fig. 6 we compare two synchronigesbsure
sensors moored along a river cross-section, intidevwater depths
of 1.3 m (close to the west river bank) and 3.1deeper part of the
cross-section). We observe that the 0.9 m mean jantpthe first
secondary wave crest are almost uniform acrossvbesection. On
the other hand, the next secondary waves have afitagde much
smaller close to the banks than in the middle efrikier. This is in
agreement with the triangular shape of the secgndave field
previously described in Fig.5. We also note a loweqgtiency
amplitude modulation of the wave field, with a nraym wave
height of 1.64 m occurring for thé"évave. This observation is in
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agreement with the breaking occurrence observeegrs. At given
times, for instance between t=65s and 90s, wawatd®ms measured
at the two sensors are very similar.

CONCLUSIONS

We present in this paper a unique field databaseribing
the complex formation and propagation of a largelaaode undular
tidal bore over more than 30 km. The main typesimdular bores,
the breaking occurrence, and the refraction aroandisland are
described from aerial and rectified video image® Whderline the
complex interactions between secondary waves aatlosh mid-
slope river banks. Our study provides a uniqueltde@ to improve
and validate nonlinear, non-hydrostatique modelg.Bonnetonet
al., 2011a, Tissieet al, 2011), for the simulation of bore propagation

for both tide and tsunami applications.
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