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ABSTRACT

A tidal bore is a hydraulic jump in translation propagating upstream in an estuarine channel when a macro-
tidal flood tide enters a funnel shaped river mouth with shallow waters.The tidal bore of the Garonne River
(France) was extensively investigated in the Arcins channel in 2015, focusing on the temporal evolution of
hydrodynamics and sediment processes during spring tide period. The tidal bore had a marked effect on the
velocity field, including a rapid flow deceleration and flow reversal. Maximum flow deceleration between -0.65
m/s” to almost -1.4 m/s® were observed. The early flood flow motion was very energetic with large fluctuations
in all velocity components. The suspended sediment concentration (SSC) data showed very large
instantaneous SSC levels, in excess of 100 kg/m3, during the passage of the tidal bore front, as well as large
SSCs during the first hour of the flood tide for the entire observations. The work culminates a 5-year research
project at the same site, showing a progressive siltation of the Arcins channel during the last three years.

Keywords: Tidal bores; field measurements; suspended sediment processes; channel siltation; Garonne River.

1 INTRODUCTION

A tidal bore is a compressive wave of tidal origin, which propagates upstream as the tidal flow rises. It
may be observed when a macro-tidal flood tide enters a funnel shaped river mouth with shallow waters
(Tricker, 1965; Chanson, 2011). A related application is the tsunami-induced bore propagating in rivers
(Tanaka et al., 2012). The occurrence of tidal and tsunami-induced bores has a significant impact on the
natural systems. Their impact on sedimentary processes was documented in the field and in laboratory (Faas,
1995; Khezri and Chanson, 2015). It is understood that the bore propagation is associated with intense
scouring and suspension of bed materials (Greb and Archer, 2007; Furgerot et al., 2016) (Fig. 1A). In
cohesive sediment river systems, the erosional processes may be linked to the rheological properties of
sediment deposits, and field observations suggested that the bore passage induces some surface erosion
immediately, followed by delayed bulk erosion (Faas, 1995; Keevil et al., 2015).

Herein new field measurements were repeated systematically at the same site in the Garonne River
(France) on 29 August, 30 August, 31 August and 1 September 2015 and on 27 October 2015. Instantaneous
velocity measurements were performed continuously at high-frequency (200 Hz) prior to, during and after
each afternoon tidal bore. Instantaneous sediment concentration and suspended sediment flux data were
derived from careful calibration of acoustic backscatter and checked against water sample concentrations.

2 INVESTIGATION SITE, INSTRUMENTATION AND METHODOLOGY

Field measurements were performed in the tidal bore of the Garonne River in the Arcins channel, close to
Lastrene (France), at a site previously used (Chanson et al., 2011; Reungoat et al., 2014; Keevil et al., 2015).
The Arcins channel is 1.8 km long, 70 m wide and about 1.1 to 2.5 m deep at low tide, between the Arcins
Island and the right bank (Fig. 1A). The bathymetric data indicated a progressive siltation of the Arcins
channel at the sampling site between 2012 and 2015 (Fig. 1B). Although the tides were semi-diurnal, the tidal
data indicated slightly different periods and amplitudes typical of diurnal inequality. Detailed field
measurements were conducted under spring tide conditions between 29 August and 1 September 2015, and
on 27 October 2015, while additional observations were performed on 28 August 2015, 26 October and 28
October 2015. The tidal range was between 5.85 m to 6.32 m, and the tidal bore Froude numbers between
1.18 and 1.7 (Reungoat et al., 2016). All measurements were started prior to the passage of the tidal bore and
ended at least one hour after the bore passage.
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(A) Looking downstream on 28 October 2015 - The ADV unit was fixed to the pont
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(B) Surveyed cross-section on 29 August 2015 with the initial water level (dark blue line), conjugate water
depth (blue line) and ADV control volume - Comparison with the surveyed data in 2013, 2012 and 2010.
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(C) Undistorted dimensioned sketch of the ADV mounting and sampling location relative to the bed and free-
surface about 2 minutes prior to the tidal bore passage on 29 August 2015.
Figure 1. Tidal bore investigation site in the Arcins channel, Garonne River (France) in August-October 2015.

Free surface elevations were recorded continuously using a survey staff, while instantaneous velocity
components were measured using a Nortek™ ADV Vectrino+ equipped with a down-looking head. The ADV
unit was fixed beneath a heavy pontoon and its control volume was located 1.0 m below the free-surface (Fig.
1). The ADV power setting (High- or Low) was selected after preliminary tests, to optimise the acoustic
backscatter response of the ADV unit with the Garonne River sediment (Reungoat et al. 2016). The ADV
system was sampled continuously at 200 Hz. The velocity signal post-processing included the removal of
communication errors, the removal of average signal to noise ratio (SNR) data less than 5 dB, the removal of
average correlation values less than 60% and despiking using the phase-space thresholding technique
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(Goring and Nikora, 2002; Wahl, 2003). The percentage of good samples ranged between 60% and 90% for
the entire data sets.

Garonne River bed materials were collected at the end of ebb tide, next to the right bank. The soil sample
consisted of soft cohesive mud and silty materials. A series of laboratory tests were conducted to characterise
the particle size distribution, rheometry and backscatter properties. Water samples were also collected prior to
and shortly after the tidal bore about 0.2 m below the water surface. The water samples were dried in an oven,
set at 40 °C, to measure the mass of dry sediments and the sample sediment concentration. Further details
are reported in Reungoat et al. (2016).

3 BASIC FLOW PATTERNS

3.1 Free-surface observations

On 28 August 2015 afternoon, no tidal bore was observed. On 29, 30, 31 August, 1 September and 27
October 2015, tidal bores were formed at the downstream end of the Arcins channel. The bore extended
rapidly across the entire channel width as a breaking bore in this very shallow region. The tidal bore was
undular at the sampling location further upstream, although it was breaking close to the left bank (Fig. 1A).
While the bore was undular, the free-surface elevation rose very rapidly during the bore passage: i.e., by 0.3
m to 0.5 m in the first 10 s. The tidal bore propagated up to the upstream end of the channel for the entire
channel length. The bore passage was always followed by a series of strong whelps lasting for several
minutes, with a wave period about 1 s (Fig. 2). For all field studies, the whelps were observed between one to
three minutes after passage of the bore. In August-September, the free-surface wave motion was seen about
three minutes after the front. In October, these whelps were seen about a minute after the bore front: that is,
with a delay comparable to that observed in October 2013 at the same site. Figure 2 illustrates the well-
formed whelp motion on 27 October 2015. The water depth data showed large free-surface fluctuations with a
period about 1.3 to 1.5 s between 56270 s and 56310 s (Fig. 2B).

The tidal bore shape was characterised by its Froude number, Fry = (V1+U)/(g><A1/B1)°'5, where V, is the
initial flow velocity positive downstream, U is the bore celerity positive upstream, g is the gravity acceleration,
A, is the initial flow cross-section area and B; is the initial free-surface width, which were derived from
bathymetric surveys conducted daily. The Froude number ranged from 1.2 to 1.7, consistent with the undular
nature of the bore, except on 31 August 2015. On 31 August 2015, the bore front was undular on the channel
centreline and towards to the right bank, but breaking close to the left bank. For the secondary waves, the
relationships between Froude number, dimensionless wave amplitude and wave length data, followed closely
by past field and laboratory observations and the results were close to a solution of the Boussinesq equation.
During the late ebb tide, the current velocity decreased in the Arcins channel with time. The tidal bore had a
marked effect on the velocity field (see below), with a rapid flow deceleration and flow reversal during the bore
passage.

The application of the equations of conservation of mass and momentum in their integral form gives an
analytical solution of the conjugate flow properties, namely the ratio of conjugate cross-section areas as a
function of the Froude number and cross-section shape (Chanson, 2012). It yields:
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where A, is the new cross-sectional area: A, = A; + AA (Fig. 3A), B and B' are characteristic widths defined
based upon the cross-sectional shape (Chanson, 2012). The observations are reported in Figure 3B and
Table 1 in terms of the ratio of conjugate cross-sectional areas A,/A; as a function of the Froude number Fr;.
The data in this study (filled square symbols) were compared with the momentum principle solution (Eq. (1))
(open circles) and previous field data (solid symbols) (Fig. 3B). For completeness, the Bélanger equation,
which was developed for a smooth rectangular channel, is included (thin solid line). Figure 3B shows a good
agreement between Equation (1) and the field data. It highlights further the improper application of the
Bélanger equation in natural irregular-cross-section channels.
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Table 1. Tidal bore properties at the sampling location during the 2015 field measurements in the Arcins
channel (Garonne River, France).

DATE Fr, U(mis)  di(m) (2‘2) (?T:) (?nd) AdfBi BofBy B/Bi  BYBi AdAq
29/08/2015 118 423 1685 1014 676 0338 150 1.034 1019 1012 123
30/08/2015 134 4.25 125 728 643 0470 143 1048 1017 1019 142
31/08/2015 170 479 1122 566 651 0496 087 1068 1032 1025 159
01/09/2015 138 4.45 128 749 645 0440 116 1.048 1024 1017 139
27/110/2015 133 461 124 880 659 0480 134 1049 1019 1017 137

(A) View from the right bank looking downstream about

=
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(B) Water depth observations at the survey staff.
Figure 2. Well-formed whelp motion observed about a minute after tidal bore passage on 27 October 2015.

3.2 Velocity measurements

Velocity measurements were conducted continuously at high frequency prior to, during and after the tidal
bore. Figure 4 shows a typical data set, where the longitudinal velocity component, V, is positive downstream,
the transverse velocity component, V, is positive towards the left bank and the vertical velocity component, V,
is positive upwards. In Figure 4A, the time-variations of the water depth are included as well as surface
velocity data on the channel centre. During the late ebb tide, the current velocity in the Arcins channel
decreased with time. Immediately prior to the bore, the surface velocity dropped down to the range between
+0.2 m/s and +0.3 m/s at the channel centre. Lower instantaneous velocities were recorded by the ADV unit
close to the left bank. The tidal bore occurrence had a marked effect on the velocity field, as illustrated in
Figure 4. A rapid flow deceleration and flow reversal were observed during the bore passage, followed by
large and rapid fluctuations of all velocity fluctuations during the early flood tide. The maximum flow
deceleration ranged from -0.65 m/s? to less than -1.4 m/s? (Table 2). A number of data are summarised in
Table 2, regrouping basic flow properties prior to the bore (a couple of minutes prior to the bore), as well as
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flow properties recorded during the very early flood tide (i.e. 20 s after bore passage), early flood tide free-
surface wave motion period and flood tide (i.e. one hour after bore passage).

The bore passage was associated with large fluctuations of all velocity components, lasting throughout
the flood tide. The flood flow was very energetic. About 100 s to 300 s after the bore front, some strong free-
surface oscillation motions were observed (Fig. 3), associated with large oscillations of both horizontal and
vertical velocity components with periods about 1.3 s to 1.5 s (Table 2). Such velocity oscillations were closely
linked to the free-surface curvature and its induced vertical motion.
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(A) Definition sketch of a tidal bore propagating in a natural irregular-cross-section channel.
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(B) Relationship between conjugate cross-sectional area ratio, A,/A1 and Froude number, Fry in tidal bores -
Comparison between field observations (blue symbols), momentum principle solution (Eq. (1), black hollow
circles) and the Bélanger equation (thin solid line).

Figure 3. Free-surface characteristics of the tidal bore of the Garonne River at Arcins in August, September
and October 2015 - Comparison with past field observations.

The turbulent properties were estimated before and after the tidal bore passage. A few basic
characteristics are summarised in Table 2. After the rapid deceleration, the data in this study showed large
velocity fluctuations during the very early flood tide, as first reported by Chanson et al. (2011). Dimensionless
velocity fluctuations, v'/|V, | ranged from 10% to 30% for all velocity components, where v' is the standard
deviation of a velocity component and |V, | is the magnitude of time-averaged longitudinal velocity. Typical
data are illustrated in Figure 4 with the tidal bore passage about t ~ 327,550 s and quantitative observations
are reported in Table 2.

The velocity fluctuations were large during the flood tide and large fluctuations were recorded for the first
two hours. For example, dimensionless velocity fluctuations, v/|V, | ranged from 6% to 18% one hour after
the bore passage in August-September-October 2015 (Table 2). The horizontal turbulence ratio, v,'/v,' was
between 0.42 and 0.85, with the vertical turbulence ratio, v,'/v,' being between 0.35 and 0.5. Such values were
comparable to laboratory observations in straight prismatic rectangular channels (Nezu and Nakagawa,
1993;Nezu, 2005). Overall, v,'/v,' was about two-thirds of the horizontal turbulence intensity, v,'/v,' and such a
finding indicated some turbulence anisotropy during the flood tide motion behind the tidal bore.
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(A) Water depth and longitudinal velocity component - Comparison between ADV data (sampling rate: 200 Hz)
and surface velocity data.
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Figure 4. Water depth and instantaneous velocity data as functions of time during the Arcins channel tidal
bore on 1 September 2015 for the entire data set.

4 SUSPENDED SEDIMENT CHARACTERISTICS

The time-variations of the suspended sediment concentration (SSC) were deduced from the acoustic
backscatter amplitude data, after a daily calibration. In addition, water samples were collected next to the
surface before and after tidal bore (Fig. 5) and the data were analysed in laboratory subsequently. Typical
data sets are presented in Figure 6 together with the water depth and the sediment concentrations of water
samples. The SSC data showed some low SSC level at the end of the ebb tide: that is, SSC <2 kg/m® to 10
kg/m3 typically. The passage of the tidal bore was associated with a very rapid increase in SSC levels
together with large and rapid fluctuations in SSC estimates. Immediately after the bore, the colour of the water
was dark brown, as seen in Figure 5. During the mid flood tide, the SSC estimates tended to decrease about
30-45 minutes after the bore passage. For all field studies, maximum SSC levels were observed about 500-
600 s after the bore passage, with maximum instantaneous SSC estimates up to 90-130 kg/ma, while the
water sample analysis yielded maximum SSCs larger than 60 kg/m3 (Fig. 6B).

The SSC data, indicating some large sediment concentration during the tidal bore as well as during the
first hour of the flood tide, were consistent with visual observations of murky water during the bore event. They
were also comparable to previous field observations in several natural systems (Chanson et al., 2011;Fan et
al., 2012;Keevil et al., 2015;Furgerot et al., 2016). All the field data highlighted the massive suspended
sediment load after the tidal bore passage. Figure 7 regroups the present results by showing the time-average
suspended sediment flux per unit area as a function of the time-average suspended sediment concentration
for the first hour after the tidal bore. In Figure 7, the tidal bore data are compared to field data recorded in
large rivers during major floods, including the Brisbane, Missouri and Yellow Rivers. The comparative results
emphasised the large suspended sediment fluxes in the Garonne River tidal bore.
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Table 2. Velocity properties in the Arcins channel immediately prior to, during and immediately after the tidal
bore during the 2015 field measurements in the Arcins channel (Garonne River, France).

DATE 29/08/2015  30/08/2015  31/08/2015  01/09/2015  27/10/2015
Froude number, Frq 1.18 1.34 1.70 1.38 1.33
Initial flow conditions
Initial water depth (m) (') 1.685 1.25 1.12 1.28 1.24
Initial surface velocity (m/s) (%) +0.29 +0.21 +0.18 +0.22 +0.22
Initial velocity, V_X (mis) ) +0.094 +0.105 +0.005 0.0 +0.066
Bore passage
Maximum deceleration (0V, /0t)max -1.2 -1.4 -0.883 -0.739 -0.645
(m/s?) ¢)
Very early flood tide (Tpore+20s)
\/_x (mis) ) -0.82 -0.83 -0.83 -0.84 -0.81
v_y (m/s) +0.02 -0.06 -0.06 -0.04 -0.06
\/_Z (m/s) -0.11 -0.14 -0.20 -0.22 -0.16
vy (m/s) 0.085 0.098 0.047 0.068 0.054
vy' (m/s) 0.046 0.079 0.070 0.039 0.058
V7' (m/s) 0.026 0.032 0.031 0.028 0.026
Early flood tide wave motion
Time after bore passage (s) 180 170 170 175 50
Velocity amplitude, Vyx (m/s) (*) 0.165 0.255 0.138 0.135 0.175
Velocity amplitude, V, (m/s) 0.10 0.11 0.102 0.07 0.10
Velocity oscillation period (s) 1.5 1.31 1.47 1.46 1.33
Flood tide (Tpore+3600s)
V_x (mis) ) -0.91 -1.02 -1.27 -0.90 -1.20
v (m/s) 0.088 0.173 0.116 0.088 0.116
vy' (m/s) 0.074 0.073 0.061 0.063 0.059
V7' (m/s) 0.044 0.060 0.060 0.034 0.041

Notes: ("): at survey staff; (°): surface data at channel centre; (°): ADV data.

—— a \

Figure 5. Photograph of sediment-laden water samples collected on 27 October 2015 respectively at 14:00,
15:05 [before bore], 15:55, 15:59, 16:17 [after bore] (from right to left)- Tidal bore passage at 15:40- All
samples were thoroughly mixed prior to the photograph.
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Figure 6. Suspended sediment concentration (SSC) and water depth data as functions of time during the
Arcins channel tidal bore - Comparison between SSC estimates derived from ADV acoustic backscatter
amplitude and water samples.
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Figure 7. Time-average suspended sediment flux per unit area q_S (kg/m?%/s) as function of the mean time-

average suspended sediment concentration SSC during the first hour of the flood tide after the tidal bore -
Comparison between present tidal bore data (Garonne 2015, blue square symbols), past tidal bore data (blue
diamond symbols) and observations of major flood river data (Amazon, Mississippi, Nile, Brisbane, Fitzroy and
Yellow Rivers).
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4.1 Discussions

Since 2010, the Arcins channel is believed to have experienced some progressive siltation (Keevil et al.
2015). In 2013, a build-up of low natural bar of hard materials was observed at the upstream end of the Arcins
channel. In 2015, two low natural bars of relatively hard materials were noted, at both upstream and
downstream ends of the channel. At the upstream end, the bar was established across the entire Arcins
channel width: it was possible to walk to the Arcins Island in less than knee-deep waters. At the downstream
end, surfers had barely enough water to surf the bore without damaging their board fins. At the sampling site,
some siltation of both left and right banks was observed. It is conceivable that recent major floods of the
Garonne River in 2012 and 2013 scoured the main river channel, located at the west of Arcins Island, thus
reducing the flow into Arcins channel particularly at low tides and enhancing channel siltation.

5 CONCLUSIONS

The tidal bore of the Garonne River (France) was extensively investigated in the Arcins channel between
year 2010 and 2015. The 2015 field study aimed to comprehend the temporal evolution of hydrodynamics and
sediment processes in a tidal bore affected estuarine zone during a spring tide period, by conducting
comprehensive observations encompassing hydrodynamics, turbulence and sediment transport.

The tidal bore had a marked effect on the velocity field, including a rapid flow deceleration and flow
reversal during the bore passage, followed by large and rapid fluctuations of all velocity fluctuations during the
early flood tide. The maximum flow deceleration ranged from -0.65 m/s® to almost -1.4 m/s®. The early flood
flow motion was very energetic with large fluctuations in all velocity components. The suspended sediment
concentration (SSC) data showed very large instantaneous SSC levels during the passage of the tidal bore
front (in excess of 100 kg/m®), as well as substantially large SSC estimates during the early flood tide for all
the entire observations.

This study is the first detailed characterisation of turbulent sedimentary processes in a tidal bore affected
channel with such a fine temporal and spatial resolutions: i.e., continuous sampling at 200 Hz in a small
control volume O (5 mm). The work culminates a 5-year research project at the same site, showing a
progressive siltation of the Arcins channel during the last three years.
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