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a b s t r a c t

A tidal bore is a hydrodynamic shock, propagating upstream as the tidal flow turns to rising, with macro-
tidal conditions in a funnel shaped system with shallow waters. The tidal bore of the Garonne River was
extensively investigated in the Arcins channel between 2010 and 2013, typically over one to two days. In
2015, new field measurements were repeated systematically at the same site on 29 August-1 September
2015 and on 27 October 2015. The nature of the observations was comprehensive, encompassing hy-
drodynamics and turbulence, as well as sediment properties and transport. The tidal bore occurrence had
a marked effect on the velocity and suspended sediment field, including a rapid flow deceleration and
flow reversal during the bore passage, with very large suspended sediment concentrations (SSCs) during
the passage of the tidal bore front and early flood tide, as well as very large suspended sediment flux
during the very early flood tide. The suspended sediment concentration (SSC) data indicated a gradual
increase in initial mean SSC estimate prior to the bore from 29 August to 1 September 2015. A com-
parison between suspended sediment flux data showed very significant suspended sediment flux on the
first day of tidal bore occurrence, with a decreasing magnitude over the next three days. The data
suggested a two-stage bed scour process: at each tidal bore event, surface erosion occurred initially, in
the form of stripping; the first stage was followed by delayed mass erosion, occurring about 5e15 min
after the tidal bore.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

A tidal bore is a compressive wave of tidal origin, propagating
upstream as the tidal flow turns to rising (Fig. 1). It might be
observed when a macro-tidal flood flow enters a funnel shaped
river mouth with shallow waters (Stoker, 1957; Tricker, 1965). The
occurrence of tidal bores has a significant impact on the natural
systems (Chen et al., 1990; Simpson et al., 2004; Wolanski et al.,
2004). Their impact on sedimentary processes was documented
in the field and in laboratory (Bartsch-Winkler et al., 1985; Faas,
1995; Khezri and Chanson, 2012). It is understood that the bore
propagation is associated with intense sediment scouring and
suspension of bed materials (Greb and Archer, 2007; Khezri and
Chanson, 2015; Furgerot et al., 2016) (Fig. 1A). The tidal bore pas-
sage may also contribute to channel shifting in flat and wide
).
shallow-water systems (Chanson, 2011). The very early flood flow is
characterised by very high suspended sediment concentrations
(Chanson et al., 2011; Furgerot et al., 2013; Fan et al., 2014). In
cohesive sediment river systems, the erosional processes are linked
to the rheological properties of sediment deposits, and field ob-
servations suggest that the bore passage induces some initial sur-
face erosion and bed liquefaction, followed by delayed bulk erosion
(Tessier and Terwindt, 1994; Faas, 1995; Keevil et al., 2015).

The tidal bore of the Garonne River (France) was extensively
investigated in the Arcins channel in 2010, 2012 and 2013 with a
focus on hydrodynamic and suspended sediment processes
(Chanson et al., 2011; Reungoat et al., 2014, 2015, Keevil et al., 2015).
Each study was conducted over one to two days, providing a
snapshot based upon a single bore event. In the present study, field
measurements were repeatedly conducted over a four-day period,
and the comprehensive nature of the observations encompassed
hydrodynamics and turbulence, sedimentology and transport. The
aim of the study was to comprehend the temporal evolution of
hydrodynamics and sediment characteristics in a tidal-bore
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Fig. 1. Photographs of tidal bores - Bore propagation from left to right (see arrow). (A)
Breaking tidal bore of the Qiantang River (China) in the northern channel about
Daquekou on 6 September 2013 - Note the black colour of the bore front - Bore
propagation from bottom left to top right (see arrow). (B) Undular tidal bore of the
Dordogne River (France) at Port de Saint Pardon on 2 September 2015 morning - Note
the early morning fog in the background - This site is located 20 km NE of the Arcins
channel sampling site and the tidal bore arrives at Port de Saint Pardon about 30 min
after it reached the Arcins channel.
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affected estuary during a spring tide period. New field measure-
ments were repeated systematically on 29 August, 30 August, 31
August and 1 September 2015, and on 27 October 2015 nearly 8
weeks later, during a dry period with low river discharges.
Continuous velocity measurements collected at high-frequency
(200 Hz) were complemented by a careful characterisation of the
sediment materials collected.

2. Methods

2.1. Field site and instrumentation

The field measurements were performed in the Arcins channel
of the Garonne River (France), close to Lastrene, at the same site
previously used by Chanson et al. (2011), Reungoat et al. (2014), and
Keevil et al. (2015). The channel is 1.8 km long, 70mwide and about
1.1e2.5 m deep at low tide (Fig. 2). Cross-sectional surveys were
conducted on each day and typical results are presented in Fig. 2C,
with z being the vertical elevation in m NGF IGN69. In Fig. 2C, the
data are compared to the 2013 bathymetric survey data at the same
location (The 2010, 2012, 2013 and 2015 surveyswere all conducted
at the same cross-section). The bathymetry results as well as visual
observations tended to indicate a progressive siltation of the Arcins
channel at the sampling site since 2012, including further siltation
along the right bank since 2013. The tide data showed a semi-
diurnal trend, with slightly different periods and amplitudes
typical of some diurnal inequality. The complete field
measurements were conducted under spring tide conditions be-
tween 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. A summary of the tidal conditions
is listed in Table 1 (column 3). Present measurements were per-
formed at the end of a relatively dry summer period with low
Garonne River levels.

The free surface elevations were measured manually using a
survey staff, located about 2 m away from the velocimeter to
minimise any interference. During each tidal bore passage, the
water level was recorded using a HD video camera Sony™ HDR
PJ200E for about 10e15 min. The instantaneous velocity compo-
nents were recorded with a Nortek™ acoustic Doppler velocimeter
(ADV) Vectrinoþ (10 MHz), equipped with a down-looking ADV
field head. The ADV unit was fixed beneath a hull of a heavy and
sturdy pontoon and Fig. 2A and C shows the ADV location. The
control volume was located 1.0 m below the free-surface (Fig. 2C).
The ADV settings included a velocity range of 2.5 m/s, a transmit
length of 0.3mm and a sampling volume of 1.5 mmheight; the ADV
power setting was High-on 29 August, 31 August, 1 September 2015
and 27 October 2015, and Low on 30 August 2015. The power
settingwas 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 unit was sampled
continuously at 200 Hz, starting at least 1 h prior to the bore pas-
sage and extending at least 1 h after the tidal bore. All the ADV data
underwent a rigorous post-processing procedure to eliminate any
erroneous and corrupted data (Reungoat et al., 2016). The per-
centage of good samples ranged between 60% and 90% for the
entire data sets.

2.2. Sediment characterisation

Sediment bed materials and sediment-laden water samples
were collected in the Arcins channel on 27, 29, 30 and 31 August, 1
September 2015, and on 27 and 28 October 2015. Bed materials
were taken at the end of ebb tide, next to the right bank waterline.
Water samples were collected prior to and shortly after the tidal
bore about 0.1 m below the water surface. The bed samples were
characterised in laboratory: i.e., rheometry and backscatter tests.
Both water sample sediments and bed sediments were further
tested for the material density and granulometry. The gran-
ulometry tests were conducted using a Malvern™ laser Mastersizer
2000 equipped with a Hydro 3000SM dispersion unit for wet
samples. The rheological properties of bed material samples were
tested with two rheometers: a rheometer Anton Paar™ Physica
MR301 equipped with a plane-cone CP50-SB6055 (¼ 50 mm, cone
angle: 2�, truncation gap: 207 mm) and a rheometer Malvern™
Kinexus Pro (Serial MAL1031375) equipped with a plane-cone (¼
40mm, cone angle: 4�, truncation gap truncation: 150 mm). All tests
were performed under controlled strain rate at constant tempera-
ture (25 C). Prior to each rheological test, a small bed sediment
sample was placed carefully between the plate and cone, then
subjected to a controlled strain rate loading and unloading between
0.01 s�1 and 1000 s�1 with a continuous ramp in each direction.

The calibration of the ADV unit was accomplished by measuring
the ADV signal amplitude of known, artificially produced concen-
trations of material obtained from the bed, diluted in tap water and
thoroughly mixed. The laboratory experiments were performed
using the same Nortek™ ADV Vectrino þ system with the same
settings as for the field measurements. For each test, a known mass
of wet sediment was introduced in a water tank which was
continuously stirred with two mixers. The mass of wet sediment
was measured with aMettler™ Type PM200 (Serial 86.1.06.627.9.2)
balance. The ADV signals were post-processed using the same



Fig. 2. Sampling site in the Arcins channel, Garonne River between Arcins Island and Latresne (France). (A, Left) Looking downstream (North) on 28 August 2015 during the ebb tide
at 12:30, about 4 h before tidal bore - The red arrow points towards the ADV location. (B, Right) Looking upstream (South) from the pontoon on 28 August 2015 during the ebb tide
at 12:30. (C) Surveyed distorted cross-sections on 29 August and 27 October 2015 looking downstream (i.e. North) - Comparison with the 2013 survey data at the same cross-section
- Water levels immediately before (solid line) and after (dashed line) bore front are shown as well as ADV control volume before bore passage (black square) are shown for the 27
October 2015. (D) Tidal bore propagation in the northern end of the Arcins channel on 21 August 2015, looking dowsntream - Note the surfers for scale, and an Airbus barge in the
background using the flood flow motion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Tidal bore observations in the Arcins channel, Garonne River (France).

Reference Date Tidal range (1) Fr1 U A1 B1 aw/Lw Tw

m/s m2 m s

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Present study 29/08/2015 5.85 1.18 4.23 101.4 67.6 0.0610 0.84
30/08/2015 6.17 1.34 4.25 72.8 64.3 0.0727 0.90
31/08/2015 6.22 1.70 1.79 56.6 65.1 0.0952 0.96
01/09/2015 6.04 1.38 4.45 74.9 64.5 0.0980 0.99
27/10/2015 6.32 1.33 4.61 88.0 65.9 0.0376 1.02

Keevil et al. (2015) 19/10/2013 6.09 1.27 4.32 85.6 65.0 0.0274 0.96
Reungoat et al. (2014) 7/06/2012 5.68 1.02 3.85 158.9 79.0 e e

Chanson et al. (2011) 10/09/2010 6.03 1.30 4.49 105.7 75.4 0.0614 1.24
11/09/2010 5.89 1.20 4.20 108.4 75.8 0.0470 1.28

Notes: (1): tidal range measured at Bordeaux, 8.4 km upstream of sampling location; Fr1: tidal Froude number: Fr1 ¼ (U þ V1)/(g � A1/B1)1/2; U: tidal bore celerity at sampling
site; A1: initial cross-section area immediately prior to the tidal bore; B1: initial free-surface width immediately prior to the tidal bore; aw: undulation wave amplitude; Lw:
undulation wave steepness; Tw: undulation wave period.
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method as the field data: i.e., with the removal of communication
errors, average signal to noise ratio data less than 5 dB, average
correlation values less than 60%, and signal spikes based upon the
phase-space thresholding technique.

2.3. Sediment properties

The dry sediment density was tested and the measurements
yielded a relative density of 2.65. The relative density of wet sedi-
ment samples was s ¼ 1.28, from which a sample porosity of 0.84
was deduced. The particle size distribution data presented close
results for all samples although theywere collected over seven days
at different locations and included both bed sediment and sus-
pended sediment data (Fig. 3, Appendix I). The present results are
compared to past observations in Appendix I.

The median particle size was 14 mm for both bed and suspended
materials, corresponding to some silty material (Julien, 1995). The
sorting coefficient

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d90=d10

p
was about 3.8 for the bed materials

and 4.1 for suspended sediments on average (Appendix I, column
8). The bed material consisted of about 10% clay, 88% silt and 2%
Fig. 3. Granulometry and rheometry characteristics of sediments collected in the Garonne
tributions of sediment bed materials collected at end of ebb tide. (B, Right) Particle size distr
16:27 on 29 August 2015 and 17:15 on 30 August 2015. (C, Left) Evolution of characteristic
between 29 August and 1 September 2015, at end of ebb tide. (D, Right) Evolution of avera
channel, Garonne River between 29 August and 1 September 2015.
sand, and the bed mixture presenting a narrower grain size dis-
tribution than the suspended sediments (Fig. 3A and B). Although
the data set was limited, the results suggested little differences in
sediment characteristics between water samples collected before
and after the bore (Appendix I).

The sediment bed data may be compared with those of sedi-
ment materials at the same site in September 2010, June 2012 and
October 2013 (Appendix I). The properties of the Garonne River bed
sediment were similar between 2010 and 2015. The present data
set however suggested a slight increase in median grain size and
sorting coefficient with increasing time between 29 August and 1
September 2015. This is illustrated in Fig. 3C, presenting the evo-
lution of characteristic grain sizes (d10, d50 and d90) over the four
days of sampling. In situ, the bed sediment materials next to the
waterline appeared to be softer than in previous field works. The
surface mud layer was relatively fluid and seemed to become
thinner from Saturday 29 August to Tuesday 1 September 2015. (No
tidal bore was observed at the sampling site on 28 August 2015.
From 29 August 2015, tidal bores occurred twice per day, although
the field observations were conducted in the afternoon tidal bores
River at Arcins between 29 August and 1 September 2015. (A, Left) Particle size dis-
ibutions of suspended sediment samples collected after tidal bore - Tidal bore passage:
grain size for sediment bed materials collected in the Arcins channel, Garonne River

ge apparent yield stress and effective viscosity of bed materials collected in the Arcins
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only.) It was likely that the bed surface sediments were re-
suspended at each tidal bore and early flood tide, before re-
depositing during the late flood tide and ebb tide. The entire pro-
cess might have contributed to some mixing between different
sediments sources fromvarious sections of the river, thus leading to
a progressively broader grain size distribution associated with
some increase in median sediment size.

On 27 October 2015, water sediment samples were collected
before and after the tidal bore passage. For the first hour after the
bore, the suspended sediment grain sizes were 50%e100% coarser
than prior to the bore, although the sorting coefficient was nearly
unchanged (Appendix I). After 100 min after the tidal bore passage,
the sediment characteristics became closer to the ebb tide sus-
pended sediment properties.

Rheometry tests provided quantitative informations on the
relationship between shear stress and strain rate of the bed ma-
terial. All data consistently indicated some difference between
loading and unloading, typical of non-Newtonian thixotropic ma-
terial, with the shear stress magnitude during unloading being
consistently smaller than that during loading for a given shear rate.
The rheometer data were used to estimate an apparent yield stress
and viscosity (Appendix I). The yield stress and viscosity were
derived by fitting the unloading rheometry data with a Herschel-
Bulkley model, in line with earlier studies (Coussot, 1997; Roussel
et al., 2004; Chanson et al., 2006; Keevil et al., 2015):
t ¼ tc þ m � (vV/vz)m, where t is the shear stress, and vV/vy is the
shear strain rate. On average, the apparent viscosity was 8 Pa.s, the
yield stress was about 12 Pa and m z 0.28 for the bed sediment
samples. The repeatability of the rheometry results was carefully
checked by identically testing different samples; the results were
very close (Reungoat et al., 2016). Present findings of yield stress tc
~12 Pa were comparable to previous investigations at the same site
(Appendix I).

The results indicated a trend over the four days between 29
August and 1 September. The rheometry data showed some in-
crease in yield stress and apparent viscosity (Appendix I). This is
illustrated in Fig. 3D presenting the evolution of tc and m over the
four days. It is conceivable that the surface erosion during the tidal
bore and early flood tide, and the subsequent deposition during the
late flood tide and ebb tide, may have contributed to some mixing
between sediments sources from different sections of the river,
thus changing progressively the characteristic grain sizes, yield
stress and apparent viscosity of the bedmaterials from 29 August to
1 September 2015 (Fig. 3C and D), as hinted by Lambiase (1980) and
Faas (1995) in the Bay of Fundy.

2.4. Acoustic backscatter amplitude and suspended sediment
concentration

The relationship between acoustic backscatter amplitude of
ADV unit and suspended sediment concentration (SSC) was tested
systematically for SSCs between 0 and 80 kg/m3. The full data sets
are presented in Reungoat et al. (2016), including a discussion on
the ADV power setting effects. The data showed a monotonic in-
crease in suspended sediment concentration with increasing signal
amplitude for SSC less than 5e8 kg/m3. For SSC >8 kg/m3, the data
showed a decreasing backscatter amplitude with increasing sus-
pended sediment concentration. The general trends were consis-
tent with a number of studies, including with cohesive sediment
materials (Downing et al., 1995; Ha et al., 2009; Salehi and Strom,
2009; Guerrero et al., 2011; Chanson et al., 2011; Brown and
Chanson, 2012; Keevil et al., 2015).

The sediment-ladenwater sample data analyses were compared
further to the calibration data of the ADV unit (Fig. 4). The results
presented a reasonable agreement between themeasured SSCs and
ADV backscatter readings, implying that the backscatter amplitude
outputs may be used as a surrogate of SSC with the proper selection
of some calibration curve.

All the field observations indicated that the suspended sediment
concentrations were very low prior the tidal bore, while much
larger sediment concentration levels were observed during and
after the passage of the tidal bore (next section). Hence the SSC
estimates were calculated using the following ADV calibration
curves for SSC <8 kg/m3:

SSC ¼ �23913
1� 1:232� 107 � e�0:0551�Ampl

SSC <8 kg
.
m3 ðPower

¼ High� Þ
(1a)

SSC ¼ �130:32
1� 2862� e�0:07793�Ampl

SSC <8 kg
.
m3 ðPower ¼ lowÞ

(1b)

where the backscatter amplitude (Ampl) is in counts, the sus-
pended sediment concentration SSC is in kg/m3, and Power refers
to the ADV power settings: i.e., High- or Low. During and after the
passage of the tidal bore, the SSCs were significantly larger and the
ADV backscatter amplitude was attenuated by the heavily
sediment-laden flow. The suspended sediment estimates were
deduced from the ADV calibration data for SSC >8 kg/m3:

SSC ¼ 247:8� 44:85� LnðAmplÞ SSC <8 kg
.
m3 ðPower

¼ High� Þ
(2a)

SSC ¼ 191:0� 39:91

� LnðAmplÞ SSC <8 kg
.
m3 ðPower ¼ lowÞ (2b)

Equations (1) and (2) are compared to the calibration data in
Fig. 4, as well as water sample data and the corresponding signal
amplitude at time to collection. Equations (1) and (2) were applied
to the field data set before and after the tidal bore passage
respectively. The results are presented and discussed below.
3. Results

3.1. Hydrodynamics

The low tide slack and flow reversal were observed in the Arcins
channel during the afternoons of 28, 29, 30 and 31 August, 1
September, and 26, 27 and 28 October 2015, although detailed
measurements were only conducted on 29e31 August, 1
September and 27 October 2015 (Table 1). On 28 August 2015 af-
ternoon, no tidal bore was observed: the early flood tide started
with a rapid flow reversal, although without a discontinuity in
terms of water depth. On all other days, a tidal bore formed at the
northern end of the Arcins channel (Fig. 2D). As the bore propa-
gated upstream, its shape evolved in response to bathymetric
changes. The bore was undular at the sampling location, albeit
some breaking was observed next to the left bank where the water
was shallower. With the bore passage, the free-surface elevation
rose very rapidly during the bore passage: i.e., by 0.3 me0.5 m in
the first 10e15 s (Fig. 5). The tidal bore propagated up to the
southern end of the channel and the surfers could surf the bore for
the entire Arcins channel length for nearly 8 min. On each day, the
bore passage was followed by a series of strong whelps lasting for



Fig. 4. Relationship between suspended sediment concentration (SSC) and ADV backscatter amplitude, including a comparison with sediment-laden water sample data - Mud
samples and water samples collected on 30 August, 1 September and 27 October 2015.
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several minutes. The wave period was about 1 s (Table 1, column 9).
The tidal bore shape is characterised its Froude number Fr1

defined as:

Fr1 ¼ V1 þ Uffiffiffiffiffiffiffiffiffiffiffiffiffi
g � A1

B1

q (3)

where V1 is the initial flow velocity positive downstream, U is the
bore celerity positive upstream for a fixed observer, g is the gravity
acceleration, A1 is the initial flow cross-section area and B1 is the
initial free-surface width (Lighthill, 1978; Chanson, 2012). Based
upon the survey data, the Froude numbers are summarised in
Table 1: Fr1 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 closer to the left bank. The charac-
teristics of the secondary waves, called whelps or undulations, are
summarised in Table 1 (columns 8 & 9).

Instantaneous velocity measurements were conducted contin-
uously at high frequency prior to, during and after the tidal bore.
Fig. 5 shows a typical data set, with the longitudinal velocity
component Vx positive downstream towards Bordeaux, the trans-
verse velocity component Vy positive towards the Arcins Island, and
the vertical velocity component Vz positive upwards. In Fig. 5, the
time-variations of the water depth are included as well as surface
velocity data on the channel centre. Fig. 5D presents a close-up
about the tidal bore passage time.

During the late ebb tide, the current velocity decreased in the
Arcins channel with time. Immediately prior to the bore, the sur-
face velocity dropped down to þ0.2 to þ0.3 m/s at the channel
centre. The tidal bore passage had a marked effect on the velocity
field, as seen in Fig. 5. This included a rapid flow deceleration and
flow reversal, followed by large and rapid fluctuations of all velocity
components during the early flood tide. Typical velocity data about
the flow deceleration phase are illustrated in Fig. 5D. Themaximum
flow deceleration ranged from�0.65m/s2 to�1.4m/s2. The present
observations were consistent with earlier field measurements with
cruder instruments (e.g. rotor-type, electro-magnetic current me-
ter, acoustic Doppler current profiler, acoustic tomography) (Lewis,
1972; Kjerfve and Ferreira, 1993; Navarre, 1995; Simpson et al.,
2004; Wolanski et al., 2004; Bonneton et al., 2015; Furgerot et al.,
2016; Kawanisi et al., 2017), albeit the present study had a much
finer temporal resolution. A few field studies, based upon acoustic
Doppler velocimetry (Mouaze et al., 2010; Chanson et al., 2011;
Reungoat et al., 2014, 2015, Furgerot et al., 2016), documented
comparable levels of flow deceleration during the bore passage and
of velocity fluctuations during the early flood tide.
3.2. Suspended sediment processes

The time-variations of suspended sediment concentration esti-
mate were deduced from the acoustic backscatter amplitude data.
Typical data sets are presented in Fig. 6 together with the water
depth, the longitudinal velocity data and the sediment concentra-
tions of water samples collected on site and tested in laboratory
afterwards. The data showed some low SSC estimates at the end of
the ebb tide: that is, SSC<2 kg/m3 typically (Appendix II). Thewater
samples yielded SSCz3 kg/m3 on average, immediately before the
bore (Fig. 6B). The passage of the tidal bore was associated with a
rapid increase in SSC levels together with large and rapid fluctua-
tions in SSC estimates. After the bore, thewater samples' colour was
dark brown. During the flood tide, the SSC estimates tended to
decrease, about 30e45 min after the bore passage. For all field
studies, maximum SSC estimates were observed about 500e600 s
after the bore passage, withmaximum instantaneous SSC estimates
up to 90e130 kg/m3 (Appendix II), while the water sample analysis
yielded maximum SSCs up to 67 kg/m3 (Fig. 6-B).

The SSC estimate data indicated large sediment concentrations
during the tidal bore and early flood tide (Fig. 6A). The result was
consistent with the visual observations of murky water during the
bore event and they were close to the water sample data, although
the latter were collected closer to the water surface. The data were
also comparable to earlier field observations (Chanson et al., 2011;
Fan et al., 2012; Keevil et al., 2015; Furgerot et al., 2016). All water
sample data are summarised in Fig. 6B, showing the water samples'
SSC as a function of the relative time of passage of tidal bore on each
collection day: i.e., t-Tbore ¼ 0 at bore passage time in Fig. 6B.

The instantaneous suspended sediment flux per unit area qs was
calculated from the instantaneous velocity and SSC estimate data:

qs¼ Vx � SSC (4)

with qs and Vx positive in the downstream direction. Typical results
are presented in Fig. 7. All the sediment flux data indicated a small
downstream mass flux during the end of ebb tide (Fig. 7). On



Fig. 5. Time-variations of water depth, surface velocity and instantaneous longitudinal, transverse and vertical velocity components (ADV data sampled at 200 Hz) during the tidal
bore in the Arcins channel on 29 August 2015 - Entire data set (Fig. 5A and C) and details of tidal bore passage data (Fig. 5D).
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average, the suspended sediment flux per unit area was less than
12.5 kg/m2/s prior to the tidal bore (Appendix II). The tidal bore
passagewas characterised by a sudden sediment flux reversal and a
sharp increase in sediment flux magnitude during the early flood
tide. The sediment flux data qs presented also large and rapid
fluctuations.

The suspended sediment flux data suggested further a two-
stage bed erosion process (Fig. 7). During the bore passage, sur-
face erosion occurred initially, in the form of stripping and aggre-
gate fragmentation (Pouv et al., 2014; Keevil et al., 2015). The
surface erosion took place because the fluid shear stresses excee-
ded the local strength of the bed, which was close to the apparent
yield stress of the mudmaterial (Van Kessel and Blom, 1998; Jacobs
et al., 2011). The first stage was followed after some delay by mass
erosion occurring rapidly (Amos et al., 1992; Pouv et al., 2014). In
the Arcins channel, delayed bulk erosion occurred about 5e15 min
after the tidal bore. For comparison, Pouv et al. (2014) observed
bulk erosion about 7e40 min after the laboratory experiment start
depending upon the experimental conditions. The two stage pro-
cess is highlighted in Fig. 7 (black arrows). It is believed that the
tidal bore propagation induced a massive shearing next to the bed
surface, causing immediately some surface erosion, followed by
delayedmass erosion. The process was consistent with the past and
present observations of sediment upwelling and flocs bursting at



Fig. 6. Suspended sediment concentrations in the Arcins channel prior to, during and after the tidal bore passage in August and October 2015. (A) Time variation of water depth and
SSC estimates in the Arcins channel, Garonne River on 31 August 2015 - Comparison with the sediment-laden water sample data. (B) Suspended sediment concentration of
sediment-laden water samples collected at Arcins in August and October 2015 as a function of the relative time of passage of tidal bore on each collection day.

Fig. 7. Time variation of suspended sediment flux per unit area, low-pass filtered SSC estimates (VITA) and water depth in the Arcins channel, Garonne River on 29 August 2015 -
Arrows point to initial surface erosion and delayed mass erosion.
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the free-surface during the early flood tide.
Shortly after the bore passage, the instantaneous sediment flux

per unit reached very large mean negative values up to �200 kg/
m2/s (Appendix II). For the first 60 min of the early flood tide, the
sediment flux was about�49 kg/m2/s on average for all 5 tidal bore
events. The sediment flux data qs were integrated with respect to
time to yield the net sediment mass transfer per unit area during
the first hour of the flood tide:

Z Tboreþ1h

Tbore
Vx � SSC � dt (5)

The results are summarised in Fig. 8 and detailed in Appendix II.
The passage of the tidal bore and early flood tide induced a massive
suspended sediment motion, advected upstream behind the bore.
Assuming an uniform sediment flux across the Arcins channel, the
time-averaged data for the first 3600 swould yield amass transport
of about 500 tonnes of sediments per second in the 70 m wide
channel. The large sediment concentration and suspended sedi-
ment flux data in the Garonne River during and after the tidal bore
implied that a significant length of the estuarine section of the
Garonne River was affected and the tidal bore process would
mobilise an enormous amount of sediments. The Garonne River
experiences large variability in turbidity levels, with the occurrence
of the turbidity maximum zone (TMZ) sensitive to changes in hy-
drological conditions (Jalon-Rojas et al., 2015). The tidal bore might
contribute to some intensification of the TMZ occurrence in the
fluvial Garonne.
4. Summary

The sediment analyses showed close results with past field
measurements at the same site. These studies were conducted over
one to two days, providing a snapshot based upon a single bore
event. Herein new field measurements were repeated systemati-
cally at the same site on 29 August, 30 August, 31 August, 1
September and 27 October 2015. Between 29 August and 1
September, a careful characterisation of the sediment materials
showed some temporal trend linked with the occurrence of tidal
bore, first observed on 29 August.

The bed material granulometry data showed a progressively
broader grain size distribution associated with some increase in
median sediment size from day 1 to day 4. The apparent yield stress
Fig. 8. Evolution of averaged SSC and suspended sediment flux per unit area during
the first hour of the flood tide (following the tidal bore passage) in the Arcins channel,
Garonne River between 29 August and 1 September 2015.
and effective viscosity of bedmaterials increased over the four days.
It is suggested that the surface erosion during the tidal bore and
early flood tide, and the subsequent deposition during the late
flood tide and ebb tide, might have contributed to some mixing
between different sediments sources, thus changing progressively
the bed material characteristics between 29 August and 1
September 2015.

Very large SSC estimates were observed during and immediately
after the passage of the tidal bore. Some substantially-large SSC
estimate level was recorded during the early flood tide for the
entire record durations, associated large fluctuations in SSC esti-
mates during the same period. Between day 1 and day 4, a gradual
increase in initial mean SSC estimate was recorded prior to the
bore, which could be consistent with the thinner layer to sediment
deposition on the river bank for the same period.

The suspended sediment flux was most significant on 29 August
2015: that is, on the first day of tidal bore occurrence. The sus-
pended sediment flux tended to decrease from day 1 to day 4. The
suspended sediment flux levels were larger in 2015 than in previ-
ous years, although any comparison between present and earlier
data in the Arcins channel must be considered with great care,
because of the differences in instrumentation and type of data
(instantaneous versus average). The suspended sediment flux data
suggested a two-stage bed scour process, with initially surface
erosion followed by mass/bulk erosion.

Overall the present field study expanded largely the dataset of
previous field studies by repeating continuous and consistent
measurements over a consecutive number of days. The current
data, while agreed in principle the key findings of the previous
studies, demonstrated some novel and original insights into the
sedimentary processes and impact of successive propagations of
tidal bores over a period of four consecutive days: (a) Progressive
change in bed material composition occurred due to the impact of
successive bores, indicated by a gradually broader grain size dis-
tribution of the bed sediment, increases in apparent yield stress and
effective viscosity as the days passed. (b) Thin layer of sediments
was scoured, carried and then deposited upstream by the flood tide
of the bore two times a day, resulting in a gradual increase in initial
mean SSC every second day. (c) A key outcome is the massive
suspended sediment transport recorded during the first hour of the
ebb tide immediately after the tidal bore passage. During this
period, both the time-averaged suspended sediment concentration
and the suspended sediment mass per unit areawere the largest on
the first day of occurrence of the tidal bore, and tended to be lower
in the following days. This finding was possibly counter-intuitive,
since the tidal bore was the strongest (e.g. in terms of bore
height) a couple of days later.
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Appendix I. Characteristics of bed and suspended sediment
samples collected in the Garonne River between 29 August
and 1 September 2015 - comparison with previous results
Reference Sediment sampling date Location Type d50 d10 d90
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d90=d10

p
tc m m

mm mm mm Pa Pa.s

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Present study 29/08/2015 Garonne River in Arcins channel at low tide Bed material 13.46 4.24 43.00 3.19 11.09 7.17 0.27
30/08/2015 14.47 4.11 53.22 3.60 10.29 7.33 0.27
31/08/2015 15.04 3.94 63.24 4.01 12.40 8.9 0.27
01/09/2015 19.40 4.56 90.10 4.45 14.01 9.25 0.27
27/10/2015 16.18 4.31 71.20 4.06 11.35 3.61 0.31
29/08/2015 16:38 Garonne River in Arcins channel 0.1 m

below water surface
Water samples 13.85 2.21 57.64 5.11 e e e

29/08/2015 16:56 25.16 3.03 185.4 7.82 e e e

29/08/2015 17:45 11.07 2.12 40.76 4.38 e e e

30/08/2015 18:13 14.24 1.16 70.80 5.73 e e e

26/10/2015 14:00 8.97 2.32 26.10 3.35 e e e

26/10/2015 15:15 13.88 4.46 45.09 3.18 e e e

27/10/2015 14:00 9.12 2.23 26.80 3.46 e e e

27/10/2015 15:05 9.13 2.31 27.25 3.43 e e e

27/10/2015 15:55 13.55 4.18 44.68 3.27 e e e

27/10/2015 15:59 13.15 4.03 41.25 3.20 e e e

27/10/2015 16:15 12.03 3.56 41.82 3.43 e e e

27/10/2015 16:32 13.23 4.12 41.88 3.19 e e e

27/10/2015 17:17 9.65 2.28 30.46 3.66 e e e

28/10/2015 09:40 8.48 1.95 25.36 3.61 e e e

Keevil et al. (2015) 19/10/2013 Garonne River in Arcins channel at low tide Bed material 15.06 4.13 56.93 3.715 5.93 4.48 0.28
Reungoat et al. (2014) 7/06/2012 Garonne River in Arcins channel at low tide Bed material 12.22 3.07 48.66 3.975 173 26.8 0.31

8/06/2012 Garonne River in Arcins channel at mid ebb tide Bed material 13.24 3.63 51.29 3.75 37.1 9.1 0.38
Chanson et al. (2011) 11/09/2010 Garonne River in Arcins channel at low tide Bed material e e e e 55.5 48.8 0.28
Notes: Grey shaded data: sediment suspension data; Italic
shaded data: sediment suspension data prior to the tidal bore.
Appendix II. Suspended sediment concentration and flux in
the Arcins channel, Garonne River immediately prior to,
during and immediately after the tidal bore in 2015 -
comparison with 2012 and 2013 observations
Flow property Date

7/6/12 19/10/13 29/8/15 30/8/15 31/8/15 1/9/15 27/10/15

Froude number Fr1 1.02 1.27 1.18 1.34 1.70 1.38 1.33

Initial flow conditions
Initial water depth (m) (1) 2.72 2.05 1.685 1.25 1.12 1.28 1.24
Initial SSC (kg/m3) (2) 34.1 2.4 0.4 1.6 e 0.3 0.7
Initial flux qs (kg/m2/s) (2) 11.6 0.25 0.04 0.16 0.01 0 0.05

Very early flood tide (Tboreþ20s)

SSC (kg/m3) (2) 32.8 25.9 57.9 64.7 54.9 49.8 54.0

ssc' (kg/m3) 2.49 e 8.25 7.24 7.66 7.51 8.64
qs (kg/m2/s) �15.15 �20.5 �47.4 �53.8 �45.1 �41.8 �44.0
qs' (kg/m2/s) 1.58 e 8.54 8.97 6.68 7.14 7.84

Early flood tide
SSCmax (kg/m3) (2) 47.5 59.3 128.9 93.0 130.5 107.1 94.9
Time after bore passage (s) 397 487 663 577 534 562 452
(qs)max (kg/m2/s) �33.1 �73.4 �194.3 �152.0 �198.6 �131.1 �123.9
Time after bore passage (s) e 457 616 248 534 529 134

Flood tide (Tbore < t < Tboreþ3600s)

SSC (kg/m3) (2) 31.7 31.55 68.0 38.5 35.6 40.5 25.9Z Tboreþ1hour

Tbore
SSC � Vx � dt (kg/m2)

�0.73 � 105 �0.80 � 105 �2.7 � 105 �1.5 � 105 �1.4 � 105 �1.4 � 105 �1.9 � 105
Notes: (1): at survey staff; (2): ADV data; Grey shaded data: OBS
data (5 s average); Bold italic data: suspicious data.
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