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Abstract The tidal bore of the Garonne River (France) was investigated on 29 August, 31
August and 27 October 2015, during which instantaneous velocity measurements were
performed continuously at high-frequency (200 Hz). The tidal bore occurrence had a
marked effect on the flow field and turbulent Reynolds stress data, indicating large shear
stresses, together with large and rapid fluctuations, during the bore passage and the early
flood tide. Like many natural process flows, the tidal bore flow motion was dominated by
coherent structure activities and turbulent events, with significant impact on the natural
systems including in terms of sediment processes. Herein a new turbulent event analysis
was developed for the highly-unsteady rapidly-varied tidal bore flow. The analysis was
based upon basic concepts, in which turbulent bursting events were defined in terms of the
instantaneous relative turbulent flux, and the method was extended to the rapidly-varied,
highly-unsteady tidal bore motion. The turbulent event data showed relatively close results
for most fluxes during the tidal bores. The event duration showed some tidal trend, with
longer turbulent events immediately after the tidal bore passage, occurring simultaneously
with major sediment erosion processes. The field data set and analyses suggested that a
turbulent event analysis may be applicable to highly-unsteady rapidly-varied flows, pro-
viding quantitative details into the turbulent bursts that are responsible for major mixing
and sedimentary processes.
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1 Introduction

Many turbulent flows are often dominated by coherent structure activities and turbulent
events, since turbulence is not a Gaussian process [1], in particular in Nature. A turbulent
event may be defined as a series of turbulent fluctuations that contain more energy than the
average turbulent fluctuations within a studied data section [15, 29, 38]. Turbulent event
analyses were successfully applied to laboratory open channel flows [13, 19], water tunnel
investigations [12], wind tunnel studies [25], atmospheric boundary layer flows [8, 20],
estuarine flows [35], as well as direct numerical simulation (DNS) investigations of
boundary layers [18]. Such turbulent event analyses were developed for steady flows and
were never applied to unsteady rapidly-varied open channel flows like tidal bores (Fig. 1),
except possibly a quadrant analysis conducted by Reungoat et al. [31].

A tidal bore is a compressive wave of tidal origin, propagating upstream as the tidal
flow turns to rising when a macro-tidal flood flow enters a funnel shaped estuary with
shallow waters [2, 36]. Figure 1 shows the tidal bores of the Qiantang and Dordogne
Rivers. The strength of a tidal bore is characterised by its Froude number Fr,. A breaking
bore is observed for Fr; > 1.4—1.7 (Fig. 1a), while a undular bore is seen for Fr; < 1.3-1.5
(Fig. 1b). The occurrence of tidal bores has a significant impact on the natural systems, the
bore propagation being associated with sediment scouring and massive suspension of bed
materials [6, 11]. The passage of tidal bores was found to place into suspension large
amounts of fine sediments, which were advected in the wake of the bore front [5, 39]. In-
situ observations were reported in both small rivers [9, 34] and large estuarine systems
[7, 14].

In the present study, field measurements were conducted in the tidal bore of the Garonne
River (France) at the same site on 29 August 2015, 31 August 2015 and 27 October 2015.
On each day, instantaneous velocity measurements were performed continuously at high-
frequency (200 Hz) prior to, during and after each afternoon tidal bore. A detection of
turbulence bursting events was developed based upon the technique of Narasimha et al.
[20]. The approach was found to be well-suited to highly-unsteady rapidly-varied tidal bore
flows, and provided insights into the interplay between turbulent and sedimentary pro-
cesses in the large-scale environmental system.

2 Field investigation, instrumentation and data analyses
2.1 Field investigation and instrumentation

Field measurements were performed in the tidal bore of the Garonne River (France), at a
site previously used by Chanson et al. [5], Reungoat et al. [30] and Keevil et al. [14]. The
study Chanson et al. [5] was primarily a proof of concept, while ADV operational issue
was experienced and only part of entire data sets was useable. The work by Reungoat et al.
[30] was conducted shortly after a major flood, showing some most unusual delayed flow
reversal during the bore passage. The work of Keevil et al. [14] put some emphasis on the
suspended sediment processes, based upon some relatively low-frequency instrumentation,
i.e. optical backscatter (OBS) data collected at 25 Hz, time-averaged for 5 s, and provided
every 10 s. Herein both velocity and suspended sediment concentration (SSC) data were
collected at relatively high-frequency (200 Hz), enabling some detailed turbulent event
analysis (see below).
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Fig. 1 Photographs of tidal bores in rivers. a Breaking tidal bore of the Qiantang River on 11 October 2014
between Yanguan and Laoyanchang (China)—bore propagation from left to right—the bore front was about
3—4 m and its width in excess of 2 km, b undular tidal bore of the Dordogne River upstream of Libourne
(France) on 1 November 2015

The sampling site is located 102.3 km upstream of the river mouth (Pointe de Grave)
and 6.5 km upstream of Bordeaux city (Fig. 2a, Left). The Arcins channel is 1.8 km long,
70 m wide and about 1.1-2.5 m deep at low tide, between the Arcins Island and the river’s
right bank (Fig. 2b). Figure 2a shows a map of the area and Fig. 2b a photograph of the
undular bore shortly before reaching the sampling location. Figure 2c presents some sur-
vey data, with z being the vertical elevation in m NGF IGN69. The NGF IGN69 uses the
Nivellement General de la France suitable for France, the datum being determined by the
Marseille tidal gauge. Detailed field measurements were conducted under spring tide
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conditions on 29 August, 31 August and 27 October 2015, with a tidal range between 5.85
and 6.32 m, and tidal bore Froude numbers between 1.18 and 1.7 (Table 1). Table 1
summarises the initial flow conditions (subscript 1) as well as the bore celerity U and
conjugate water depth d,. All measurements were started prior to the passage of the tidal
bore and ended at least 1 h after the bore passage. Although the tides are semi-diurnal, the
tidal data indicated slightly different periods and amplitudes typical of diurnal inequality.

On each day, free surface elevations were recorded using a survey staff, while instan-
taneous velocity components were measured using a Nortek'™ Vectrino + acoustic
Doppler velocimeter (ADV) 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.
The instrument was fixed on a frame attached to the very sturdy pontoon, of more than
30 m long, used to receive boats of over 25 tons displacement. The aluminium frame was
solidly fixed underwater and rubber pads were used to prevent any vibrations. The ADV
system was sampled continuously at 200 Hz without interruption, starting at least 1 h
before and ending at least 1 h after the bore passage. 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 [10, 37]. The percentage of good
samples ranged between 79 and 85% for the entire data sets. The suspended sediment
concentration was derived from the ADV signal amplitude after a careful calibration, and
checked against water samples collected during the field studies [32]. The sediments were
some cohesive mixture, basically including about 10% clay, 88% silt and 2% sand, with a
median grain size between 10 and 20 pm. Further details are reported in Reungoat et al.
[32].

Table 1 Field measurements in the tidal bore of the Garonne River in the Arcins channel (France)

Reference Date Tidal range Um/ V,(m/ d, d, A B, Fr,
(m) s) s) m () () (m

(1 2 (3) 4 5) (©) @) (3) ) (10)

Present study 29/08/ 5.85 4.23 0.29 1.685 2.023 1014 67.6 1.18
2015

31/08/ 6.22 4.79 0.18 .12 1.617 566 65.1 1.70
2015

27/10/ 6.32 4.61 0.22 124 172 88.0 65.9 1.33
2015

Chanson et al. 10/09/ 6.03 4.49 0.33 1.77 227 1057 754 1.30
[5] 2010

11/09/ 5.89 4.20 0.30 1.81 227 108.8 758 1.20
2010

Reungoat et al. 07/06/ 5.68 3.85 0.68 272 217 1589 79.0 1.02
[30] 2012

Reungoat et al. 19/10/ 6.09 4.32 0.29 2.05 235 85.6  65.0 1.27
[31] 2013

Comparison between 2010, 2012, 2013 and 2015 flow conditions

Tidal range measured at Bordeaux port, 8.4 km upstream of sampling location; U: tidal bore celerity at
sampling site; V: initial flow velocity on channel centreline; d;: initial water depth at survey staff; d,:
conjugate water depth measured immediately after tidal bore passage at survey staff; A;: initial cross-section
area immediately prior to the tidal bore; B: initial free-surface width immediately prior to the tidal bore;
Fr,: tidal Froude number: Fr; = (U + V)/(g x A,/B))"?
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The accuracy of the water elevation was 0.5 cm prior to the tidal bore and 1 cm during
the tidal bore passage. The accuracy on the ADV velocity measurements was 1% of the
velocity range (4 2.5 m/s) [24]. The error on the suspended sediment concentration (SSC)
estimate was less than 5%.

2.2 Turbulent event analyses

A turbulent event may be defined as a series of turbulent fluctuations that contain more
energy than the average turbulent fluctuations within a studied data section. The detection
of turbulence bursting events was herein based upon the technique of Narasimha et al. [20],
since it was found to be a more robust method applicable to point velocity signal time-
series, including in unsteady rapidly-varied tidal bore flows. The method detects bursting
events by comparing the absolute value of an instantaneous turbulent flux q (e.g.
q = Vx X V,) with the standard deviation q’ of that flux over the data section. That is, a
turbulent event occurs when:

lal >k xd’ (1)

where |q| is the absolute value of the instantaneous flux g, k is a positive constant setting
the threshold and ¢’ is the standard deviation of the flux. Narasimha et al. [20] and
Trevethan and Chanson [35] conducted a sensitivity analysis on the threshold k. The
outcomes yielded k = 1 which was selected herein.

In the present study, the turbulent momentum fluxes v, X vy, vi X vy and vx X v, as
well as turbulent sediment fluxes ssc x vy and ssc x v,, were analysed. Here vy, vy, and v,
are the longitudinal, transverse and vertical velocity component fluctuations, defined as
vi = V; — V; withi = x, y, z, and ssc is the suspended sediment concentration fluctuation
defined as: ssc = SSC — SSC, with V; and SSC being the low-pass filtered velocity
component and suspended sediment concentration respectively, x the longitudinal coor-
dinate positive downstream, y the transverse coordinate positive towards the left bank
(Fig. 2a, Right) and z the vertical coordinate positive upwards. The low-pass filtering
derived based upon a sensitivity analysis conducted between an upper limit of the filtered
signal and a lower limit corresponding to a period of about 0.8-1.0 s of the bore undu-
lations [32]. The results yielded an optimum threshold of f.,.fr = 2 Hz, and the filtering
was applied to all velocity components. In previous studies of undular bores [4, 5, 16, 30],
a similar cutoff period 1/f., ¢ Was selected, between the undulation period and half the
undulation period of the tidal bore.

The standard deviation of the flux q' was calculated as:

—1/2
d¢=a-a 2)
where each overbar denotes a low-pass filtering process.

For each data set, the information of each detected event was summarised. Figure 3
presents some example and introduces a number of basic definitions. Figure 3a shows four
isolated events and Fig. 3b illustrates two isolated flux events. The event duration 7t is the
time interval between the zeroes in momentum flux (e.g. q = vy x v, = 0), nearest to the
sequence of data points satisfying Eq. (1). The dimensionless amplitude A of an event is
the ratio of the averaged flux amplitude during the event to the long-term mean flux of the
entire data section:
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Fig. 3 Momentum flux data collected on 29 August 2015 and turbulent flux event definitions. a Momentum
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1
A=-x / I at (3)
T q
T
where q is the low-pass filtered component of the flux fluctuation and dt = 1/fsan
(fscan = 200 Hz). The relative contribution of an event to the total momentum flux of the

data section is called the relative magnitude m defined as:

-2 @)

where T is the duration of the data set. The dimensionless event magnitude was calculated
based upon Eq. (4), with the calculation duration T equals to 0.5 s: that is, the inverse of
the cut-off frequency used in the low-pass filtering process.

m
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3 Observations
3.1 Presentation

On 29 and 31 August, and 27 October 2015, the tidal bore formed at the downstream end of
the Arcins channel. The bore extended rapidly across the entire channel width. The tidal
bore was basically undular, although the bore was breaking for a few metres next to the left
bank, as seen in Fig. 2b. At the sampling location, all the bores are undular, owing to the
relatively deep water. Although the bore was undular, the free-surface elevation rose very
rapidly during the bore passage: i.e., by 0.3-0.5 m in the first 10-15 s, as illustrated in
Figs. 2b and 4. The bore propagated upstream for the entire length of the Arcins channel.
At the sampling site, the bore front passage was followed by a few well-formed free-
surface undulations, then some disorganised wave motion, and later some stronger whelps.
These strong whelps were observed 60-200 s after the bore front, with a characteristic
wave period of about 1 s + 0.5 s. They are seen in Fig. 4d for t > 56,280 s.

The bore shape was characterised its Froude number defined as Fr; = (V; 4+ U)/
(g x A,/B1)%? [3], 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 bathymetric surveys were conducted manually, typically 1 h before
bore passage. These flow properties are summarised in Table 1, as well as the initial and
conjugate water depth readings on the survey staff. Basically 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 very close to the left bank in the shallower waters.

Overall, the results of each day were similar, in the context of Fig. 4. The tidal bore flow
patterns were consistent with past field observations between 2010 and 2013, albeit there
were differences in terms of freshwater conditions, in bathymetric conditions associated
with siltation and scour, and in tidal conditions between each tidal bore event (Table 1).
Table 1 illustrates differences in terms of the tidal range (column 3), bore celerity (column
4), initial depth (column 6) and tidal bore Froude number (column 10) for the field studies
conducted in 2010, 2012, 2013 and 2015.

3.2 Velocity measurements

Prior to the bore, during the end of ebb tide, the current velocity decreased in the Arcins
channel with time (Fig. 4 for t < 56,238 s). Immediately prior to the bore, the surface
velocity dropped down to + 0.2-0.3 m/s at the channel centre. The tidal bore occurrence
had a marked effect on the velocity field and water depth, as illustrated in Fig. 4 about
t > 56,238 s. The passage of the tidal bore was associated with a very rapid rise of the
water elevation, followed by free-surface undulations or secondary waves. The velocity
measurements indicated consistently a very-rapid flow deceleration and quasi-sudden flow
reversal during the bore passage, followed by large and rapid fluctuations of all velocity
components during the early flood tide. The maximum flow deceleration ranged from
— 0.65 to less than — 1.4 m/s> (Appendix 1). Appendix 1 summarises a number of velocity
properties prior to, during and after the bore passage for all three field data sets, as well as
for the 2012 and 2013 studies. Figure 4 presents a complete data set, with Fig. 4d showing
details of tidal bore passage.
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The bore passage was associated with large fluctuations of all velocity components,
lasting throughout the flood tide (Fig. 4). The flood flow was very energetic. Large velocity
fluctuations were recorded for the first 2 h following the bore. For example, the dimen-
sionless velocity fluctuations v'/IV,| ranged from 8 to 10% 1 h after the bore passage
(Appendix 1). The horizontal turbulence ratio v'y/v'y was between 0.51 and 0.85, with the
vertical turbulence ratio v',/v'; being between 0.35 and 0.52. Such values were comparable
to laboratory observations in straight prismatic rectangular channels [21, 22]. Overall v',/
V' was about two-thirds of the horizontal turbulence intensity v'y/v'y, and such a finding
indicated some turbulence anisotropy during the flood tide motion.

3.3 Turbulent shear stresses

The turbulent Reynolds stress tensor was calculated as the product of velocity fluctuations
times the water density. The effect of suspended sediment load on fluid density was
ignored. The turbulent velocity fluctuations v were calculated as: v =V — V, where V is
the low-pass filtered velocity component [4, 27, 31]. Typical data are shown in Fig. 5. The
complete data sets are presented in Reungoat et al. [32]. The field data indicated large
turbulent shear stresses, together with large and rapid fluctuations, during the passage of
and the early flood tidal flow after the tidal bore, for all Reynolds stress tensor components.
The measurements yielded significantly larger turbulent shear stress levels after the tidal
bore passage, compared to before the bore. All the data highlighted large magnitudes of
instantaneous shear stresses after the bore passage (Fig. 5). This is illustrated in Fig. 5,
presenting the time-variations of four turbulent Reynolds stress components during a field
study. All graphs showed large turbulent stresses for the first 1000 s following the bore
passage, with maximum and mean Reynolds stress magnitudes being two to ten times
larger after the bore passage than during the late ebb tide.

For the present data set, maximum instantaneous normal shear stress amplitudes in
excess of 150 Pa were recorded shortly after the tidal bore, and maximum instantaneous
tangential stress magnitude up to more than 100 Pa. Quantitatively as well as qualitatively,
the data were comparable to earlier tidal bore field data [5, 30, 31].

3.4 Spectral analyses

Power spectrum analyses were conducted in terms of the longitudinal velocity component,
turbulent kinetic energy (TKE), and normal and tangential Reynolds stresses during the
late ebb tide and very early flood tide, for the tidal bore events, as suggested by the
reviewer. The results were consistent for all events. Figure 6 presents typical results for the
tidal bore event on 29 August 2015, where Ty is the time of passage of the tidal bore.
The late ebb and flood tide calculations were performed over 1000 s, and the early flood
tide calculations were conducted over 100 s only, owing to the very-rapidly changing flow
conditions.

The velocity fluctuation spectra were compared to the —1 slope for the overlap region
[23, 26] and —5/3 slope, i.e. Kolmogorov cascade in the inertial sub-range [33] (Fig. 6a).
Herein the ADV control volume was outside of the wall region and the velocity spectra
tended to follow the —1 slope during the late ebb tide. Note the level-off of spectral density
functions at high frequency caused by the white Doppler noise, an intrinsic part of all
Doppler-based backscatter systems [17]. The data indicate that the horizontal velocity
component data are biased because of the Doppler noise from above 30—40 Hz. The
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overlap region was marked by the existence of a — 1 slope in the power spectra shown in
Fig. 6a. The very early-flood tide data presented showed a different shape, with lesser
energy at high frequency, possibly linked to the production of large-scale turbulence,
clearly evidenced by large surface scars during the bore passage. The flood tide data
presented systematically a different pattern, with a —1 slope up to 10-20 Hz, a —5/3 slope
between 10-20 and 50-60 Hz, and —11 slope above 60 Hz. The latter might be the result
of combined effects of turbulence-free-surface interactions and acoustic backscatter signal
attenuation in high suspended sediment concentrations. More generally all the spectral
analyses showed marked differences for the very-early flood tide results (Fig. 6).

4 Unsteady turbulent flux event results
The normalised probability density functions (PDFs) of turbulent event duration and

amplitude were analysed for the entire sampling duration on each day. Typical results for
vx X Vv, are shown in Fig. 7 and a statistical summary is presented in Appendix 2. Note
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Fig. 6 Spectral analyses of the longitudinal velocity component, turbulent Kkinetic energy
TKE = 0.5 x (v~ + vy~ + v,2), normal Reynolds stress v, and tangential Reynolds stress v,v, during
the late ebb tide, very early flood tide and flood tide on 29 August 2015. a Longitudinal velocity component,
b turbulent kinetic energy, ¢ normal stress v,>, d tangential stress vyv,

that, in Fig. 7a, the event duration PDF data are shown with logarithmic scales for both
axes.

Overall the results highlighted a skewed distribution of event duration with a well-
defined mode, for all fluxes measured on 29 and 31 August and 27 October 2015. The
event duration ranged from 0.002 to 2.5 s, with some extreme events lasting more than 2 s,
albeit representing less than 3x 10~ %. It is acknowledged that the low-pass filtering cut-
off frequency of 2 Hz might influence the upper range of data. The majority of the events
(~ 60%) lasted less than 0.02 s, with 0.2% of events having a duration longer than 0.1 s.
The normalised PDF of event duration showed a monotonic decrease with increasing event
duration between 0.04 and 0.3 s, which was best correlated by:
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log; PDF =a xlogjot+b 0.04s <t<03s

(5)

where 7 is the event duration, PDF is the probability density function, a and b are constants,
with a varying between —6 to —8 and b between —3.5 to —4.5. This data trend [Eq. (5)]
was observed consistently for the entire data sets on 29, 31 August and 27 October.
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The event amplitude for the entire data set showed a bi-modal distribution for all flux
data, except vy X Vy, with a mean value close to 0 (e.g. Fig. 7b). The first mode with
probability of 6-10% was associated with positive event amplitudes ranging from 2 to 3.
The second mode was associated with negative event amplitudes between —2 and —3, and
a probability about 3-4%. The event amplitude v, x v4 PDF was mono-modal. The event
amplitude data showed that the majority of the events were associated with positive
amplitudes for all fluxes, albeit, negative events and positive events had amplitude mag-
nitude of the same order of magnitude.

The relationship between event amplitude and duration presented a characteristic
envelop shape. For all flux data collected on the 3 days, the event duration ranged from
0.002 to 2.5 s, and the event amplitude ranged from —1x 107 to 1x10’. The relationship
between event amplitude and duration showed a diamond-like envelop shape, symmetrical
about the horizontal axis (event duration) for the majority (over 99.8%) of all flux data
(Fig. 7c). The event amplitude magnitude range increased with event duration for
T < 0.01 s. For T > 0.01 s, the event amplitude magnitude range decreased with increasing
event duration. The results implied maximum event amplitudes associated with event
durations of approximately 0.01 s. Extremely long events, with over 2 s duration, were
associated with small amplitude magnitude between O and 10. The symmetrical shape of
the data sets indicated an equal percentage of positive and negative events. Figure 7c
shows typical results in terms the momentum flux vx x v,, for all events detected
throughout the sampling duration on 31 August 2015. Figure 7c presents the relationship
between event amplitude and duration for the tangential stress vyv,. For the 3 h long data
set, more than 200,000 turbulent events were detected and plotted in Fig. 7c.

The dimensionless event magnitude was calculated based upon Eq. (4), with the cal-
culation duration T equals to 0.5 s: that is, T = 1/f g Figure 7d shows a typical prob-
ability density function of event magnitude for fluxes v, x v, measured on 31 August
2015. Overall, the PDF of event magnitude showed log-normal distributions for all fluxes.
The majority of events (over 95.5%) were associated with a dimensionless magnitude
range of — 2 to 2, for all fluxes measured on all days. The shape of the PDF compared well
past field studies in natural systems [20, 35], albeit with a much wider magnitude range
with high probability herein. The present study also showed two modes, one positive and
on negative, with the negative mode having a lower probability density (Fig. 7d). This was
consistent with the PDF for event amplitude (Fig. 7b).

Since the propagation of tidal bore in a natural river is a highly unsteady and turbulent
process, the time-variations of turbulent event duration and amplitude were analysed with
respect to the time-variations of the free-surface elevation and bore passage. Typical
results were presented in Fig. 8, in which the event duration are compared to water depth,
SSC, suspended sediment flux and Reynolds stress data. For all momentum and suspended
sediment fluxes, large fluctuations in event amplitude and durations were observed
throughout the entire sampling duration. For the data collected on 29 and 31 August 2015,
the event duration for all fluxes showed an abrupt peak with values in excess of 2 s shortly
after the bore passage (Fig. 8). No obvious peak in duration was observed in the mea-
surements for 27 October 2017. Such extremely long events were associated with com-
paratively small magnitude of amplitude: i.e., less than 1.

As observed in Fig. 8, the peak in event duration seemed to be associated with the rapid
increase of suspended sediment concentration and rapid increase in the suspended sediment
flux magnitude, shortly after the bore passage (~ 100—400 s). A previous study suggested
a two-stage bed erosion process during the tidal bore propagation, corresponding to an
initial surface erosion, followed some delayed bulk mass erosion [14]. In Fig. 8, these two
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Fig. 8 Time variation of instantaneous event duration of suspended sediment flux v, x ssc on 31 August
2015—comparison with water depth, Reynolds stresses p x v,> and p X Vi X V,, low-pass filtered
suspended sediment concentration SSC, and suspended sediment flux per unit area q; = Vx x SSC.
a Instantaneous event duration of suspended sediment flux v, x ssc, water depth, low-pass filtered SSC
(solid black line), suspended sediment flux per unit area q; = Vx x SSC (dashed blue line), b instantaneous
water depth, and Reynolds stresses p x v, (thin green line) and p x v, x v, (dashed beige line)

stages are clearly marked by the consecutive negative peaks in the suspended sediment flux
data and positive peaks in the low-pass filtered SSC data, shortly after the bore passage:
ie., t ~ 65200s and t ~ 65,500 s (Fig. 8). On 29 August 2016, the maximum event
duration was associated with the second stage of erosion, whereas the maximum event
duration on 31 August was associated with the first stage of erosion. Overall, the data
suggested the possibility of long-lasting turbulent events occurring simultaneously with
sediment erosion processes during tidal bore passage.

Statistical properties were calculated for three distinct phases of the flow motion: the
initial flow phase (i.e. late ebb flow) defined as the flow period immediately prior to the
bore arrival, the very early flood tide phase defined as the highly-unsteady rapid-varied
flow period about 20 s after the bore passage, and the flood tide phase defined as the
gradually-varying flow period about 1 h after the tidal bore passage. A detailed summary
of time-average statistics are presented in Appendix 2, for different phases throughout a
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full sampling duration. In Appendix 2, Tables 3 and 4 regroup the complete datasets on 29,
31 August and 27 October.

The turbulent event statistics showed a similar number of events for all fluxes
throughout the entire sampling duration: i.e., before, during and after the bore passage. For
all fluxes, the median event durations were of the same order of magnitude: i.e., T &~ 0.01-
0.03 s. The very-early flood tide phase was associated with slightly longer event durations
for all fluxes, while the late ebb flow and flood tide motion were associated with events of
about similar average duration. Compared to previous field studies, the median event
duration was herein smaller, even during the very-early flood tide phase of the tidal bore. In
a micro-tidal estuary, Trevethan and Chanson [35] reported an average dimensionless
event duration: T X ]V_x] /d ~ 0.07, while Narasimha et al. [20] obtained

T x V,/8 ~ 0.02 in an atmospheric boundary layer, with § the boundary layer thickness.
Laboratory observations of dye concentration bursting events in a laboratory open flume
yielded dimensionless burst durations between 0.06 and 0.07 [28]. The dimensionless event
duration in the present study was two to three orders of magnitude shorter, namely between
107> and 10™*. In the Garonne River, the very short event duration revealed the highly
fluctuating nature of the flow and the bursting characteristics of the turbulent events
associated with tidal bore propagation.

The time series of turbulent event amplitude showed large fluctuations of all fluxes. The
standard deviation of event amplitude for all fluxes ranged from 500 to 20,000, regardless
of the flow phase: it was several orders of magnitude higher than the median value. The
median amplitude for all fluxes and all flow phases were between 2 and 5, with the initial
and flood tide phase typically associated with higher median amplitude. In comparison to
the data of Trevethan and Chanson [35], the present study documented median event
amplitudes of the same order of magnitude, but the standard deviation of the event
amplitude detected in the present study was two orders of magnitudes larger than that of
Trevethan and Chanson [35] for most momentum fluxes.

Further investigations were conducted into the probability density function of event
duration and amplitude for fluxes during different flow phases (initial flow, very early flood
tide and flood tide). Figure 9 show event duration (Left) and amplitude (Right) data for
momentum flux v, x v, on 31 August 2015. In Fig. 9, the normalised probability density
functions of event duration during the late ebb and flood tide phases were very similar, and
comparable to results presented in Fig. 7a. In contrast, the PDF of event duration during
the very early flood tide phase showed a number of differences (Fig. 9b, Left). Namely
larger probabilities (~ 4%) were observed corresponding to longer event durations
(greater than 0.2 s) immediately after the tidal bore passage. The relationship between
probability and event duration followed Eq. (5), albeit for a much shorter range of event
duration (0.03 s < t < 0.1 s), with a smaller gradient coefficient a.

The normalised probability density functions of event amplitudes showed self-similar
shapes during the three flow periods (Fig. 9). The results were consistent on each day for
the entire sampling duration (Fig. 7b). For all three flow phases, the majority of event
amplitudes were positive, with a larger ratio of positive to negative event number during
the initial flow phase (Fig. 9a). The very early flood tide phase was associated with high
probabilities of large amplitude magnitudes, especially negative event amplitudes. The
flood tide phase showed similar shape of probability distribution as observed in the initial
flow phase, but with a much smaller ratio between the proportion of positive and negative
events.
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5 Conclusion

The occurrence of tidal bores has a significant impact on natural estuarine systems, and the
bore propagation is associated with intense sediment suspension concentrations and fluxes.
The tidal bore of the Garonne River was investigated in the Arcins channel on 29 August,
31 August and 27 October 2015. Instantaneous velocity measurements were performed
continuously at high-frequency (200 Hz) without interruption prior to, during and after
each afternoon tidal bore. The tidal bore occurrence had a marked effect on the velocity
field, including a rapid flow deceleration and flow reversal during the bore passage. The
turbulent Reynolds stress data indicated large shear stresses, together with large and rapid
fluctuations, during the bore passage and the early flood tide.

A turbulent event analysis was developed for and applied to in the highly-unsteady
rapidly-varied tidal bore flow. The analysis was based upon basic concepts, in which
turbulent bursting events were defined in terms of the instantaneous turbulent flux, and the
method was tested for the rapidly-varied, highly-unsteady tidal bore flood flow motion. The
turbulent event data showed relatively close results for all studies and all fluxes: (a) a very-
large majority of turbulent events had a duration less than 0.01 s; (b) there were on average
20 turbulent events per second; (c) for all studies, the event duration showed some tidal
trend, with longer turbulent events immediately after the tidal bore passage, occurring
simultaneously with major sediment erosion processes; (d) all data suggested the occur-
rence of long-lasting turbulent events almost simultaneously with sediment erosion pro-
cesses during the bore passage; and (e) a comparison between present data and past field
studies in micro-tidal estuary and atmospheric boundary layer showed herein shorter
dimensionless event durations, larger event amplitudes and magnitudes.

Altogether the present analysis suggested that the proposed turbulent event analysis may
be applicable to rapidly-varied tidal bore flow. It provides quantitative details into the
turbulent bursts that are responsible for major mixing and sedimentary processes. While
the turbulent event analysis was expanded for and applied to undular tidal bores, it is
believed that the method is valid for both breaking and undular bores, and more generally
for highly-unsteady turbulent geophysical flows.
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Appendix 1: Velocity characteristics about the tidal bore passage

See Table 2.

Table 2 Velocity properties immediately prior to, during and immediately after the tidal bore in 2015

Flow properties Date

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

Froude number Fr 1.02 1.27 1.18 1.70 1.33
Initial flow conditions
Initial water depth (m)* 2.72 2.05 1.685 1.12 1.24
Initial surface velocity (m/s)” + 0.68 + 0.255 + 0.29 + 0.18 +0.22
Initial velocity Vy (m/s)° + 0.34 + 0.106 +0.094 4 0.005 4+ 0.066
Bore passage
Maximum deceleration (OVy/0t)max (m/s?)°  — 0.619  —0.504  — 1.2 —0.883 —0.645
Very early flood tide (Tpore + 20 8)
Vi (m/s)° — 0.47 - 0.83 —0.82 —0.83 —0.81
Vy (m/s) + 0.12 — 0.04 + 0.02 — 0.06 — 0.06
V, (m/s) —0.02 —0.13 —0.11 —0.20 —0.16
V' (m/s) 0.049 0.040 0.085 0.047 0.054
v’y (m/s) 0.026 0.040 0.046 0.070 0.058
V', (m/s) 0.051 0.025 0.026 0.031 0.026
Early flood tide wave motion
Time after bore passage (s)° - 40 180 170 50
Velocity amplitude V, (m/s) - 0.13 0.165 0.138 0.175
Velocity amplitude V, (m/s) - 0.075 0.10 0.102 0.10
Velocity oscillation period (s) - 1.55 1.5 1.47 1.33
Backward bore (4 100 s)
Time after bore passage (s) - 632 - 568 583
Vi (m/s)° - — 0.87 - — 1.06 - 1.10
V' (m/s) - 0.397 - 0.219 0.177
V'y (m/s) - 0.097 - 0.138 0.126
V', (m/s) - 0.064 - 0.120 0.096
Flood tide (Tyore + 3600 s)
Vy (m/s)° - - 1.16 — 091 —1.27 —1.20
V' (m/s) - 0.077 0.088 0.116 0.116
V'y (m/s) - 0.049 0.074 0.061 0.059
V', (m/s) - 0.029 0.044 0.060 0.041

Comparison with 2012 and 2013 observations
At survey staff

At channel centre

°ADV data; Italic data: suspicious data
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Table 4 Statistical properties of turbulent events during the late ebb tide flow, very early flood tide and
flood tide phases on 29 August, 31 August and 27 October 2015 for the normal stress flux vy X vy

Date 29/08/2015 31/08/2015 27/10/2015
Total sampling duration (s) 13,583 10,835 9861
Initial water depth (m) 1.685 1.12 1.24
Froude number Fr, 1.18 1.7 1.33
Flux component Vi X Vi Vi X Vi Vi X Vi
Total number of events 286,598 245,703 258,167
Initial flow conditions®
Median event amplitude 1.206 1.188 1.06
Standard deviation of event amplitude 1.372 1.257 1.01
Median event duration (s) 0.009 0.009 0.009
Standard deviation of event duration 0.005 0.005 0.008
Very early flood tide (Tpore + 20 $)°
Median event amplitude 1.011 1.073 0.965
Standard deviation of event amplitude 0.952 1.171 1.012
Median event duration (s) 0.008 0.015 0.008
Standard deviation of event duration 0.004 0.015 0.004
Flood tide (Tpore + 3600 s)°
Median event amplitude 0.907 0914 0.885
Standard deviation of event amplitude 0.831 0912 0.888
Median event duration (s) 0.015 0.009 0.008
Standard deviation of event duration 0.011 0.005 0.004

“Calculated based upon the first 40,000-60,000 events measured before the bore passage

®Calculated based upon the first 600 events after the rapid rise of the free-surface (approximately 20 s after
bore passage)

“Calculated based upon the first 32,000 events at d after bore passage
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