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Figure 16. Statistical distributions for different Froude numbers of (a) a hole’s lifespan (Tspan), normalised
using the bore’s initial flow depth d1, flow velocity V1 and celerity U, and (b) the ratio between hole length and
width L/W.

second half (trailing), as shown in figure 8. The appearance of holes within the roller
was random and a selection of four holes per video, resulting in a total of 100 samples
per Froude number, were randomly analysed. For each feature, the total duration from
appearance to disappearance was recorded, along with the surface properties (length L and
width W), at approximately half of its lifespan. The results showed that holes were very
short-lived, with lifespans Tspan shorter that 0.1 s for all tested Froude numbers. Statistical
analyses of the available dataset are presented in figure 16, revealing distributions with a
symmetrical behaviour for all Froude numbers. Similarly to previous findings for crowns,
this suggested that the shape was not affected by the bore’s initial flow condition and was
linked to other hydrodynamic processes occurring on the surface of the roller. In addition,
holes revealed a narrower lifespan distribution at lower Froude numbers. Some geometrical
assessment of selected holes revealed ratios of L/W with a relatively symmetrical shape
and a peak around L/W ∼ 1 at all flow conditions, implying that holes had a mostly
circular shape.

6. Surface velocity and turbulence statistics

The free-surface characteristics were quantitatively described using an OF technique for
the breaking bore with Fr1 = 2.4. The OF is the distribution of apparent motion of objects
between consecutive frames. In air–water flows, the OF detected the motion of air–water
interfaces, thus providing an estimation of interfacial velocities. The reader is referred to
the detailed description and validation of the OF in Appendix A.

The surface OF field derived from the top view provided a description of the 2-D flow
motion at different free-surface elevations. In the absence of a 3-D reconstruction of OF
fields, the current approach represents a simplified, yet effective, method to physically
examine the dynamics of the free-surface velocity in a complicated 3-D air–water flow.
However, it is important to point out that these data only provide a semi-quantitative
description of the flow field motion within the SFST, since it was impossible to clearly
ascertain the elevation of the OF data. An example of instantaneous velocity fields for

924 A20-22

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 U

Q
 L

ib
ra

ry
, o

n 
11

 A
ug

 2
02

1 
at

 2
0:

21
:1

8,
 s

ub
je

ct
 to

 th
e 

Ca
m

br
id

ge
 C

or
e 

te
rm

s 
of

 u
se

, a
va

ila
bl

e 
at

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e/
te

rm
s.

 h
tt

ps
://

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
1.

61
4

https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1017/jfm.2021.614


Strong free-surface turbulence in breaking bores
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Figure 17. Instantaneous surface velocities obtained from the application of the OF technique to the top-view

high-speed videos (Fr1 = 2.4).

Fr1 = 2.4 is presented in figure 17, confirming the presence of strong flow motions in the
x–y plane, with the occurrence of complicated turbulent structures, including the air–water
features identified in § 4.

6.1. Instantaneous velocity fields of fingers and crowns
The instantaneous velocity fields in the region around fingers and crowns were isolated,
allowing for a more detailed characterisation of the kinematic behaviour of these features
within the surrounding flow. The data in figure 18 revealed complex velocity fields around
the fingers, including rapid changes in the direction of the velocity vector between two
time steps, with the development of strong vortical structures. The transverse velocity
became the predominant component near the pinching region of the finger. Two common
finger behaviours were identified: (1) divergent and (2) merging. The divergent behaviour
indicated a spreading process, whilst the merging behaviour suggested that a finger
formed from the interaction of nearby features. The same procedure was applied to
crowns, revealing a strong spreading process within the feature, thus explaining the
behaviour observed through manual tracking in figure 15. A strong discontinuity with
the surrounding vector fields was observed near the boundaries of these features; however,
since the top view only described a 2-D motion, such behaviour was only partially assessed
and the interactions with the small-scale structures was hard to interpret. Additional
examples of velocity fields around fingers and crowns can be found in Wüthrich et al.
(2020b).

6.2. Ensemble-averaged velocities and energy considerations
The ensemble-averaged surface OF velocity fields were obtained based upon 25 videos,
using a synchronisation technique detailed in Appendix B. Figures 19(a) and 19(b)
present the ensemble-averaged longitudinal 〈VS,x〉 and transverse 〈VS,y〉 components of
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Figure 18. Flow fields obtained with the surface OF technique around a finger (a–d) and a crown (e–h). The
time lapse between panels was t = 0.014 s.

the velocities, with the number of frames available for ensemble statistics in figure 19(c).
The validation of these surface velocities was achieved based on previous experimental
data by Wüthrich et al. (2020a), as detailed in Appendix A.2. Overall, the longitudinal
ensemble-averaged velocities 〈VS,x〉 presented negative values, indicating a bore motion
propagating in the upstream direction, in agreement with visual observations. The
longitudinal velocity data also showed a decrease in absolute value behind the roller toe in
the downstream direction, with large variations observed near the roller toe region. This
is in line with previous measurements within and beneath the roller by Leng & Chanson
(2017) and Wüthrich et al. (2018). In the transverse direction, the absolute values of the
ensemble-averaged velocity 〈VS,y〉 were smaller compared to the longitudinal data. The
data showed the presence of transverse motions, with the surface flow attempting to move
away from the sidewalls. This might be explained by the development of large structures
reflected by the sidewalls towards the centreline, confirming the 3D nature of the surface
flow. Nevertheless, the longitudinal and transverse velocity components data showed,
respectively, symmetrical and mirrored distributions with respect to the centreline.

Turbulence statistics were further extracted from the ensemble-averaged and
instantaneous velocity data. The root-mean-square (r.m.s.) velocity fluctuations were

defined as vrms,i =
√

〈v2
S,i〉/V1, where vS,i are the longitudinal (i = x) or transverse

(i = y) surface velocity fluctuations. The ratio of transverse and longitudinal velocity
fluctuations vrms,y/vrms,x provided information on the homogeneity of the free-surface
turbulence. The distribution in figure 20(b) showed a strong symmetry with respect to
the channel centreline. The longitudinal component dominated close to the sidewalls,
where the transverse flow motion was constrained. This confirmed that, in the regions
y/B < 0.05 and y/B > 0.95, the approximation of 2-D turbulence was acceptable, in line
with previous studies using particle image velocimetry and image-based techniques near
the sidewall in breaking waves and hydraulic jumps (Huang et al. 2009; Shi, Leng &
Chanson 2020). Further away from the sidewalls, the ratios vrms,y/vrms,x > 0.75 indicated
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Figure 19. The ensemble-averaged free-surface OF velocity fields: (a) longitudinal component 〈VS,x〉;
(b) transverse component 〈VS,y〉; and (c) number of available frames for ensemble statistics, Nave.
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Figure 20. Turbulence statistics using ensemble-averaged velocity: (a) TKE k and (b) the ratio of r.m.s.
transverse vrms,y and longitudinal vrms,x velocity fluctuations.

a more homogeneous free-surface turbulence, while the wide region around the centreline
was dominated by fluctuations in the longitudinal direction.

Since the present measurements only provided 2-D data in the x–y plane, the turbulent
kinetic energy (TKE) was estimated using the standard approximation by Svendsen (1987)
and Kimmoun & Branger (2007) for breaker-generated turbulence:

k = 4
3

(v2
rms,x + v2

rms,y)

2
. (6.1)

The distribution of k is presented in figure 20(a), showing relatively high energy values in
the thin strip shape along the roller toe perimeter, induced by the strong shear between the
initial flow and the propagating bore. This suggested that the roller toe acted as a linear
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source of turbulence generation, in agreement with Hornung et al. (1977), who showed
that the roller toe was a line generator of air entrainment and vorticity. Longitudinally,
the energy data decayed rapidly away from the roller toe, suggesting a strong energy
dissipation process highly linked with the SFST and the generation of surface features
identified in § 4. Downstream of the roller, the high-energy regions enclosed a region with
lower and more constant energy values. These findings will be discussed with the flow
features in § 7.

The energy dissipation rate ε is a key parameter for the dynamics of two-phase flows
(Hinze 1955; Deane & Stokes 2002), and for a Newtonian fluid it is defined as

ε = ν

〈
∂vi

∂xj

(
∂vi

∂xj
+ ∂vj

∂xi

)〉
, (6.2)

where i, j = x, y, z, and ν is the local kinematic viscosity of the two-phase flow, which
varies with the void fraction. Since the rapidly varying free surface hindered the
measurements of void fraction, the viscosity of water was adopted for the calculation of the
dissipation rate. The unsolved components in (6.2) were estimated using the assumption
that vertical derivatives have similar average magnitudes to the longitudinal and transverse
ones (Doron et al. 2001), resulting in an estimation of ε from in-plane data as

ε = ν

[
4

〈(
∂vx

∂x

)2
〉

+ 4

〈(
∂vy

∂y

)2
〉

+ 3

〈(
∂vy

∂x

)2
〉

+ 3

〈(
∂vx

∂y

)2
〉

+ 4
〈
∂vx

∂x
∂vy

∂y

〉
+ 6

〈
∂vx

∂y
∂vy

∂x

〉]
. (6.3)

The data of the energy dissipation rate are presented in figure 21(a), showing consistent
results with the kinetic energy data, with high dissipation near the roller toe and rapid
decay in the longitudinal direction. This magnitude and trend agreed well with the
side-view phase-averaged data of Huang et al. (2009). This hinted at a strong link between
the generation of air–water surface features near the roller toe and energy dissipation.

Following Stive (1984), the mean energy flux E in a bore was defined as

E =
∫ ∫

〈p + ρgξ + 1
2ρ(V2

x + V2
y + V2

z )Vx〉 dz dy, (6.4)

where p is the pressure and ξ is the vertical distance from the surface. The first and second
terms represent the pressure components and were estimated to be zero for the free-surface
flow. The third term is the mean kinetic energy. Thus, the total dissipation rate was defined
as

eV = − ∂E
∂x∂y∂z

= −1
2

∂

∂x
ρ〈(V2

x + V2
y + V2

z )Vx〉. (6.5)

Herein, a constant water density ρ was used, though the density varied due to the void
fraction. The vertical velocity component near the surface was not measured in the present
study, and the ensemble-averaged vertical velocity field was extracted from the work of
Shi et al. (2020), who computed the 2-D velocity field in the x–z plane in a bore with a
similar Froude number (Fr1 = 2.1) using the same OF technique. An approximation of
(6.5) was

eV ≈ −ρ(〈(V2
x + V2

y )Vx〉 + 〈Vz〉2〈Vx〉). (6.6)

The ratio ρε/eV represented the contribution of turbulence dissipation to total
energy dissipation, as presented in figure 21(b). The ratio distribution exhibited similar
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Figure 21. Energy dissipation on the bore free surface: (a) turbulence dissipation rates; and (b) the ratio of
turbulence dissipation rate to total energy dissipation rate.

distributions with the dissipation and TKE data. It was found that the turbulence
dissipation near the roller toe reached up to 20 % of the total energy dissipation, consistent
with the 18 % for a fully turbulent bore in the surf zone by previously obtained by Huang
et al. (2009).

6.3. Integral time and length scales
The integral length and time scales characterise the spatial and temporal dimensions of the
turbulence generated during the breaking process. These parameters were derived using
the cross-correlation analysis of surface OF velocity fields (§ 6.1). The cross-correlation
time scale TR,i was calculated as the integral of the cross-correlation function for both
velocity components in x and y, from its peak value to the first zero-crossing, as

TR,i =
∫ τ(Ri=0)

τ (Ri=Ri,max)

Ri(τ ) dτ, (6.7)

where τ is the time lag, Ri is the cross-correlation function and Ri,max is the maximum
value of the cross-correlation function. For each velocity component, the integral turbulent
length (Li) and time (Ti) scales were further calculated as

Li =
∫ Si(Ri,max=0.2)

0
Ri,max dSi, (6.8)

Ti = 1
Li

∫ Si(Ri,max=0.2)

0
Ri,maxTR,i dSi, (6.9)

where Si is the separation distance between the two series in the i direction, with i = x or
y. The integration of (6.8) and (6.9) was stopped when Ri,max ≤ 0.2, since the ideal case
with Ri,max < 0 was difficult to achieve with the current experimental data.
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Figure 22. Ensemble-averaged integral turbulent length (a) and time (b) scales obtained for longitudinal
velocity component VS,x, and integral turbulent length (c) and time (d) scales for transverse velocity component
VS,y.

Figure 22 summarises the ensemble-averaged integral turbulent length and time scales
for both longitudinal and transverse velocity components over 25 videos. For the
longitudinal velocity component, both integral length and time scales showed layered
distributions (figures 22a and 22b), with increasing length and time scales downstream
of the roller toe. This is in line with previous findings in §§ 4 and 5, which showed
that features in the second half of the roller (boils, crowns) had larger length scales and
lifespans compared to the features in the first half of the roller (fingers). Transverse velocity
data (figures 22c and 22d) showed that turbulent structures with larger length scales and
longer lifespans mostly developed near the sidewall, probably associated with the strong
transverse motions observed in the surface velocity distributions in figure 19. Nevertheless,
the length scales obtained with the surface OF compared well with the manually measured
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Figure 23. Comparison between manually tracked surface features (MT) and surface OF data for (a) surface
kinetic energy k and (b) typical length scales, both instantaneous (Lx) and ensemble-averaged (〈Lx〉). Chanson
(2007) and Chachereau & Chanson (2011) refer to length scales in hydraulic jumps with Fr1 = 3.8 and 7.9
based on phase detection probe and acoustic displacement meter data, respectively. Jackson (1976) refers to
boils observed in the Polomet River.

fingers’ widths in figure 23(b), but were smaller compared to all other values reported in
§ 5 for the manual tracking of fingers, crowns and holes. Such a difference is likely to be
associated with the ensemble-averaged analysis performed on the OF data, whilst length
scales derived from visual observations represented maximum and instantaneous values.
This pointed out a key difference between the two approaches, further detailed in § 7.

7. Discussion and concluding remarks

Highly turbulent flows present strong surface deformations with an enhanced roughness
and a number of convoluted, rapidly varying air–water features, classified as SFST by
Brocchini & Peregrine (2001a). The complex behaviour of these multiphase structures
is the result of an even more complicated process below the surface, generating a
number of recurring air–water surface features, partially responsible for the energy
dissipation associated with the breaking process. To assess the interplay between these
complex phenomena, two complementary approaches were used: (i) detailed visual
assessment of the reoccurring air–water surface features, providing both a quantitative and
qualitative description; and (ii) a global characterisation of the dynamics of SFST through
image-based OF techniques.

(i) Despite their apparently random behaviour, a methodological classification for
different flow conditions showed the existence of various surface features, including
fingers, water droplets, crowns, slugs, spider webs, mushrooms, boils and holes
(figure 3). A quantitative analysis of the most common features pointed out
geometrical properties across different length scales, with short-lived and rapidly
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evolving behaviours. Detailed tracking for selected flow features during their
lifespans highlighted their variable and random nature, thus making visual
assessment and manual tracking necessary. Although this approach limited the
number of features analysed and was potentially responsible for unconscious bias,
it provided the first detailed classification of air–water surface features in highly
turbulent flows.

(ii) These quantitative results were flanked with image-based surface velocities obtained
through OF techniques on the roller’s upper surface, based on 25 repetitions.
Ensemble-averaged longitudinal velocities exhibited a decay behind the roller toe,
whereas transverse data showed a symmetrical distribution with respect to the
centreline. Energy considerations showed a high level of kinetic energy close to
the roller toe, identifying it as a source of turbulence generation. The kinetic energy
associated with the surface motion decreased behind the roller toe, reflecting the
dissipative behaviour associated with the breaking process. The computation of
integral time and length scales from the surface velocity data revealed increasing
behaviours behind the front, hinting that the dissipative process led from short and
fast-evolving turbulent structures to longer and larger features.

The quantitative and qualitative results derived from visual observations and manual
tracking in §§ 4 and 5 mostly applied to individual air–water features. However, these
are single elements of a far more complex turbulent process, highlighting the importance
of addressing SFST as a whole, using OF techniques to overview the complete roller
upper surface, leading to a more detailed and comprehensive description of the roller’s
free-surface dynamics (§ 6). The analysis showed that different features occurred at
different locations within the roller’s upper surface, with changing geometric and
hydrodynamic properties. A comparison with the surface OF data showed a close
relationship between the air–water features, their position within the roller and the surface
turbulent kinetic energy (figure 23a). Droplets, mushrooms and spider webs were most
common near the roller toe, where the OF data reported the highest levels of TKE and
energy dissipation rate (figures 20a and 21a), characterised by small length scales and
short lifespans (figures 22 and 23b). In this section, excellent agreement was observed
between the OF data and the droplets’ diameters in figure 10(c), showing consistency
between the two approaches. In addition, near the impingement perimeter, the TKE was
able to overcome local gravitational and viscous forces, thus justifying the rapidly evolving
and explosive nature of these features, responsible for the high energy dissipation rate.

Fingers, crowns, slugs and boils were observed further away from the roller toe
(figure 8). These air–water surface features were previously defined as bursts or blobs
by Jackson (1976) and Brocchini & Peregrine (2001a), identifying a motion of coherent
and discrete turbulent structures breaking through the free surface, where their interaction
with other structures showed the key role of feature-to-feature interplay in the dynamics
of SFST. In breaking bores, the source of these blobs is believed to be related to
Kelvin–Helmholtz vortices, developed and advected in the shear layer (Lubin et al. 2019;
Shi et al. 2020). Among these features, fingers were associated with the highest kinetic
energy, enabling a local protrusion of the free surface. Crowns and boils were probably
generated by larger eddies with lower energy levels, thus explaining the longer integral
time and length scales in both longitudinal and transverse directions. The transition
between super- and subcritical flows through the breaking roller justified the highly
dissipative nature of SFST, forging a connection with the downstream flow, where
gravity-driven processes become dominant (figure 4), with length scales similar to boils in
natural rivers (Jackson 1976).
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(a) (b)

Figure 24. (a) Stationary hydraulic jump reproduced in the laboratory with flow direction from right to left
and Fr1 = 2.4. (b) Tidal bore on the Garonne river at Podensac (France) on 28 October 2015, showing the
three-dimensionality and the large amount of sediment involved in the breaking process.

Some surface features identified in the present study were also observed in previous
experimental studies on self-aerated flows, including plunging jets, stepped spillways
and stationary hydraulic jumps (figure 24a), hinting at a broader applicability of these
results. Parallels with hydraulic jumps showed good agreement between the present
data and previous integral length scales in both longitudinal and transverse directions
obtained with intrusive air–water phase detection probes (Chanson 2007, Fr1 = 7.9),
free-surface measurements and video analysis (Mouaze et al. 2005, Fr1 = 2.4 to 4.8).
However, data obtained with acoustic displacement meters on the free surface of hydraulic
jumps (Chachereau & Chanson 2011, Fr1 = 3.8) provided length scales larger than both
instantaneous measurements of the geometry and ensemble-averaged OF data (figure 23b).
In addition, the tidal bore on the Garonne river (France) in figure 24(b) shows the
interaction between the breaking roller, the air–water surface features and the sediment
transport, pointing out the complexity of these 3-D turbulent processes associated with
SFST, often involving three different phases: water, air and sediment.

Although this study represents the first qualitative and quantitative analysis of SFST,
these results are affected by a number of uncertainties that should be mentioned. First,
manual tracking, although being the most reliable technique, can be influenced by
unconscious human error, as well as by the random choice of the features analysed, which
can be unintentionally biased. The definition of the surface features themselves can be
somewhat subjective, thus making an objective classification a challenge. In terms of OF, it
is known that results are influenced by the resolution of the videos and lighting conditions,
pointing out the importance of validation. However, despite the satisfactory results detailed
in Appendix A.2, the validation of OF in aerated, highly unsteady flows still remains a big
scientific challenge. In addition, the depth of field was not considered herein, resulting
in an underestimation of the velocities and length scales at higher elevations. The use
of triangulation with multiple cameras to reconstruct the 3-D nature of these features is
therefore recommended for future studies.

Despite these limitations, this study yielded an extensive description of the main
hydrodynamic properties of the roller’s SFST, showing the importance of the air–water
surface features in the dissipative breaking process. This provided fundamental data for
a qualitative and quantitative validation of numerical models and theoretical theories,
fostering and encouraging numerical researchers to extend their models to surface features
within SFST, leading to a more comprehensive understanding of the breaking process.
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Appendix A. Optical flow

A.1. Introduction
Complementary to the visual observations in § 4 and the quantitative analysis in § 5,
an OF technique was used to characterise the velocity field on the SFST on a breaking
roller. The OF is an image-processing algorithm, computing the relative motion of objects
in an image sequence based upon the change in brightness intensity. These techniques
are well established in the field of computer vision, and only recently applied to fluid
dynamics. In the present study, the ultra-high-speed video images were post-processed
using the Gunnar–Farneback (GF) OF technique (Farneback 2002, 2003), previously used
to characterise turbulent properties in aerated stepped spillway flows (Bung & Valero 2016;
Zhang & Chanson 2018; Kramer & Chanson 2019).

The GF technique proposed that the brightness data followed a quadratic polynomial,

f1(xim) = xT
imAGFxim + bT

1 xim + c1, (A1)

where xim is the pixel coordinate vector in the image plane, AGF is a systematic coefficient
matrix for second-order terms, b1 is a coefficient vector for first-order terms and c1 is a
constant. A displacement field δ in consecutive frame gives

f2(xim) = f1(xim − δ) = xT
imAGFxim + (b1 − 2AGFδ)Txim + δTAGFδ + c1. (A2)

The displacement δ can be obtained by equalising the coefficients in (A1) and (A2):

δ = 1
2 AGF(b2 − b1). (A3)

Equation (A3) can be numerically solved in a small neighbourhood, under the assumption
of small variation in displacement field (Farneback 2002). Large displacements can be
addressed using a multi-resolution imaging technique, i.e. image pyramid (Adelson &
Anderson 1984; Anderson, Burt & Van Der Wal 1985; Bung & Valero 2016). Velocities can
then be obtained as the ratio between the displacement and the time lag between frames.

The OF computations were performed using the Computer Vision Toolbox implemented
in Matlab R2018b. The built-in GF algorithm provided a multi-resolution image pyramid
to detect large displacement, and a Gaussian filter to remove image noise. Several input
parameters were selected based on the work of Kramer & Chanson (2019) and Shi
et al. (2020). The former validated the results of sensitivity analyses against intrusive
measurements in a spillway flow, whilst the latter quantified the errors in a breaking bore
with similar flow conditions to the present study. The key parameters are summarised
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Parameter Description Value Unit

PN Number of levels in multi-resolution pyramid 1 —
Ps Rate of downsampling at each pyramid level 0.5 —
IN Number of iterations when solving (A3) 5 —
NN Size of local neighbourhood for quadratic polynomial 15 pixel
FN Size of Gaussian filtering window 15 pixel

Table 2. Processing parameters used in the GF algorithm implemented in Matlab.

in table 2. Note that the accuracy of the image-based method can be affected by many
experimental conditions, including lighting intensity, camera resolution, frame rate, and
the time and length scales of the flow. Therefore, the parameters used from the previous
studies had to be specifically validated for the currently investigated flow.

A.2. Validation
The authors would like to underline the difficulties related to conducting meaningful
and reliable validation tests. For highly unsteady breaking bores, the strong turbulence
with high void fractions limits the alternative instrumentations to measure the flow
characteristics on the free surface. Numerically, the DNS modelling is still limited because
of the high Reynolds numbers (≈106). Herein, the instantaneous longitudinal component
of the velocity was extracted from the OF data at the roller toe perimeter and used for
the validation. The OF data were compared with the experimental bore front celerity data
by Wüthrich et al. (2020a), who generated breaking bores with the same flow conditions
and experimental facility as the present study. In addition, Wüthrich et al. (2020a) also
captured the bore celerity front using several acoustic displacement meters (ADMs), and
calculated the longitudinal bore front celerity as the ratio between the separation distance
of ADMs and the travel time. The comparison of the longitudinal front velocities with
the celerity is presented in figure 25, including (a) the mean bore front celerity and (b)
the statistical distribution of the instantaneous bore front celerity. A good agreement was
seen for the comparison with the mean bore celerity. For the statistical distribution of the
instantaneous bore front celerity, the present dataset was obtained from 22 000 frames,
whereas Wüthrich et al. (2020a) calculated it based upon the displacement between
consecutive frames (Ux = Δx/Δt, where Δt = 1/1000 f.p.s.) from 25 high-speed videos.
Despite this difference, both statistical distributions exhibited right-skewed shape, with
similar mean and median values (figure 25b). Overall, these validation tests demonstrated
the suitability of the OF technique to compute surface velocities in breaking bores, thus
strengthening the validity of these results.

Appendix B. Synchronisation

The unsteadiness of the breaking bore represented a challenge for the computation of
meaningful ensemble statistics. Herein, a novel synchronisation technique was introduced
to obtain average velocity field and turbulence statistics. This technique relied on the
synchronisation of frames from different videos, based on the longitudinal position of
the mean roller toe perimeter, where the transverse profile of the roller toe was identified
using the edge detection algorithm proposed by Wüthrich et al. (2020a). An example is
provided in figure 26 for a top-view video, in which the bore propagated from the bottom
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Figure 25. Comparison of the longitudinal bore front celerity data obtained by Wüthrich et al. (2020a) and
the present OF results: (a) mean bore front celerity and (b) statistical distribution of the instantaneous bore
front celerity.
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Figure 26. Example of synchronisation process for different top-view video frames: (a) first analysed frame;
(b) nth frame between first and last frame; and (c) last analysed frame.

edge to the top edge, opposite to the initial flow direction. The first step was detecting the
reference frame where the mean roller toe perimeter was located at one-third of the image
plane, from the bottom edge (figure 26a). Then, the roller toes of the following frames
were shifted by the difference between their mean roller toe perimeters and the mean
roller toe perimeter of the reference frame. The last synchronised frame was taken for the
last video frame in which the roller toe perimeter could be fully tracked (figure 26c), i.e.
before the bore front left the measuring window. This synchronisation technique allowed
ensemble statistical analysis to be carried out based on a different number of samples
(frames), depending on the relative location behind the roller toe. This implied that the
number of frames had to be large enough to overcome the biases induced by the different
number of samples. For this, a minimum number of 22 000 frames was adopted, based on
the validation process described in Appendix A.2.
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