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a b s t r a c t
In an estuary, a tidal bore is a hydraulic jump in translation generated at the leading edge of the ﬂood
tide during the early ﬂood tide under spring macrotidal conditions in a narrow funnelled channel. After
formation, the bore is traditionally analysed as a hydraulic jump in translation and its leading edge is
characterised by a breaking roller for Fr1 > 1.3–1.5. Herein new unsteady experiments were conducted to
investigate in details the upstream propagation of breaking bore roller. The toe perimeter shape ﬂuctuated
rapidly with transverse distance and time. A characteristic transverse wave length of the toe perimeter
was observed. Both the standard deviation of toe perimeter location and characteristic transverse wave
length were comparable to ﬁeld observations. The celerity of the roller toe ﬂuctuated rapidly with time
and space. The instantaneous longitudinal proﬁle of the roller free-surface showed signiﬁcant temporal
and spatial ﬂuctuations. Although the bore propagation may be analysed in an integral form in ﬁrst
approximation, the rapid ﬂuctuations in roller toe perimeter and free-surface proﬁles indicated a strongly
three-dimensional turbulent ﬂow motion.
© 2015 Elsevier Ltd. All rights reserved.

1. Presentation
A tidal bore is the leading edge of the ﬂood tide in a funnel
shaped river mouth under macro-tidal conditions, associated with
a discontinuity of the free-surface (Fig. 1). It is an unsteady, rapidly
varied and highly turbulent open channel ﬂow [1–3]. Several studies demonstrated the impact of tidal bores in sediment processes
[4,5]. A related process is the tsunami-induced bore propagating
upriver surge [6]. When the difference in ﬂow depths across the
tidal bore is large, the bore is characterised by a breaking roller as
seen in Fig. 1A [1,7]. The roller toe is a ﬂow singularity where air is
entrapped and vorticity is generated [8].
In the present study, the upstream propagation and shape of
breaking bores are investigated experimentally. It is shown that,
although the bore celerity and roller shape are assumed quasiuniform in traditional theoretical developments, the roller toe
propagation is a highly turbulent process. Its properties are developed, and physical observations are discussed.
2. Theoretical background
The driving process of a tidal bore is a large tidal range which
may be locally ampliﬁed by a number of factors: for example, when
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the natural resonance period of the estuary is close to the tidal
period. When the sea level rises with time during the early ﬂood
tide, the tidal wave steepness increases with distance from the river
mouth until the leading edge of the tidal wave becomes an abrupt
front: that is, the tidal bore. After formation, the tidal bore is characterised by an abrupt rise in water depth (Fig. 1), and the bore
front may be analysed as a hydraulic jump in translation [2,9]. In a
system of reference in translation with the bore, the integral form
of the continuity and momentum equations gives:
(V1 + U)A1 = (V2 + U)A2

(1)


(V1 + U)A1 ((V1 + U) − (V2 + U)) =

P dA
A2


−

P dA + Ffric − W sin 

(2)

A1

where V is the ﬂow velocity positive downstream, U the bore
celerity positive upstream,  the water density, g the gravity acceleration, A the channel cross-sectional area measured perpendicular
to the ﬂow direction, P the pressure, Ffric the ﬂow resistance force, W
the weight force,  the angle between the bed slope and horizontal,
and the subscripts 1 and 2 refer to the ﬂow conditions immediately
before and after the bore respectively (Fig. 1B).
In presence of some ﬂow resistance and bed slope effect, the continuity and momentum principles yield to a relationship between
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Fig. 1. Breaking tidal bore propagation. (A) Looking downstream at the Qiantang River bore in the northern channel downstream of Xinchang, China on 6 September 2013
at 11:50 – d1 ∼ 1 m, Ū∼3.6 m/s, Fr1 ∼ 2.1. (B) Deﬁnition sketch – bottom left Inset: Instantaneous roller toe perimeter as function of time (Run 2)

the conjugate cross-section area ratio A2 /A1 and Froude number
Fr1 :

Fr12 =

1 A2 B1
2 A1 B



2−

B
B



+

B A2
B A1



+

Ffric − WSo
A2
A2 − A1 g(A2 /B)
1

(3)

where Fr1 is the tidal bore Froude number:

Fr1 =

U + V1



g(A1 /B1 )

(4)
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Fig. 2. Side view of coherent vortical structures in the shear layer of a roller – Fr1 = 1.65, Q = 0.085 m3 /s, shutter speed: 1/125 s, bore propagation from left to right.

In Eq. (3), B and B’ are characteristic widths linked to the channel
shape:
B=

A2 − A1
d2 − d1

 A2 

3. Physical study

g(d2 − y)dA

A1

B =

(5)

1
g(d2
2

− d1 )

(6)

2

with d the ﬂow depth (Fig. 1B). The theoretical result (Eq. (3))
implies a smaller ratio of conjugate depths d2 /d1 with increasing
ﬂow resistance for a given bed slope, while the ratio of conjugate
depths d2 /d1 increases with increasing bed slope for a given ﬂow
resistance. The effects of ﬂow resistance and bed slope decrease
however with increasing Froude number, becoming negligible for
Froude numbers greater than 2–3.
Neglecting the ﬂow resistance, the result may be simpliﬁed for
a horizontal channel into [10]:



A2
1
= ×
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B
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(7)

For a tidal bore propagating in a smooth sloping rectangular
prismatic channel, the combination of the continuity and momentum principles gives a physically meaningful solution assuming cos
 ≈ 1, where  is the angle between the bed slope and horizontal, positive for a channel sloping downwards in the downstream
direction. Namely the ratio of conjugate depths equals:
d2
1
=
2
d1

(1 − ε)2 + 8

Fr12
1−ε

− (1 − ε)

(8)

where ε is a dimensionless coefﬁcient deﬁned as
ε=

W So

(9)

gB1 d12 (Fr12 − 1)

with B1 the channel width.
For a smooth horizontal rectangular prismatic channel, Eqs. (3),
(7) and (8) yield to the Bélanger equation:
1
d2
=
2
d1





1 + 8Fr12 − 1

The above integral approach assumes implicitly that the bore
celerity is uniform and the roller shape is two-dimensional. Field
and laboratory observations suggested that these assumptions are
simplistic.

Smooth horizontal rectangular channel

(10)

The laboratory experiments were performed in a 19 m long
0.7 m wide horizontal channel, made of smooth PVC bed and 0.60 m
high glass sidewalls. The experimental ﬂow conditions are summarised in Table 1 where Q is the initial water discharge. The waters
were fed by an intake structure, in which the inﬂow was streamlined before entering a smooth convergent leading to the 19 m
long test section. A fast closing gate was located at the channel’s
downstream end (xGate = 18.1 m) where x is measured from the test
section’s upstream end. Video observations were performed using a
HD video camera SonyTM HDR-XR160, operating at 25 fps or 50 fps,
and a digital camera CasioTM Exlim EX-10, set at 120 fps, 240 fps
or 480 fps. The video camera was mounted vertically looking down
across the channel width. Photographs in high-speed continuously
shooting mode (8.3 fps) were taken through the sidewalls during the bore front passage, using a dSLR PentaxTM K-3 with Carl
ZeissTM Distagon 28 mm f2 lens, producing photographs with a low
degree (<1%) of barrel distortion. For all experiments, the discharge
was 0.085 m3 /s. The breaking bore was generated by the complete
fast closure of the Tainter gate and the bore propagated upstream
against the initially steady ﬂow (Table 1).
Laboratory data were compared with properties of the Qiantang
River bore observed in the northern channel near Xinchang (China).
On 6 September 2013, the bore roller was nearly straight and over
200 m wide, as it advanced towards the photographer (Fig. 1A).
A number of dSLR photographs were recorded with a dSLR camera PentaxTM K-7 equipped with VoigtlanderTM Nokton 58 mm f1.4
lens, and the analysed data are presented in terms of the roller toe
perimeter.
4. Results
With breaking bores, air bubbles are entrapped at the roller toe
that is a singularity (Figs. 1 and 2). The air entrainment is localised
at the roller toe perimeter which is also a line source of vorticity,
and a shear layer develops in the wake of the toe. Fig. 2 presents
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Table 1
Physical investigation of breaking bores.
Reference
Laboratory study

Qiantang River bore

Run
1
2
3
130906

Q
(m3 /s)

V1
(m/s)

0.085
0.085
0.085

0.76
0.83
0.74

–

–

d1
(m)
0.160
0.146
0.165
∼1

Ū
(m/s)
0.99
0.95
0.90
∼3.6

Fr1
1.40
1.49
1.33
∼2.1

Instrumentation
Video (25 fps) & photographs
Video (50 fps) & photographs
Video (120, 240, 480 fps)
dSLR photography

Notes: d1 : initial water depth; Fr1 : bore Froude number; Ū: cross-sectional time-averaged bore celerity; V1 : initial ﬂow velocity.

a sideview of an advancing breaking bore, highlighting the large
scale turbulent structures with horizontal transverse axis. As the
coherent vortical structures are advected in the shear layer, they
grow up in size by vortex pairing, as seen in stationary hydraulic
jumps [11,12].
While the roller toe perimeter is assumed ideally straight, its
instantaneous shape was wavy as illustrated in Fig. 1. The instantaneous perimeter data showed the broad range of instantaneous
shapes of the roller toe perimeter. Fig. 1B (Inset) shows some
instantaneous transverse proﬁle, where x = X is the instantaneous
toe location at a transverse distance y, with y = 0 at the left side
wall. The roller toe perimeter was quasi two-dimensional on average, but the data showed some occasional backshifts of roller toe
location with time, implying some instantaneous, local negative
celerity. The deviations of the roller toe perimeter about the instantaneous cross-sectional median position Xmedian indicated some
quasi-periodic ﬂuctuation of the toe perimeter across the section.
Typical probability distribution functions of transverse perimeter
ﬂuctuation (X – Xmedian ) are shown in Fig. 3A. The data sets exhibited
a quasi-normal distribution, yielding (X − Xmedian ) /d1 = 0.145 on
average at a given time. The pseudo-periodic shape of the roller toe
perimeter implied the existence of non-linear structures, streamwise vortices and streaks, somehow similar to those observed in
plane mixing layers and wall jets [13,14]. The existence of streamwise structures was complementary to the occurrence of organised
structures in the shear layer seen in Fig. 2. At a ﬁxed time, the transverse ﬂuctuations of toe perimeter location around its median were
analysed in terms of relevant transverse wave lengths Lw . For the
laboratory data sets, the predominant transverse wave length was
Lw ∼ 0.2 m (i.e. Lw /d1 ∼ 1.2).
For comparison, the Qiantang River bore data yielded a dimensionless standard deviation (X − Xmedian ) /d1 was about 0.13, close
to the present laboratory observations (Fig. 3B). In the Qiantang
River, the transverse variation of instantaneous toe perimeter presented some pseudo-periodic ﬂuctuations, with a range of wave

lengths within 0.7 < Lw /d1 < 25, the two dominant dimensionless
wave length ranges being Lw /d1 ∼ 1 and 5–10.
In laboratory, the instantaneous longitudinal proﬁles of roller
free-surface highlighted the rapid ﬂuctuations in roller surface’s
vertical elevations as well as the rapid changes in longitudinal roller
proﬁles with time. The data indicated a maximum in free-surface
ﬂuctuations in the ﬁrst half of the roller, as previously reported
in stationary hydraulic jumps [15,16]. Visual observations showed
that the free-surface elevation rose ﬁrst slowly immediately prior
to the roller, for Froude numbers less than 2, as sketched in Fig. 1B.
The upward streamline curvature derived from theoretical considerations, namely the integral balances of linear momentum, in both
horizontal and vertical directions, and of angular momentum [21]
and was previously observed experimentally [8,17]. Data in terms
of vertical elevation Z of the roller toe are presented in Fig. 4, in
which they were compared with re-analysed breaking bore data
[18,19]. Fig. 4A shows probability distributions of toe elevation
about its median. Fig. 4B presents the dimensionless median toe
elevation Zmedian /d1 and toe elevation ﬂuctuations (Z75 -Z25 )/d1 data
as functions of the Froude number, where Z75 and Z25 are the third
and ﬁrst quartiles respectively. All the data indicated a decrease in
roller toe elevation, and in ﬂuctuations in vertical elevation of roller
toe, with increasing Froude number (Fig. 4B). The asymptotic limits
presented two distinct trends. For Fr1 < 1.3, the bore became undular and the roller disappeared. For Fr1 > 2, the dimensionless roller
toe elevation Z/d1 tended to unity and the ﬂuctuations in roller toe
elevation tended to small values equal to the initial free-surface
ﬂuctuations.
5. Discussion
The bore roller celerity was calculated based upon the instantaneous roller toe positions. The channel width was divided into
seven 0.1 m wide sub-sections, and the mean celerity of each individual sub-section was estimated as a function of time. Statistical

Fig. 3. Probability distribution function of longitudinal ﬂuctuations in roller toe perimeter about the median – Left: laboratory data; Right: ﬁeld data.
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Fig. 4. Vertical elevation Z/d1 of roller toe – Left: probability distribution function of roller toe elevation about the median; Right: median elevation and difference between
third and ﬁrst quartiles – comparison between laboratory data.

Fig. 5. Transverse variation in roller toe celerity and celerity ﬂuctuations – Left: temporal mean celerity; Right: standard deviation.

results are presented in Fig. 5 in terms of the temporal mean and
standard deviation. The results showed no sidewall effect and large
ﬂuctuations in bore celerity with the ratio of standard deviation to
temporal mean U /Umean between 0.6 and 1.6 (Fig. 5). These large
ﬂuctuations might be related to the generation and advection of
turbulent vortices in the roller as well as air bubble entrainment at
the roller toe.
The instantaneous cross-sectional averaged celerity Ū was
derived from the median perimeter data of the bore roller. The
mean values are reported in Table 1, column 6. The instantaneous cross-sectional averaged celerity ﬂuctuated rapidly with
time about a median value. Yeh and Mok [20] reported ﬂuctuations in bore celerity, although with lesser ﬂuctuation magnitudes.
The instantaneous celerity was not always positive, with negative celerity values consistent with intermittent backshifts of the
instantaneous roller toe perimeter, seen for example in Fig. 1B, Inset
about t = 0.16 and 0.24 s.
6. Conclusion and future work
In a breaking bore, the roller is associated with a sudden increase
in water depth, a highly turbulent ﬂow with large-scale vortical
structures and strong turbulence interactions with the free surface. New unsteady experiments were conducted to investigate
the upstream propagation of breaking bore roller. The roller toe

propagation was a highly turbulent process. The toe perimeter
shape ﬂuctuated rapidly with transverse distance and time, and
its transverse ﬂuctuations were quantiﬁed in terms of the standard
deviation (X − Xmedian ) /d1 = 0.145 at a given time. The characteristic transverse wave length of the toe perimeter was approximately
1.2 times the initial ﬂow depth d1 . Both the standard deviation of
toe perimeter location and characteristic transverse wave length
were comparable to ﬁeld observations in the Qiantang River bore
(China). The data suggested the existence of streamwise coherent
structures, in addition to the organised vortical motion in the shear
layer.
The celerity of the roller toe ﬂuctuated rapidly with time and
space, although in a quasi-two-dimensional manner on average.
The sidewalls had little effect on the upstream propagation of the
roller within the laboratory ﬂow conditions. The instantaneous
longitudinal free-surface proﬁle of the roller showed signiﬁcant
temporal and spatial ﬂuctuations. For Fr1 < 2, a gradual rise in freesurface was clearly seen in front of the roller, and both the roller
toe elevation and its vertical ﬂuctuations decreased with increasing
Froude number.
While the bore propagation may be analysed in an integral form
in ﬁrst approximation, the present study showed that the propagation of breaking bore is a very turbulent process. The rapid
ﬂuctuations in roller toe perimeter and free-surface proﬁles indicate a strongly three-dimensional turbulent ﬂow motion.
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