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[1] The flow structure of oscillatory broken waves within surf and swash zones was
investigated using particle image velocimetry (PIV) in the laboratory. With the resolved
spatial distribution of the velocity field, vorticity was computed directly. The results
show that flow separation at the bed occurs during the interaction between the uprush
bore front and the downwash flow. The separation point advances in the onshore
direction with the bore front until the bore reaches the lowest point of the moving
shoreline. The bore front continues to climb up onshore and collapses at the highest point
of the moving shoreline. In the swash zone, flow attachment to the bed occurs during
the transition from the uprush to downwash process. An internal flow circulation is
generated at the flow reversal phase as the flow near the bed responds to the gravitational
force earlier than the flow in the upper water column, where the uprush momentum is
sustained later in phase. The magnitude of the downwash velocity in the swash zone
is greater than that of the uprush process. The swash zone flow observed in the
experiments should be erosive in the lower part of the swash and accretive in the upper
part where flow attachment occurs.

Citation: Sou, I. M., and H. Yeh (2011), Laboratory study of the cross‐shore flow structure in the surf and swash zones,
J. Geophys. Res., 116, C03002, doi:10.1029/2010JC006700.

1. Introduction

[2] Flows in the surf and swash zones have received
increasing attention in recent years. Most researchers have
mainly focused on the shoreline motions [Yeh et al., 1989;
Holland et al., 1995; Raubenheimer and Guza, 1996;
Hughes, 2004]. Less attention has been focused on the flow
structure. Recently, successful efforts have been made to
measure velocity in the surf and swash zones in the field
[Raubenheimer, 2002; Raubenheimer et al., 2004; Butt
et al., 2004] but with limited vertical resolution.
[3] The traditional definition of the swash is a zone where

wave runup covers and uncovers the beach face periodi-
cally. It is difficult to make measurements in such a thin
and aerated flow even in the well‐controlled laboratory
environment. Most laboratory studies using laser Doppler
velocimetry (LDV) extends the definition of swash zone
farther offshore into the inner surf zone due to the difficulty
in accessing the thin water depth [Hwung et al., 1998; Petti
and Longo, 2001]: Note that measurement regions within
the extended swash zone may not become periodically dry.
In this study, the swash zone is defined as the region within
the moving shoreline.

[4] There are many laboratory studies on breaking waves
in the surf and swash zone using LDV. Stive [1980] and
Nadaoka and Kondoh [1982] are among the pioneers. Stive
[1980] investigated the internal flow velocity field of a
quasi‐steady spilling breaker in the surf zone. Nadaoka and
Kondoh [1982] studied the velocity flow field inside the surf
zone to clarify the dependence of sand movements upon the
bottom velocity. Ting and Kirby [1994, 1995, 1996]
investigated the differences in the turbulence character-
istics between plunging and spilling breakers. They found
that turbulent kinetic energy (TKE) is transported seaward
under a spilling breaker and landward under a plunging
breaker. Feng and Stansby [2005] investigated the flow
structure of a spilling breaker in the surf zone. Using the
wave phase speed, c, to connect space and time as ∂/∂t =
−c∂/∂x, Feng and Stansby [2005] transformed the LDV
temporal velocity measurements to spatial velocity fields.
They found that a convergent stagnation point is located on
the bed in the initial breaker zone and the inner surf zone,
but a divergent stagnation point is found in a small region
after the initial breaker. For the swash zone, Hwung et al.
[1998] performed a resolved phase‐dependent LDV mea-
surement of the vertical structure of swash flows. They
observed that a vertically growing turbulent bottom
boundary layer in the swash zone formed on a smooth bed.
Petti and Longo [2001] performed a turbulence analysis of
swash flows on a concrete beach using LDV. They found
that the turbulence level is much higher during uprush than
downwash phases in plunging and collapsing breakers.
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[5] Many researchers have taken advantage of the ability
of the particle image velocimetry (PIV) technique to obtain
two‐dimensional flow fields in wave environments. Dabiri
and Gharib [1997] studied the vorticity generation within a
spilling water wave using the PIV technique. Chang and Liu
[1996, 1998, 1999] examined the flow field and turbulence
structure of quasi‐periodic breaking waves. They measured
the velocity near the tip of an overturning jet and found that
the maximum velocity is 1.68 times of the phase speed. Cox
and Anderson [2001] observed large vortices in the hori-
zontal plane in the outer surf zone, which is indicative of the
existence of obliquely descending eddies in the outer surf
zone.Melville et al. [2002] studied the coherent structures of
a breaking wave in a channel flow. Cowen et al. [2003] used
a PIV technique to quantify the evolution of TKE and dis-
sipation of plunging and spilling forced swash zones in the
laboratory. The temporal TKE decay was found to behave
similarly to grid turbulence decay during the latter stage of
uprush and the early stage of the downwash. Sou et al. [2010]
examined the evolution of the turbulence structure from the
outer surf zone to the swash zone using the same PIV velocity
fields presented in this paper. They concluded that the tem-
poral evolution of the turbulence can be divided into three
intervals over a wave cycle: (1) the wave‐breaking‐generated
turbulence and the shear‐layer‐generated turbulence at the
bore front phases at which the large‐scale turbulence is
generated; (2) a decay stage, analogous to grid turbulence
decay during the latter part of uprush and the early part of the
downwash phases; and (3) the phases dominated by the bed‐
generated turbulence, yielding the −1 spectral law during the
latter part of the downwash phases.
[6] Different from the earlier studies byCowen et al. [2003]

and Sou et al. [2010], this paper investigates the fundamental
characteristics of the flow structure in the vertical cross‐shore
plane as the wave evolves from the outer surf zone to the
swash zone. We describe the experiments and data analysis
methods in section 2. The results are presented in section 3.
The phase‐averaged velocity and vorticity fields of the flows
are examined in sections 3.1 and 3.2. More detailed discus-
sion is focused on the interaction between the bore front and
downwash (in section 3.3), the reversal flow field (in section
3.4) and the surf and swash velocity characteristics (in
section 3.5). Conclusions are presented in section 4.

2. Experimental Setup

[7] The experiments were performed in a wave tank (32 m
long, 0.6 m wide and 0.9 m deep) with painted steel bottom
and glass sidewalls. A hydraulically driven piston‐type

wave maker is located at one end of the tank. An integrated
system for the wave maker motions and the measurements
was developed to trigger the PIV Yag laser and the camera
at the precise timings. A 1:20 sloping glass beach supported
by a stainless steel frame is placed at the other end of the
tank: note that the toe of the beach is located 19 m from the
wave maker. We define our coordinate system such that x is
positive onshore along the beach surface. The location x = 0
is placed at the intersection of the still water level with the
beach. The z direction is defined normal to the beach face
and positive upward. The y axis is set by the right‐hand rule
with y = 0 at the lateral midpoint of the tank as shown in
Figures 1 and 2.
[8] We set the offshore water depth at 26.0 cm and gen-

erate a monochromatic wave with period T = 2.0 seconds.
The incident wave height was H = 2.46 cm, which was
measured 9 m from the wave maker using a capacitance‐
type wave gage. This wave condition generated a plunging
breaker characterized by the surf similarity parameter x =
tang/

ffiffiffiffiffiffiffiffiffiffi
H=�

p
= 0.56 [Battjes, 1974], where g (=2.86°) is the

angle of beach slope from the horizontal and l is the wave
length, determined from the dispersion relation using the
offshore water depth and wave period.
[9] Due to the different local water depths, the PIV image

size varies from the offshore location to the onshore location
with decreasing size in the field of view. Three measure-
ment areas are within the surf zone while one measurement
area is within the swash zone. We refer to the four mea-
surement areas as A1 (centered at x = −55 cm), A2 (centered
at x = −30 cm), A3 (centered at x = 0 cm, the still water
line), and A4 (centered at x = 17.5 cm). The variations
of phase‐averaged water depths hhi were: 2.2 cm ≤ hhi ≤
4.3 cm in A1; 1.3 cm ≤ hhi ≤ 2.9 cm in A2; 0.5 cm ≤
hhi ≤ 1.6 cm in A3; and 0 cm ≤ hhi ≤ 0.8 cm in A4. The
wave starts breaking roughly at −80 cm. It is emphasized
that the water depths in the swash zone A4 were extremely
shallow and the PIV measurements were taken at 30 cm
from the sidewall, i.e., at the center of the tank. The
detailed PIV laser information and PIV image processing
for instantaneous velocity fields as well as the uncertainty
analysis are given by Sou et al. [2010].
[10] Detailed investigation of the velocity field near the

free surface is challenging due to the local uncertainty in
free surface position at the bore front phase as the free
surface is not itself discernible due to the use of the optical
filter. Hence, we will not attempt to look into the instanta-
neous free surface velocities, but will focus on the bulk and
near bed flow structure. Furthermore, we choose to examine
the phase‐averaged quantities of the flow because we would

Figure 1. Experiment coordinate system (x − z plane).
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like to gain the insight of the mechanisms of material
transports (e.g., sediment transport in the flow) in the surf
and swash zone over a long period of time. In addition, a
single wave cannot reveal detailed information on the flow
due to the limited range of our PIV data as the measure-
ments at the four locations (A1 − A4) were made separately
by repeating the experiments. Our phase averaging requires
a high repeatability of wave to wave motion. The repeat-
ability test was performed using the free surface profiles at
each cross‐shore location. The average ratio of the root‐
mean‐square free surface deviation to the phase‐averaged
water depth among all locations is 0.05. The test shows that
the wave condition is highly repeatable (for more complete
explanation for the repeatability, see Sou et al. [2010]).
[11] The phase average of a periodic quantity, with rep-

lication period T, and total temporal length T′ = NT, where
N is the number of periods in the record (i.e., 200 in the
present case), is defined as

Q �ð Þh i ¼ 1

N

XN�1

n¼0

Q � þ nTð Þ;where � lies in the interval f0; Tg:

ð1Þ

Given T = 2.0 s and the PIV data rate of 15 Hz, 30 wave
phases were resolved within each wave period.
[12] Denoting the phase‐averaged velocity vector h~ui =

(hui, hvi, hwi) in (x, y, z), the spanwise phase‐averaged
vorticity component

!y

� � ¼ @ uh i
@z

� @ wh i
@x

ð2Þ

was computed from the entire phase‐averaged velocity
fields using the central difference method as

!y i; jð Þ� � ¼ u i; jþ 1ð Þh i � u i; j� 1ð Þh i
2Dz

� w iþ 1; jð Þh i � w i� 1; jð Þh i
2Dx

; ð3Þ

where (i, j) represents the spatial grid point in (x, z). Positive
vorticity is defined based on the right‐hand rule. Base on the
coordinate system presented in Figure 1, positive vorticity is
clockwise (CW) and negative is counterclockwise (CCW).

As our instantaneous free surface profiles were obtained by
curve fitting [Sou et al., 2010], detailed free surface infor-
mation cannot be obtained from the data. We decided not to
treat the vorticity near the free surface in a special way. Such
a special treatment has been made by Dabiri and Gharib
[1997] who assumed a no‐shear boundary condition at the
free surface to calculate the vorticity in order to minimize
the artificial shear layer; they replaced all velocity vectors
above the last valid velocity vector near the free surface by
that same velocity vector for each column within the
velocity field before vorticity was calculated.

3. Results

3.1. Phase‐Averaged Velocity Field in the Surf
and Swash Zones

[13] A distinct advantage of spatiotemporal data sets,
yielded by PIV, is that one does not need to rely on the use
of a mean velocity to connect space and time; an assumption
often made in interpreting purely temporal data sets, such as
those collected by LDV. The representative phase‐averaged
velocity fields during the uprush, reversal, and downwash
phases at the four cross‐shore locations in the surf and
swash zones are shown in Figure 3. Our camera was syn-
chronized to capture the PIV images at the same global time
at each location with respect to a reference phase that is the
wave paddle position in our case. The sequence of images
shown in Figure 3 can be viewed as snap shots of the flow
field covering the outer surf zone to the swash zone for six
different timings. The local bore front arrival is set at the
phase t/T = 0, hence globally the local phase differs at dif-
ferent cross‐shore measurement locations at the same instant
in time. Note that the velocity vectors shown in Figure 3 are
scaled in order to present the flow patterns more clearly, i.e.,
the velocity magnitude scale is different for Figures 3a–3x,
and also the spatial scales of each measurement location are
different.
[14] When the bore front overtakes the downwash, a shear

layer is formed. While a very strong shear layer is evident at
the location of the initial shoreline A3 (see Figure 3k at the
phase t/T = 0), the shear layers at the offshore locations(A1

and A2, see Figures 3a and 3f, respectively) are relatively
weak. Also note that a sign of flow separation is observed
near the bed at x = −28 cm in Figure 3f at the phase 30 t/T = 1

Figure 2. Schematic sketch of the experimental setup viewed from the end of the wave tank (y − z
plane).
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as the reverse flow near the boundary shows the separation
flow. This will be further discussed in section 3.3. At the
swash location,A4, no such shear layer develops because the
water advances on the dry surface without counter flow there.
[15] At the location A2, the momentum of the bore front

spreads down quickly to the bed, returning the flow to
unidirectional (Figures 3b, 3f, and 3j). During the down-
wash phases, the flow accelerates in the offshore direction
throughout until the next bore front washes up the mea-
surement area (see locations A1 and A2 in Figures 3m, 3q,
and 3u and 3n, 3r, and 3v, respectively).
[16] A careful observation of the time sequence of the

flow patterns at A1 shows that the flow reversal due to the
approaching wave trough commences earlier near the sur-
face and the bed than the interior flow: see Figures 3e and
3i. A similar behavior can be seen at A3 (Figure 3s) and at
the swash A4 (Figure 3x). This behavior near the bed can be
explained by the sensitivity of the boundary layers to local
pressure gradients (will be discussed in section 3.4).

3.2. Phase‐Averaged Vorticity Field in the Surf
and Swash Zones

[17] The evolution of the vorticity in the surf and swash
zones is examined. Figure 4 shows the vorticity fields dur-

ing the uprush phases; those during the downwash phases
are shown in Figure 5. The vorticity fields at the bore front
phases are shown in Figure 4 (left) for the measurement
locations A1, A2, A3, and A4.
[18] In the surf zone (Figures 4a–4c), the CCW (negative)

vorticity that is present near the bed during the downwash
phase still remains apparent at the bore front phases. Due to
the CW (positive) vorticity associated with the surface roller
together with the near‐bed‐generated CW vorticity in the
uprush phase, the CCW vorticity near the bed decreases in
strength. The CW vorticity at the bed is diffused up the
water column as uprush phase advances. The strength of
vorticity in the water column decays as phase advances
during the later part of the uprush phase and the early part of
the downwash phase (see Figure 5).
[19] All of the locations, except A4, exhibit the sim-

ilar pattern of vorticity field at the initial uprush phase
(Figure 4): positive (CW) inside of the fluid domain and
negative (CCW) along the boundaries, both along the bed
and the free surface. It is especially so at A3 (Figure 4c). The
formation of the positive (CW) vortical layer represents shear
resulting from the collision of incoming uprush flow and
receding downwash flow; strong CW vorticity was present in
the region in bright red and yellow in Figures 4b and 4c.

Figure 4. Phase‐averaged vorticity (s−1) at the initial uprush phases at the measurement area: (a) A1,
(b) A2, (c) A3, and (d) A4 (positive is CW; negative is CCW).
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Mechanism of vorticity creation in the bore and the conse-
quent shear layer formation were discussed by Yeh [1991].
[20] On the other hand, no such distinct layer of strong

CW vortical flow is present at A1. The location A1 is right
after the wave breaking point, hence, it appears that the
wave breaking itself could not create strong fluid rotation
(i.e., vorticity). Instead of the strong vorticity layer similar to
A2 and A3, weak CW vorticity is observed approximately in
the upper half water column of the flow at A1 (Figure 4a).
[21] To justify the presence of the foregoing negative

vorticity along the water surface, we consider the flow cir-

culation by taking a closed contour in the flow domain
bounded by the free surface and the bed. We choose contour
paths across the domain (connecting the free surface and the
bed) so that the tangential component of velocity along the
path vanishes at a given instant, i.e., the path is kept normal
to the velocity vector; hence not necessarily a vertical
straight line. Given the velocity along the bed is zero
because of no‐slip condition, the flow circulation along the
closed contour must be equal to the line integration of the
velocity along the upper boundary of the domain adjacent to
the real free surface. This flow circulation must be equal to

Figure 5. Phase‐averaged vorticity (s−1) at downwash phases at the measurement area: (a) A1, (b) A2,
(c) A3, and (d) A4 (positive is CW; negative is CCW).
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the integrated vorticity within the domain enclosed by the
circulation contour, it is the consequence of Stokes theorem.
It must be valid for the unsteady flow. Note that as discussed
earlier, our PIV cannot measure the actual water surface
velocity, but the velocities adjacent to the water surface.
[22] The total quantities of the flow circulation during the

three uprush phases (30t/T = 0, 1 and 2) are calculated to be
0.0374 m2/s, 0.0345 m2/s, 0.0194 m2/s, and 0.0155 m2/s for
the locations A1, A2, A3, and A4, respectively. The quan-
tities of the integrated vorticity within the domain during
the uprush phases (30t/T = 0, 1 and 2) are 0.0249 m2/s,
0.0323 m2/s, 0.0201 m2/s, and 0.00840 m2/s for the loca-
tions A1, A2, A3, and A4, respectively. As expected, the
circulation is roughly balanced with the integrated vorticity;
particularly the excellent agreement for the locations A2

(0.0345 m2/s vs 0.0323 m2/s) and A3 (0.0194 m2/s vs
0.0201 m2/s) are remarkable. Highest discrepancy is found
for the location A4 (0.0155 m2/s vs 0.00840 m2/s). Because
Stokes theorem must hold for any differentiable vector field
in a simply connected domain, the discrepancy is related to
imprecision in velocity measurements and vorticity com-
putations in such a small domain (the flow depth less than
1 cm), especially near the free surface and the boundary layer
along the bed. The discrepancy in the location A1 has to be
associated with the measurements, also. The vorticity near
the free surface could be underestimated due to the presence
of entrained air bubbles right after the plunging breaker.
Regardless, the excellent agreement in the locations A2 and
A3 indicates that the strong appearance of negative (CCW)
vorticity near the surface is consistent with the excessively
large positive (CW) vorticity resulted from the collision of
incoming uprush flow and receding downwash flow.
[23] The underlying physical mechanism for this CCW

vorticity near the surface could be explained as follows. In
the frame moving with the bore propagation, the water on
the front face must move faster than the propagation speed,
hence the formation of surface roller. On the other hand, the
water behind the front face must move slower than the
propagation speed, i.e., moves backward in the moving
coordinate frame. This creates the flow divergence on the

surface somewhere on the front face of the bore as depicted
in Figure 6. This necessarily results in the CCW vorticity
near the surface behind the front face, note that vorticity is
Galilean invariant.
[24] Due to the absence of the downwash flow at t/T = 0 in

the swash zone A4 as the bed is dry at the last downwash
phase (Figure 4d), the flow is unidirectional at t/T = 0 in the
swash zone. Therefore, the flow is dominated by CW vor-
ticity generated at the bed in the swash zone. A layer of
CCW vorticity near the free surface is apparent at 30 t/T = 1
at the location A4 (Figure 4d). It is believed that this CCW
vorticity layer is advected from the location A3: as dis-
cussed, the negative (CCW) vorticity is induced near the
surface due to the collision of the uprush and downwash
flows. The CW vorticity generated from the uprush flow at
the boundary is not able to diffuse up to the surface due to
the short uprush duration (relative to the flow depth) in the
swash zone. During the downwash phase, on the other hand,
the CCW vorticity generated at the bed diffuses over the
entire water column at the end of the downwash phase
(Figure 5d). The vorticity is confined by the water surface
during the latter part of the downwash phase in the swash
zone.
[25] The spatial variation of the phase‐averaged vorticity

indicates that the CCW vorticity strength during the
downwash phase is dependent on the duration of the
downwash phase. The flow reverses direction from uprush
to downwash at the phase 30 t/T = 13, 12, 10, and 9 for the
locations A1, A2, A3, and A4, respectively. The longer the
duration of the downwash phase, the stronger the CCW
vorticity. The local maximum values of the CCW vorticity
during downwash are −30 s−1, −50 s−1, −100 s−1, and −150 s−1
for the four measurement locations A1, A2, A3, and A4,
respectively. The CW vorticity strength at the bore front is
dependent on the shear layer strength; the global maximum
of CW vorticity 350 s−1 occurs at the strong shear layer in
the inner surf zone, A3 at 30 t/T = 0 in Figure 4c. The local
maximum of CW vorticity at A1 and A2 are 60 s−1 and
215 s−1, respectively. These results indicate that the initial

Figure 6. Schematic sketch of the physical mechanism for the CCW vorticity near the surface. The
sketch is in the frame moving with the bore front.
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shoreline location, A3, is influenced the most by the vortical
flows.

3.3. The Interaction Between the Bore Front
and the Downwash Flow in the Surf Zone

[26] In order to examine closely the flow field near the
bed, we use the streamlines of the phase‐averaged velocity
field. The streamlines superimposed on the velocity field at
the bore front phases (30 t/T = 0 and 1) at the measurement
locations A1, A2, and A3 are shown in Figure 7. Figures 7a–
7c are arranged so that the broader flow pattern can be
examined conveniently by allowing the coordinate transla-
tion for a very short period, t/T = 1/30 s. Note that no data
at location A4 is presented because the downwash flow
is engulfed by the incident bore far offshore and no inter-
action is observed at location A4. Comparing the velocity
contours at the locations A1, A2, and A3, the velocity gra-
dient ∂hui/∂z at the shear layer is much stronger at the initial
phase t/T = 0 at the inner surf zone location A3 (Figure 7c)

than the other two locations A1 and A2 (Figures 7a and 7b).
At the location A3, the velocity field indicates that a steep
velocity gradient occurs between z = 0.3 cm to 0.6 cm at
t/T = 0 as shown in Figure 7c. The streamlines indicate
that the ratio of the uprush depth to downwash depth plays a
role in determining the strength of the shear layer generated
at the bore front phase. For each location, the maximum
uprush depth and minimum downwash depth are defined as
the maximum depth of the incoming bore and the minimum
depth of the downwash flow. The ratio of the maximum
hhi to the minimum hhi are 1.95, 2.23, and 3.20 for A1, A2,
and A3, respectively. When the depth ratio is high (A3),
the streamline above the trough level is relatively parallel to
the bed (30 t/T = 1 at A3 in Figure 7c), which indicates that
the momentum above the trough level dominates the initi-
ation of the uprush. The same is true for the downwash
flow: the streamlines are parallel to the bed (see Figure 7c
at 30 t/T = 0). As a result, the streamlines change their
direction with very tight turns. Our results indicate that the

Figure 7. Phase‐averaged velocity vector field and streamlines at the bore front phases (30 t/T = 0
and 1): (a) A1, (b) A2, and (c) A3.
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higher the depth ratio, the stronger the shear layer, and also
the flow patterns are different depending on the locations
after wave breaking.
[27] The streamline pattern also implies that flow sepa-

ration occurs at the bed under the bore front. The separa-
tion point in a two‐dimensional flow is defined as the point
on the bed where vorticity hwyi = 0 and ∂hwyi/∂ x < 0.
Note that hwyi = 0 is equivalent to vanishing shear stress at
the bed. Although the present flows are not exactly two‐
dimensional because of the turbulent bores, we still antic-
ipate that the flow near the bed remains approximately
two‐dimensional.
[28] Vorticity generation at the bed has a simple relation

to the pressure gradient for boundary layer flows [Lighthill,
1963]. Because of the no‐slip boundary condition (i.e.,

vanishing inertial force at the boundary), the phase‐averaged
momentum equation on a plane surface can be reduced to

�
@2 uh i
@z2

� �
¼ �

@ !y

� �
@z

¼ @ Ph i
@x

; ð4Þ

where m is the dynamic viscosity and hPi is the excess
pressure (=P + rgz) at the bed surface. Equation (4) means
that the flux of vorticity from the bed is created by the
pressure gradient. Figure 8 depicts the schematic sketch of
vorticity during flow separation at the bore front. Equation (4)
indicates that when the pressure gradient in the x direction is
negative, the vorticity gradient in the z direction ∂hwyi/∂z
is also negative, which means that the positive (CW) vorti-
city is generated at the bed during the bore front phase. The

Figure 8. Schematic sketch of vorticity and vorticity flux out of the bed during (a) flow separation and
(b) flow attachment.
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positive vorticity injection below the bed indicated in
Figure 8a refers to the flux of vorticity out of the bed due to
the negative pressure gradient in the x direction.
[29] In order to satisfy the flow separation condition hwyi =

0, there must be a direction change in the vorticity hwyi
before and after the separation point as indicated in the
schematic sketch Figure 8a. The location of the separation
point can be identified by plotting the phase‐averaged vor-
ticity contours. Figure 9 shows the vorticity contours at the
bore front phase 30 t/T = 1 at the measurement locations A1

and A2. Our measurements allow us to look closely at the
vorticity field hwyi. The red line, green line, and blue line are
the contour lines hwyi = + 10, 0, and −10 s−1, respectively. A
layer of negative (CCW = blue) vorticity is apparent near the
bed in Figure 9 (left), which is advected with the downwash
flow. The separation point for Figures 9a (left) and 9b (left)
is magnified and shown in Figures 9a (right) and 9b (right).
As the bore front passes through the measurement area, the
CW vorticity is being generated on the bed as illustrated in
Figure 8a. The CW vorticity production due to the negative
pressure gradient associated with the bore front interacts
with the CCW vorticity originated from the downwash flow,
reducing the strength of the CCW vorticity near the bed.
Vorticity becomes zero hwyi = 0 at some point on the bed,
where the flow separation occurs on the bed as shown in
Figure 9 for the measurement area A1 and A2. We
emphasize that the preexisting downwash flow is essential
for triggering flow separation. For the measurement area A3,
the separation point cannot be seen from the vorticity con-
tour as the CCW vorticity changes to CW vorticity com-
pletely in less than our resolution of phase (t < t/T = 1/30),
suggesting that the measurement area at A3 is sufficiently
small that the temporal resolution is insufficient to capture

the separation point in a smaller spatial domain at the
location A3 than that at A1 or A2. The mechanism to
induced flow separation indicate that the separation point
advances with the bore front in the onshore direction.

3.4. Flow Reversal

[30] Recall from Figures 3a, 3e, and 3i that in the outer
surf zone (A1), the velocities in the upper water column and
near the bed reverse direction almost at the same time, while
the velocity at the middepth changes direction later. The
near‐bed velocity in the boundary layer always responds to
the excess pressure gradient earlier than the mid water col-
umn velocity, having large inertia, for all the measurement
locations. It is remarkable to note that the near‐water‐
surface velocity is also sensitive to the gradient of water
surface elevation. At the surface, there is no pressure force
(except the air pressure) and it is controlled by the body
force. Hence the inertial effect at the surface is quickly
responded by the water surface slope, whereas the interior
flow must be influenced by the pressure and viscous forces.
Figure 10 shows a snap shot of the velocity field at A3 at the
reversal moment (30 t/T = 10). The pressure‐driven reversal
flow near the bed and the inertial dominant runup flow in
the interior result in the formation of a vortex as detected
with the streamlines in Figure 10a. As shown in Figure 10b,
this vortex is very close to irrotational. It is because the vortex
must have been formed by the pressure force, but not caused
by viscous diffusion from the boundary. This vortex pattern
disappears immediately in the following phase, which is
indeed the behavior of a pressure‐driven irrotational vortex.
[31] When the flow direction reverses from uprush to

downwash, the excess pressure gradient is positive, i.e., the
excess pressure is higher at the onshore location relative to

Figure 9. Phase‐averaged vorticity contours (s−1) at the phase 30 t/T = 1: (a) A1 and (b) A2; red
line is −10 s−1, green line is 0 s−1, and blue line is + 10 s−1. The (left) near‐bed portion is also shown
(right) magnified.
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the offshore location. According to equation (4) the nega-
tive (CCW) vorticity is generated at the bed boundary along
the uprush boundary layer: the uprush boundary layer con-
tains vorticity that is positive (CW). Hence at some point in
the reversal process, hwyi vanishes, and streamlines inter-
sect at the bed boundary. However, unlike flow separation,
∂hwyi/∂x must be positive. This indicates flow attachment
instead of flow separation for two‐dimensional flows as
shown in the sketch in Figure 8b. Such an attachment flow
pattern can be observed near x = 1 cm at A3 in Figure 10a.

3.5. The Velocity Characteristics in the Surf and Swash
Zones

[32] The profile of the horizontal velocity component over
depth in a wave cycle can be divided into three character-

istic intervals. The first interval is the accelerating phases
(Figure 11, 30 t/T = 29, 0, and 1). In the surf zone the
horizontal velocity near the bed is still directed offshore
(Figure 11a). The profile at 30 t/T = 2 in Figure 11a is the
phase at which the velocity gradient ∂hui/∂ z = 0 at the bed,
where the flow separation point is located. The CCW
(negative) vorticity at the free surface emerges as the water
depth increases: this negative vorticity was resulted from
the collision of the downwash and uprush flows as we
discussed in section 3.2.
[33] The second interval is the stage at which the

uprush flow decelerates due to the gravity force (Figure 11,
30 t/T = 2 to 9). It is evident in Figure 11 that the CCW
vortex (∂hui/∂z < 0) at the water surface at A4 is sustained
longer than at A3. This is partly because the flow depth at

Figure 10. Vortex generation at A3 during the reversal phase: (a) streamlines (blue) and velocity vector
field and (b) vorticity field indicating that the flow is essentially irrotational despite the formation of the
clear vortex.
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A4 is much shallower and turbulence is weaker relative to
A3; i.e., the momentum mixing of the generated vorticity
should be less atA4 than atA3. The velocities nearest the bed
and the water surface change to the offshore direction first,
which implies the fluid near the bottom and the water surface
respond to the pressure gradient earlier than the interior fluid.
This results in the vortex formation (circulation) when the
flow reverses direction, indicating that flow circulation exists
in a wave cycle of the flow, although its formation is eva-
nescent and quickly wiped out in the subsequent reversal flow
formation. As discussed earlier, this behavior is consistent
with that of the irrotational vortex. In spite of the very large
ratio of the horizontal wavelength scale to the flow depth in
the swash zone, it is not a simple oscillating flow such as the
traditional unsteady oscillating boundary layer flow.
[34] The last interval is the phases of downwash acceler-

ating flow driven by gravity (Figure 11, 30 t/T = 10 to 29).
In the surf zone (Figure 11a, 30 t/T = 15 to 28), the
downwash flow has the characteristics of (negatively)
accelerating (consequently thin) boundary layer flows. In
the swash zone (Figure 11b, 30 t/T = 17 to 27), the
decreasing water depth during the latter part of the down-
wash eventually causes the boundary layer to saturate the
entire flow depth.

[35] Comparing the maximum velocity between the
uprush and downwash, the magnitude of the uprush and
downwash velocities are very close (22 cm/s) in the surf
zone (Figure 11a, 30 t/T = 1 and 29). However, the down-
wash velocity is 1.66 times the uprush velocity in the swash
zone (Figure 11b, 30 t/T = 1 and 26). In spite of the very
shallow flow in the swash, the vertical velocity profiles in
the most of the uprush and downwash processes are far
from uniform for this boundary dominated flow, whereas
the uniform velocity profile over the depth is one of the
requirements for the shallow‐water‐wave approximation.
The flow speed retardation on the free surface during the
uprush process is remarkable for this transient flow. Note
that for steady and uniform open channel flows, the maxi-
mum velocity is known to be located at some depth below
the free surface. The similar but more enhanced velocity
profiles are observed in the swash zone (30 t/T = 1 to 10) as
shown in Figure 11b.

4. Conclusions

[36] Based on the laboratory experiments using PIV, the
following flow characteristics and behaviors in the surf and

Figure 11. Phase‐dependent vertical profile of horizontal velocity averaged across FOV: (a) A3 and
(b) A4. The numbers represent the phases (= 30t/T).

SOU AND YEH: FLOW STRUCTURE IN SURF AND SWASH ZONES C03002C03002

13 of 15



swash zones were found. A summary sketch is shown in
Figure 12.
[37] 1. The primary characteristics of the surf zone that

differs from the swash zone is the occurrence of flow sep-
aration at the bed when the uprush bore meets with the
downwash phase. As discussed in section 3.3, flow sepa-
ration is induced by the large and negative pressure gradient
(pointing offshore) caused by the sudden increase in water
depth at the bore front. The separation point advances with
the bore.
[38] 2. Flow attachment is observed during the flow

reversal. A vortex formation was observed near the bed as
the flow near the bed responds to the pressure gradient
earlier than that in the water column where the inertia
effect is significant. This vortex appears to be irrotational
and quickly disappears when the flow becomes fully
unidirectional.
[39] 3. In the surf zone the thin layer of CCW vorticity on

top of the CW vorticity is generated along the water surface
due to strong induction of the CW vorticity by the collision
of the uprush and downwash flows. We demonstrated that
the presence of CCW vorticity on the surface is necessary
based on the Stokes theorem. The surface flow pattern can
support the presence of CCW vorticity on the surface behind
the surface roller.
[40] 4. In the surf zone, the maximum intensity of vor-

ticity occurs at the shear layer in the inner surf zone at
the location A3. The vorticity intensity at the shear layer
decreases in magnitude in the offshore locations, indicating
that the initial shoreline location A3 is influenced the most
by the vortical flows.
[41] 5. The magnitude of the downwash velocity in the

swash zone is greater than that of the uprush process.
Therefore, the swash zone flow observed in the experiments
should be erosive in the lower part of the swash and
accretive in the upper part where flow attachment occurs.
The observed velocity profiles over depth in the swash zone
deviates substantially from uniform, exhibiting complex
vertical structures in such shallow water flows.
[42] 6. Since flow separation occurs at the bore front, the

detached sediments from the bed by flow separation must
remain suspended by the wave‐breaking‐generated turbu-
lence and the shear‐layer‐generated turbulence in the first
temporal turbulence interval discussed by Sou et al. [2010].
The flow separation underneath the bore front must play an
important role in sediment influx as suspended load. Flow
attachment occurs at the flow reversal, which is within the
second turbulence interval. Since there is no significant
mean shear in the water column at the flow reversal, tur-
bulence production is close to zero and the turbulence

evolves as free turbulence decay without boundaries [Sou
et al., 2010]. The suspended sediments should deposit on
the bed with the flow attachment process as the wave‐
breaking‐generated turbulence and the shear‐layer‐generated
turbulence levels become relatively low at the flow reversal.
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