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Project Narrative
1. Introduction
Waves and currents are the principal physical factors dominating the hydrodynamics of the coastal zone.
Currents may be driven by tides, wind, waves, density variations or river outflows. Surface gravity waves
are formed by a broad range of sources, usually open ocean storms within mid- to high-latitudes or local
winds. The orbital motion of water particles produced by waves decreases with increasing depth within
the water column, and becomes negligible for depths greater than approximately L/2 (where L is the wave
length). However, in shallower water depths, orbital velocities near the bed can become significant and
produce an oscillatory bed shear-stress (Dean and Dalrymple 1990; Nielsen 1992). The turbulent motions
generated along the seabed by surface waves thus play a fundamental role in coastal waters through their
effects, for example, on wave transformation and energy dissipation, sediment suspension and transport,
overall water quality or ecosystem health. The nature of the bottom (mud, sand, rock, coral,...) and the
topography of the seafloor have, in turn, important effects on the coastal wave and current fields. These
factors affect and modify the structure of the near bed flow, depending on the scale of the roughness
elements or whether the seabed surface is smooth or rough. The dynamics of near-bed turbulence
thus controls many unique, physically as well as chemically and biologically important processes (e.g
food capture by benthic organisms, larvae dispersal and waste removal, particulate exchange processes
(Abelson et al. 1993; Atkinson et al. 2001; Denny 1988)) that take place within the thin boundary layer
above - or within - the sea bed.
In the last decades, much work has been dedicated to the parameterization of bed roughness but
mainly within the framework of small scale homogeneous bed (i.e. sand ripples). In that case, the scale of
roughness is at least an order of magnitude smaller that the orbital excursion. For coral reef, roughness is
inhomogeneous and individual elements can often be of the same order of magnitude as the wave orbital
amplitude. In that particular case, very few studies have been undertaken and we are lacking established
parameterizations for this high roughness regime. However, recent studies show that spatial variations in
roughness may introduce gradients in shear stress along the boundary that may lead to residual circulations (Pawlak and MacCready 2002). These residual flows serve as mechanisms for enhanced mass
and momentum transfer from the boundary and this may significantly affect wave dissipation and refraction. This view of the boundary layer suggests a significant horizontal variability in turbulent properties
dependent on the local bottom structure and therefore precludes the use of conventional one-dimension
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boundary layer observation techniques.
In this study, acoustic profiling techniques are used to resolve the two-dimensional spatial structures
of the oscillating boundary layer in a phase-averaged sense over a wave orbital amplitude. The principal
objective of this work is to examine the spatial variability of turbulent properties over irregular roughness.
Field observations are used to investigate the interaction between bottom roughness, flow structure and
turbulent properties within the near-bed flow. The overall focus of the research is to relate wave energy
dissipation or friction factor estimates to physical roughness elements and understand the dynamics of
such processes in the near-bed flow.

2. Results
A series of field experiments have been carried out to obtain measurements of mean currents and turbulence over a coral reef on the south shore of Oahu, Hawaii. These field observations took place at the Kilo
Nalu Nearshore Reef Observatory which provides data and power connections to a suite of observational
instruments that resolve waves, tides, currents and nearshore water quality. The primary swell activity
at the site occurs in summer, associated with long period (14-22 seconds) swells from distant southern
hemisphere sources, with typical significant wave heights of 1-3 meters. Currents in the area are predominantly alongshore and tidally modulated ranfing up to ∼20 cm/s. Tides are semi-diurnal with maximum
ranges of about 1.1 meters and tidal currents are generally weak (figure 1).
These flow measurements made use of acoustic-based instrumentation: the beams configuration of
an Acoustic Doppler Current Profiler (ADCP) mounted downward-looking on an automated horizontal
profiler (figures 2 and 3) was exploited to obtain a high-resolution two dimensional view of the near-bed
flow (figure 4). This instrument has a 4-beam Janus configuration, each beam aligned 20 degrees from
vertical at 90-degrees azimuthal increments. In its normal mode of use, this instrument provides velocity
profiles of the over-or underlying water column at set locations. The velocity vector represents an average
over an increasing volume of fluid as distance from the instrument increases. Thus this use of the ADCP
(downward-looking here) is not ideal for boundary layer measurement since it loses spatial resolution near
the bottom, where it is needed most. If the flow field is approximately periodic and if the instrument can
be moved, this difficulty can be overcome in the following way (figure 3).
The ADCP is mounted on the platform approximately 1.5 m above the bottom, pointed downward so
that two beams are in the vertical plane of the wave motion and two are in the vertical plane perpendicular
to it. The velocity data along each individual beam is collected over a large number of wave cycles. The
instrument is then moved to a new location along the axis of wave motion and data is collected. From
the two instrument positions there is one common point where the beam locations cross. At this single
location we have velocity data in two dimensions from the two beams. Using simple geometry we can
reconstruct the horizontal and vertical components of the velocity vector from the two along beam velocities. Although these time series are not collected concurrently, if the flow is assumed to be coherent over
distinct wave cycles, averaging of the velocity data based on the phase of the wave can yield a picture
of the flow structure over the wave period. Indeed we can expect large-scale flow structures generated
by the roughness elements to be consistent at similar phases of the wave motion. It is this coherence
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Figure 1: Wind, wave, tide and current conditions at study site in September 2005. (a) wind speed
and direction Dwd clockwise from True North. (b) Significant wave height Hs and Peak period Tp . (c)
20-min average wave velocities (black =urms , dark gray = vrms , light gray = wrms ). (d) 20-min average
mean currents (black = cross-shore, dark gray = alongshore, light gray = vertical components). (e) Tidal
elevation (as represented by the deviation from mean depth measured at site).
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Figure 2: Pictures of the underwater profiler composed of a support structure, an instrument mount and a
profiling axis (in yellow). The picture on the left shows the downward-looking ADCP (left corner) and ADV
as well as the bottom structure. The picture on the right shows a ”view from above” of the profiler.

Figure 3: Technique to reconstruct the 2-D phase-averaged view of the velocity field over a wave cycle.
From two instrument positions, there is one common point where the beam paths cross in the vertical
plane of the wave motion. At this single location we have velocity data in two dimensions from the two
beams. Although these time series are not collected concurrently, if the flow is assumed to be coherent
over distinct wave cycles, averaging of the velocity data based on the phase of the wave can yield a picture
of the flow structure over the wave period.
4

that results in the type of flow patterns observed by Pawlak and MacCready (2002) for oscillating flow
past a rough patch. Using multiple instrument positions, we can then obtain the 2-D velocity vector in the
plane of wave motion at a number of points. In this manner, a 2-D phase-averaged view of the velocity
field over a wave period can be reconstructed. The implications of phase averaging are that random flow
structures are eliminated, while regular, periodically generated structures are emphasized. In addition to
the ADCP, a Nortek Vector Acoustic Doppler Velocimeter (ADV) was mounted on the profiling axis along
the ADCP but slighly off-axis, at a vertical position corresponding to an ADCP bin. The ADV provides
a high-resolution single point measurement of velocity that allows independent verification of the ADCP
data. The mathematical formulation of the phase-averaging as well as the details of the analysis may be
found in Bandet and Pawlak (2008).
This paper presents some results of a field experiment conducted in September 2005. Data in figure
4 represents along-beam ADCP data collected over the one-week swell period and averaged together
by wave phase for wave events matching specific wave orbital diameter criteria. Figure 4 highlights the
difference in the phase-averaged velocity field between ”high energy” and ”background” swell conditions
recorded at the field site. The ”high energy” swell condition gathers waves with an orbital diameter greater
than 3 meters, whereas the ”background” swell only considers waves with an orbital diameter less than
0.75 meter. This distinction in wave forcing allows us to compare the near-bed dynamics under different
swell conditions. The left panels a) and c) show the maximum amplitude of the phase-averaged velocity
field normalized by cnoidal wave velocity and the right panels b) and d) the associated phase at which
the maxima occur. The solid black line with error bars outlines the estimated bottom location from in-situ
diver measurements. Common key features are emphazed in both cases: 1) The upper region of the
2-D domain is characterized by a maximum velocity amplitude (panels a) and c)) that is somewhat steady
along the horizontal axis and, as we get closer to the bottom, the maximum velocity amplitude shows
spatially variable amplification inside the near bed region characterized by a sharp increase in magnitude.
These features are particularly highlighted in panel a) under the high energy swell conditions where velocity amplitudes reach up to 1.6 near the bed whereas maximum velocity amplitude in the upper region
remains just above 1. These ”overshoot” regions extend vertically 20 to 40+ cm from the bed. Under
the background conditions, the results are much more noisier. The ”overshoots” are much smaller and
not as intense, reaching 0.2 near the bed while the maximum amplitude in the upper region barely reach
0.1, and extending at most up to 20 cm from the bed. 2) The associated phases at which the maximum
amplitudes occur highlight a spatially variable phase-lead of the near-bed region compared to the upper
region of the domain. Under both the high energy and background swell conditions this difference ranges
between 20 to 40 degrees. In both cases the accelerations of the near-bed flow seem to take place in the
close vicinity of two roughness elements, between the cross-shore positions 60 and 100 cm, and 120 and
180 cm. These results are consistent with vortex shedding and flow separation around bed roughness
elements.
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Figure 4: Phase-averaged velocity field data from September 2005 deployment. Upper panels: High
energy swell conditions, lower panels: background swell conditions. a) and c) Maximum phase-averaged
velocity amplitude, normalized by cnoidal wave velocity. b) and d) Phase associated with the maximum
phase averaged velocity amplitude highlighting phase lead near the bed. In all four panels the solid black
line represents in-situ scuba diver measurements and outlines the bottom location.
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Figure 5: Phase-averaged velocity field data from September 2005 deployment corresponfing to wave
phase 120 degrees under high energy swell conditions. The blue and red vectors represent ADCP and
ADV data, respectively. The solid black line represents in-situ scuba diver measurements and outlines the
bottom location.

Figure 5 shows a snapshot of the phase-averaged velocity field coincident with the wave phase 120
degrees, highlighting the phase shift near the bed along with the flow turning around individual roughness
elements. The blue and red vectors represent ADCP and ADV data, respectively. The ADV was located
approximately 50 cm off axis compared to the ADCP and as a consequence doesn’t measure the same
volume of water. But the two instrument were close enough to capture the key features of the nearbed flow, as described above. Figure 6 shows the evolution of variance as a function of wave phase
normalized by the local wave variance. This sequence highlights the spatially variable production of
turbulence at particular wave phases, associated with roughness elements along the rough reef surface.
While a portion of this velocity variance is due to ADCP ping-to-ping measurement uncertainty, the spatial
structure is indicative of areas of high turbulence. These features are characteristic of near-bed flow over
inhomogenous boundaries and provide a mechanism for enhanced momentum transfer as described in
Pawlak and MacCready (2002).
These data are being further examined to obtain spatially averaged wave and current profiles enabling
calculation of average friction velocities and friction factors. An additional set of observations is being
carried out to measure velocity profiles at several heights above the bed along the central axis of the pro7
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Figure 6: Evolution of variance as a function of wave phase, normalized by the local wave variance.
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Figure 7: Vertical profiler located at a key location along the bed corresponding to earlier ADCP measurements described above. A downward-looking ADV is mounted on the profiler (vertical central assembly
with motor as the vertical yellow cylinder). The yellow case on the left side of the sawhorse frame corresponds to an electronic subnode, the one on the right side of the frame to an ADV battery case. A second
ADV upward-looking is used (fixed) to collect wave and current measurements.)
filer. One ADV is mounted downward-looking on a vertical profiler, so that it measures the 3 components
of velocity at different levels near the bed (figure 7). An upward-looking ADV is used, fixed in place, to
characterize the wave and current fields. Estimates of the bed shear stress will be investigated (Smyth
and Hay 2002). Thus, given that in a turbulent fluid a simple relationship between the velocity field and
the shear stress can be obtained by using the eddy viscosity concept, we expect to find out whether the
”turbulent closure models” such as those developed by Grant and Madsen (1979) or Christoffersen and
Jonsson (1985) for bottom boundary layer under waves and currents hold over very rough surfaces. In
particular, we are pursuing an appropriate turbulent formulation within the wave boundary layer. These
vertical profiles will allow for the determination of a characteristic roughness (zo ) at key locations along
the bed that we could compare directly with our bed measurements. We will therefore be able to explore
whether the structure of the turbulent boundary layer is dominated by a single characteristic roughness
scale. These observations will also provide an additional data set to examine coherent flow structures.
Velocity and shear stress distributions along with information on the wave current boundary layer
structure and roughness characteristics will provide a basis to investigate turbulent properties in the nearbed region as well as estimate local wave energy dissipation at the field site.
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3. Significance and Impact
The technique developed in this work allows to successfully reconstruct the 2-D near-bed flow in a phaseaveraged sense over a wave orbital amplitude from ADCP data. This view of the near-bed flow over a very
rough surface highlights spatially variable characteristics consistent with the flow regimes discussed in the
work of Pawlak and MacCready (2002). The two key features revealed in the near-bed region -overshoot
and phase-shift of the near bed flow -are consistent with boundary layer theory (Schlichting 1979; Kundu
1990; Nielsen 1992) and with flow separation and vortex shedding around roughness elements. These
observations emphasize the spatial variability of the boundary layer over an inhomogeneous bottom. The
results of this research constitute the core of the recipient’s PhD dissertation, who is expected to graduate
in the Spring ’08.
These observations of the interactions between waves and the rough boundary of coral reef are expected
to extend the understanding of the underlying physics of wave-current boundary layers over extreme
roughness and to lead to more accurate parameterization of the effects of waves and currents in the
nearshore for use in wave and sediment transport modeling in reef and rocky environments. Nearshore
numerical wave models typically use roughness parameterizations based on uniform roughness, which is
only loosely related to the actual roughness over an inhomogeneous bottom.
A significant impact of this work has been the ability to extend part of the Kilo Nalu Nearshore Reef
Observatory. Part of this work drove the need to enable real-time access to data and remote control of the
profilers, facilitating deployment of instruments that would otherwise be limited to short-term deployment.
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Archival journal papers or scholarly
reports
One paper describing the technique developed in this study is in preparation:
Bandet M. D. & G. Pawlak, 2008: A technique for spatial characterization of wave-induced flow over
inhomogeneous boundaries. in preparation
The more advanced results are expected to be published in 2008 and will acknowledge Link Foundation support.
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