Limnol. Oceanogr., 53(5, part 2), 2008, 2273–2286
2008, by the American Society of Limnology and Oceanography, Inc.

E

Plume dispersion on a fringing coral reef system
Nicole L. Jones and Ryan J. Lowe
School of Environmental Systems Engineering, University of Western Australia, Crawley, Western Australia, 6009,
Australia

Geno Pawlak
Dept. of Ocean and Resources Engineering, University of Hawaii, Honolulu, Hawaii 96822

Derek A. Fong and Stephen G. Monismith
Environmental Fluid Mechanics Laboratory, Dept. of Civil and Environmental Engineering, Stanford University,
Stanford, California 94305
Abstract
A field program was implemented on a fringing reef located on Oahu, Hawaii, to investigate the dispersion
characteristics of near-bed dye plumes, tracked using an autonomous underwater vehicle (AUV) with an onboard
fluorometer. The combination of moored and AUV-based measurements collected synchronously in this study
allowed us not only to observe the dispersion characteristics of individual plumes, but importantly to isolate the
flow structures directly responsible for dispersion under a variety of forcing conditions. The evolution of several
plumes was observed, each influenced by different wave (surface and internal), current, and stratification
conditions. The observed dispersion was caused by both turbulent dispersion and plume meandering. Lateral
turbulent dispersion coefficients were roughly an order of magnitude greater than previous observations on sandy
beach sites, which is likely attributable to the enhanced surface wave–induced mixing and the large physical
roughness of the reef. For a large portion of the 2-week experiment the effects of meandering dominated over
turbulent dispersion (on average 1.5 times greater). The meandering was the result of large-scale cross-reef current
variability. Moored thermistor chain data on the forereef suggest that the source of this cross-reef flow variability
were packets of solitary waves that accompanied the propagation of baroclinic bores up the reef slope. Baroclinic
bores dissipated before they reached the inner reef when surface wave conditions were large, resulting in the
reduction of plume meandering during this period.

Predicting the transport and dispersion of material on
coral reefs is vital to our understanding of a number of key
processes operating within these systems. Hydrodynamic
processes on reefs are known to, for example, control the
distributions of dissolved and particulate nutrients (e.g.,
Atkinson and Bilger 1992; Yahel et al. 1998) as well as to
govern the spatial extent of contaminant spills and
wastewater discharge (e.g., Roberts 1999; Ramos et al.
2007). Reef circulation has also long been recognized as
controlling the dispersal patterns of planktonic material
such as coral and fish larvae (e.g., Wolanski et al. 1989;
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Roberts 1997; Meekan et al. 2006). Specifically, these
physical processes can determine patterns of reef connectivity (e.g., Lee and Williams 1999; Lugo-Fernandez et al.
2001; Harii and Kayanne 2003), the transmission of coral
diseases (e.g., Rutzler and Santavy 1983), and the
movement of coral predators (e.g., Dight et al. 1990). In
practical terms, an overall improvement in our understanding of the hydrodynamic processes controlling material
transport on reefs would ultimately provide marine
managers with information key to the successful management of coral reefs as natural resources (e.g., Shanks et al.
2003; Levin 2006; Thorrold 2006).
Transport of material in the marine environment can be
viewed as being governed by two processes: advection and
dispersion. If we consider a hypothetical patch of material
suspended in a water column, advection by flow structures
larger than the patch will determine its rate of travel and
direction, and ‘‘turbulent dispersion’’ by flow structures
comparable or smaller than the patch will dictate its lateral
and vertical spreading. Dispersion is often modeled using
Fick’s law, where the flux of the material is locally
proportional to the gradient in the mean concentration.
The constant of proportionality is known as a turbulent
dispersion coefficient. For material undergoing Fickian
dispersion, the turbulent dispersion coefficient is constant
for timescales long compared to the turbulent decorrelation
timescale (Lewis 1997). For timescales shorter than the
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turbulent decorrelation timescale, the dispersion coefficient
will depend on the scale of the patch itself, i.e., the
dispersion is ‘‘scale-dependent’’ (Fischer et al. 1979). The
particular class of scale-dependent growth is governed by
the characteristics of the turbulent flow field. For example,
if the energy density of the fluctuating velocities obeys a
three-dimensional Kolmogorov spectrum, then the dispersion coefficient will be proportional to the patch lengthscale to the 4/3 power (Richardson 1926; Batchelor 1952;
Okubo 1968). Field measurements have shown the 4/3 law
to hold in many marine environments (e.g., Okubo 1971;
Stacey et al. 2000; Fong and Stacey 2003). However, Fong
and Stacey (2003) suggest that the plume can grow to large
enough scales such that the turbulent velocities that
dominate dispersion are two-dimensional in the enstrophy
cascade region (Kraichnan 1967; Batchelor 1969), resulting
in a dispersion coefficient that is dependent upon the
lengthscale squared.
Despite recent advances in computing capability, even
the most finely resolved grids used in numerical circulation
models are generally larger than the dominant flow
lengthscales controlling dispersion (e.g., Roberts 1999).
As a result, numerical circulation models must rely on
empirical expressions developed in laboratory and field
studies to parameterize these subgrid-scale dispersion
processes. Laboratory studies (e.g., conducted in flumes)
have advanced our understanding of these processes in a
controlled setting; however, these studies cannot capture
the complex bathymetry and forcing conditions present in
many nearshore environments. Historically, a large number
of field studies have been conducted in the surface waters of
lakes and the open ocean (e.g., Sundermeyer and Ledwell
2001; Stevens et al. 2004) and a limited number of
experiments have investigated dispersion on sandy beaches,
including both outside of the surf zone (e.g., Stacey et al.
2000; Fong and Stacey 2003) and within the surf zone (e.g.,
Spydell et al. 2007). Many of these studies have failed to
identify the specific mechanisms responsible for the
dispersion measured.
The dynamics controlling dispersion on fringing coral
reefs are not well understood, and may differ appreciably
from other nearshore systems. The morphology of reefs is
generally much more complex than that of beaches (e.g.,
they typically have a complex topography and large bed
roughness) and in addition their near-bottom water motion
is often dominated by both surface (e.g., Hardy and Young
1996; Lowe et al. 2005) and internal waves (e.g., Wolanski
and Delesalle 1995; Leichter et al. 1996).
The goal of this study was to investigate the dispersion
characteristics of near-bed dye plumes released on a fringing
coral reef located on the south shore of Oahu, Hawaii. An
autonomous underwater vehicle (AUV) equipped with an
onboard fluorometer was used to measure the dye concentration field downstream from a near-bed dye source. The
AUV provided high-resolution sampling in space and time
(Ramos et al. 2007), accomplishing the near-synoptic
sampling necessary to study dispersion in this complex flow
environment. We utilized a combination of moored and
AUV-based measurements to acquire a unique data set that
was used to investigate the physical mechanisms responsible

Fig. 1. (A) Study site, instrumentation, and bathymetry
contours in meters. (B) ADCPs (triangles), thermistor chain
mooring (square) and dye source (circle). The AUV paths for the
‘‘box’’ mission (solid line) and ‘‘mow’’ mission (dashed lines)
are shown.

for dispersion. Specifically, the results allowed us to
investigate (1) the effect of the extreme bottom roughness
and complex bathymetry of the coral reef on dispersion rates,
and (2) the role of wave motion (both surface and internal)
on dispersion within this system.

Methods
The field experiment was performed between 12 July
2004 and 20 July 2004 in the near-coastal region of Mamala
Bay, located on the south shore of Oahu, Hawaii
(21u17.49N, 157u529W). The study site was located approximately 400 m offshore on a fringing coral reef (Figs. 1, 2).
To generate the plumes, a diver-deployed, autonomously
pumped dye source released Rhodamine WT (RWT) dye at
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Fig. 2. (A) Photograph of the reef at the study site. (B) The
autonomous dye source. (C) A mosaic of the sidescan images
collected by the AUV at the study site with isobaths overlaid. The
blue square indicates the AUV ‘‘box’’ transect path and
bathymetry contours are in meters.

a rate of approximately 5 g min21 (Fig. 2B). A mixture of
one part 20% RWT (mass/volume solution) and four parts
fresh water resulted in 40 mg L21 RWT solution of density
approximately equal to that of the ambient seawater. The
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40 mg L21 RWT solution was pumped (Cole-Parmer
micropump A-73003-14) at 80 3 1023 L min21 from a
10-liter bladder through soaker hose tubing extended along
a vertical cylinder of 5 cm diameter, distributed over a
height from 0.5 to 1.5 m above the bed. The result was a
neutrally buoyant and diffuse near-bed dye source with
minimal momentum.
Current profiles and wave conditions were measured using
three 1200-kHz Workhorse acoustic Doppler current profilers (ADCPs) (Teledyne-RD Instruments) placed 100 m apart
along the 10-m isobath (Fig. 1). The ADCPs recorded
velocities with a vertical bin resolution of 0.3 m at 1-s
intervals using Mode 12 (fast-pinging rate mode). The first
measurement bin was centered ,0.7 m above the bed. To
investigate thermal stratification and baroclinic motions, we
moored a thermistor chain (SBE39, Seabird Electronics)
offshore in ,24 m of water. We placed thermistors at
intervals of approximately 1 m over the water column from
1.7 to 15.3 m above the bed. Additional profiles of water
column stratification were obtained in the vicinity of the
plume using an OS200 (Ocean Sensors) conductivity,
temperature, and depth (CTD) profiler cast from a boat.
To measure vertical profiles of dye concentration, the profiler
included a Cyclops RWT fluorometer (Turner Designs).
We sampled the plumes using a REMUS AUV
(Hydroid) with an onboard Cyclops RWT fluorometer,
sampling at a frequency of 9 Hz. We programmed the
AUV to execute each mission at a speed of 2 m s21,
resulting in a horizontal resolution for dye sampling of
,0.2 m. The fluorometer on the AUV was calibrated using
standards prepared using seawater collected at the site. The
fluorometer could reliably detect dye concentrations as low
as 0.15 mg L21. The vehicle was also equipped with an
upward and downward 1200-kHz Doppler velocity log
(DVL) (Teledyne-RD Instruments), a CTD (Ocean Sensors) probe sampling at 4 Hz (corresponding to a
horizontal resolution of ,0.5 m), and a 900-kHz sidescan
sonar (Marine Sonic Technology).
The REMUS AUV navigates by both acoustic (longbaseline and ultrashort-baseline) navigation and dead
reckoning using the DVL (Moline et al. 2005). The AUV’s
horizontal position was accurate to about 2 m. In the
vertical direction, we programmed the vehicle to hold a
fixed altitude ,3.5 m above the bottom, achieved using the
downward-looking DVL as an altimeter.
The dye concentration measurements made by the AUV
were designed to capture both the spatial and the temporal
variability of individual plumes. The first measurement
program consisted of the AUV flying in a 200 3 200-m
‘‘box’’ pattern designed to sample the plume rapidly at a
fixed distance downstream of the source (Fig. 1B). The
AUV repeated the measurement path approximately 25
times in order to assess both the spatial (lateral) and the
temporal variability of each plume’s structure. The second
measurement program, consisting of a ‘‘mow’’ pattern that
was repeated four consecutive times (Fig. 1B), was
designed to measure both the lateral and the longitudinal
spatial characteristics of the plume as it developed
downstream of the source; this program had reduced
temporal resolution.
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We defined the coordinate system as (x, y) 5 (0, 0) at the
dye source with x as the alongshore component (southeast
positive), y the cross-shore component (positive onshore),
and z the vertical coordinate, measured positive upwards
from the seabed, z 5 0. The velocities were defined as
alongshore U (southeast positive) and V (positive onshore).

Results
Site description—We carried out the study at the Kilo
Nalu Observatory site located in Mamala Bay (Fig. 1). A
fringing coral reef, flanked by the entrance to Honolulu
Harbor on the west and the Kewalo Basin entrance to the
east, dominates the site. The bathymetry is characterized by
a fairly steady slope (,1:30) to a depth down to 40 m,
followed by a very sharp drop, reaching depths of 200 m
within 2 km from shore and 500 m within 8 km. The surf
zone was located approximately 300 m inshore of the dye
source.
A mosaic of the sidescan images collected by the AUV in
the study area with isobaths overlaid highlighted the
complexity of the site (Fig. 2C). The image revealed a spur
and groove morphology with elevated regions of high
roughness separated by quasiperiodic deeper sand channels, appearing as the smooth-textured regions in the
sidescan imagery. A pronounced example is the large sand
channel bordering the right side of the observation domain.
Higher resolution views of the sidescan data in the sand
channel revealed complex ripple morphologies. The coarsetextured region dominating the center and left part of the
mosaic is predominantly very rough fossil reef with
relatively sparse coverage by live cauliflower and encrusting
corals. Nunes and Pawlak (2008) used an empirically based
analysis of sidescan data collected by a REMUS AUV at
the site to estimate relative roughness; the results compared
favorably with boat-based altimeter measurements. Their
observations yielded root-mean-squared roughness height
values between 15 and 20 cm for roughness features with
horizontal wavelengths less than 2 m (Nunes and Pawlak
2008). This very rough reef region extends to about the 10m isobath, below which the bottom is generally bare,
smoother fossil reef stretching to about the 15-m depth,
where more dense live coral coverage begins (not shown).
The AUV effectively sampled the complex bathymetry of
the study site (Fig. 3).
Semidiurnal tides dominate the current field in Mamala
Bay, with current variance ellipses aligned with the
alongshore direction (Eich et al. 2004). The 2-week ADCP
time series at the 10-m isobath revealed maximum depthaveraged alongshore currents of 0.17 m s21 in the southeast direction and 0.25 m s21 in the northwest direction.
The median alongshore depth-averaged currents were
0.05 m s21 in the southeast direction and 0.06 m s21 in
the northwest direction. The significant wave height, Hsig,
varied from 0.8 to 1.5 m and the peak wave period varied
from 12 to 22 s. Near-bed wave-induced velocities ranged
from 0.15 to 0.6 m s21.
The friction velocity associated with the mean current u*
was estimated using logarithmic fitting of the mean velocity
profiles U according to the relationship

Fig. 3. Cross-shore transect of bathymetry derived from
REMUS altitude and pressure data for the west (solid line) and
the east (dashed line) sides of the sampling box.

U ðz, tÞ ~



u ðtÞ
z{d
ln
k
z0

ð1Þ

where k 5 0.41 is the von Karman constant, d is the
displacement height, and z0 is a hydraulic roughness
lengthscale. To ensure that a well-defined log region existed
over the measurement points used in the fit, we used only
profiles having an r2 . 0.95 in the analysis. The drag
coefficient is defined as
Cd ~

u2
U02

ð2Þ

where U0 is the reference velocity. U0 can be defined in a
number of ways, but here the depth-averaged mean velocity
was used. We found that the drag coefficient was 0.031 6
0.005 at the northeast ADCP site, 0.034 6 0.005 at the
central ADCP site, and 0.024 6 0.005 at the southwest
ADCP site, resulting in an average Cd for the three sites of
0.030 6 0.005. These values are much larger than the
canonical drag coefficient for flat sandy beds of 0.0025
(Dronkers 1964), but similar to other direct measurements
of CD on coral reefs, e.g., CD 5 0.06 (Lugo-Fernandez et al.
1998); CD 5 0.01 (Reidenbach et al. 2006) and CD 5 0.015
(Coronado et al. 2007).
Surface waves will generally increase bed friction by
enhancing near-bed momentum transfer (e.g., Grant and
Madsen 1979). The drag coefficient, as defined in Eq. 2,
would thus be expected to vary with wave conditions.
However, we found the measured mean flow drag
coefficient to be insensitive to changes in the wave height
over the study period. This was likely a result of the large
physical bottom roughness that was comparable in
magnitude to the wave orbital excursion length (0.5–
1.5 m, calculated via linear wave theory) along with
relatively small variations in the observed near-bed waveinduced velocities (0.15–0.6 m s21). For example, the
Grant and Madsen (1979) model predicts that variations
in enhanced roughness caused by waves will be relatively
small for ratios of mean current to wave orbital velocity
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greater than approximately 0.2, particularly for large
relative roughness heights (see fig. 3 in Grant and Madsen
1979).
Spatial and temporal variability of the plumes—In this
section we focus on plumes generated on 17 July 2004 and
19 July 2004 that were measured by repeated ‘‘box’’
transects, capturing the dye concentration approximately
3.5 m above the bottom along a transect 100 m downstream of the dye source. During the 17 July experiment,
the near-bed alongshore current averaged 0.092 m s21
towards the northwest and the significant wave height was
1.3 m. During the 19 July experiment, the near-bed
alongshore current averaged 0.044 m s21 towards the
southeast and the significant wave height was 1.0 m. It
should be noted that the Doppler current profiles
recorded directly by the AUV could have instead been
used to estimate these near-bed alongshore currents, using
the data from the cross-shore section of the transect paths
to avoid the potentially biased velocity component
measured in the direction of vehicle motion (Fong and
Jones 2006).
The time series of the dye concentration measured by the
AUV from 17 July shows a gradual decrease in the peak
dye concentration to an approximately constant value of
4 mg L21 after 13:30 h (Fig. 4A). No vertical profiles of
density or dye concentration were collected via boat-based
CTD casts during the 17 July mission; however, the vertical
density structure can be estimated from the horizontal
AUV transects that sampled between depths of 4 and 10 m
while the AUV traversed the reef slope at a constant
altitude (Fig. 4D). Note that this approach assumes that
there were negligible horizontal variations in the vertical
density structure across the ,200-m transects. The inferred
vertical density structure indicated that the advent of
stratification at 13:00 h caused the dye plume to be
confined near the bed (,4 m). The AUV was flying at an
average altitude of z 5 3.4 m and, therefore, when the dye
became trapped in the bottom mixed layer, the vehicle
sampled lower concentrations of the dye near the top of the
pycnocline.
The dye concentration time series on 19 July displayed
several fluctuations in peak concentration (Fig. 5A). The
AUV-derived vertical structure of density revealed that the
depth of the pycnocline also fluctuated throughout this
experiment (Fig. 5D). During this time, we made several
vertical profiles of density and dye concentration using the
boat-based CTD. At 13:00 h a strong pycnocline was
centered at a depth of ,6.5 m; the total water depth here was
11 m (Fig. 6). The dye was primarily confined to within the
pycnocline (occurring between depths ,5–8 m) and followed a Gaussian-like distribution in the vertical. The
fluctuations in peak dye concentration were likely the result
of the AUV transecting at a constant altitude of 4.1 m while
the height of the pycnocline and hence the vertical position
of the maximum dye concentration varied. A packet of
solitary waves riding on a baroclinic bore was the likely
reason for the oscillating pycnocline (as discussed below).
Using the AUV navigation data, the dye concentration
time series were converted into spatial (horizontal) dye

Fig. 4. The 17 July 2004 plume (measured on the west side of
the box). (A) Dye concentration, (B) lateral distribution of
normalized dye concentration with calculated center-of-mass
position (circles) and predicted position based on the measured
velocities (crosses), (C) cross-shore velocities (positive onshore)
and total water depth (black line), (D) vertical density profiles
inferred from the AUV transects, and (E) temperature structure at
the forereef site (25-m isobath) and total water depth (black line).

distributions (relative to the position of the dye source) and
then divided into a series of 23 and 26 individual transects
for the 17 and 19 July plumes, respectively. The position of
the center of mass ȳ of each transect was calculated as
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to the alongshore edges of the box. The time evolution of the
plume centerline for the 17 July plume (Fig. 4B) showed little
evidence of cross-shore meandering, as anticipated by the
weak near-bed cross-shore currents (,0.02 m s21) (Fig. 4C).
In contrast, the center-of-mass position for the 19 July plume
was quite variable, experiencing up to 80-m cross-shore
excursions over the course of the experiment (Fig. 5B). The
plume meandered in response to the relatively strong and
variable near-bed cross-shore currents (Fig. 5C).
If we assume that the dye plume meanders in response to
a spatially uniform velocity field, then theoretical streaklines of a tracer released at the source can be constructed
(Fong and Stacey 2003). First, we estimated the pathlines
for individual parcels of dye released from the source via
 
xi ðt z DtÞ ~ xi ðtÞ z U t,zp Dt
ð4Þ
Here xi is the location of an individual parcel of dye at time
t that was released at time ti at xi(ti) 5 (0,0), U 5 (U,V) is
the velocity measured by the ADCP at time t at the height
corresponding to the dye plume zp, and Dt is the time-step
discretization. The temporal variability was defined by the
average of the near-bed ADCP velocities between the dye
source (x 5 0 m) and 100 m from the source. We then
defined streaklines from the pathlines by noting the
location of all of the parcels at a particular time t
X ðtÞ ~ ðx1 ðtÞ, x2 ðtÞ, x3 ðtÞ, . . .Þ

ð5Þ

The streaklines represent snapshots of the plume centerline
and are therefore a predictive model of the plume
centerlines as sampled by the AUV.
Time series of the predicted cross-shore location of the
streaklines at a distance 100 m downstream of the source
for the 17 and 19 July plumes are plotted in Figs. 4B and
5B, respectively. We used two measures of model skill to
compare the model to the measurement. The first method
employed was the index of agreement for each model
parameter X:
P
jXmodel { Xobs j2
IA ~ 1 { P 


 ð6Þ
Xmodel { Xobs  z Xobs { Xobs  2

Fig. 5. The 19 July 2004 plume (measured on the east side of
the box). (A) Dye concentration, (B) lateral distribution of dye
concentration with calculated center-of-mass position (circles) and
predicted position based on the measured velocities (crosses), (C)
cross-shore velocities (positive onshore) and total water depth
(black line), (D) vertical density profiles inferred from the AUV
transects, and (E) temperature structure at the forereef site (25-m
isobath) and total water depth (black line).

Ð y~L
y~{L

C ð yÞydy

y~{L

C ð yÞdy


y ~ Ð y~L

ð3Þ

where C is the dye concentration, y 5 0 is the cross-shore
center of the box location and L is the distance from y 5 0

where the overbar denotes a time mean (Willmott 1982).
Perfect agreement between the model results and observations will yield an IA of 1 and complete disagreement yields
an IA of 0. The second method employed was linear
regression analysis between the measured and simulated
data (e.g., Stips et al., 2005)
Xmodel ~ a1 Xobs z a0

ð7Þ

Perfect agreement between measurements and simulations
will produce a slope a1 5 1, an offset a0 5 0, and a
correlation coefficient r 5 1. Both the index of agreement
(IA 5 0.975) and the linear regression analysis (a1 5 1.06,
a0 5 21.27 m, r2 5 0.92) indicated excellent agreement
between the predicted and measured streakline locations
(Fig. 7). The predicted position of the tracer agreed very
well with the AUV observations on both days, indicating
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Fig. 6. Examples of vertical profiles of (A) density and (B) dye concentration at 13:00 h, 19
July 2004, approximately 40 m downstream of the dye source (squares) and at 15:00 h, 20 July
2004, approximately 120 m downstream of the dye source (circles).

that the strong meandering on 19 July was caused by the
relatively large-scale oscillations in cross-shore flow.
Stokes drift can potentially provide a significant contribution to the onshore transport of material (e.g., Monismith
and Fong 2004). We estimated the magnitude of the near-bed
Stokes drift, from linear wave theory, to be only 1 cm s21 on
17 July and 0.7 cm s21 on 19 July, and thus it did not
significantly contribute to the net cross-shore transport of the
near-bed plume on either day. The Stokes drift was almost
twice as large at the surface: 1.8 cm s21 on 17 July and
1.3 cm s21 on 19 July. If the plumes had been generated near
the surface, a Stokes drift of this magnitude could have made

Fig. 7. Predicted plume centerline location vs. measured plume
centerline location for 17 July 2004 (squares) and 19 July 2004
(circles). The correlation coefficient between measured and predicted
plume centerline location is 0.96 and the index of agreement is 0.975.

a significant contribution to the onshore advection of the
plume centerline, especially under conditions of minimal
cross-shore currents, such as those experienced on 17 July.
Turbulent and meandering dispersion—To determine the
relative contribution of meandering to plume dispersion,
we analyzed the plume distributions in both a coordinate
system relative to the center of mass and in an absolute
(fixed) reference frame. Mean concentration distributions
in each reference frame are shown in Fig. 8A (17 July) and
Fig. 8B (19 July). Under conditions of limited meandering
(17 July), the mean concentration profile was similar in
both reference frames. On 19 July, the significant meandering resulted in a broadened mean concentration profile
in a fixed reference frame with a peak concentration much
lower than any instantaneous peak concentration.
A plume-width lengthscale can be calculated using the
second moment of the concentration distributions, i.e.,
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
uÐ L
u
C ð yÞy2 dy
~y ~ t {L
ð8Þ
ÐL
{L C ð yÞdy
The fixed reference-frame plume width ỹfix was calculated
directly from Eq. 8. The moving reference frame plume
width ỹcm was estimated by transforming to a coordinate
system relative to the center of mass, i.e., y 2 ȳ. The plume
widths for the 17 and 19 July plumes are summarized in
Table 1. On 17 July, ỹfix was similar in magnitude to ỹcm
because the variance in the center-of-mass position s 2cm was
small. On 19 July, when s 2cm was large, the fixed-frame
scale ỹfix was over twice the size of the center-of-mass
lateral scale ỹcm. The plume width in a moving reference
frame ỹcm was similar between both experiments.
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at x 5 0 and U(zp) is the mean current velocity at the height
of the plume (Fong and Stacey 2003). The total dispersion
coefficient Ktot was calculated using Eq. 10 with ỹx 5 ỹfix
and the turbulent dispersion coefficient Kt using ỹx 5 ỹcm.
We then estimated Km using Eq. 9. Since ỹ0 % ỹx we
assumed that ỹ0 < 0. These calculations showed that
turbulent dispersion dominated meandering dispersion by
two orders of magnitude on 17 July (Table 1). However,
the meandering dispersion coefficient was almost four times
the turbulent dispersion coefficient on 19 July. Given that
the centerline position of the dye plume was already found
to be accurately predicted from the measured currents
using Eq. 5, it follows that Km can also be accurately
predicted. We found excellent agreement between measured
and predicted Km (Table 1).

Fig. 8. Time-averaged concentration distributions calculated
in both a fixed (absolute) and a relative reference frame for (A) the
17 July 2004 plume (ỹfix 5 16.4 m and ỹcm 5 16.1 m) and (B) the
19 July 2004 plume (ỹfix 5 32.2 m and ỹcm 5 15.0 m).

If we assume that the turbulent and meandering
velocities are independent and uncorrelated then it can be
shown that the total effective dispersion coefficient Ktot is
the sum of a meandering and turbulent component
(Sawford and Stapountzis 1986; Fong and Stacey 2003)

then the equation describing the decay of the centerline dye
concentration with distance downstream from the source x
can be derived (Brooks 1960; Stacey et al. 2000; Fong and
Stacey 2003)
h
erf
H
ð12Þ
!


{1=2

2
2=ð2 { nÞ
ðð2 { nÞbx=b z 1Þ
{1
3

CCL ðxÞ ~ C0

ð9Þ

Ktot ~ Km z Kt

where Km and Kt are the meandering and turbulent lateral
dispersion coefficients, respectively. The lateral dispersion
coefficient Ky can be calculated as
 2

~
y20
yx { ~
 
Ky ~
ð10Þ
2x U zp
where ỹx is the plume lengthscale at a distance x
downstream of the source, ỹ0 is the plume source width
Table 1.

Scale-dependent dispersion—In this section we focus on
the plume generated on 20 July 2004 that was measured by
the repeated ‘‘mow’’ transects. During the 20 July
experiment, the alongshore current averaged 0.06 m s21
towards the southeast and the significant wave height was
1 m. The raw dye concentration data is presented in Fig. 9.
Following the analysis of Fong and Stacey (2003), we used
two different analytical approaches to estimate the scaledependent growth of the plume from the 20 July ‘‘mow’’
data set. The first method estimates the scale-dependent
lateral turbulent dispersion coefficient by fitting the plume
centerline concentrations at different distances from the
source to an analytical solution of the advection–diffusion
equation. If the lateral dispersion coefficient is defined as


Ky ðxÞ
l ðx Þ n
~
ð11Þ
b
e0

In Eqs. 11 and 12, b is the initial plume width at x 5 0, l is
the lateral scale of the plume, e0 is a constant of
proportionality, n is the scale-dependent exponent, and b
is defined as b ; 12e0/U(zp)b. It follows that if Ky is
constant (i.e., Fickian dispersion) then n 5 0, if the
fluctuating velocities obey the Kolmogorov inertial-sub-

Summary of the hydrodynamic conditions and plume parameters for each experiment.

Plume

U(zp)
(m s21)

17 Jul 04
19 Jul 04
20 Jul 04

20.092
0.044
0.06

Uw,b
(m s21)* Uw,b/U
0.36
0.28
0.26

7.6
6.4
4.3

* Maximum wave orbital velocity at the bed.

Hsig
(m) ỹfix (m) ỹcm (m)

s 2cm
(m2)

1.3
1.0
1.0

11
720
—

16.4
32.2
—

16.1
15.0
—

Ktot
Kt
Km
(m2 s21) (m2 s21) (m2 s21)
0.124
0.228
—

0.119
0.050
0.036

0.005
0.178
—

Km(predict)
(m2 s21)
0.005
0.160
—

H
Km/Kt (m)
0.04
3.6
—

c

3.5 2
4
1.5
3
1
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Fig. 9. Cross-shore dye concentration profiles as a function
of distance downstream of the dye source x for each of the five
repeats of the ‘‘mow’’ transect (A–E). The major ticks indicate y 5
0 and the minor ticks to the left and the right indicate y 5 2100 m
and y 5 100 m, respectively. The five legs of the ‘‘mow’’ transect
commenced at (A) 11:15 h, (B) 11:54 h, (C) 12:33 h, (D) 13:12 h,
and (E) 13:52 h.

range assumption then n 5 4/3, and if the fluctuating
velocities are best described by a two-dimensional turbulence spectrum then n 5 2. This solution accounts for
vertical dispersion by dilution based on the ratio of the
source height h to the height of the bottom mixed layer H
and is therefore valid when the dye is well mixed within the
bottom mixed layer. Assuming a friction coefficient of Cd
5 0.03 (see Site description), a mixed layer height H 5 3 m
(determined from the vertical density and dye concentration profiles, Fig. 6) and estimating the timescale for
vertical mixing as 0.4H2/Kz (Fischer et al. 1979), the dye
should have been well mixed over the bottom mixed layer
,50 m downstream of the source.
The concentration of dye at the source, C0 5 2300 mg
L21, was estimated from the 5 g min21 dye release rate,
assuming an effective source area of 0.6 m2 and a near-bed
mean alongshore current of 0.06 m s21. The effective
source area was assumed to be the product of the wave
orbital excursion at the bed, Ab 5 0.6 m (for T̄ 5 9.2 s and
Hsig 5 1.0 m) and the source height, 1 m. The initial plume
width was assumed to be equal to the wave orbital
excursion at the bed, b 5 0.6 m. A nonlinear least squares
fit of the peak concentration data from each of the
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Fig. 10. (A) Plume centerline concentration as a function of
distance from source. Best fit (solid line) is based on Eq. 12. Best
fit: b 5 0.19 6 0.17, n 5 1.23 6 0.23. (B) Plume width as a
function of distance from source. Width data is based on the
measured second moment (see Eq. 8) and the best fit (solid line) is
based on Eq. 13. Best fit: b 5 0.54 6 0.40, n 5 1.23 6 0.29.
Dashed lines are the 95% confidence limits of the line of the
best fit.

transects revealed n 5 1.23 6 0.23 and b 5 0.19 6 0.17
(at the 95% confidence level) (Fig. 10A).
The second method estimated the scale-dependent plume
dispersion from the growth of the plume width l with
distance from the source

1=ð2{nÞ
ð13Þ
l ðxÞ ~ ð2 { nÞbb1{n x z b2{n
pﬃﬃﬃﬃﬃ
where l ~ 12~ycm (Fong and Stacey 2003). A nonlinear
least-squares fit of the plume width data to Eq. 13 with b 5
0.6 m and U(zp) 5 0.06 m s21 revealed n 5 1.23 6 0.29 and
b 5 0.54 6 0.40 (at the 95% confidence level) (Fig. 10B).
The two methods suggest that within statistical certainty
n 5 4/3, thus assuming Richardson’s scale-dependent
dispersion appears appropriate for this nearshore environment under the study conditions. Note that although b
found to best fit Eq. 13 was twice as large as that found for
Eq. 12, this range of b values does not produce significantly
different curves for l or CCL. We then assumed n 5 4/3
(thus eliminating n as a fitting coefficient) and performed a
nonlinear least squares fit to Eq. 12 and Eq. 13, finding b
5 0.33 and b 5 0.13 for each approach, respectively. These
b values are much greater than those previously reported
for other nearshore regions, i.e., b 5 0.02 (Stacey et al.
2000) and b 5 0.036 (Fong and Stacey 2003). The growth
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of the lateral dispersion coefficient is also commonly
modeled as
Ky ~ al 4=3

ð14Þ

(e.g., Roberts 1999) following Brooks (1960). Comparison
with Eq. 11 shows that a 5 bU/12b1/3. Fischer et al. (1979)
recommend a range of a from 0.002 to 0.01 cm2/3 s21. The
near-coastal plume studies of Stacey et al. (2000) found a 5
0.0036 cm2/3 s21 and Fong and Stacey (2003) found a 5
0.013 cm2/3 s21, both comparable to the range of values
recommended by Fischer et al. (1979). For this present data
set we found a to be within the range 0.017–0.042 cm2/3 s21,
thus elevated relative to these other studies. However,
variations in a between different site locations and
hydrodynamic conditions are expected because a will
depend on the turbulent dissipation rate e. Specifically,
Okubo (1968)’s theoretical derivation predicts
a ~ c1 e1=3

ð15Þ

which is based on assuming an inertial subrange in which
energy is transferred to small scales at a constant rate.
Thus, the elevated a’s measured on the reef may be caused
by enhanced rates of dissipation relative to these other
systems, e.g., because of its large bottom roughness and
surface wave orbital motions.

Discussion
We have shown that dispersion on this reef was
comprised of a turbulent contribution, generated by
velocity fluctuations with lengthscales comparable to or
smaller than the plume, and a meandering contribution,
caused by large-scale velocity fluctuations. Dispersion
caused by meandering differed by two orders of magnitude
between the 17 and 19 July experiments. On 17 July the
near-bed cross-shore current variability was weak, whereas
strong, fluctuating cross-shore currents produced significant meandering on 19 July.
During the 17 July plume, the AUV-derived vertical
density structure and the thermistor chain record at the 25m isobath indicated that thermal heating from 12:00 h to
15:00 h by solar radiation led to the previously well-mixed
water column becoming stratified during the ,3-h experiment (Fig. 4D,E). The accompanying cross-shore currents
were weak at this time, particularly near the bed (Fig. 4C).
On 19 July, the presence of relatively strong, fluctuating
cross-shore currents accompanied a sudden temperature
drop recorded by the ADCP thermistors (0.2 m above
bottom). The thermistor string measurements located at the
25-m isobath suggested the arrival of a baroclinic bore
approximately 4 h prior to the 19 July AUV sampling
period, characterized by the sudden drop in water
temperature at 8:00 h, with a solitary wave packet
following the bore (Fig. 5E). The bore reached the 10-m
isobath approximately 1 h later, resulting in strong (up to
0.07 m s21), fluctuating cross-shore currents (Fig. 5C).
During this period, the vertical structure of the cross-shore
current was primarily composed of the first baroclinic
mode, with the upper and lower water column velocities

180u out of phase. However, short intervals with the second
baroclinic mode structure were also present, characterized
by the surface and bottom velocities being 180u out of
phase with the midwater column velocities. The fluctuations in cross-shore current direction with the passage of
each solitary wave resulted in the plume undergoing
substantial meandering.
The Mamala Bay semidiurnal internal tide is generated
to the east of the field site at Makapuu Point and to the
west at the Kauai Channel (Eich et al. 2004; Alford et al.
2006). Generation of an internal bore occurs when internal
waves undergo nonlinear steepening and break (Vlasenko
et al. 2005). The resulting bores consist of subthermocline
water that mixes with the ambient water as they travel
onshore (Vlasenko et al. 2005). We detected the arrival of
14 baroclinic bores at the 25-m isobath over the 2-week
experiment (Fig. 11A). Comparison of the near-bed temperature records measured by the ADCPs at the 10-m
isobath with the record at the 25-m isobath indicated that
only 6 of the 14 bores propagated inshore to the 10-m
isobath (Fig. 11A). On these occasions, the baroclinic bores
took approximately 1 h to propagate a distance of 310 m
from the 25-m isobath to the 10-m isobath. This indicates
that the bores traveled at an average speed of approximately 8.5 cm s21, which is similar in magnitude to the
near-bed cross-shore velocities measured at the 10-m
isobath when the bores arrived (e.g., Fig. 5C). Many of
the occasions when the baroclinic bores observed at the 25m isobath did not propagate to the 10-m isobath
corresponded to periods with larger significant wave
heights, i.e., .1 m (Fig. 11).
Estimates of Kt at x 5 100 m downstream of the source,
Kt(100 m), varied considerably in magnitude between 17
July and 19 July (Table 1). On 20 July, Kt(100 m) was
estimated to be 0.036 m2 s21 using Eqs. 11 and 13 with the
estimated n and b values. This value is similar in magnitude
to Kt(100 m) on 19 July but less than half the magnitude of
Kt(100 m) on 17 July (Table 1). The observed differences in
Kt correspond with the direction of plume propagation; this
suggests that the reef geometry northwest of the dye source
may lead to increased tortuosity of the flow and hence a
larger Kt compared with dye plumes traveling southeast of
the dye source. The Fong and Stacey (2003) dataset,
collected on a sandy beach with minimal influence of
surface waves and U(zp) 5 0.17 m s21, observed Kt(100 m)
5 0.007 m2 s21. The trends in this limited data pool suggest
that the enhanced roughness of the coral reef and/or
presence of surface waves led to larger Kt for smaller U.
Improvements in our understanding of wave–turbulence
interactions have been made in recent years (e.g., Magnaudet and Thais 1995; Huang and Mei 2003); however,
further improvement is required in order to gain predictive
ability for dispersion in combined wave–current flows.
The turbulent dispersion coefficient 100 m downstream
of the source can be parameterized as Kt 5 cHu*, following
Fischer et al. (1979). Here c is a coefficient of proportionality and H is the vertical scale of mixing. Based on our
data from the three plumes, with H taken as the height of
the bottom mixed layer, c was found to range from 1 to 2
with an average value of 1.5 (Table 1). In their review,
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Fig. 11. (A) Near-bed temperature record at the 25-m
isobath (solid line) and the 10-m isobath (dashed line). The
arrival of the baroclinic bores at the 25-m isobath is indicated by
solid arrows, and bores that were present at both the 25 m and the
10-m isobath are indicated by the dashed arrows. (B) Tidal
elevation, (C) significant wave height, and (D) predicted
dispersion coefficients: Kt (squares) and Kt + Km (circles).

Fischer et al. (1979) report c 5 0.1–1.2 for laterally
constrained systems, including rivers and estuaries. We
found that turbulent dispersion was scale-dependent at our
nearshore site; therefore, c must ultimately increase with
distance from the source; therefore, comparisons with
reported values for laterally constrained systems are
difficult. However, comparison can be made with the c 5
0.5 (as estimated 100 m from the source) from Fong and
Stacey (2003), collected on a sandy beach under conditions
of very small waves. The large physical roughness of the
reef produced a drag coefficient Cd an order of magnitude
larger than that measured at the sandy beach site of Fong
and Stacey (2003). This means that for the same mean
current, a larger u* would be produced for the reef site and
should result in a larger lateral turbulent dispersion
coefficient for a constant value of c. However, we also
observed that c itself was at least twice as large at our reef
site with waves than observed on a sandy beach with
minimal waves by Fong and Stacey (2003).
The analysis of the spatial structure of the plume on 20
July demonstrated that Kt increased with distance away
from the source, consistent with scale dependent dispersion
with n 5 4/3, to within statistical uncertainty. This implies
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that the turbulence responsible for the dispersion is part of
a k25/3 energy spectrum, as discussed by Fong and Stacey
2003. However, the n 5 4/3 power law found here does not
suggest that three-dimensional turbulence is responsible for
dispersion at large (far-field) scales. Because the lengthscale
of the plume exceeds the vertical scales (set by either
stratification or the local depth) by several folds, we expect
this turbulence to be two-dimensional in nature. The n 5 4/
3 fit is suggestive of two-dimensional motions that are
larger than the stirring scale (see, e.g., Tran and Bowman
2003), and hence a k25/3 energy spectrum (where energy is
transferred to larger scales). We note, however, that further
far-field measurements would be helpful in distinguishing
any change in power law with respect to distance from the
source and provide more confidence in the power law
estimates.
Plume meandering resulted from the fluctuating crossshore currents accompanying the propagation of baroclinic
bores onto the fringing reef. The cross-shore currents were
found to be coherent over alongshore lengthscales of
hundreds of meters (as inferred from the ADCP measurements), and a representative value of Km was calculated for
each plume. However, it is likely that there would be a large
amount of alongshore variability in the magnitude of
plume meandering along the entire Mamala Bay coast, as
internal bores are dependent on factors such as the local
stratification, local topography, and travel time from the
generation region. Moreover, at some distance downstream
from the source (unknown from this present study) the
lateral lengthscale of the plume will eventually become
much larger than the lengthscale associated with these
cross-shore baroclinic velocity fluctuations; after this time
it may be possible to model the net effect of these crossshore fluctuations as scale-dependent turbulent dispersion.
The growth of Kt with distance downstream of the
source shows that the importance of meandering to plume
dispersion will be dependent on the timescale of the process
in question. The alongshore currents at this Mamala Bay
site are relatively weak, with a median magnitude of
0.07 m s21 over the entire experiment. This means that
distances ranging from 100 to 1000 m will have advective
timescales of 0.4–4 h. Many marine organisms have a
planktonic larval stage. For sessile organisms, such as
coral, barnacles, polychaetes, and ascidians, the transport
of larvae dictates their spatial distribution. Since the
majority of invertebrate larvae are weak swimmers
compared to the flow they are immersed in, the local
hydrodynamics will often control their transport. As a
result, the amount of time larvae spend in the planktonic
stage will determine whether they are influenced by
meandering dispersion. Planktonic larval durations vary
from minutes to months (Siegal et al. 2003). The
measurements on this fringing reef on 20 July indicate that
meandering dispersion will contribute greater than 10% of
the total dispersion for timescales smaller than 4 h. Several
species of coral are known to have planktonic larval
durations shorter than 4 h (Carlon and Olson 1993; Shanks
et al. 2003); incorporating the influence of cross-shore
meandering would thus be essential to accurately predict
the location of their settlement.
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The relative contribution of meandering vs. turbulent
dispersion was assessed by applying the plume centerline
advection model to the 2-week current records in order to
predict Km. We assumed that the turbulent dispersion
coefficient 100 m downstream of the source is parameterized as Kt 5 cHu* with c 5 2. The predicted Kt and Km for
the 2-week period are shown in Fig. 11D. On average, Km/
Kt , 1.5 over the 2-week period, suggesting that the effects
of meandering will generally make a significant contribution to dispersion at this site. During the period when the
significant wave height exceeded 1 m, Km was generally
small. The temperature record at the 10-m isobath
indicated that the baroclinic bores did not propagate this
far inshore during this period. As a result, cross-shore
velocity fluctuations associated with packets of internal
waves at this site were absent, resulting in a significantly
reduced meandering contribution to lateral dispersion over
this large surface wave period.
To further investigate the relative importance of
meandering and turbulent dispersion, we analyzed a 6week ADCP record (30 March 2007–10 May 2007) from
the Kilo Nalu Observatory. During this period the
significant wave height ranged from 0.4 to 1.2 m and the
peak wave period ranged from 7 to 13 s. We predicted
meandering dispersion contributed over half of the total
dispersion 63% of the time over this extended 6-week
period (Fig. 12). This confirmed that strong cross-shore
current fluctuations generally play a dominant role in the
dispersion of material on this fringing reef.
The combination of moored and AUV-based measurements collected concurrently in this study allowed us not
only to observe the dispersion characteristics of individual
plumes, but importantly to isolate the flow structures
directly responsible for dispersion under a variety of
forcing conditions. Generally, such detailed simultaneous
measurements of velocity and scalar fields have been
limited to controlled environments, e.g., in laboratory
flumes, where techniques such as particle image velocimetry
and planar laser induced fluorescence can readily be
employed (e.g., Liao and Cowen 2002; Rahman and
Webster 2005; Crimaldi and Koseff 2006). However, the
laboratory setting cannot reproduce the complex features
of natural coastal systems such as coral reefs, for instance
the bottom topography and hydrodynamic forcing. Yet
until recently, the lack of field instrumentation capable of
resolving the inherent spatial and temporal variability of
coastal plumes has hampered conducting such measurements in the field. For example, fluorometers deployed on
fixed moorings lack spatial resolution, and boat-based
measurements suffer from maneuverability issues, particularly in wavy conditions, which ultimately leads to poor
resolution (both temporal and spatial) as well as poor
transect repeatability. AUVs provide a platform for highresolution sampling of scalar fields in space and time along
well-defined, repeatable transects, thereby enhancing our
ability to understand the fine-scale dynamics of dispersion
in complex nearshore systems such as reefs.
Over the study period, fluctuating cross-shore velocities
created by packets of solitary waves riding on internal
bores dominantly drove meandering. The propagation of

Fig. 12. Distribution of the predicted relative magnitude of
meandering dispersion, Km, to the total dispersion, Km + Kt, for a
6-week observation period at Kilo Nalu observatory, 30 March
2007–10 May 2007.

internal bores to the nearshore region was intermittent.
Furthermore, because the influence of bores and their
accompanying solitary waves is a function of factors such
as tidal forcing, local stratification, and topography, it is
not possible to parameterize the meandering using a
constant meandering dispersion coefficient. For this
reason, the range of meandering dispersion coefficients
estimated for this fringing reef site will likely vary
seasonally and be very different on other coral reef systems.
These factors significantly complicate the numerical modeling of dispersion on reefs, because they suggest that to
accurately parameterize the effect of these meandering
events would require a detailed understanding (and ideally
the numerical modeling) of the local internal wave
dynamics at each site. However, the internal waves
influencing nearshore regions are generated remotely (in
this case tens or hundreds of kilometers away; see Eich et
al. 2004; Alford et al. 2006); therefore, a large-scale
numerical model would need to be implemented to predict
internal tide generation, the development to bores, and
subsequent propagation to the nearshore region (e.g.,
Holloway and Merrifield 2003; Jachec et al. 2006). In
contrast, nearshore dispersion models require a relatively
fine grid resolution (hence leading to fairly restricted model
domains); these contrasting scales pose significant challenges to the modeling of dispersion in these systems.
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