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Abstract

A multi-day hydrographic survey cruise was conducted to acquire spatially extensive, but temporally limited, high-

resolution, three-dimensional measurements of currents, temperature, salinity and turbidity off West Maui in the summer

of 2003 to better understand coastal dynamics along a complex island shoreline with coral reefs. These data complement

long-term, high-resolution tide, wave, current, temperature, salinity and turbidity measurements made at a number of fixed

locations in the study area starting in 2001. Analyses of these hydrographic data, in conjunction with numerous field

observations, evoke the following conceptual model of water and turbidity flux along West Maui. Wave- and wind-driven

flows appear to be the primary control on flow over shallower portions of the reefs while tidal and subtidal currents

dominate flow over the outer portions of the reefs and insular shelf. When the direction of these flows counter one another,

which is quite common, they cause a zone of cross-shore horizontal shear and often form a front, with turbid, lower-

salinity water inshore of the front and clear, higher-salinity water offshore of the front. It is not clear whether these zones

of high shear and fronts are the cause or the result of the location of the fore reef, but they appear to be correlated

alongshore over relatively large horizontal distances (orders of kilometers). When two flows converge or when a single flow

is bathymetrically steered, eddies can be generated that, in the absence of large ocean surface waves, tend to accumulate

material. Areas of higher turbidity and lower salinity tend to correlate with regions of poor coral health or the absence of

well-developed reefs, suggesting that the oceanographic processes that concentrate and/or transport nutrients,

contaminants, low-salinity water or suspended sediment might strongly influence coral reef ecosystem health and

sustainability.
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1. Introduction

Coral reefs typically grow in relatively clear,
oligotrophic waters. Sewage injection, terrestrial
runoff and groundwater percolation through the
shoreface can introduce nutrients to the coastal
zone (Coles and Ruddy, 1995; McKenna et al.,
2001; Umezawa et al., 2002; Garrison et al., 2003).
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These processes can modify coral-zooxanthellae
population dynamics (Heikoop et al., 2000; Harri-
son and Ward, 2001), and increase macroalgal
growth and subsequently produce overgrowth and
death of corals (Szmant, 2002). Land use practices
such as overgrazing and coastal development can
increase the supply of terrestrial sediment to the
nearshore. Lower than normal salinities due to
freshwater discharge from streams or submarine
groundwater discharge have been shown to reduce
coral growth rates (Guzman and Tudhope, 1998),
or at very low levels, kill corals (Jokiel et al., 1993).
Fine-grained terrestrial sediment can smother corals
and increase turbidity, which in turn, decreases light
available for photosynthesis and can create physio-
logical stress or even coral mortality (Acevedo et al.,
1989; Fortes, 2000; Rogers, 1990; Buddemeir and
Hopley, 1988). Toxic substances and heavy metals
often adhere to fine-grained sediment, which be-
come their transport mechanism into the nearshore
reef ecosystem (Dickson et al., 1987; Saouter et al.,
1993; Bastidas et al., 1999; Gee and Bruland, 2002).

West Maui, Hawaii, USA is characterized by a
series of fringing reefs separated by sandy beaches
and shorefaces. Over the past two decades, a
number of factors have affected the quality of the
nearshore waters off West Maui. Coastal develop-
ment and agriculture has increased runoff and the
supply of sediment to West Maui’s coastal waters
while terrestrial wastewater injection has increased
the volume of nutrients percolating out of the
shoreface via submarine groundwater discharge
(Soicher and Peterson, 1996; West Maui Watershed
Management Project, 1996; Dollar and Andrews,
1997). Using field data and a numerical ground-
water model, Soicher and Peterson (1996) found
that while groundwater sources provide a gradual,
steady supply of nutrients to the coastal waters,
ephemeral stream flow (generally during the winter
months) at discrete locations discharges high levels
of nitrogen, phosphorus and fine-grained terrestrial
sediment into the nearshore region.

While a number of investigations have focused on
wave-, wind- or tidally driven flow and transport
along or across a specific reef (e.g. Roberts et al.,
1977, 1980; Kraines et al., 1998; Lugo-Fernandez
et al., 1998; Tartinville and Rancher, 2000; Storlazzi
et al., 2004a), there have been limited investigations,
however, of these physical processes on and between
fringing reefs along an irregular volcanic island’s
shoreline. The goal of this study is to understand the
spatial variability in flow patterns, water column
properties and the processes governing the transport
of larvae, fine-grained sediment, nutrient, contami-
nant and other particulate matter along a complex
inner shelf with coral reefs. The observations
described here, in conjunction with data from
long-term, fixed oceanographic packages (Storlazzi
and Jaffe, 2003; Storlazzi et al., 2003, 2004b),
elucidate the complex interactions between the
wind, waves, tides, and lower-frequency currents
that drive hydrographic variability off West Maui.
We hypothesize that these processes influence the
development and present health of the reefs in the
study area.
2. Study area

2.1. Geology

The island of Maui is located at 20.81N, 156.51W
in the North-central Pacific between the islands of
Molokai, Lanai and Hawaii (‘the Big Island’) in the
Hawaiian Archipelago (Fig. 1). The island com-
prises two large basaltic shield volcanoes that
formed in the last 2 million years (Clague and
Dalrymple, 1989) that are separated by a flat
isthmus. West Maui is roughly 30 km long in the
north–south direction and on average 20 km wide in
the east–west direction. Land use in the study area
was historically dominated by pineapple and
sugarcane cultivation; more recently, however,
urbanization and development along the shoreline
have increased substantially (M&E Pacific, 1991).

The shoreline in the study area is characterized by
low basaltic seacliffs and carbonate sand beaches.
The geomorphology of the inner shelf (o40m
depth) off West Maui in the Pailolo and Auau
Channels between the islands of Maui, Lanai and
Molokai is highly variable and includes boulders,
small patches of sand, extensive sand fields and a
number of patch and small fringing coral reefs with
various exposures (Fig. 2a) as discussed by Gibbs et
al. (2005). In areas exposed to large waves there is
only a thin veneer of coral overlying a basaltic
substrate, while in more protected areas live corals
are growing on top of a relict reef structure. Reefs
extend from the shoreline out to 1 km offshore in
water depths of 30m; the majority of the reefs are
situated in water depths between 3 and 20m. Coral
coverage is very discontinuous in the study area,
varying between 0% and 80% (Jokiel et al., 2001)
even though there is adequate hard substrate
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Fig. 1. Map of the study area location in relation to the adjacent main Hawaiian Islands. The study area is exposed to high wave energy

gradients, with the northern and southern ends of the study area being impacted by the Northeast Trade wind waves and the Southern

Ocean summer swell, respectively. The central portion of the study area, however, is in the lee of Molokai and the headland at Mala Wharf

and thus receives very low wave energy.

C.D. Storlazzi et al. / Continental Shelf Research 26 (2006) 401–421 403
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available for new coral recruitment and active reef
development (Gibbs et al., 2005).

2.2. Oceanography and meteorology

Until recently, the only studies investigating
currents off West Maui looked at large-scale (order
of 10’s of km) flow through the channels between
the islands of Lanai, Molokai and Maui (Flament
and Lumpkin, 1996; Sun, 1996). Using satellite data
and a numerical model, Sun (1996) observed long-
term mean flow through the channels driven by
differences in sea surface height across the island
chain. Flament and Lumpkin (1996) deployed the
first oceanographic mooring in the study area that
was outfitted with current meters. These current
meters were located roughly 25 and 210m below the
surface in the Pailolo Channel (water depth
�240m), and were deployed for 19 months. They
noted that the flow in the upper water column was
primarily oriented east–west at 0–1.0m/s (mean-
0.04m/s) while the flow closer to the bed was
oriented southwest–northeast, roughly parallel to
the isobaths, at 0–0.5m/s (mean ¼ 0.04m/s). Fla-
ment and Lumpkin (1996) also calculated that the
majority of the current’s energy was in the diurnal
and semi-diurnal tidal frequencies.

More recent studies by Storlazzi and Jaffe (2003),
Storlazzi et al. (2003) and Storlazzi et al. (2004b)
made measurements on the inner (o30m) shelf,
observing that the tidal wave propagated from
south to north in the study area. Similar to the
findings of Flament and Lumpkin (1996), they
observed that flow over the deeper portion of the
fore reef was dominated by diurnal and semi-
diurnal tidal currents, and to a lesser extent, lower
frequency motions likely driven by wind-driven
differences in sea level across the island chain, as
modeled by Merrifield et al. (2002). Over the reef
flat, however, flows were primarily wind- and wave-
driven, and they were often oriented at an angle
(4901) to the flows concurrently measured out over
the fore reef.

The wave climate off west Maui is dominated by
three end-members: North Pacific swell, Northeast
Fig. 2. Maps showing the morphology of the study area relative to the lo

showing the terrestrial morphology and the location of major drainag

growth from our own observations and those by Gibbs et al. (2005);

bathymetry from SHOALS LIDAR and multibeam data. CTD/OBS p

VM-ADCP transect.
Trade wind waves and Southern Ocean swell
(Moberly and Chaimberlin, 1964). The North
Pacific swell is generated by strong winter storms
as they track from west to east across the North
Pacific typically between November and March,
generating significant wave heights (Hs) generally
between 3 and 8m and dominant periods (Td) on
the order of 10–20 s. The Northeast Trade wind
waves occur throughout the year but are largest
from April through November when the Trade
winds are the strongest (typically 10–20m/s; Ogston
et al., 2004); these waves have Hs typically between
1 and 4m and Td on the order of 5–8 s. The
Southern swell is generated by storms in the
Southern Ocean during the Southern Hemisphere
winter and while typical Hs are small (�1–2m),
these waves have long periods (Td�14–25 s). Ob-
servations by Storlazzi and Jaffe (2003), Storlazzi
et al. (2003) and Storlazzi et al. (2004b) noted strong
gradients in wave energy off west Maui, with greater
wave heights off northwest and southwest Maui and
the lowest wave heights off the central part of west
Maui.

Precipitation patterns on West Maui during the
summer result primarily from orographic uplift of
air masses driven by the Northeast Trade winds.
The Northeast Trade winds strike the northeast side
of West Maui, are steered around the West Maui
volcanic cone and most often approach the shore-
line obliquely from the north in the study area. Due
to orographic effects associated with the high
(41400m) West Maui shield volcano, most of the
precipitation (100–400 cm/year) falls on the north-
ern face of the volcano while the south and
southwest sides of the volcano receive less than
40 cm/year on average (Fletcher et al., 2002). This
causes a north–south gradient in both stream flow
and terrestrial sediment discharge into the study
area, with greater freshwater and sediment dis-
charge in the northern portion of the study area
between Honolua and Kahana than the southern
portion of the study area south of Honokawai.
Most of the lower portions of the streams are
perennial in nature, leaving the stream beds dry
during most of the year with flow at the lower
cation of known reefs and data acquisition: (a) USGS 10m DEM

es relative to the approximate areas of known active dense coral

and (b) location of VM-ADCP transects along with nearshore

rofiles were taken at both the onshore and offshore ends of each
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elevations occurring only during periods of heavy
rain typically during the winter months (Soicher and
Peterson, 1996).

3. Methods

The hydrographic data used in this study were
collected off West Maui in the Pailolo and Auau
Channels between the Hawaiian Islands of Maui,
Lanai and Molokai (Figs. 1 and 2) from the R/V
Alyce C. The data collection spanned the nearshore
region from Honolua Bay south to Lahaina. Eleven
shore-normal transects and one shore-parallel
transect were entered into DGPS-equipped real-
time positioning and mapping software before the
cruise departed to make it possible to accurately re-
survey the transect lines. All of the surveys were
collected on the inner shelf, generally shallower than
the 40m isobath. These surveys extended inshore,
usually between the 4 and 10m isobath depending
on the wave conditions. The order that the lines
were surveyed (from north to south or from south
to north) were alternated each day to allow us to
sample each line at different times of the day and
under different tide, wave and wind conditions.
Three primary instruments were used to acquire
data during these surveys. The first was a RD
Instruments 600 kHz downward-looking, vessel-
mounted acoustic Doppler current profiler (VM-
ADCP), which was used to collect vertical profiles
Table 1

VM-ACDP survey statistics

VM-ADCP line

number

Number of times lines

were surveyed

Total number

samplesa

2 5 228

4 5 251

6 5 262

8 5 250

10 5 154

12 4 182

14 4 285

16 4 129

20 4 267

22 2 95

30 3 290

Min 2 95

Max 5 290

Mean 4 206

Standard deviation 1 67

aNumber of 10 bin-averaged samples collected along the survey line
of current velocity and acoustic backscatter. A
SeaBird SBE19+ conductivity/temperature/depth
(CTD) profiler and a D&A Instruments OBS-3
optical backscatter sensor (OBS) were used to
collect vertical profile data measuring water tem-
perature, salinity and optical backscatter.

The VM-ADCP data were collected continuously
along the transect lines while the vessel was
traveling at approximately 2–3 knots (Fig. 2b).
The VM-ADCP’s transducer was mounted approxi-
mately 0.5m below the sea surface and was set with
a 0.5m blanking distance; the bin size and ensemble
interval were 1.0m and 2 s, respectively. Due to the
very low variability (o0.2%) in the speed of sound
as determined from the CTD/OBS profiler data, a
single salinity value was established and the
temperature was updated from the VM-ADCP’s
onboard temperature sensor for sound speed
calculations. The raw VM-ADCP data were ar-
chived and copies of the data were post-processed to
remove all false data from below the seafloor, or
data where the beam correlation dropped below
70%. The data were then averaged over 20 s
windows to reduce the effects of wave-induced
motions of the vessel on the data. The acoustic
backscatter data were corrected for beam spreading
and attenuation using the methodology proposed by
Deines (1999). Principle axes of variance in the flow
and the mean current direction were calculated for
points spaced at 500m intervals along each survey
of Number of principle

axis computations per

line

Number of samples

per principle axis

computation

3 76

3 84

4 66

3 83

2 77

3 61

5 57

3 43

4 67

3 32

5 58

2 32

5 84

3 62

1 16

over all the days of surveying.
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line. These calculations used all of the 20 s averaged
data from all of the surveys made along each
specific survey line within a 500m radius of the
initial point of calculation. Because each transect
was surveyed with the VM-ADCP on average four
times, and current measurements (20 s averages of
2 s data) were made roughly every 15m along each
transect, the principle axes of variance in flow were
computed, on average, from more than 62 averaged
observations (Table 1). In trying to understand the
spatial nature of the flows over the inner shelf off
west Maui, previous studies (Flament and Lump-
kin, 1996; Storlazzi and Jaffe, 2003) suggested that
tides, wind and waves were the dominant mechan-
isms driving flow over and around the reefs in the
study area. Consequentially, we did not employ
numerical models to filter out the winds, tides or
waves as one would often do when attempting to
isolate specific flows (subtidal currents, etc.).

The CTD/OBS profiles were collected at the
beginning and end of each VM-ADCP transect,
with one cast at the inshore end of each line and one
at the offshore end of each line. Other CTD/OBS
profiles were collected at points along the line when
interesting hydrographic features were observed.
Thus a minimum of two CTD/OBS profiles were
collected at each ADCP profiling line in order to
relate water column structure to current velocities.
The raw CTD/OBS data were archived; copies of
the data were post-processed by averaging the data
over 0.5m depth windows to reduce high-frequency
noise. All of the spurious data marked by a flag in
the raw data were removed for visualization and
analysis. The position information from the DGPS-
equipped real-time positioning and mapping soft-
ware was fed directly into the computers used
to acquire the VM-ADCP and CTD/OBS data so
that the measured quantities were georeferenced in
real-time.

Meteorologic data were obtained during the
study using a NovaLynx WS-16 weather station
mounted approximately 40m above sea level on top
of a hotel at Honokawai. Wind speed, wind
direction, relative humidity, barometric pressure
and precipitation were recorded by the station every
half hour. Observations of wind speed were made
along each transect using a hand-held anemometer
to determine the alongshore gradient in wind speed
relative to the fixed measurements made by the
weather station. Please see Storlazzi et al. (2003) for
more details on instrumentation, data acquisition
and processing methodology.
4. Results

Five days of data were acquired from 06/30/2003
to 07/04/2003 to sample currents from spring to
neap tide conditions. The survey period was timed
to coincide with a large-scale experiment investigat-
ing coral spawning of West Maui that included eight
fixed oceanographic instrument packages, numer-
ous drifter deployments, and biologic sampling
(Storlazzi et al., 2003, 2004b). The deployment of
these long-term packages allowed us to put the
temporally limited but spatially extensive data
presented here in the context of the long-term but
spatially limited in situ instrumentation deployed
between 2001 and 2003 (Storlazzi and Jaffe, 2003).
For reference, the range of environmental condi-
tions measured by the fixed stations (Storlazzi et al.,
2004b) during the survey period were similar to
those observed by Storlazzi and Jaffe (2003) off west
Maui over the course of 15 months, allowing us to
feel confident that the temporally limited spatial
observations presented here have a very high
probability of accurately characterizing this area’s
coastal system.

The location of VM-ADCP transects and CTD/
OBS profiles are shown in Fig. 2b and the wind
forcing and tidal stages for the study period are
shown in Fig. 3. Overall, more than 99% of the data
were recovered from both the VM-ADCP and
CTD/OBS. Roughly 68 km of VM-ADCP data
were collected from 1m below the surface to a
maximum depth of 40m during the 5 days of
surveying. The minimum, maximum and mean
trackline lengths over which VM-ADCP data were
collected were 253, 1897 and 997m, respectively.
Although some of the VM-ADCP data were
affected by the heave, pitch and roll of the vessel
when large ocean surface waves were encountered,
data quality was generally high, with rare minimal
losses occurring near the surface (p1 bin) and near
the bed (1–2 bins). The VM-ADCP data near the
surface displayed slightly lower correlation due to
surface wave–bubble interference with the transdu-
cers, while most of the near-bed data showed low
beam correlation due to beam spreading and vessel
roll. This loss of data from the bins closest to the
bed is common to most mobile, downward-looking
VM-ADCP surveys and was expected. The loss of
acoustic data due to wave–bubble interference has
also been noted by McManus et al. (2003). An
example of the post-processed VM-ADCP data
collected along Survey Line #14 off Mala Wharf on
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Fig. 3. Meteorologic and oceanographic forcing data during the study relative to the periods of data acquisition: (a) wind data from the

USGS weather station at Honokawai, with the wind speed displayed as a dotted line and the wind velocity and direction shown as vectors;

and (b) tidal data from Lahaina. The gray bands denote times of shipboard data acquisition.
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07/01/2003 is shown in Fig. 4. These data show a
common configuration, with northward flow over
the deeper portions of fore reef and inner insular
shelf and southward flow inshore over the shallower
(o15m) portions of the reef. The higher acoustic
scattering at closer to shore and at depth corre-
sponded with visually and optically (OBS data; not
shown) more turbid water.

In total, 96 CTD/OBS casts were collected over
the 5 days of surveying; the minimum, maximum
and mean cast depths over which CTD/OBS profiler
data were collected were 4, 43 and 15m, respec-
tively. The CTD/OBS data were high in quality,
with features such as low-salinity surface plumes,
multi-layered density structures and turbid layers.
However, the CTD/OBS data occasionally dis-
played spikes in the OBS data due to interaction
of the optical beam with the side of the vessel or the
seafloor. These data were flagged and removed from
the analyses.

Co-located laser in situ scattering and transmis-
sometry (LISST) data acquired on 07/02/2003
showed wide spatial and temporal variability in
the size of the material that was imaged by the OBS
(J. Harney, personal communication). Due to this
variability, we were unable to calculate a valid
regression that would allow us to accurately
determine suspended sediment concentrations by
mass (e.g. mg/l) for the entire survey period and
thus only raw OBS voltages are discussed in this
paper. Examples of data from CTD/OBS profiles
collected along the study area are shown in Fig. 5.
These profiles show the dominant cross-shore and
vertical variations in water column properties:
turbid, low-salinity and low-temperature surface
plumes due to stream discharge inshore and a
stable, two-layer water column structure offshore.

4.1. Winds and waves

Mean wind speeds7one standard deviation
recorded by the USGS weather station at Honoka-
wai were 6.4270.41m/s during surveys, with the
winds consistently out of the northeast. Due to
orographic steering, these winds struck the west
Maui shoreline from the north and northwest and
decreased from the maximum velocities at the
northern end of the study area to less than 1m/s
around Lahaina in the south. The northern portion
of the study area off West Maui was impacted by
small (Hs�0.3m), short-period (Td�7 s) Trade wind
waves; these waves’ direction was obliquely onshore
to the southeast (Storlazzi et al., 2004b). The
southern portion of the study area, however, was
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Fig. 4. Example of VM-ADCP profile data collected off Mala Wharf (Line #14) on 07/01/2003 during a falling tide: (a) alongshore to

south component of current velocity; (b) onshore component of current velocity; and (c) acoustic backscatter. These data show northward

flow over the deeper portions of fore reef and inner insular shelf and southward flow inshore over the shallower (o15m) portions of the

reef. The higher acoustic scattering closer to shore and at depth corresponded with visually and optically (OBS data; not shown) more

turbid water.

C.D. Storlazzi et al. / Continental Shelf Research 26 (2006) 401–421 409
impacted by longer-period (Td�12 s) southern swell
with similar wave heights; these waves’ direction
was obliquely onshore to the northeast. The wave
heights off Kaanapali in the middle of the study
area had extremely low wave heights (Hs�0.1m)
with short period (Tdo5 s). These wave patterns
were very similar to those observed by Storlazzi and
Jaffe (2003) over the previous 15 months. Also of
note is that the deep-water wave heights recorded by
the Waverider buoy #51202 off Mokapu Point,
Oahu, HI (University of Hawaii, 2004) during the
surveys varied very little, with a standard deviation
in Hs ¼ 0.25m. Thus, during the study period there
was an alongshore gradient in wave energy off West
Maui, with the northern portion of the study area
being impacted by waves out of the north and the
southern portion of the study area impacted by
waves out of the south; the central portion of the
study area between Kaanapali and Mala Wharf
received relatively little wave energy during the
study.

4.2. Currents

Current speeds measured in the water column
ranged from 0.01 to 1.96m/s, with a mean7one
standard deviation of 0.2470.23m/s (�0.9 km/h).
The alongshore current speeds were typically an
order of magnitude larger than the cross-shore
current speeds. Assuming alongshore flow remained
constant, the mean alongshore current speed of
0.25m/s measured along the 20m isobath would
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Fig. 5. Examples of data from CTD/OBS profiles collected along the study area: (a) profile collected at the inshore end of Line #20 in

Honolua Bay on 07/01/2003; and (b) profile collected at the offshore end of Line #4 off Kahana on 06/30/2003. Note the different scales of

the y-axis. The profile in Honolua Bay was taken the day after it rained; a turbid, low-salinity and temperature freshwater surface plume is

evident in the data due to stream discharge. The profile taken off Kahana shows a stable, two-layer water column structure with a

thermocline at a depth of approximately 10m.
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result in a total replacement of water in the 22 km
long study area between Honolua Bay and southern
Lahaina in just over 24 h. A mean flow of 0.10m/s
measured along the 5m isobath would result in a
total replacement of water in the study area in just
over 72 h. Due to the fact that oscillatory tidal flows
enhance these mean flow speeds, the actual replace-
ment time would be shorter, as discussed by
Flament and Lumpkin (1996).

Along the relatively straight sections of the coast,
the flows closer to shore were typically downwind,
to the south in the northern part of the study area
between Kahana and Honokawai and to the north
in the southern part of the study area between Mala
Wharf and Lahaina. Further offshore, the currents
typically flowed in the opposite direction of those
inshore, to the north off the northern part of the
study area between Kahana and Honokawai and to
the south in the southern part of the study area
between Mala Wharf and Lahaina. In Honolua Bay
and in the embayment between Kaanapali and Mala
Wharf, the current directions were much more
irregular, generally slowly varying from one direc-
tion to another. These differences in flow direction
are addressed in greater detail in the following
sections.

4.2.1. Zones of cross-shore current shear

Zones of high cross-shore horizontal velocity
shear, defined as (a) a change in horizontal flow
direction greater than 1201 in less than 50m distance
along the survey line, or (b) a change in current
speed greater than 15 cm/s in less than 50m distance
along the survey line, were observed along all of the
survey lines (Fig. 6). Of the 37 times that zones of
high cross-shore horizontal shear were observed,
81% were due to due to flows oriented in opposite
directions alongshore; the other 19% were due to
strong gradients in velocity without a significant
change in current direction. These zones of shear
were typically observed between the 5 and 30m
isobaths along relatively straight sections of the
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Fig. 6. Examples of zones of high cross-shore velocity shear during the study from depth-averaged VM-ADCP data collected along

adjacent survey lines in less than 2 h time: (a) data collected on 06/30/2003; (b) data collected on 07/01/2003; and (c) data collected on

07/02/2004. These data show a relatively persistent zone of high cross-shore shear that parallels the reef and extends more than 2 km along

the coast.
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coast and corresponded to inflection points in the
cross-shore bathymetry, either at the reef crest
(shallower) or the base of the reef (deeper). These
zones were often identifiable visually, being marked
by a line of foam, debris and/or a strong change in
water color, with more turbid water generally
inshore of clearer offshore water. The cross-shore
locations of these zones of high horizontal velocity
shear were relatively stable throughout the period of
study, being further offshore along Survey Lines #4
and #14 than along Lines #2, #6, #8 and #16
(Fig. 2b).

4.2.2. Eddies

Eddies, defined a change in horizontal flow
direction greater than 1201 in more than 100m
distance along the survey line, were often observed
in the major embayments along the study area: at
Honolua Bay (Fig. 7a and b) and between the
headlands at Kaanapali and Mala Wharf (Fig. 7c).
Flow speeds in these eddies ranged from 0.03 to
0.93m/s and they ranged in scale from approxi-
mately 0.5 to 1.5 km across. Unlike large-scale
eddies in the open ocean, these were relatively
transient features that appeared to grow, decay and
change their direction of rotation as the alongshore
current speeds and directions changed with the
tides. The eddy in the embayment between Kaana-
pali and Mala Wharf (Fig. 7c) was often visually
identifiable, being marked by large upwelling boils,
foam and debris. Overall, of the 41 total times the
11 different lines were surveyed, zones of high cross-
shore horizontal shear and eddies were observed 37
times (90%). The probability of observing these
features along a given survey line ranged from
100% of the time along most of the lines to 50% of
the time along Line 10 off Black Rock at Kaanapali
(Fig. 6d).

4.2.3. Mean flow and variability

The principle axes of variance in the flow shown
in Fig. 8a are generally oriented alongshore. In a
number of locations, such as the embayments
between Honolua and Kapalua and between Kaa-
napali and Mala Wharf, the major axes are not
oriented parallel to shore, but rather obliquely and
the difference between the major and minor axes
become less well defined close to headlands. In the
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Fig. 7. Examples of eddies from depth-averaged VM-ADCP data and the distribution of eddies of zones of high cross-shore velocity

shear: (a) data collected in Honolua Bay on 07/02/2003; (b) data collected in Honolua Bay on 07/03/2003; (c) data collected in the

embayment between Kaanapali and Mala Wharf on 07/03/2003; and (d) plot showing the spatial distribution and frequency of

observation of eddies and zones of high cross-shore shear observed during the survey period.

C.D. Storlazzi et al. / Continental Shelf Research 26 (2006) 401–421412
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Fig. 8. Statistical analysis of currents in the study area from the 20 s averaged VM-ADCP measurements: (a) principle axes of variance in

flow; and (b) the magnitude and direction of mean flow. The data display primarily alongshore flow except in the embayments between

Kapalua and Honolua and between Kaanapali and Mala Wharf where the flow is more variable due to the presence of semi-permanent

eddies. Mean flow is generally stronger in the northern half of the study and further offshore.
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embayment between Kaanapali and Mala Wharf,
flows during the individual surveys were often
observed to converge or diverge, causing large
eddies to form; as stated earlier, these eddies could
be observed from the survey vessel. In other areas,
such as off Kahana and Kapalua, the difference
between the major and minor axes becomes less well
defined due to strong cross-shore horizontal velocity
shear. These were locations where fronts were
typically observed in the individual surveys and
marked by foam lines, with the flow observed to
change approximately 1801 in orientation (generally
from northeast to southwest, or vice versa) during
the period of data acquisition along the survey line.

The mean currents observed in the study area
during the surveys (Fig. 8b) varied in the both the
cross-shore and alongshore directions. Since the
data from the different surveys were averaged over a
500m radius to compute the mean flow vectors,
much of the flow closes to shore over the shallower
portions of the reefs, which was often heading in the
opposite direction of the flow further offshore, was
averaged with the offshore flow. This spatial and
temporal averaging across these zones of high cross-
shore horizontal shear resulted in small net mean
current vectors being calculated close to shore and a
loss of our ability to image the narrow inshore jets
over the shallower portions of the reefs heading in
the opposite direction of the offshore flow. This
averaging does, however, increase the statistical
weighting of the data to help us better understand
the nature of the larger scale flow patterns in the
study area. Overall, mean current speeds were
typically greater further offshore (�0.25m/s) except
off the headland at Kaanapali and in the embay-
ment between Kaanapali and Mala Wharf; the
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Table 2

Statistics of water column properties from the CTD/OBS profiles

Parameter Deepa Shallowb All

Temperature (1C) Mean 25.566 25.635 24.984

Minimum 24.702 24.993 22.918

Maximum 26.513 27.557 27.557

Standard deviation 0.263 0.360 0.266

Salinity (PSU) Mean 34.934 34.870 34.957

Minimum 34.727 33.572 33.572

Maximum 35.078 35.012 36.296

Standard deviation 0.048 0.111 0.081

Density (st) Mean 23.119 23.049 23.313

Minimum 22.737 22.258 22.258

Maximum 23.490 23.312 24.475

Standard deviation 0.115 0.135 0.109

OBS (V) Mean 0.234 0.646 0.444

Minimum 0.000 0.111 0.000

Maximum 3.349 4.705 4.705

Standard deviation 0.108 0.580 0.294

aData from casts taken at the offshore ends of the survey lines

(water depth 415m).
bData from casts taken at the inshore ends of the survey lines

(water depth o10m).
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lowest mean current speeds (�0.05m/s) were
observed off southern Lahaina. Net flow along the
offshore ends of the survey lines in the northern part
of the study area between Honokawai and Honolua
Bay was uniformly to the northeast, while the flow
closer to shore was significantly reduced in intensity
due to the spatial averaging discussed above.
Conversely, at the offshore ends of the survey lines
off Mala Wharf and southern Lahaina the mean
currents were to the south, while closer to shore they
were reduced in intensity, also due to the spatial
averaging discussed above. Similar to the principle
axes of variance in flow, the mean current vectors in
the embayments between Honolua and Kapalua
and between Kaanapali and Mala Wharf were not
oriented shore-parallel. The mean current vectors in
the bays between Kapalua and Honolua suggest the
presence of two, semi-permanent eddies, with one
along Survey Line #22 off DT Fleming State Beach
in Kapalua and one along Survey Line #20 in
Honolua Bay (Fig. 2b). In the embayment between
Kaanapali and Mala Wharf, a number of large
cyclonic and anti-cyclonic eddies were observed.
The spatial and temporal averaging of these features
resulted in net mean flows suggesting divergence in
the middle of the embayment and flow convergence
at the headlands at Kaanapali and Mala Wharf.
We are not sure, however, how accurately these
computed vectors represent the true nature of mean
flows in this region due to the high temporal
variability in the flow directions at these locations.

4.3. Water column properties

The water column properties that were collected
included temperature (1C), salinity (PSU) and raw
optical backscatter (V) with depth; from the
temperature and salinity data we were able to
compute density (st) and the speed of sound in the
water column (u). The mean, minimum, maximum
and standard deviation in temperature, salinity,
optical backscatter and density at both the inshore,
shallow end and deep, offshore end of each survey
line are listed in Table 2. The temperature, salinity
and raw optical backscatter measurements are
discussed in the following sections.

4.3.1. Temperature

Temperature stratification (not shown) was gen-
erally relatively low (typicallyo0.5 1C) and was
greater further offshore, with the observed depth of
the thermocline typically between 10 and 25m. The
absence of a thermocline further inshore was likely
due to two factors: shallow depth (less than 20m)
leading to increased tidal mixing and mixing by
surface waves. Often, the water column close to
shore was comprised of cool surface water overlying
warm near-bed water. This thermal inversion was
probably related to freshwater discharge from the
adjacent stream mouths.

The map of depth-averaged mean temperature for
each profile in the study area displays a general
0.5–1.5 1C increase in temperature from north to
south (Fig. 9a). In the northern half of the study
area, warmer water was typically observed further
from shore; the near-shore low temperatures are
likely related to cool, fresh groundwater flowing out
of streams or submarine groundwater discharge
percolating out of the reef, which was often
observed in the field during snorkeling and scuba
dives as ‘‘shimmering water’’ caused by the different
indices of refraction related to the separate water
mass’s densities. As previously mentioned, the
uplands along the northwestern section of Maui
above Honolua south to Kahana typically receive
higher precipitation than the uplands further to the
south due to orographic effects associated with the
West Maui shield volcano. Thus, infiltration and
groundwater effluence on the reef are more likely to



ARTICLE IN PRESS

Fig. 9. Maps of depth-averaged water column properties in the study area: (a) mean temperature; (b) mean salinity; and (c) mean

turbidity. The temperature data show an alongshore temperature gradient on the order 1 1C, likely caused by solar insolation and less

Trade wind wave-induced mixing in the south. Salinity is typically lower closer to shore due to freshwater runoff from streams and

groundwater effluence through the reef. Optical backscatter is typically quite low except in areas affected by turbid stream discharge or

wave-induced resuspension of seafloor sediment. Most of the regions where lower salinities and higher turbidities are typically observed

are correlated with significant terrestrial drainages and either the absence or poor health of coral reefs.

C.D. Storlazzi et al. / Continental Shelf Research 26 (2006) 401–421 415
occur along the northern section of the study area.
In the southern half of the study area, however, the
warmest water temperatures were typically observed
closer to shore, which would be consistent with
increased warming of the shallower water column
onshore due to solar insolation during the daytime
and its mixing with cooler water further offshore
out in the Auau Channel.

4.3.2. Salinity

Profiles of salinity were typically stable, with
lower salinity surface waters overlying higher
salinity near-bed waters. In a number of the profiles
close to shore, however, the near-bed salinity was
lower than the near-surface salinity. These inverted
profiles are likely due to the effluence of freshwater
from the shoreline via subsurface seeps. The
calculated densities in these profiles reveal near-
bed density instabilities as a result of this low
salinity water. Thus, extensive mixing was occurring
in the bottom few meters of these profiles.

The maps of mean, depth-averaged salinity for
each cast in the study area are shown in Fig. 9b. In
general, the salinity along West Maui varies less
than 0.25 except locally at the mouths of streams.
The lower salinity water observed close to shore
was generally lower in temperature (Fig. 9a). Low
temperature, low salinity water was most likely
related to greater freshwater discharge out of the
well-developed drainages directly onshore or from
submarine groundwater discharge from the upper
shoreface. Specifically, the low nearshore salinities
observed off Kapalua and Honolua are likely due to
the frequent summertime Trade wind-induced oro-
graphic showers on the northern portion of the
West Maui volcanic cone.
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Fig. 10. Relationships between temperature and salinity. The

data from the deeper, offshore casts show a more common

inverse temperature–salinity relationship. The shallower data,

however, show greater scatter due to the greater influence from

terrestrial freshwater input, solar insolation and wave-induced

mixing.
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Turbidity is typically higher and salinity and temperature are

lower right at the surface due to freshwater runoff close to shore.

Turbidity and temperature then decrease with depth as salinity

increases closer to the bed. As discussed in Fig. 10, salinity is

lower and turbidity is higher closer to shore.
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A temperature–salinity (T–S) plot for the cruises
is shown in Fig. 10. The data from the deeper
profiles display the typical decrease in temperature
with increasing salinity. This trend is indicative of
less mixing and a stable water column: warm, low
salinity water overlying cooler, more saline water.
The cooler, more saline values are likely due to
either weak wind-driven upwelling or tidal pumping
as observed by Storlazzi and Jaffe (2003). The lower
temperature and salinity values in the shallower
profiles result from freshwater effluence through the
reef or direct runoff from streams while the uniform
temperatures in the shallower profiles most likely
result from wave and tidal mixing and high
temperature diffusivity.

4.3.3. Optical backscatter

The maps showing the distribution of optical
backscatter in the study area display high spatial
heterogeneity (Fig. 9c). The high optical backscatter
features in the northern part of the study area were
caused by higher-than normal suspended sediment
loads related to freshwater plumes discharged from
streams as shown in the salinity data (Figs. 9b and
10) and kept in suspension by Trade-wind waves.
The long-period waves out of the south resuspended
fine-grained bed sediment off the south-facing
sections of the coast at Lahaina and Kaanapali,
likely deposited during the previous winter’s storms,
causing high optical backscatter.

4.3.4. Variability in water column properties with

depth

The overall trend for the variation in water
column properties with depth indicated turbid
buoyant freshwater plumes inshore and a stable
water column with vertical structure offshore (Fig. 11).
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Overall, temperature and optical backscatter decre-
ased with depth while salinity and density increased
with depth. At the very surface of the inshore ends
of the survey lines, higher backscatter but lower
temperature, salinity and density are indicative of
the influence of turbid buoyant freshwater plumes
from stream discharge. The temperature typically
quickly rose to its maximum within a meter of the
surface, and then decreased slowly towards the bed.
Optical backscatter generally decreased logarithmi-
cally towards the bed, reaching base levels approxi-
mately 2m below the water’s surface; this suggests
the slow settling of scattering material from the
surface plume. The low salinity and density near the
surface also support the presence of a buoyant
freshwater surface plume, similar to that observed
in individual casts (Fig. 5b).

Further offshore, the effects of the turbid buoy-
ant freshwater surface plumes can still be identified
by their lower salinity and density along with the
higher optical backscatter. More important, how-
ever, were the presence of vertical (layered) struc-
tures in the water column that were clearly identified
in the individual profiles (Fig. 5a) but are mani-
fested in the mean profiles (Fig. 11) as a general
decrease in temperature and increase in salinity and
density with depth due to the spatial variability in
the depth of the thermocline. The temperature and
salinity differences between the overlying warmer,
less saline water mass and the cooler, more saline
water mass were often on the order of 0.25 1C and
0.15, respectively. Numerous times during the
surveys large, rapid displacements in the tempera-
ture, salinity and density profiles were observed at
depths between 10 and 25m, suggesting the presence
of internal waves or non-linear internal tidal bores,
similar to those observed in the long-term instru-
ment deployment off Kahana, Maui from the fall
of 2001 through the spring of 2003 (Storlazzi and
Jaffe, 2003).

5. Discussion

These analyses, in conjunction with field observa-
tions and long-term, fixed instrument deployments
(Storlazzi and Jaffe, 2003; Storlazzi et al., 2004a, b)
evoke the following conceptual model of meteor-
ologic and oceanographic processes over the inner
shelf off West Maui. The Northeast Trade winds
striking the West Maui volcanic cone cause a strong
north–south gradient in precipitation along West
Maui throughout the year. This precipitation
gradient, along with the large area of plowed
agricultural lands on the uplands in this area causes,
on average, more freshwater and sediment to be
discharged from streams in the northern part of the
study area between Honolua Bay and Kahana than
further south. This stream discharge, along with
submarine groundwater discharge, causes lower
salinities and higher fine-grained suspended sedi-
ment concentrations close to shore. The frequent
lower nearshore salinities caused by this freshwater
discharge might stress corals in this area, similar to
the findings of Jokiel et al. (1993). As discussed by
the West Maui Watershed Management Project
(1996) and Dollar and Andrews (1997), the terres-
trial groundwater being discharged into the near-
shore typically has elevated nutrient loads. Most of
this sediment-rich, lower salinity water is driven
south alongshore over the shallower portions of the
reefs due to Trade winds, wave-induced breaking
and the resulting wave-driven currents. These flows
appear to keep the plumes coherent alongshore,
reducing dissipation by forcing the plumes against
the shoreline while the wave-generated turbulence
tends to keep the fine-grained sediment in suspen-
sion, offsetting the plume’s settling due to gravity.
Together, these two factors persistently create
relatively high turbidities close to shore in the
Kahana region.

The turbid, lower-salinity, southward-flowing
inshore jet over the shallower portions of the reefs
in the northern part of the study area appears to
veer offshore between Honokawai and Kaanapali,
although it is not clear exactly where this occurs due
to the highly variable currents measured in this area.
Observations by our group and others (E. Brown,
personal communication; West Maui Watershed
Management Project, 1996; Dollar and Andrews,
1997) have shown that coral health is quite poor
along this section of coast, with low coral coverage
and high macroalgal growth that is indicative of
high nutrient loading. It has not, however, been
assessed whether the poor coral health in this area is
due to: (1) lower than normal salinity, or (2)
nutrients from either stream discharge or submarine
groundwater discharge through the shoreface.

The flow close to shore offshore of Lahaina heads
north past Mala Wharf; it is not clear what happens
to this inshore flow north of Mala Wharf and south
of Kaanapali. The region between Mala Wharf and
Kaanapali appears to be a zone of eddy formation.
These eddies and the lack of large ocean surface
waves due to shadowing by the surrounding islands
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help to retain fine-grained sediment in this area,
causing persistent high turbidity in the absence of
high fluvial discharge. Similar retention of turbid
freshwater water likely does not occur in Honolua
Bay during the winter when stream discharge is the
greatest due to the rapid flushing and mixing of the
bay as it is impacted by large North Pacific storm
waves.

Our observations suggest the reefs off West Maui
can be broken down into two sections based on the
dominant mechanisms driving flow (Fig. 12). Over
the shallower portions of the reef like the reef crest
and reef flat, asymmetrical surface wave orbital
motions due to shoaling and wave breaking-induced
currents dominate, as discussed by Storlazzi and
Jaffe (2003); these appear to be the primary control
on flow when the water depth is small relative to the
size of the wave-orbital motions and the wind-
driven surface layer. Further offshore where the
water depth is much greater than the size of the
wave motions and the wind-drive surface layer,
longer period tidal and subtidal current appear to
dominate the flow. Both Ogston et al. (2004) and
Storlazzi et al. (2004a) observed similar phenomena
of the extensive fringing reef off south-central
Molokai. When the tidal and/or subtidal flow
opposes the wave- and wind-driven surface flow, a
zone of high cross-shore horizontal shear and thus
vorticity is formed, similar to that observed in Figs.
4a and 6. As shown in Figs. 9 and 10, inshore of
these zones of high cross-shore shear, the waters
were typically less saline and more turbid, while
offshore of these shear zones the waters were more
saline and less turbid. These cross-shore variations
in flow and water properties, along with the often
visible accumulation of foam or debris in a shore-
parallel line at the location of the change in sign of
alongshore flow, suggest that these regions were
often the position of a front. Due to the lack of
CTD/OBS profiler data just to either side of these
regions, we are unable to quantitatively document
the magnitude of the horizontal gradients of the
hydrographic properties to determine the nature of
the fronts.

The regions with high cross-shore horizontal
shear and eddies were typically observed between
the 5 and 30m isobaths along the study area, which
is intriguing. The relatively persistent location of
these features along the survey lines correlate with
the reef crest (minimum depth) and base of the reef
(maximum depth), respectively, in the study area. It
is impossible for us to determine whether the
presence of the reef topographically steers the flow
and forces the location of this front or if the
presence of this front defines where these inflection
points in the reef are located. In either case,
however, it has been shown in numerous other
locations that such zones of velocity shear or fronts
often help to retain particulate matter, phytoplank-
ton and many larval species (e.g. Alldredge and
Hamner, 1980; Mann, 1988; Franks, 1997; Pineda,
1999; Flament and Armi, 2000; Dekshenieks et al.,
2001). In the case of Honolua Bay, we conclude that
the persistent eddy feature may help to retain coral
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larvae during the summer spawning season when
North Pacific winter storm waves and wave-induced
mixing is relatively minor. Furthermore, the cross-
shore horizontal velocity shear likely reduces the
advection of material across these regions and
causes material to be retained within the different
water bodies on either side of these regions of high
cross-shore shear.

While healthy reefs bound the shallow regions
(depths o15m) on northern and southern sides of
the embayment between Kaanapali and Mala
Wharf, the persistent eddy features in the embay-
ment likely helps to retain fine-grained sediment
transported southward along the coast or dis-
charged from ephemeral streams in the area during
the infrequent Kona storms. The resulting turbid
waters may hamper substantial coral reef develop-
ment due to low light availability for photosynthesis
(e.g. Marszalek, 1981) or relatively high sediment
accumulation rates in the absence of substantial
wave energy (e.g. Dodge et al., 1974; Rogers, 1990).
These persistent shear zones, and likely fronts,
between the 5 and 30m isobaths off Lahaina and
the Kahana-Honokawai region may help to retain
larvae in this region, promoting reef development.
Conversely, these zones of high cross-shore hor-
izontal shear might cause the nutrients and/or fine-
grained sediment loads discharged from the land,
which have increased in recent times due to poor
land use practices, to accumulate, potentially
harming the reefs by reducing light available for
photosynthesis or promoting nutrient-rich algal
growth (e.g. Szmant, 2002). It therefore appears
that while these mesoscale oceanographic processes
(zones of cross-shore horizontal hear, fronts and
eddies) may not be the primary control on the
location of coral reefs along West Maui, that they
can concentrate or disperse dissolved and particu-
late matter, which can affect the health and
sustainability of coral reefs. The high spatially and
temporally variable currents and water column
properties observed along West Maui also suggest
that numerical modeling of water column properties
and transport in the vicinity of reefs must take into
account the nature of the fluctuations to accurately
model dissolved or particulate matter flux in these
types of environments.

6. Conclusions

More than 68 km of high-resolution VM-ADCP
data and 96 CTD/OBS profiles were collected off
northwestern Maui, Hawaii, USA during surveys
conducted in the summer of 2003. Results from the
study highlight the high temporal and spatial
heterogeneity in flow and water column properties
over a section of coast with patch and fringing reefs.
We have several critical findings from both past
studies and these measurements and analyses
presented here.

First, wave- and wind-driven surface flows appear
to be the primary control on flow over shallower
(o10m) portions of the reef while tidal and subtidal
currents dominate flow over the outer portions of
the reef and insular shelf. When the direction of the
flows are counter to one another, which is quite
common in many coastal areas, they cause a zone of
high cross-shore horizontal shear and often form a
front that may accumulate particulate and dissolved
material in this zone and may hamper advection
across the region of high shear, trapping material
(water, particulate matter, etc.), to one side or the
other of these regions. It is not clear whether these
zones of high cross-shore horizontal shear and
fronts are the cause or the result of the location of
the reef, but they appear to be correlated alongshore
over relatively large horizontal (orders of kilometer)
distances.

Second, we find that when two flows converge or
when a single flow is steered by bathymetry around
headlands or in embayments, semi-permanent
eddies are generated that, in the absence of large
ocean surface waves, have the potential to accumu-
late material.

Third, we have also determined that high
turbidity along the study area was generally
correlated with one of two processes: large wave
events that resuspend fine-grained bed sediment and
cause elevated turbidity levels over long stretches of
coastline, and turbid freshwater runoff that has a
tendency to be more isolated along the coast in the
area of stream mouths. We also find that the waters
off West Maui are generally more saline and less
turbid further offshore and with increasing depth.
These overall trends, however, are greatly influ-
enced by the presence of freshwater either from
stream discharge or groundwater effluence through
the shoreface. Finally, results from this study
indicate that areas of higher turbidity and lower
salinity tend to correlate with regions of poor coral
health or the absence of well-developed reefs,
suggesting that the oceanographic processes (e.g.
mesoscale fronts and eddies) that concentrate and/
or transport nutrients, contaminants, low-salinity
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water or suspended sediment might strongly influ-
ence reef health and sustainability.

Overall, these data demonstrate that nature of
flow and particulate flux along an irregular volcanic
island’s shoreline can be quite complex, with flows
heading in different directions along different
isobaths on a given reef and the resulting biological
and chemical processes that take place are likely
dominated by different physical processes. Further-
more, these data provide us with a clear picture of
the nature of and controls on water column
properties such as temperature, salinity and turbid-
ity whose spatial distribution and transport are
often governed by flow and which play a vital role in
determining coral reef development and health in
the study area.
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