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Behavior of a wave-driven buoyant surface jet on a coral reef
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Abstract A wave-driven surface-buoyant jet exiting a coral reef was studied in order to quantify the
amount of water reentrained over the reef crest. Both moored observations and Lagrangian drifters were
used to study the fate of the buoyant jet. To investigate in detail the effects of buoyancy and alongshore
flow variations, we developed an idealized numerical model of the system. Consistent with previous work,
the ratio of alongshore velocity to jet velocity and the jet internal Froude number were found to be
important determinants of the fate of the jet. In the absence of buoyancy, the entrainment of fluid at the
reef crest creates a significant amount of retention, keeping 60% of water in the reef system. However,
when the jet is lighter than the ambient ocean water, the net effect of buoyancy is to enhance the
separation of the jet from shore, leading to a greater export of reef water. Matching observations, our
modeling predicts that buoyancy limits retention to 30% of the jet flow for conditions existing on the
Moorea reef. Overall, the combination of observations and modeling we present here shows that
reef-ocean temperature gradients can play an important role in reef-ocean exchanges.

1. Introduction

Ocean-lagoon exchange plays a key role in setting water residence time in coral reef lagoons, thus affecting
nutrient concentrations [Charpy, 2001], carbon system dynamics [Falter et al., 2013], temperature (and thus
thermal stresses) [Zhang et al., 2013; Davis et al., 2011], and sediment concentrations [Golbuu et al., 2003].
Fluxes of new ocean water entering reef lagoons have also been found to be important in controlling the
supply of plankton to inshore reefs [Wyatt et al., 2010]. Conversely, it is likely that export of plankton and lar-
vae to other nearby reef systems or equivalently, the retention of plankton and larvae in a given system, will
be controlled by the ocean-lagoon exchange. Thus, hydrodynamic processes that drive variability of ocean-
lagoon exchange in coral reef systems are likely to drive concomitant variability in biogeochemical and eco-
logical functioning of these systems.

Circulation in many reef systems is dominated by surface waves, which break on the steep slopes of the
reef and drive a flux of water over the reef crest [Hearn, 1999; Gourlay and Colleter, 2005; Callaghan et al.,
2006; Hench et al., 2008]. The water entering over the reef crest then returns to the ocean through reef
passes, i.e., gaps in the reef, as a jet driven by the pressure gradients created by the waves. The size and
shape of these reef pass systems play an important role in predicting exchange. Lowe et al. [2009a] found
that the reef geometry and roughness determined flow and thus residence times because the amount of
friction along the flow path changed the dynamics in the back reef. Monismith [2014] also found that the
shape of the lagoon and amount of friction is important to determine the path of flow exiting the pass.

Extensive study of inlets has been performed in tidally driven inlet exchanges particularly in the estuarine
environment [Stommel and Farmer, 1952; Hench and Luettich, 2003]. It has been found that the asymmetry
between the ebb-jet and flood-sink creates a residual flow at the inlet that determines net exchange. The
pattern of recirculation and exchange in tidally pumped inlets is controlled by the width of the inlet and
spatial variability in tidal phase, as the primary factors controlling tidal asymmetry [Stommel and Farmer,
1952; Chant, 2011]. Here, given the limited role of tides, we expect to find a very different spatial pattern of
exchange, however, for a given flow, the width of the inlet may still be important. The amount of exchange
at an inlet can be defined by a tidal exchange ratio, that is the percent of new water entering on a tidal
cycle relative to the total amount of water entering through the inlet [Fischer et al., 1979]. The strength of
the alongshore flow is an important factor in predicting this ratio and it has also been identified in
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predicting ocean exchange with reefs and small embayments[Black et al., 1990; Sanford et al., 1992]. Strong,
steady, alongshore currents can advect away reef and lagoon water in the pass jet and greatly reduce reten-
tion, while weak unsteady currents may increase residence times [Black et al., 1990].

In the wave-driven reef pass case, the amount of exchange is not driven by a tidal asymmetry, as the jet
exiting through the pass (although unsteady) does not reverse direction periodically and is usually unidirec-
tional (Figure 1). However, the geometry of a system, with wave-driven inflow opposing the direction of the
jet creates the possibility of significant retention of outflowing water. To our knowledge, the mechanisms
controlling retention of water exiting through reef-passes as wave-driven jets has not been previously
examined, despite this being a common geometry and exchange mechanism in coral reefs.

The water exiting a reef pass is a special case of a surface-buoyant jet in the coastal environment. Many stud-
ies have explored surface-buoyant discharges [e.g., McGuirk and Rodi, 1978; Baddour and Chu, 1986; Nash and
Jirka, 1996; Horner-Devine, 2009; Chant, 2011]; while this work is applicable to the wave-driven jet, the addition-
al factor of the jet exiting adjacent to a reef crest that is entraining fluid must also be considered. From this
work, three nondimensional parameters are identified as important in describing the dynamics [Jirka, 2004;
Jones et al., 2007; Fischer et al., 1979]. They are the internal Froude Number of the jet (Fjet)

Fjet5Ujet=
ffiffiffiffiffiffiffi
g0h

p
; (1)

is the shape factor (S) representing the ratio of the jet width (b) to the depth (h) at the opening

S5b=h; (2)

and the velocity ratio

R5Ua=Ujet (3)

where Ujet is the velocity of the jet at the opening and g0 is gravity modified by the buoyancy difference
between the jet and ambient ocean water such that g05g qj2qo

� �
=qo. The internal Froude number (Fjet)

compares the relative importance of the initial jet momentum to the initial jet buoyancy. The shape factor
(S) can be thought of in terms of the effect of bottom friction on the jet. The wider and shallower the jet,
i.e., the higher S is, the more important friction will be in the dynamics. The velocity ratio is the ratio of the
alongshore velocity to the initial jet velocity, which compares the relative strengths of momentum of the jet
and the alongshore flow. In larger passes or rivers Coriolis may be important, but in this situation the Corio-
lis force is not dynamically important, with a Rossby number (Ro 5 U/fL) of 15 for a jet with 10 cm/s exit
speed, a width of 300 m, and an inertial frequency of 2.2 3 1025 rad/s.

The strength of the alongshore flow relative to the jet is critical for predicting shoreline reattachment. In the
case of a fringing reef system, the shoreline is replaced by an open reef crest, so the conditions that would

Figure 1. Schematic of a wave-driven jet exiting a reef pass with alongshore flow.

Journal of Geophysical Research: Oceans 10.1002/2016JC011729

HERDMAN ET AL. BUOYANT SURFACE JET ON A CORAL REEF 4089



equate reattachment in a beach case will actually cause a recirculation of jet fluid back over the reef crest.
Thus, to predict the net exchange, we must understand what conditions cause the jet to attach to the
‘‘shore.’’ The alongshore flow adds momentum to the jet, via entrainment, and can also create a pressure
form-drag force as it flows around the jet [Jirka, 2007]. Both effects cause the jet to deflect in the direction
of the cross flow. Chu and Abdelwahed [1990] found that the best parameter for predicting shoreline reat-
tachment of a buoyant jet in an unconfined flow is the composite Froude number of Fjet Fa where Fjet is the
jet internal Froude number defined earlier, and Fa is the Froude number for the ambient flow and uses the
alongshore velocity instead of the jet velocity. They found that downstream attachment does not occur for
FjetFa > 0:5. This indicates that to produce a strongly curving jet, momentum either alongshore or within
the jet needs to be strong relative to the buoyancy forcing.

The goal of this work is to understand what factors are important in predicting the net export of water from
the reef in a jet exiting a reef pass, or equivalently the fraction of flow that is reentrained. Toward this end,
we first describe the field site and the measurement techniques used to observe the fate of a wave-driven
buoyant jet exiting a reef pass. The resulting observations are used to motivate the modeling work that fol-
lows. In the second section, we describe the idealized numerical model used and show the effects of sys-
tematically varying buoyancy and alongshore flow on the fate of the jet. Finally, we discuss the net effect of
the reef crest on the recirculation of the jet and share our conclusions.

2. Observations

2.1. Field Site
The study site was the reef and lagoon system on the north shore of Moorea (178 28.90 S; 1498 50.30 W)
described by Hench et al. [2008]. It has a well-developed fringing reef and lagoon system. There are four
main parts to the reef, each with different physical and biological characteristics; the fore-reef, the back reef
and reef crest, the bay, and the reef pass (Avaroa Pass) that connects the back reef and lagoon to the ocean.
These locations are labeled on a bathymetric plot of the study area in Figure 2. This work is primarily con-
cerned with what occurs offshore of the reef crest and the water emanating from the pass. Offshore of the
fore-reef the bottom slope averages 1:8 although there is smaller-scale spur and groove structure between
0 and 30 m in depth. Offshore and deeper than the spur and grove structure the bottom was predominant-
ly sandy. Waves approaching the north shore break as the reef shallows, creating coral rubble and leaving
little live coral in the surf zone.

The reef crest is the shallowest point and during low wave conditions is covered by 10–20 cm of water.
However, with the large waves that are prevalent in austral summer the water-level can increase by up to
0.5 m due to wave breaking and wave-setup leading to water depths up to 1 m [Monismith et al., 2013].
Avaroa Pass lies directly north of the bay, connecting the reef and lagoon system to the ocean. The pass is

about 300 m wide and has a
maximum depth of 50 m in a
scour hole, although most of
the pass is 30 m deep. The bot-
tom of the pass is covered in
sand and coral rubble. The sides
of the pass rise steeply to the
shallow back-reef with a slope
of about 1:3. While the reef
crest runs almost due east-west,
the reef pass is aligned approxi-
mately 158 west of north.

2.2. Observational Methods
We carried out two field experi-
ments, one from December
2006 to February 2007 and the
second between December
2008 and February 2009. During

Figure 2. Bathymetry of field site with mooring locations. The mooring locations referred
to in the text are indicated with blue dots. Green line indicates location of ADCP transect
(shown in Figure 6) and drifter release area is shown with red shading.
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these experiments, we used a combination of moored ADPs, CTDs, and temperature probes, shipboard
ADCP/CTD transects, as well as radio-tracked GPS drifters. The data presented in this paper include informa-
tion from two ADCPs, one placed within the center of the pass (Pass Station in Figure 2) to the ocean at
43 m depth, and one placed on the fore-reef at 40 m water depth (Station F in Figure 2). Colocated with the
reef pass ADCP was a string of CTDs deployed at 6, 10, 21, 26, and 43 m depths. ADP and temperature log-
ger were located just behind the reef crest (Station R in Figure 2) in 2 m of water.

Velocity sections were also measured across the mouth of the pass with vessel-mounted 300 kHz and 1.2
MHz ADCPs to simultaneously resolve near surface and deep-water velocities, which recorded single ping
data at 1.66 Hz in 4 m bins and 5 Hz in 0.5 m bins, respectively. The vessel position was determined with a
Trimble Geo Explorer GPS such that in conjunction with a base station located on land, postprocessing of
the GPS data yielded an error in position of less than 0.5 m.

The drifters we released were built to survive the surf-zone, where wave breaking can exert strong forces
on the drifters, and not get caught in the shallow back reef, where coral bommies regularly reach within
centimeters of the surface. Our design was based on the surf zone drifter in Johnson and Pattiaratchi [2004],
but with several modifications to facilitate easier deployment in a shallow coral reef environment. Our drift-
er extended to a water depth of 0.5 m and the PVC housing that held the GPS drifter was 20 cm long with
the top 5 cm reaching above the water. The righting moment of the drifter was maintained with a 4 cm sec-
tion of closed-cell floatation foam around the PVC housing and a 30 g lead weight sewn into the bottom of
a single 0.3 m long parachute drogue. The performance of these drifters was tested for wind slip and wave
surfing against more standard Davis-style (and other) drifter designs and had very similar trajectories
[Herdman, 2012]. Individual drifter positions were determined using GPS receiver unit (Garmin RINO 520)
which recorded drifter positions at 0.25 Hz. Tests of the accuracy of the GPS units [Herdman, 2012] indicate
that the error in position would produce errors in the drifter velocities much smaller than those anticipated
from wind slip. Wind slip has been found to be up to half a percent of the wind speed [Niiler and Paduan,
1995; Johnson et al., 2003] with average wind speeds in Moorea generally below 5 ms21 [Herdman et al.,
2015] the error in drifter velocities can be up to 2.5 cms21.

2.3. Observations: Flow Near the Reef Pass (the Jet Source)
During the austral summer the net flow from the pass was always out, i.e., from the reef to the ocean. The
flow leaving the pass typically was separated from the bottom at the location of our mooring but at times
the jet remained bottom attached (Figures 3 and 4). Given that the source of this flow is supplied by the
wave-driven flow over the reef crest [Hench et al., 2008; Herdman et al., 2015], the strength of wave forcing
determines when the outflow extends over the entire depth near the mouth of the pass. The volume flux
varied between 0 and 3100 m3s21 during the time period shown, with an average of 1100 m3s21 (Figure
4a). Velocity in the lower layer varied from 0 to 20.4 ms21 (negative meaning inflow into the pass). Even
when the net flux was zero, the surface jet had not stopped flowing; instead, the flow in the surface jet out
of the pass was balanced by the inwards flow of ocean water in the lower layer [see Hench et al., 2008]. The
density difference between the two layers ranged from 2.3 3 1022 kg m23 to 2 kg m23 with the average
density difference of �0.5 kg m23 (Figure 4b). With the exception of a large flood event in the week of 14
January, this density difference was primarily due to differences in temperature. During the time period of
data collection, the alongshore velocity ranged from 20.36 to 0.42 m/s, creating a velocity ratio that ranged
from zero to 7. (Figure 4d).

2.4. Drifter Trajectories
In order to follow the fate of the jet water, drifters were released across the mouth of the pass spaced about
100 m apart. Each release consisted of 5–20 drifters and lasted between 0.5 and 5 h. Each line was 5 or 6
drifters long and a new line was released every 20 min until there were no more drifters, resulting in 2–4
lines across the pass per release. The details of each release are shown in Table 1.

The trajectories for all of the pass releases are shown in Figure 5. In these different realizations, we observe
the variability of the fate of the surface water exiting the pass. In most releases, we observed a high percent-
age of drifters become entrained in the offshore flow and get transported away from the lagoon system.
The remaining fraction of water that exits the pass is reentrained into the wave-driven flow and recirculated
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through the system. In our 16 releases, we observe the two extremes of almost total reentrainment (Figures
5g and 5o) and no reentrainment (Figure 5f).

In Figure 5o, the drifters split and return over the reef crest on both the east and west sides of the pass.
The east channel more directly fed the pass while the drifters coming through the west back reef headed
to the bay before [see Herdman et al., 2015] eventually exiting through the pass. Only one drifter headed
offshore and thus away from the reef. In Figure 5g, the drifters are seen to immediately head over the
west reef crest after leaving the pass. In Figure 5f, the jet appears to be extremely strong with the drifters
traveling at speeds of 70 cms21 and going 1 km or more offshore before being entrained into the along-
shore current.

Figure 3. Jet initial conditions measured over the austral summer December 2006 to February 2007: (a) The along pass velocity positive
toward the ocean. (b) Across pass velocity (positive to the west). (c) Salinity and (d) temperature.
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Once the drifters leave the pass and enter the fore-reef, they begin to ‘‘feel’’ the wave-driven cross-shore
flow. While being carried steadily by the alongshore current, they simultaneously were pushed toward the
reef crest by the wave-driven flow over the reef crest. The curvature of the streamlines seen in Figure 5 is
due to two factors: (1) lateral shear in the alongshore current, evidently the result of the frictional coastal
boundary layer on the fore-reef; and (2) the fact that the mean Lagrangian velocity of the cross-shore flow
varies inversely with depth means that the drifters will accelerate as they approach the reef crest [cf.,
Monismith et al., 2013]. Once they passed over the reef crest onto the back reef, they decelerated in the
deeper water of the reef flat, eventually traveling to the channels that feed Avaroa Pass.

2.5. Estimates of Retention From Observations
The fraction of retention of jet water was highly variable, depending on the conditions during each drifter
release. In the following section, we investigate the spatial patterns in average recirculation, the effect of
alongshore flow strength, and the jet buoyancy on the recirculation. Figure 6a shows the spatial variability

Figure 4. Jet initial conditions measured over the austral summer December 2006 to February 2007: (a) The net ocean ward flow and the
flow out of the jet. (b) Top bottom density difference, (c) Jet Froude number, (d) velocity ratio, R, of alongshore to jet velocity.
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in the retention fraction measured for the 16
drifter releases from the pass calculated as fol-
lows: the reef and near-shore area were divided
into a grid of 10 m squares. The percentage of
retention for each grid cell was determined by
the number of drifters that passed through that
cell that also eventually became entrained in
offshore fluid and left the domain (or appeared
that they would leave) relative to the total
number of drifters that passed through that
cell.

Retention is strongest near the edges of the
pass, and is particularly strong on the west
edge of the pass (Figure 6a). Across the entire
mouth of the pass, there is no region from
which particles (drifters) would always escape
offshore from the reef system. It should be not-
ed that these releases were all done during the

winter time when the wave-driven flow over the reef was strong. Given that the back reef flow varies con-
siderably with the seasons [Hench et al., 2008; Herdman, 2012], the recirculation pattern may also vary sea-
sonally. The axis of the pass opening is oriented at about 308 west of north, i.e., not directly north and thus
the fore-reef bathymetry changes the outflow jet’s trajectory. Finally, because of the jet’s initial velocity to
the west, retention is stronger on the western side of the reef than if the jet exited perpendicularly to the
reef crest. Reflecting the strength of the wave-driven flow on the fore-reef, on both sides of the jet it
appears that if a drifter gets close enough to the reef crest, it is entrained into the flow over the reef crest.

In order to evaluate the dependence of recirculation on buoyancy, in Figures 6b and 6c we have done a
similar calculation as in Figure 6a but have only included drifter runs based on internal Froude number con-
dition. Froude numbers below 0.5 are considered low and Froude numbers above 1 are considered high.
When buoyancy is the dominant force over momentum, we expect more symmetric entrainment patterns
since buoyancy-driven flows will tend to spread radially, i.e., to the sides as much as offshore. This is clear in
the low Froude number cases shown in Figure 6b. As a consequence, there is a greater rate of retention on
the jet edge in these cases, and that high retention is seen on both sides of the pass. In the momentum-
dominated cases (Figure 6c), the spatial pattern of retention reflects the orientation of the jet opening
toward the west, which enhances retention on the west side of the reef, since the jet passes closer to the
western reef crest. Because of the temporal variability of the alongshore flow, we were not able to examine
how retention varied with the ratio of alongshore velocity to jet velocity ratios.

Practically, to define the effect of jet behavior on residence time, it is necessary to weight these retention
statistics by fraction of outflow found at each lateral position in the pass. For example, the retention zones
on the west side of the pass do not contribute as much to the return flow as do those on the east side of
the pass. It is shallower so has less mass flux per unit width. With velocity measured in an ADCP transect
across the pass, we can estimate the distribution of water exiting the pass (Figure 7b). The flow is relatively
evenly distributed with a peak in water flux at 100 m from the western edge of the channel. The smaller
fluxes at the edges can be attributed primarily to the depth of the pass. Also, due to bathymetry, the waves
wrap around the reef on the western edge of the pass and directly oppose the jet, slowing the exit velocity.

We can combine the spatial variability of flux across the pass with the spatial variability of the retention (Fig-
ure 7a) to compute volume percentages of retention. For each 15 m width of the pass, we used the drifter
data to estimate the probability that the water particles from that segment would permanently exit the reef
lagoon system. Weighting this spatially variable retention rate by flow through that segment provides an
estimate the total percentage of jet fluid that is retained by the system. Doing so for the average case, i.e.,
including all the drifter results, gives a net retention rate of about 33%. While segregation of the drifter
releases by conditions based on Froude number or alongshore flow suggested retention rates between 23
and 50%, given a bootstrapped-derived estimated uncertainty in retention of �15%, these values were not

Table 1. GPS Drifter Release Times and Deplement Durationsa

Release Date Num. Drifters Duration (min)

1 02/13/2007 10 20
2 02/14/2007 10 83
3 02/17/2007 8 62
4 02/18/2007 9 75
5 02/18/2007 10 300
6 02/19/2007 9 67
7 02/19/2007 9 67
8 12/09/2008 5 60
9 12/10/2008 20 220
10 12/10/2008 10 90
11 12/11/2008 20 210
12 02/11/2009 17 125
13 02/11/2009 16 200
14 02/12/2009 18 150
15 02/12/2009 18 250
16 02/13/2009 18 130
17 02/13/2009 16 160

aAll sets of drifters were released along a transect across the reef
pass.
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statistically different from the average value. Nonetheless, the drifter data make clear spatial patterns in
retention and even in the least retentive conditions, at least 20% of the water is retained by the system.

3. Numerical Modeling

3.1. Model Motivation and Design
Despite conducting 228 sets of drifter releases involving 68 h of drifter trajectory data, and, while broad pat-
terns and rate of retention are discernable from our observations, we were not able to clearly separate out
the different effects of the offshore current and the buoyancy on retention. To further pursue these, we car-
ried out a modeling study using simplified bathymetry where we were able to control the alongshore veloc-
ity, jet momentum, buoyancy, and reef geometry.

To simplify the computations, rather than explicitly model the entire lagoon/reef system including explicit
phase-averaged wave dynamics [as in Lowe et al., 2009b], we chose to model the wave-driven flow by a
sink/source combination distributed along one open boundary. The sink corresponds to the reef crest
region, which entrains water from offshore and the source is chosen to represent the pass outflow. As

Figure 5. Drifter releases (1–16 in Table 1). Each point is a GPS position recorded with color indicating speed from 0 to 0.6 m/s as indicated by the color bar. X and Y axes in kilometers
from an arbitrary zero.
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described in more detail below, the total flow through the pass was set equal to the flow over the reef crest.
The strength of the source/sink was chosen to model conditions observed on the Moorea reef [cf.,
Monismith et al., 2013].

3.2. Numerical Modeling Methods
We used the three-dimensional, unstructured-grid, finite-volume SUNTANS model [Fringer et al., 2006]. SUN-
TANS employs a semiimplicit free surface [Casulli and Walters, 2000] and computes the nonhydrostatic pres-
sure, although in this paper we use the hydrostatic version. Temperature is advected with a higher-order
flux-limiting scheme following Casulli and Zanolli [2005]. No diffusion is imposed for scalar transport, while
a constant horizontal eddy-viscosity of mH 5 0.1 m2 s21 is employed to stabilize central differencing of
momentum advection. In the vertical, the Mellor and Yamada [1982] level 2.5 turbulence closure scheme is
employed with stability functions modified by Galperin et al. [1988], and with a background eddy-viscosity
of mV 5 1026 m2 s21.

A triangular, unstructured grid was generated with GAMBIT (ANSYS Fluent). The alongshore velocity was
imposed on the eastern boundary and the depth was fixed on the western boundary (Figure 8), allowing

Figure 6. Spatial patterns of retention varying with Fjet : (a) average retention including all conditions; (b) Average retention for Fjet < 1(7
releases); and, (c) average retention for Fjet > 1 (10 releases). In each plot, the color indicates the percent chance of returning over the reef
crest if a drifter passes through that cell.
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for the setup of the free-surface gradi-
ent required to drive the alongshore
current. The boundaries that represent
the jet and reef were forced with a fixed
velocity. Given that the outflow in the
jet is determined by the total wave-
driven flow over the reef crest, the flow
out of the domain through the reef
boundary was set to equal the flow into
the domain from the jet. The offshore
boundary (parallel to the reef crest) was
a free-slip, no-flux boundary.

As depicted in Figure 8, the physical
dimensions of the grid were chosen
to match the geometry of the fore-
reef and pass system of Moorea. The
‘‘pass’’ was set to be 300 m wide and

30 m deep and was located in the center of a 7 km wide domain that extended 9 km offshore. The bottom
of the domain outside the pass sloped uniformly from 2 m at the reef crest to 200 m, 1.5 km offshore of the
reef, and was flat further offshore. This slope matches that of the fore-reef in the field. The size of the
domain was chosen to allow full development of the alongshore flow, and to prevent the reef flow from
being overly influenced by the offshore wall. The length of the reef crest, where the flux boundary condition
was applied, is 1 km on each side of the jet to reflect the channel spacing in Moorea (2–3 km apart). The
grid had 5 m resolution in the horizontal and when buoyancy forcing was included, a stretched grid in the
vertical having 20 cells that were distributed between 3 m at the surface to 20 m at the bottom. At the reef
outlet, there was a single 2 m deep cell and at the pass input there were seven vertical cells. With a time
step of 2 s dictated by the Courant condition related to explicitly computed momentum and scalar advec-
tion, each simulation ran for a minimum time of 20,000 s (10,000 time steps) until a steady state velocity

field was achieved. All results reflect the
steady state solution. Table 2 shows the
parameters used for the runs performed in
this paper.

3.3. Nonbuoyant Runs
In the first set of runs (runs 1–10 in Table 2),
the alongshore velocity was varied for a non-
buoyant jet. The jet velocity was 0.15 ms21

while the alongshore velocity ranged from 0
to 0.105 ms21 for a ratio of 0 to 0.7 between
alongshore velocity and jet velocity.

From Figure 9, it is clear that the jet pene-
trates farther offshore with weaker along-
shore velocity, behavior that is consistent
with other studies [e.g., Jirka, 2007; McGuirk
and Rodi, 1978]. However, the shape of the
‘‘zone of recirculation,’’ which is defined as
the off-shore area of jet fluid that ultimately
returns to the reef crest, or remains wall-
attached in the absence of a reef, behaves
differently in the two cases. In the case
shown here, the length of the zone of recir-
culation is set by the physical length of the
reef crest, because the flux at the reef crest
forces wall attachment downstream. In some

Figure 7. Average velocity in pass cross section. The x axis indicates distance along
the transect with zero being the westernmost point of the transect line shown in
Figure 1. The color shows velocity in m/s. The flux centroid for this velocity
distribution is on the right side of the channel at 160 m.

Figure 8. SUNTANS model domain: a 9 km by 7 km rectangle with a
300 m2 channel centered on the southern wall to form the pass jet. The
color indicates the depth in meters. The inset shows a close up of the
individual cells.
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of the weaker alongshore flow cases, the center-
line trajectory passes the end of the reef crest,
but turns back to the reef crest since for these
nonbuoyant runs we used a depth-averaged
model and the flow over the reef crest is set to
equal that of the jet. This inability to pass the
reef crest without returning, likely over predicts
the amount of retention than might be seen in
reality. Also, the abrupt end of the flux over the
reef crest at a no-flux boundary is not realistic,
and creates a sink-like flow field at the end of
the reef. In reality, the reef would continue but
would feed another source, or there would be
another pass with a jet. However, this difference
creates small changes in the local flow field and
does not affect retention significantly.

The fixed alongshore length scale in the pre-
sent case means that the shape of the recircu-
lation zone only changes in the cross-shore
direction with jet momentum. The continued
expansion of the jet offshore with increasing
jet momentum is evidence that the far wall of

Table 2. Parameters for Model Runsa

Run V Jet (ms21) U Alongshore (ms21) Buoyancy (g0)

1 0.15 0 None
2 0.15 0.0075 None
3 0.15 0.015 None
4 0.15 0.0225 None
5 0.15 0.03 None
6 0.15 0.045 None
7 0.15 0.06 None
8 0.15 0.075 None
9 0.15 0.105 None
10 0.15 0.15 None
11 0.1 0.05 2 31023

12 0.1 0.05 9.8 3 1024

13 0.1 0.05 3 3 1024

14 0.1 0.05 2 3 1024

15 0.1 0.05 9.8 3 1025

16 0.1 0.05 2 3 1025

17 0.1 0.05 9.8 3 1026

18 0.1 0.01 2 3 1024

19 0.1 0.02 2 3 1024

20 0.1 0.04 2 3 1024

21 0.1 0.07 2 3 1024

22 0.1 0.1 2 3 1024

23a 0.1 0.1 2 3 1024

24a 0.15 0.105 None

aRun had no flux at the reef crest.

Figure 9. Nonbuoyant jet runs. Each plot show the final distribution of jet water (red) relative to ocean water (blue). The white lines are the paths of particles released at the jet opening
in the steady state velocity field at the end of each run. Plots (a–h) correspond to runs 1, 3–9 in Table 2 and are labeled with R, the alongshore velocity to jet velocity ratio.
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the domain does not interfere
with the evolution of the jet
and thus accurately reflects the
field case with an open ocean.

The main result from these non-
buoyant runs is that we see we
are able to predict the shape of
the jet by combining simple
analysis used in the jet in a
cross-flow literature with the
additional pressure gradients
created by the flow over the
reef crest to generate a self-
similar jet center line trajectory.
As seen in other jet in cross-
flow studies, our model results
show that the jet turns more
sharply with the increased
alongshore flow. Jets in
alongshore-flow are known to
block the alongshore flow creat-
ing a high-pressure zone
upstream of the jet and a low-
pressure zone downstream of
the jet. This can be seen in the
pressure contours of a run with
no reef crest (Figure 10b). In the
zero alongshore-flow case, the
pressure contours are symmetri-

cal around the jet opening with very strong pressure gradients near the reef crest; these are responsible for
driving the flow over the reef crest and out of the domain (Figure 10a). As might be expected, for the jet in
cross-flow with flow over the reef crest, a combination of the two pressure gradients: there is a high-
pressure zone on the upstream end of the jet and a low pressure zone on the downstream end of the jet,
but the effect of the reef is to compress these pressure variations into a region that is closer to shore. The
low-pressure zone of the jet combines with the low-pressure zone of the reef crest and appears to be flat-
tened against the edge of the reef crest.

Generally, the momentum balance for the nonbuoyant jets is primarily between advection of momen-
tum and the pressure gradient provided by the free surface (Figure 11). Analysis of the momentum bal-
ance for the midlevel R-value case (R 5 0.3) we found in the cross-shore direction pressure and
momentum advection balance each other with a negligible contribution from friction. In the along-
shore, pressure and advection of momentum make up the main balance in most of the domain, howev-
er in the shallowest parts of the domain near the jet opening and reef crest friction is important. The
free surface gradient is important in maintaining the flux into the domain via the jet and out of the
domain over the reef crest.

These model runs represent the combination of two flow behaviors: The simpler case of a jet in a cross-flow
and a jet exiting reef pass can both be described by a pressure-inertia balance. This suggests that a self-
similar scaling for the trajectories of a jet with a cross flow and an entraining reef crest might be possible. In
Figure 12a, we see the raw centerline trajectories from the jet. In Figure 12b, the same trajectories from the
jet are scaled with the momentum scaling given in Jirka [2007]

Ly5
M0:5

Ua
(4)

Figure 10. Pressure contours from selected non-buoyant jet runs: (a) a jet and reef-crest
with no alongshore flow (run 1; Figure 9a); (b) a jet with strong alongshore flow and no
flow over the reef crest (run 24); (c) a strong alongshore flow with a reef crest (run 9; Figure
9h). The purple rectangle below the x axis indicates the location of the jet opening.
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where M5U2
j bh is the flux of momentum calculated using, the jet velocity, Uj, jet width, b, and jet depth, h.

As seen in Figure 12b, this scaling overpredicts the maximum offshore distance of the jet substantially and
does not collapse the trajectories onto a single dimensionless curve. Evidently, equation (4) is not appropri-
ate for the reef jet flow.

However, we can alter equation (4) to correct for the additional low pressure from the reef pass by creating
an effective ambient velocity Ug corresponding to the alongshore flow that would decrease the pressure an
amount equivalent to the pressure decrease required to drive the reef crest flow. Ug was found for our mod-
el runs by fitting the free surface deflection in the lee of the jet to a quadratic function of velocity (per the
Bernoulli equation), giving Ug 5 0.08 ms21, a constant since all of the model runs were done with the same
flow over the reef crest, In terms of this extra velocity, we alter equation (4) to read:

L�y 5
M0:5

Ua1Ug
� � (5)

As seen in Figure 12c, using the scaling shown in equation (5), all the computed trajectories collapse onto a
single dimensionless trajectory.

Thus, effectively summing the pressures in the lee of the jet, one due to jet blocking and the other related
to the low pressure required to drive flow over the reef crest, we can predict the amount of jet bending
that will occur. This should not be a surprise since Jirka [2007] showed that the Bernoulli equation could be
used to predict the blocking effect.

Figure 11. Momentum balance of nonbuoyant jet runs. (a–d; top row) Momentum balance along the x direction. (e–h; bottom row) Momentum balance along the y-direction. The
jet-opening is centered at 3.5 km.
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3.4. Runs With Buoyancy
The other parameter that we varied was the
density of the jet, thus varying the internal
Froude number of the jet, Fjet . In our model
runs with buoyancy 0:4 < Fjet < 5:8 where
Fjet is based on the initial jet velocity, initial
jet depth (30 m), and the buoyancy differ-
ence of the jet compared to the ambient
water. Each scenario was run for at least 104

s, i.e., �3 h. The scalar field and trajectories
from these runs, where Fjet and Ua=Uj were
varied, can be seen in Figure 13. Unlike the
runs without buoyancy, steady state was not
reached over the entire domain by the end
of these runs. However, steady state was
reached with respect to the fate of the jet
water, i.e., the fraction of jet fluid that exited
at the reef crest boundary. Thus, while in
many runs the leading edge of the front was
still propagating offshore, the dynamics of
the near-shore region were no longer chang-
ing substantially.

With buoyancy, the jet water goes much far-
ther offshore and the scalar field near the
reef crest shows lower concentrations as
compared to the 2-D case. This is because
the jet separates from the reef as it goes
downstream. Ambient fluid is entrained
under the plume and onto the reef (Figure
14). In the lowest Froude number cases, the
spatial distribution of jet water is much more
symmetric with respect to the pass, jet water
intrudes far upstream. The trajectories of the
particles that leave from the mouth of the jet
appear to get caught in the edges of the
front offshore, which results in sharp turns in
particle path lines (Figure 13). Sharp turns
like this were observed in many of the field
drifter releases (Figures 5b, 5e, 5i, and 5m)
indicating the importance of buoyancy to
the fate of surface-trapped particles.

With buoyancy, the effect of alongshore flow
is weaker when compared to cases with the
same velocity ratio Ua=Uj but with no buoy-
ancy. Even the highest Froude number case
(Fjet55.8) does not stay bottom-attached,
and so even in this case, the offshore jet evo-
lution is different from the nonbuoyant case.
The lower Froude number flows lift off from

the bottom closer to the pass allowing more alongshore water to pass underneath the buoyant jet. In these
runs lift-off depth varied inversely with the initial Froude number, just as found in Atkinson [1993].

Separation of the jet from the bottom minimizes the blocking effect, changing the mechanism for the
alongshore flow turning the jet from one involving the pressure gradient (i.e., blocking) to one involving

Figure 12. Centerline trajectories of the jets shown in Figure 8: (a)
unscaled trajectories; (b) trajectories scaled by the reef length in the x
direction and in the y direction by the jet scale defined by equation (4);
and (c) Jet trajectories scaled the modified Jirka scaling given by equation
(5). In each case, the legend gives values of R.
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Figure 13. Trajectories and surface scalar fields for buoyant jets. Particle trajectories are for particles released at the jet opening and integrated through the top layer velocity field. Red
is jet water and blue is ocean water. Each run is labeled with the internal Froude number of the jet and the alongshore velocity. The exiting jet velocity was the same (0.1 ms21) for every
run.

Figure 14. Offshore transects of jet water for Fjet 5 1.3 and R 5 0.01: (a) At X 5 3.2 km (just downstream of pass); (b) At X 5 2.4 km mid reef; and (c) At the downstream end of the
reef at X 51.5 km. The color indicates the concentration of jet fluid and the arrows show the velocity in vertical and cross-shore directions with the scale shown in the lower left of
Figure 14c.
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the entrainment of alongshore momentum. In the scalar field along the center trajectory, we find evidence
for the different turning mechanisms: in the two-dimensional case, there is absolutely no reduction of scalar
concentration indicating that there is no entrainment of ambient fluid so the bending of the jet centerline
is solely from pressure field. In the cases where buoyancy is included, the scalar concentration along the jet-
center streamline decays with a dependence on Fjet . For the majority of runs, the concentration begins to
decay between 10 and 20 times the jet to plume length scale. For the high Fjet (5.8 and 4.1) cases, the decay
begins between 1 and 2 jet to plume length scales.

Unlike the two-dimensional case, the centerline paths do not collapse on to a single dimensionless trajecto-
ry. This is likely due to the fact that force balance changes along the trajectory [see Fischer et al., 1979]. The
relative importance of momentum and buoyancy vary along the centerline of the jet. Moreover, the runs
with smaller values of R are outside the range of velocity ratios analyzed by Jirka [2007]. Jirka found that the
length, L, of the zone of flow establishment, where channel geometry strongly influences flow characteris-
tics, for buoyant surface jets entering perpendicularly into a crossflow takes the form:

L5
ffiffiffiffiffiffi
bh
p

12
3:22

R

� �
e25=F2

jet (6)

For the values of R we modeled, i.e., when R< 3.22 equation (6) gives the nonphysical result that L< 0. This
indicates that the range of parameters relevant to the reef span a region where different dynamics are at
play in establishing the initial flow conditions and that Jirka’s parameterization will not be applicable. Differ-
ent scaling is required to parameterize the structure of the relatively weak jets we consider here. Moreover,
given that flows at the exit from Avaroa Pass can be both jet-like or plume-like or somewhere in between
(Figure 16), we should not expect that a single scaling would suffice to describe such flows.

However, the behavior seen in the two-dimensional case, i.e., the reef sink enhances turning of the jet
downstream of the source still occurs. The difference is that the buoyancy minimizes the blocking effect,
creates a pressure gradient that acts to spread the jet water offshore more quickly, and permits entrainment
of ocean water from underneath the plume. These mean that the reef sink, although still producing a sub-
stantial free surface gradient, produces less downstream reattachment in the buoyant case and the fluid in
the plume that is entrained over the reef is a mixture of jet fluid and ocean water. Thus, the net effect of
buoyancy in the jet is to produce less recirculation of jet fluid.

Figure 15. Same as figure 14 but with the no flow over the reef crest.
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This behavior can be seen in Figures 14 and 15 cross-shore sections through the jet at different points along
the downstream reef, both with a reef cross flow (Figure 14) and without a reef cross flow (Figure 15) but
otherwise the same conditions. Without the flow at the reef crest, the leading edge of the jet makes it off-
shore faster and the body of the jet does not stay attached to the reef crest for the entire length of the reef.
The most obvious impact of the reef flow is seen immediately downstream of the pass where a greater por-
tion of jet water is wall and bottom attached than in the absence of flow across the reef crest.

The flow at the reef crest and the associated pressure gradients also change the development of the lead-
ing edge of the plume. In the absence of reef flow, there is a larger amount of mixed water under the lead-
ing edge of the jet along with internal waves traveling along the interface. Thus, the flow over the reef crest
affects the jet behavior offshore. By the midpoint of the downstream reef, the jet in the no reef flow case
has completely separated from the wall (Figure 15b), while the case with reef flow (Figure 14b) is still
entraining jet fluid at the reef crest, albeit as a mixture of ocean and jet water. At the end of the reef both
plumes are similar in depth and length, although in the presence of the flow over the reef crest, the mixed-
density water stays adjacent to the reef crest while in the absence of the flow over the reef crest the inshore
edge of the plume is 250 m offshore of the reef crest. Thus, the effect of the reef crest flow is to compress
the development of the jet/plume against the reef and create greater retention of jet water in the reef sys-
tem, as opposed to the case of no reef crest flow for which buoyancy has the tendency to spread off-shore,
thus minimizing the retention of the jet water in the reef system.

4. Discussion

4.1. Regime Behavior
We can examine our data in terms of the regimes defined by Jirka [2007], finding that our observations and
our simulations fall on the boundary separating upstream intruding plumes from shoreline attached jets
(Figure 16). Most of the simulations fall in the shore-line attached jet region, although the lowest Froude
number and lowest alongshore velocity cases would be classified as upstream intruding plumes according
to Jirka. The lowest alongshore velocity case modeled with a Froude number of 1.3 (shown in Figure 13h) is
on the border between the two regimes in Figure 16.

Overall, the scalar fields and trajectories shown in the buoyant runs in Figure 13 generally show significant
upstream intrusion and behave more like upstream intruding plumes than shoreline attached jets as
defined by Jirka [2007]. Thus, the effect of the reef crest is to shift the region of the upstream intruding
plumes to higher Froude numbers than was found by Jirka. This is because the pressure field driving the

Figure 16. Classification of jets and plumes in terms of length-scale ratios given by Jirka [2007] recast in terms of the dimensionless
variables given in equations (1)–(3). The grey dots show the values for the field data with the contours indicating density of points. The
blue triangles show the values for the simulations including buoyancy.
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reef flow enhances the symmetrical
spreading of the jet as it exits; by com-
pressing the pressure field associated
with jet-blocking it lessens the effect of
the alongshore flow, thus allowing the
spreading associated with the buoyancy
to dominate. In effect, flows with low
buoyancy and a reef sink resemble cases
of buoyant jets with higher buoyancy
near a wall.

4.2. Model Jet Retention Compared to
Observations
Ultimately, what we are interested in is
how these changes in pressure, velocity,
and jet shape change the amount of jet
water recirculated back over the reef
crest, i.e., how the dynamics of the jet/
sink combination affects residence time
for the reef system. Figure 17a shows
how the fate of the water varies as Uj=Ua

changes for both buoyant and nonbuoy-
ant simulations. By design, in the non-
buoyant cases, 50% of the water always
goes over the downstream reef crest. The
amount of water that escapes the domain
increases with increasing alongshore flow
velocity. This is a result of the alongshore
flow compressing the pressure gradient
on the upstream side of the jet and mini-
mizing the amount of water that returns
via the upstream reef crest. We see that at
a minimum, with no buoyancy, the flow
over the upstream reef crest pulls 10% of
the jet water with it. This indicates that a
maximum of 40% of the jet water escapes
the domain. This is a much higher fraction
of retention than we observed using
drifters. The addition of buoyancy
decreases the fraction of outflow that is
reentrained, thus more accurately reflect-
ing our field observations. In the simula-
tions with buoyancy, between 50 and 80
percent of the jet water escapes the reef
system. Nonetheless, as in the nonbuoy-
ant cases, for buoyant cases we also find
that increasing the alongshore flow
decreases retention by the upstream reef.
However, in the buoyant cases, this also

increases the retention in the downstream reef crest. This means that for a given amount of buoyancy the
total retention does not change as much with changes in alongshore flow as in the nonbuoyant bottom
attached case.

In Figure 17b, we see how the retention changes with Froude number. The high Froude number cases are
similar to the comparable nonbuoyant case (Uj=Ua 5 0.5) when half of the jet flow went over the

Figure 17. Jet retention as a function of: (a) velocity ratio, R; (b) Jet internal
Froude number, Fjet ; and (c) the combined parameter Fjet R. The black dots
indicate the fraction of the jet water that is not recirculated over the reef crest
whereas the blue dots indicate the fraction of water that is recirculated into
the downstream reef. Red triangles indicate the fraction of jet fluid that enters
the upstream reef. In Figure 17a, the unfilled points connected by a line are
the data for the model runs with no buoyancy or an infinite Froude number.
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downstream reef and only 13% went over the upstream reef. The highest buoyancy case (Fjet 5 0.41) distrib-
utes the retention differently: almost equal amounts of water enter the up and downstream reefs in the
highest buoyancy case while, in the next most buoyant case (Fjet 5 0.58) more jet water returns via the
upstream reef crest. For weaker buoyancy, the results asymptote to the nonbuoyant case for which 50% of
the water is retained by the downstream reef crest. The primary explanation for the lower retention with
buoyancy is that in the presence of buoyancy, the jet separates off of the bottom and ‘‘new’’ ocean water
mixes with the jet before it returns over the reef crest. Also the buoyancy helps push the jet offshore and
minimizes the effects of the alongshore velocity. This shows that although the buoyancy increases retention
on the upstream side of the jet it is insufficient to overcome the decreased retention on the downstream
side of the jet. In summary, the overall trend is that more buoyancy creates less retention.

The last parameter that we consider as influencing retention is the product of Fjet and R,

Fjet R5
Uaffiffiffiffiffiffiffi

g0h
p (7)

This parameter effectively defines an internal Froude number based on the ambient flow and the internal
wave speed associated with conditions existing at the source in the pass. In Figure 17c, we see that when
FjetR> 1 downstream retention increases with Fjet R while the upstream retention remains constant at about
10%. When Fjet R< 1, the relationship is more complicated. It appears that there are competing effects
between the tendencies for jet water to intrude upstream as opposed to spreading offshore. The effect of
these competing effects is to create a local maximum in retention at Fjet R ffi 0.5.

Our field observations are best replicated by model runs with low Froude numbers and low velocity ratios.
The shape parameter of course did not change at the field site and thus we maintained a constant S 510 in
our model as well. The distribution of those parameters over the 9 months we took measurements in terms
of the scaling parameters are shown in Figure 16, where it can be seen Froude numbers near 1 are com-
mon. The velocity ratio Ua=Uj was less than 2 for 90% of the time. This places our field site on the low range
of all three independent parameters shown in Figures 17a–17c, and thus suggesting that, as observed,
30–50% of the jet will be retained by the system and that higher rates of retentions will be very rare.

4.3. Other Variables That Affect Retention
Two reef geometry parameters that might affect retention and recirculation zone dynamics but were not
specifically examined here are the aspect ratio of the jet and the bottom drag coefficient. A higher width to
depth ratio of the jet would likely decrease the penetration distance because bottom drag would be stron-
ger relative to the momentum of the jet when the jet is bottom attached. The drag coefficient used in the
modeling was CD 5 0.005, a value that is lower than has been observed for the Moorea fore-reef [Monismith
et al., 2013] as well on other coral reefs [e.g., Lowe et al., 2009a,2009b]. In the two-dimensional cases, a larger
drag coefficient and hence stronger bottom friction would require larger pressure gradients to drive the
flow over the reef crest. Increased friction will also lower the effect of jet blocking in the near field because
the alongshore velocity would be lower in the shallow area near the reef crest. However, the results of one
buoyant jet run with CD 5 0.05 were not substantially different from the case where CD 5 0.005. In the buoy-
ant cases the jet separates off the bottom, even with very small buoyancy differences, causing bottom fric-
tion to have a minimal impact on jet shape and recirculation.

The addition of unsteadiness in either the ambient flow or in the jet conditions could also affect retention
etc. In particular, the time scales to develop the offshore recirculating flow can be longer than the time
scales over which the alongshore flow is steady, particularly around times of current reversals. In this case,
the Moorea jet may be unusual in that it has little tidal variability [Hench et al., 2008], as opposed to other
systems, e.g., Kaneohe Bay [Lowe et al., 2009a] for which tides can be important. While it is beyond the
scope of the present work, it would be interesting to see how retention/recirculation etc., change with
unsteady jet conditions and time-varying alongshore currents.

Our model has been simplified by not explicitly including surface waves, instead representing their effect
only through the net flow they drive. We believe that had we explicitly included waves, the results would
not have been significantly different. First, advection of offshore fluid toward the reef crest would be similar
in both cases since, by construction, the depth-averaged mean Lagrangian velocity on the fore-reef would
be the same in both cases. Second, wave current interactions in the jet, as computed by the vortex force
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[Uchiyama et al., 2009] from the spatial velocity field generated by the drifters can be shown to be generally
an order of magnitude smaller than the other terms in the jet momentum balance (shown in Figure 11). In
either case, the mean momentum balance requires that the free surface slope balance both bottom friction
and spatial acceleration. The former is generally unimportant on the fore-reef. The latter, which is only
important if the fore-reef is steep, is the same in both cases since it is the acceleration of the mean Lagrang-
ian flow, something that depends inversely on depth and is the same in both cases. Thus, the low pressure
zones created near the reef pass and reef crest will be similar to those shown in the model results. Third,
while in general waves can significantly modify the bottom stresses acting on the mean flow, our observa-
tions [Monismith et al., 2013] showed little explicit effects of waves on along-reef flow structure suggesting
that roughness effects associated with the reef spur and groove structure may be more important than
waves in setting fore-reef bottom stresses.

While the mean advection toward the reef crest is the same with and without explicit waves, the biggest
discrepancy between the two cases is likely due to the fact that the idealized model has relatively constant
velocities with depth, while in deeper water, the mean onshore Lagrangian flow is likely to be more vertical-
ly sheared since the Stokes drift will be stronger near the surface than at depth. This would tend to prefer-
ential draw surface waters, i.e., offshore jet fluid toward the reef crest, thus weakening the extent to which
buoyancy reduces retention. Nonetheless, we believe this is a secondary effect compared to the fact that by
including buoyancy we were able model significant patterns in the drifter releases, e.g., sharp turns in drifter
trajectories along the buoyancy fronts at the edges of the jet. Thus, it is clear that the net impact of buoyan-
cy must be to reduce retention, although the strength of this effect may be altered by the strength of the
wave forcing.

The other issue for predicting the amount of water recirculated from jet to reef crest is the rate of entrain-
ment of ocean water into the jet as it is recirculated off-shore. This is an issue that we are unable to address
in detail in this paper, however, it clearly has an impact on predicted recirculation rates. In previous studies
of tidal buoyant surface jets the most entrainment occurred behind the leading front. [Luketina and
Imberger, 1989, 1987] In a more slowly varying unsteady jet such as this, there is not likely to be a strong
leading front (called a roller in Luketina and Imberger [1989, 1987]) but a series of small subfronts as the jet
momentum changes with the transient wave-forcing. There is also strong mixing and entrainment in the
lift-off zone of the jet [MacDonald and Geyer, 2004; McCabe et al., 2010]. And there can also be entrainment
associated with regions of shear instability [Orton and Jay, 2005]. For these processes, parameters relating
buoyancy, friction, and momentum are also important and we hope to be able to examine the role of vari-
able entrainment on net recirculation in the future.

4.4. Residence Times
Using the results above for retention, we can estimate the changes in overall residence time with jet and
ambient flow parameters. Classical control volume analysis of a continuously mixed system shows that the
time evolution of the concentration is described by the relation:

dC
dt

5
Q
V

Cin2
Q
V

C (8)

where C is the concentration of the material of interest inside the control volume, V is the volume of the
body of water, Q is the flow through the system, and Cin is the concentration entering of material entering
the volume. If we assume a return flow bQ, from the jet into the system we can estimate Cin as:

CinQ5Ca Q2bQð Þ1CbQ (9)

where Ca is the ambient inflow from the ocean, combining with the return flow to get the total flux in. If we
assume that the ambient concentration is 0, then

C5Coexp
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: (10)

Equation (10) shows that the larger the return flow, the more slowly the concentration will decay, i.e., the
longer the residence time, s. The assumption that the system is instantly and continuously mixed might cer-
tainly be questioned, but equation (10) shows that b can change the estimate of the residence time
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substantially. For the field case with the least recirculation (b 5 23%) only 10% of the original material is still
in the lagoon system after three flushing times, however in the highest recirculating case, where b 5 50%,
10% of the original material is left after five flushing times.

In previous work [Herdman, 2012; Hench et al., 2008], flushing times for the Moorea reef system were esti-
mated given seasonal variations in wave-driven flow and have been found to range from 0.6 to 9 h. Taking
the extremes of these estimated flushing times, this means that the range of residence times for 10% of the
water will range between three and five times that, i.e., 1.8 and 45 h. Thus, as would be expected, the frac-
tion of return flow can have a significant impact on the residence time.

5. Conclusions

The observations and modeling we present here show two important features of wave-driven circulation
through a barrier reef-lagoon system: (1) The flow over the reef crest that supplies the flow through the reef
system has a dramatic effect on the trajectory of the jet/plume that emerges from the pass, such that reen-
trainment of jet fluid can be as a high as 50%; and (2) Jet buoyancy also has a dramatic effect on jet/plume
behavior, tending to act to reduce recirculation of fluid exiting the reef pass through the reef system.

The behavior of this jet/plume can have important consequences for the biogeochemical and ecological func-
tioning of the reef system. First, any biogeochemical or ecological process that depends on residence time
will vary with wave conditions and with whatever acts to change the density of fluid exiting the pass, in our
case, heating. Indeed, because of differences in depth between the offshore ocean and the reef system, the
water flowing in from the ocean can heat up substantially on the shallow back-reef due to solar radiation
[Koweek et al., 2015], so the longer the residence time, the greater the temperature difference that can devel-
op between the reef and the offshore ocean [Herdman et al., 2015]. Thus, the jet/plume behavior studied here
clearly provide a mechanism for negative feedback: given that the net ocean-lagoon exchange rate (inverse
of retention) increases when reef waters become warm (buoyant), residence time would tend to decrease
with heating, moderating the increase of shallow reef temperatures relative to ambient ocean temperatures.

Second, depending on jet/plume buoyancy, the distance offshore the plume travels in the near field can
influence the degree to which different, nearby reef systems are ‘‘connected’’ to each other. That is, jet/
plume water that makes it sufficiently far offshore to enter the prevailing longshore current system will
transport materials, e.g., planktonic larvae, away from the source reef. At our site on Moorea, this generally
would mean transport to the next reef-lagoon system 4 km to the west, although, given the complex flows
known to exist in the Society Islands, it also could result in transport to other nearby islands.
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