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Abstract Water circulation over coral reefs can determine
the degree to which reef organisms are exposed to the
overlying waters, so understanding circulation is necessary
to interpret spatial patterns in coral health. Because coral
reefs often have high geomorphic complexity, circulation
patterns and the duration of exposure, or “local residence
time” of a water parcel, can vary substantially over small
distances. Different meteorologic and oceanographic forc-
ings can further alter residence time patterns over reefs.
Here, spatially dense Lagrangian surface current drifters
and Eulerian current meters were used to characterize
circulation patterns and resulting residence times over
different regions of the reefs in Faga’alu Bay, American
Samoa, during three distinct forcing periods: calm, strong
winds, and large waves. Residence times varied among
different geomorphic zones of the reef and were reflected
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in the spatially varying health of the corals across the
embayment. The relatively healthy, seaward fringing reef
consistently had the shortest residence times, as it was
continually flushed by wave breaking at the reef crest,
whereas the degraded, sheltered, leeward fringing reef
consistently had the longest residence times, suggesting
this area is more exposed to land-based sources of pollu-
tion. Strong wind forcing resulted in the longest residence
times by pinning the water in the bay, whereas large wave
forcing flushed the bay and resulted in the shortest resi-
dence times. The effect of these different forcings on res-
idence times was fairly consistent across all reef
geomorphic zones, with the shift from wind to wave
forcing shortening mean residence times by approximately
50%. Although ecologically significant to the coral
organisms in the nearshore reef zones, these shortened
residence times were still 2-3 times longer than those
associated with the seaward fringing reef across all forcing
conditions, demonstrating how the geomorphology of a
reef environment sets a first-order control on reef health.

Keywords Coral reefs - Water circulation - Residence
time - Tides - Waves - Winds - Lagrangian drifters

Introduction

Water circulation and residence time are critical to coral
health by controlling the chemistry, biology, and sediment
dynamics on coral reefs (Lowe and Falter 2015). By reg-
ulating the interaction of benthic organisms with water
constituents, flow speeds and directions affect biologically
important processes such as nutrient cycling, larval dis-
persal, and temperature regimes (Storlazzi et al. 2006;
Falter et al. 2008; Wyatt et al. 2012; Koweek et al. 2015;
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Shedrawi et al. 2017). The impact of stressors on coral
reefs is controlled by water circulation that (a) concentrates
or disperses the stressor and (b) either allows the water
mass with the stressor to persist over the coral reef, or
quickly advects it away (Erftemeijer et al. 2012; Shedrawi
et al. 2017). Understanding spatial flow speeds and patterns
is therefore critical for interpreting spatial and temporal
variations in stressors on reefs and their relation to coral
health (Storlazzi et al. 2004; Presto et al. 2006; Storlazzi
et al. 2009; Hoeke et al. 2013).

Flows over fringing coral reefs are predominantly con-
trolled by wave, wind, and tidal forcing (Storlazzi et al.
2004; Presto et al. 2006; Hench et al. 2008). Variations in
reef morphology relative to the orientation of meteoro-
logical and oceanographic forcing can generate heteroge-
neous waves and currents over small spatial scales (tens of
m), unlike more homogeneous patterns observed along
linear sandy shorelines (Storlazzi et al. 2009; Hoeke et al.
2011, 2013). Currents over reefs exposed to remotely
generated swell are generally dominated by wave forcing
where current speeds typically scale linearly with wave
height (Hench et al. 2008; Monismith 2014), whereas wind
forcing can dominate shallow reefs protected from swell
(Yamano et al. 1998; Presto et al. 2006). Tidal stage
modulates both wave-driven currents by controlling wave
energy propagation onto the reef flat (Storlazzi et al. 2004,
Falter et al. 2008) and wind-driven currents by regulating
water depth for wind—wave development (Presto et al.
2006). Flows over fringing reefs exposed to episodic wave
events are controlled by bathymetry and are typically
characterized by rapid, cross-shore flow near the shallow
reef crest that slows moving shoreward and turns along-
shore toward channels, where water returns seaward
(Hench et al. 2008; Lowe et al. 2009a; Wyatt et al. 2010).
In wind-driven systems, current speeds generally vary
linearly with wind speed and directions are predominantly
downwind with possible cross-shore exchange over the reef
crest (Storlazzi et al. 2004; Presto et al. 2006; Monismith
2014). Forcing conditions often operate in combination,
and areas near the reef crest may be strongly controlled by
wave forcing, whereas adjacent lagoons may be unaffected
by waves and flushed only by tidal or wind forcing (Lowe
et al. 2009b). The circulation regime at any particular reef
is determined by the annual distribution of episodic wave
and wind events, as well as prevailing trade winds in the
tropics.

Although existing theory can predict general wave-dri-
ven flow patterns, such theory is based on simplified
models of reef structure and forcing (Monismith 2014;
Lowe and Falter 2015) that is not well suited to predicting
flow patterns in geomorphically complex reefs that char-
acterize most areas with corals. Complex and dynamic flow
patterns under variable forcing conditions are logistically

@ Springer

difficult to resolve, so conservation planning and scientific
studies often use coarse estimates of pollutant discharge
and distance-based plume models that assume symmetry in
flow fields (Klein et al. 2012; Teneva et al. 2016) or phy-
sics-based numerical models to extrapolate limited Eule-
rian measurements across the complex bathymetry (Lowe
et al. 2009b; Hoeke et al. 2011, 2013). Although Lagran-
gian current drifters can provide useful spatial coverage to
measure flow patterns across spatially heterogeneous coral
reefs, their application is generally limited in time (Stor-
lazzi et al. 2006; Falter et al. 2008; Wyatt et al. 2012) and,
thus, it is unclear whether the resulting data are indicative
of general patterns and how those patterns vary over time
due to changes in forcing.

The coral reef-lined Faga’alu Bay on the island of
Tutuila in American Samoa was selected by the US Coral
Reef Task Force as a Watershed Partnership Initiative
priority study site for watershed restoration to reduce ter-
restrial sediment impacts to corals in the bay and, in turn,
improve coral reef health (Holst-Rice et al. 2016; Messina
and Biggs 2016). As part of this effort, it was necessary to
collect field data on flow patterns to understand how ter-
restrial sediment is advected over the coral reefs and out of
the bay to evaluate the influence of watershed restoration
on coral reef health. Here, the data from this effort are used
to: (1) characterize flow patterns in a coral reef-lined
embayment using both temporally extensive Eulerian and
spatially extensive Lagrangian measurements and (2)
determine the geomorphic and spatially and temporally
varying meteorologic and oceanographic controls on flow
patterns in the embayment. Together, these combined
measurements make it possible to test fundamental
hypotheses about controls on circulation patterns and the
resulting residence time in the bay and how they influence
the resulting biophysical processes that shape coral reef
health.

Materials and methods
Study area

Faga’alu Bay is a v-shaped embayment situated on the
western side of Pago Pago Bay, on the island of Tutuila in
American Samoa (Fig. 1). The bay is surrounded by
topography with high relief that blocks wet-season north-
erly winds from October to April, but is exposed to dry-
season southeasterly trade winds and accompanying short-
period wind waves from May to September (Craig 2009).
A semidiurnal, microtidal (0.78 m mean tidal range)
regime exposes parts of the shallow reef crest and reef flat
at extreme low tides. Faga’alu Bay is exposed to swell
from the south to southeast, and southerly swell refracts to
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Fig. 1 Maps of the study area and instrumentation in Faga’alu Bay.
a Location of the study area on the island of Tutuila, the WaveWatch
III node, and NDBC station NSTP6. b Map of the bathymetry in the
study area, modified from Cochran et al. (2016). ¢ Photograph
showing reef character and locations of the ADCPs (yellow), drifter
deployment zones (green), and Faga’alu Stream (red)

the west, reducing the wave energy impacting the bay.
Offshore significant wave heights (H,) are generally less
than 2.5 m and rarely exceed 3.0 m; peak wave periods
(T,) are generally about 9 s or less, rarely exceed 13 s, but
occasionally reach 25 s during austral winter storms
(Thompson and Demirbilek 2002). Vetter (2013) recorded
Hg up to 1.7 m at a depth of 13 m on the fore reef in

Faga’alu, but H, greater than 1.0 m were rare during the
1-yr monitoring period (2012-2013); flow was noted to be
primarily out of the channel, with speeds on the order of
0.1-02 m s~ during small waves and 0.4-0.5m s '
during large wave conditions. Tropical cyclones typically
occur in the South Pacific from November to April (Mili-
tello et al. 2003), impacting American Samoa every decade
or so since 1981 (Craig 2009); though more frequently,
high waves impact the reefs without the storm making
landfall (Feagaimaalii-Luamanu 2016).

Faga’alu Bay receives fluvial discharge and terrestrial
sediment from several small, steep watersheds (Messina
and Biggs 2016), including the perennial Faga’alu Stream
in the northwest corner of the bay and several ephemeral
streams (Fig. 1), none of which are gauged. The bathy-
metrically complex reef is characterized by shallow reef
flats that descend at an approximately 1:1 slope to the
insular shelf in Pago Pago Bay at approximately 20 m
depth. An anthropogenically altered, vertical-walled, 5-15-
m-deep paleostream channel (“channel”) floored with
terrigenous mud extends from the outlet of Faga’alu
Stream eastward to Pago Pago Bay; this channel divides
the reef into a larger, more exposed southern fringing reef
(“seaward reef”’) and a smaller, more sheltered northern
fringing reef (“leeward reef”). Inshore of the seaward reef
there are small, carbonate sediment-floored pools (depth
~ 1-5 m) with coral bommies (“back-reef pools™), and
near the stream outlet and leeward reef there are 1-5-m-
deep flat areas of carbonate sand and terrigenous mud. See
Cochran et al. (2016) for a detailed description of the
bathymetry and coral cover. Near the reef crest, the reef flat
is primarily cemented reef pavement, but within a few tens
of m, transitions into thickets of primarily Acropora spp.
(Cochran et al. 2016) and carbonate rubble. In general,
coral coverage varied from more than 50% on the healthier
seaward reef and in the back-reef pools to less than 10% on
the degraded leeward reef (Fig. 2).

Eulerian measurements

Three Nortek Aquadopp 2-MHz Acoustic Doppler Current
Profilers (ADCP) recorded current profiles on the reef flat for
the 1-week deployment period (Fig. 1). The ADCPs were
deployed on sand or rubble patches among the corals, as deep
as possible to maintain adequate water levels over the ADCP
during low tide (Fig. 2). Mean water depths at the ADCP
sites were 0.97 m on the seaward reef (AS1), 1.30 m on the
reef adjacent to the back-reef pools (AS2), and 0.34 m on the
leeward reef (AS3). The ADCPs collected a vertical profile
of current velocity every 10 min, averaged from 580 samples
collected at 2 Hz. Each profile was composed of 0.2-m bins
starting from 0.35 m above the seabed, using a blanking
distance of 0.1 m. Measurements with a signal strength

@ Springer



460

Coral Reefs (2018) 37:457-469

Fig. 2 Images of the reefs and
oceanographic instrumentation.
a The ADCP at location AS1 on
the healthy seaward reef.

b Drifter deployed over the
degraded leeward reef

(amplitude) of < 20 counts and the top 10% from the water
surface level of each profile were removed. Occasionally
during low tide, water depths were insufficient for AS3 to
collect usable data due to the blanking and surface effects, so
flow was assumed to be nearly zero given the low water depth
relative to the height of the corals, some of which were
emergent.

Lagrangian measurements

Given the relatively small area of Faga’alu Bay (0.25 km?),
data with high spatial density could be collected with five
Lagrangian ocean surface current drifters. The cruciform
drifter design of Austin and Atkinson (2004) was adapted
for use on the shallow reef with a durable PVC frame and a
float collar to maintain upright orientation (Fig. 2b). The
drifter fins were approximately 30 cm wide and 18 cm tall,
constructed of 1.3-cm-diameter PVC with holes drilled to
flood the piping. HOLUX MI1000 GPS loggers were
installed in 5-cm-diameter PVC housings at the top of the
drifters, extending 7 cm above the fins, though when
deployed, they only extended approximately 3 cm above
the water surface and thus had little surface area the wind
could affect.

The five drifters were deployed 21 times during 16-23
February 2014 (2014 Year Day 47-54; Supplementary
Table 1). For each release, the drifters were launched from
sites over the seaward and leeward reef flats (Fig. 1) within
a 10-min period. Drifter position was recorded by the GPS
logger at 5-s intervals and averaged to 1-min intervals to
increase signal-to-noise ratios; speed and direction were
calculated using a forward difference scheme on the drifter
locations (Davis 1991; MacMahan et al. 2010). Drifters
were generally allowed to drift until they exited the
channel or otherwise needed to be recovered due to oper-
ational limitations (i.e., drifters entering regions where they
would not be recoverable). Drifter releases were timed such
that, as much as possible, a similar number of releases
occurred across different tidal stages.

@ Springer

Mean flow velocities were calculated from spatially
gridded drifter data and simultaneous ADCP data. Drifter
data were spatially binned in a regular grid following the
methodology of MacMahan et al. (2010) and sized
(50 m x 50 m) to include a sufficient number of drifter
tracks while resolving spatial variability in flow. The
number of drifter observations in each grid cell differed
due to the relative position and flow in the grid cell. Grid
cells in the middle of the bay and channel had more drifter
tracks, and hence more certainty, than grid cells on the reef
crest and close to shore or cells with faster flow speeds.
Some of these “perimeter” grid cells represent a small
number of drifter observations and a small range of forcing
conditions. No analyses were performed for bins that had
no drifter data.

Comparison of Eulerian and Lagrangian
measurements

One of the main challenges to integrating measurements
from fixed ADCPs and Lagrangian drifters is evaluating the
agreement and reconciling the differences between the two
data types. In addition to providing increased temporal
coverage, the ADCP measurements essentially provide a
“ground truth” for the drifters: Are the Lagrangian drifter
observations accurately capturing surface flow patterns? If
yes, then the high spatial density of the Lagrangian mea-
surements can elucidate circulation patterns in the
embayment. For comparisons with the Lagrangian drifter
measurements, both the shallowest (i.e., “top bin”) valid
measurement and the full water column profiles from the
ADCP measurements were used. For each ADCP site, only
drifter measurements collected within a 50 m radius
around the site were considered due to geomorphic hetero-
geneity, and the data were delineated by forcing period
(calm, strong winds, large waves). During the periods of
calm conditions and strong winds, the difference between
the drifter and top-bin ADCP mean current speeds ranged
from 0.00 to 0.03 m s_l, on a par with the ADCP’s
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horizontal velocity precision of 0.02 m s™'. During the

period with large wave forcing, the drifters measured faster
current speeds than the top bin of the ADCPs, with dif-
ferences in the mean current speeds of 0.04 m s~!at AS2,
0.05m s~ !at AS3, and 0.10 m s~!at AS1. However, the
period of large waves coincided with the greatest overall
current speeds. To examine whether this difference in
drifter and ADCP current speeds could be attributed to the
more vigorous flow and thus vertical velocity shear, the
difference between the mean drifter current speed and that
predicted by a logarithmic fit to the ADCP profile was
calculated. For all sites, these differences were less than or
equal to 0.01 m s™', indicating that the much faster current
speeds measured by the drifters at the surface are plausible
given the subsurface ADCP profile.

A similar analysis was performed with the directionality
of the ADCP and drifter current measurements. Compared
to the current speeds, the current directions measured by
the drifters and the ADCPs differed more across all forcing
periods, but also had a greater degree of variability, par-
ticularly for the ADCP top-bin current directions. Because
of this variability within each data type, both the mean
directions and the range were considered for the different
forcing periods. For the two sites on the seaward reef flat,
AS1 and AS2, nearby drifters were consistently directed in
a more northerly direction, with a mean clockwise offset of
25° for both sites across all three forcing periods. Despite
the offset between the mean directions, the directional
range (mean £ 1 SD) for the drifters at AS1 and AS2 fell
within the range of the top-bin ADCP measurements for all
forcing periods except for AS2 during large waves. This
directional offset at AS2 during the large wave period
could have resulted from current deflection throughout the
water column and/or an error in the drifter trajectories
introduced by Stokes drift or wave “surfing.” During the
large wave period at the AS2 site, waves breaking on the
seaward reef interacted with waves refracting through the
channel, increasing the likelihood of a bias in the drifter
measurements. The current directions at AS3 were highly
variable, with overall standard deviations of 77° for the
ADCP top-bin measurements and 57° for the drifters.
However, for the strong wind and large wave periods, the
ADCP and drifter mean directions were only offset by 9° at
AS3, showing consistent flow to the east, out of the
embayment. This agreement at AS3 did not hold for the
calm period, when the mean direction of the uppermost
ADCP measurements was nearly oppositely directed (130°
counterclockwise). This lack of agreement at AS3 during
the calm period may simply reflect the lack of clear
directionality at this site, as it is unlikely that wind or wave
effects would have introduced error into the drifter trajec-
tories during this time period.

Given these comparisons, there was sufficient agreement
between the Eulerian and Lagrangian current velocities to
consider the spatially dense drifter measurements an
accurate representation of surface flows, with the one
caveat of possible bias in the Lagrangian current directions
over the leeward, offshore portion of the seaward reef flat
near the mouth of the channel.

Ancillary data

NOAA/NCEP’s WaveWatch III (Tolman 2009) hindcast
model provided deep-water incident wave conditions at a
location approximately 7 km south of the study area
(Fig. 1) for the study period. A NIWA Dobie-A wave/tide
gauge was deployed on the seaward fore reef at a depth of
10 m and sampled a 512-s burst at 2 Hz every hour. The
DOBIE malfunctioned and recorded no data coinciding
with the 1-week ADCP deployment, but the data collected
before the malfunction compared well (r2 = 0.68,
p <0.05) with the WaveWatch III model data. The
WaveWatch III model data were therefore considered
sufficient for qualitatively defining the deep-water wave
conditions during the ADCP and drifter deployments.

Wind and tide data were recorded at 6-min intervals at
the NOAA National Data Buoy Center (2014) station
NSTP6, located approximately 1.8 km north of Faga’alu
(Fig. 1b). Wind speed and direction measured at NSTP6
were slightly different than at the study site due to topo-
graphic effects, but are considered sufficient for defining
relative wind conditions during the study.

Residence time

“Residence time” is typically defined as the time it takes
for a water parcel to travel across some feature (Tartinville
et al. 1997), whereas “water age” is typically the time for a
water parcel to reach some point after entering the feature,
but these can be determined for any spatial domain
(Monsen et al. 2002). In order to determine the duration of
exposure of a given portion of reef to a given water parcel,
a “local” residence time was calculated using the drifter
observations. The embayment was divided into 4 zones
based on the geomorphology of the reef: seaward reef,
back-reef pools, channel, and leeward reef (Fig. 1). For
each forcing period, individual drifter tracks were parsed
by these zones and, for each track, the average speed and
overall travel distance across the zone were catalogued.
The mean residence time for each zone was computed as
the mean of all the drifter distances divided by the mean of
the speeds. Then, because the zones have different spatial
extents, we normalized the residence time by the plani-
metric area of the zone. This local residence time compu-
tation differs from other approaches where the focus is on
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flushing times for individual water masses. Here, our intent
is to utilize the high spatial density of current observations
to address questions of coral health and to what degree
organisms in different parts of the reef may be exposed to a
stressor in the water column.

Results
Meteorological and oceanographic forcing

A range of tide, wind, and wave conditions typical of the
study site was sampled during the 7-d period of overlap-
ping ADCP and drifter deployments, Year Day (YD)
47.0-54.0 (Fig. 3; note: all times reported in GMT). Three
distinct periods were observed and defined as “end-mem-
bers” to isolate the influence of the three main forcing
mechanisms: (1) a strong onshore wind event with small
waves (“strong wind forcing”) during YD 47.0-50.5; (2)
weak winds from variable directions and small waves
(“calm conditions™) during YD 50.5-52.5; and (3) a large
southeast swell with weak winds (“large wave forcing”)
during YD 52.5-54.0 (Supplementary Table 1). There were
1580 drifter velocity measurements during calm condi-
tions, 1314 during strong wind forcing, and 2461 during
large wave forcing conditions.

During strong wind forcing, the winds were gusty and
out of the northeast to southeast with average speeds of
2.6-4.9 m s~ ' and maximum gusts of 14.5 m s~ ' (Fig. 3).
The direction and magnitude of the winds during this
period are typical of the prevailing trade wind conditions at
Faga’alu Bay. During calm conditions, wind speeds
decreased to 1.5-3.4ms™' and wind directions were
variable; these wind patterns are more representative of the
wet season from October through April. During the large
wave forcing period, the maximum wave heights reached
1.3 m, which is near the annual maximum height expected
for this location (Vetter 2013). The wave record also shows
large waves during the strong wind forcing and calm
periods; however, these large waves were from the north
(Fig. 3) and blocked by the island, resulting in small waves
at the study site. During the strong wind and calm periods,
wave breaking was not observed at the study site except on
the seaward reef crest; then, on Year Day 52, at the start of
the large wave period, the swell direction rotated to the
southeast, causing large breaking waves on the seaward
reef crest.

Temporal and spatial variability in flow patterns
The three different forcing conditions produced consistent

differences in the flow speeds and directions at AS1, AS2,
and AS3 (Fig. 4). Under all conditions, current speeds near
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the surface were slightly greater than near the seabed and
there were no significant variations in current direction
vertically through the water column. In general, calm
conditions were characterized by slow flow speeds and
variable directions, strong wind forcing by faster flow
speeds and mostly onshore directions, and large wave
forcing by the fastest flow speeds and most consistent
directions. Compared to the mean Eulerian and Lagrangian
current speeds during the calm period, strong wind forcing
increased current speeds at AS1 by an average of 26%,
whereas strong wave forcing increased them by 74%. The
effects of wind and wave forcing were greater at AS2,
where the strong winds and large waves resulted in current
speeds increasing by an average of 50 and 132%, respec-
tively, compared to the calm period. The currents at AS3
also increased under large wave forcing, by an average of
96%, but with strong winds, the current speeds decreased
by 31%, particularly in the Lagrangian-measured surface
speeds. During the large wave period, there was a linear
relationship between the wave heights and the 33-hr low-
pass-filtered Eulerian current speeds (AS1: r* = 0.94,
p < 0.05; AS2: P = 0.76; p < 0.05; no analysis on AS3
due to data gaps). A similar relationship was not found
between wind velocities and current speeds, likely due to
the diel variability in wind forcing, coupled with the wind
station being located in a separate embayment to the north.
Together, these indicate that bottom stress is a significant
contributor to momentum and thus current speeds (Moni-
smith 2014).

Tides affected circulation primarily through the modu-
lation of flow speeds by changing water levels, whereby
higher water levels lead to faster flows—a common phe-
nomenon on reef flats and consistent with decreasing
depth-averaged flow resistance with increasing flow depth
(Storlazzi et al. 2004; Presto et al. 2006; Hench et al. 2008;
Costa et al. 2016). This effect was most clear at AS1 and
AS?2 during the period of large wave forcing (Fig. 4e) and
less evident during the calm conditions and strong wind
forcing. A similar pattern was evident in the Lagrangian
current measurements: Higher water levels during the large
wave period resulted in faster current speeds (data not
shown), but similar to the Eulerian records, this relation-
ship did not hold for the calm or strong wind periods.
Although changing water levels modulated current speeds,
there was no discernable change in current directions
during different tidal stages for either the Eulerian or
Lagrangian observations.

Drifter tracks show spatial patterns in current velocity
that corresponded with geomorphic setting: (1) faster,
unidirectional flows over the exposed seaward reef flat,
with slightly slower flows in the back-reef pools; (2)
slower, more variable flows over the sheltered leeward reef
and channel near the stream outlet; and (3) seaward flows
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over the channel and leeward reef during calm and large
wave forcing conditions (Fig. 5).

In general, flow directions on the seaward reef were
consistently into the bay, whereas flows on the leeward reef
were more variable (Figs. 4, 5). Under both calm condi-
tions and large wave forcing, a clockwise flow pattern was
evident in the embayment (Fig. 5a, c), likely driven by

50 51 52 53 54 55
Year Day 2014

wave breaking on the seaward reef crest. With large waves,
the offshore-directed surface flow was directed along the
channel axis, whereas under calm conditions, surface flow
from the seaward reef and back-reef pools generally cros-
sed the channel to the leeward reef and exited the
embayment over the leeward reef crest. During strong
winds, the clockwise flow pattern was absent; surface flows
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in the channel and on the leeward reef stagnated, and only a
weak seaward flow was present over the seaward portion of
the channel (Fig. 5b).

Complementary to the gridded, mean Lagrangian cur-
rent measurements, the individual drifter tracks can reveal
other details about flow patterns. Under calm conditions,
there was evidence of enhanced surface water exchange
across the channel, particularly from the leeward reef flat to
the seaward reef and back-reef pools, counter to the general
clockwise flow pattern (Fig. 5d). For drifters that were
launched on the leeward reef flat during calm conditions,
40% exited the bay and another 40% crossed the channel
and ended on the seaward reef flat or back-reef pools. For
the drifter trajectories that began over the seaward reef flat
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2014 Year Day

under calm conditions, 38% terminated on the seaward reef
flat and 29% in the back-reef pools and 19% exited the bay.
Under strong wind forcing, no drifters exited the bay and
the surface flow was directed more shoreward, with no
evidence of cross-channel surface exchange. During strong
wind forcing, all of the drifters released on the seaward reef
flat ended in the back-reef pools or on the seaward reef flat
after briefly entering the channel. It is likely that the per-
sistent shoreward surface flow during strong winds sets up
an offshore flow at depth in the channel, similar to that
observed by Hench et al. (2008).

During large wave forcing, flows were vigorous, but the
continuity between the seaward reef flat and flows out the
channel was unclear (Fig. 5f). For the drifters that began on
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Fig. 5 Surface circulation patterns during calm (top row), strong
winds (middle row), and large waves (bottom row). Left panels (a—
¢) display mean currents for the top-bin ADCP measurements (black
arrows) and drifters (color arrows); the number of drifter observations
in each grid cell is indicated by the color scale. The scales for the
ADCP and drifter vectors are shown in (a). Right panels (d—f) show

the leeward reef flat, 79% either exited the bay or ended in
the outer portion of the channel. In contrast, for the drifters
launched on the seaward reef flat, only 13% of those tra-
jectories exited the bay, while 77% terminated in small
(10 s m), eddy-like features along the boundary between

(d)

individual drifter tracks, with orange stars indicating deployment
locations and red circles indicating recovery locations. In all figures,
the land (medium gray), reef flats (light gray), and the deeper portions
of the reef and insular shelf (dark gray) are indicated; the leeward reef
flat (blue), channel (pink), back-reef pools (green), and the seaward
reef flat (purple) geomorphic zones are indicated in the right panels

the seaward reef flat and the channel. These eddies likely
arise when the fast-moving flow over the shallow seaward
reef flat converges with waves refracted through the
channel. The termination of these drifter tracks in these
eddies is partly an artifact of sampling operations, whereby

@ Springer



466

Coral Reefs (2018) 37:457-469

the fast-moving currents, coupled with the large wave
breaking on the reef crest, necessitated recovering the
drifters once they reached this area of the reef. The con-
sistent path of drifters from the leeward reef flat into the
channel and out of the bay suggests that strong wave
forcing leads to greater flushing of this embayment. It is
possible that the outgoing water is replaced by water
originating from the seaward reef flat that flows across the
channel more shoreward than the drifter coverage, or by
deep water in the channel.

Residence times

The residence times for the different geomorphic zones
range from 37 to 116 min (Fig. 6a); however, because the
zones have different spatial extents, these values are not
directly comparable and do not reflect the residence times
experienced by organisms on the reef. Thus, to compare the
residence times between different zones, we first normal-
ized them by the planimetric area of each. The normalized
mean residence time patterns in the embayment reflect the
general circulation patterns, with the seaward reef having
the shortest residence times and the back-reef pools and
leeward reef flat the longest (Fig. 6b). There was also a
high degree of variability in the residence times, particu-
larly for the calm and strong wind periods. Each geomor-
phic zone had a similar response to strong wind and large
wave forcing: Strong winds caused an increase in residence
times, whereas large waves caused a decrease, and, for all
zones except the channel, the shortest residence times
occurred during large wave forcing. The channel had its
shortest residence time during the calm period. This is

because, in the absence of strong winds or large waves,
surface flow in the channel was often directed perpendic-
ular to the channel axis, from the seaward reef flat to the
leeward reef flat (Fig. 5). Because the channel is signifi-
cantly deeper than the other zones of the embayment, the
surface flow patterns likely do not reflect the residence
times of water deeper in the channel. Due to continuity of
mass, return or other sheared flows may be present in the
channel that were not resolved. The back-reef pools had the
most substantial decrease in residence time in response to
large wave forcing (59% decrease), followed by the lee-
ward reef (47%). Despite these shortened residence times,
the seaward reef consistently had mean residence times
2-3x shorter than those of the leeward reef and back-reef
pools.

Discussion

Coral reefs are physically and biologically heterogeneous,
and ecologically relevant flow speeds and trajectories are
difficult to measure in relation to long-term forcing con-
ditions (Monsen et al. 2002). Many studies that seek to
characterize flow in reef environments rely on (a) models
that often significantly simplify the study site bathymetry
or forcing conditions (e.g., Lowe et al. 2010); (b) complex
models with little sense of their spatial accuracy (Hoeke
et al. 2013); or (c) field observations from only a few fixed
instrument locations (e.g., Hench et al. 2008). Here, the
strategy of combining frequent and sustained Lagrangian
drifter deployments that achieve high spatial resolution
with Eulerian current meters that provide high temporal

Fig. 6 Residence time statistics (a)
for each geomorphic zone of the
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resolution provides great insight into the complex flow
patterns over different portions of the reef and how these
patterns change under different forcing conditions.

Residence times: meteorologic and oceanographic
controls

Wave breaking on the seaward reef crest seems to exert the
dominant control on circulation patterns within the
embayment. During large waves, the drifter tracks docu-
ment a fast-moving clockwise surface flow pattern shore-
ward over the exposed seaward reef, through the back-reef
pools and near the stream mouth, and out to sea over the
sheltered leeward reef and deep channel (Fig. 5). Despite
some wave breaking on the leeward reef crest, the flow
over the leeward reef flat was seaward, toward the reef
crest, likely driven by the strong landward flow across the
exposed seaward reef and back-reef pools. During the
strong wind and calm periods, wave breaking was still
observed on the seaward reef crest, suggesting that wave
breaking there exerts an influence on the general flow
patterns even when wave heights are small, as was
observed by Vetter (2013).

One might expect strong winds to ultimately drive faster
flows (e.g., Storlazzi et al. 2004; Presto et al. 2006; Stor-
lazzi and Jaffe 2008) in the bay, and, consequently, shorter
residence times. However, the measurements presented
here demonstrate how strong winds blowing across the
mouth of the bay act to hinder circulation, effectively
pinning bay water closer to shore over the reefs and stag-
nating the seaward flow over the leeward reef flat and
channel, although this surface flow is likely balanced by
offshore-directed flow at depth in the channel as was
measured by Vetter (2013). As a result, periods of strong
winds and small waves are when corals in the bay have the
potential to experience the greatest exposure to sediment,
nutrients, and/or contaminants. The calm conditions during
our study period are representative of wet-season condi-
tions for the study area. If the greatest frequency and
magnitude of terrestrial runoff and fluvial input occur
during the wet season, then those periods may be when
corals are ultimately most exposed to stressors, despite the
more moderate residence times. During rain events, the
majority of sediment input to the bay comes from the
Faga’alu Stream outlet at the landward end of the channel
(Messina and Biggs 2016). If rain events coincide with
relatively calm conditions, enhanced cross-channel surface
flow would be expected, which would result in a greater
transport of suspended material from the stream to the reef
flats. Such pollutant-delivery events during calm condition
that result in greater residence times and exposure to ele-
vated stressor loads in the water column have been

identified in other tropical, coral reef-lined embayments
(Draut et al. 2009; Storlazzi et al. 2009; Hoeke et al. 2013).

Residence times: geomorphic controls

Changing from a wind- to a wave-dominated forcing
regime reduced the normalized residence times by 46% for
the leeward reef flat and 59% for the back-reef pools, but
the different zones showed a fairly constant ranking
throughout the changing forcing conditions, with the sea-
ward reef flat residence times consistently 2-3x shorter
than the other regions (Fig. 6b). This indicates that
although meteorologic and oceanographic forcing controls
the temporal variability in current speeds at a given loca-
tion, the overall reef geomorphology imparts an even
greater control on currents and, thus, residence times.

In addition to the effects of geomorphology and reef
characteristics on flow patterns, the depths of the different
regions can also greatly affect the amount of time it takes
for suspended material to settle onto the reef. The shal-
lower water depths over the leeward reef will allow more
sediment to deposit on the reef than in the channel. These
results demonstrate how the geomorphology sets a first-
order control on circulation patterns and residence times
within complex embayments. Thus, when seeking to
understand flow patterns for a particular reef, while it is
worthwhile to evaluate how the flow patterns shift under
different forcing scenarios, it is even more important to
first resolve the flow patterns with sufficient spatial reso-
lution to distinguish regions defined by their geomorphic
characteristics.

Implications of circulation patterns and residence
times on reef health

Sediment, nutrients, and contaminants discharged from
adjacent watersheds can have negative effects on coral reef
health, but the linkage between stressors and coral health is
modulated by the water circulation over the reef, with high-
energy reefs generally being less affected than low-energy
reefs. Conversely, those portions of the reef exposed to
cooler offshore waters may be more resistant to thermally
induced bleaching. The flow pattern illustrated by the data
indicates that open ocean water flows rapidly over the
relatively healthy seaward reef, flushing it and reducing the
impact of any sources of land-based pollution, such as
nutrient- or contaminant-laden submarine groundwater
discharge (e.g., Swarzenski et al. 2012). Terrestrial sedi-
ment discharged from Faga’alu Stream is deflected away
from the energetic seaward reef and towards the leeward
reef where it persists for longer durations, likely resulting
in greater terrigenous sediment stress and reduced coral
health from particle settling and light reduction
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(Erftemeijer et al. 2012; Storlazzi et al. 2015). Thus, in
addition to the water residence times for the geomorphic
zones, the location of the zones relative to the stream outlet
and bay circulation (i.e., are they “upstream” or “down-
stream” from the sediment source?) determines the amount
of suspended material affecting each zone. For example,
the back-reef pools have the second longest residence times
(Fig. 6b), but the coral reef organisms there are relatively
healthy, likely because this area receives flow primarily
from the seaward reef, and little from the channel and
Faga’alu Stream outlet (Fig. 5). During storms, time-lapse
photography (not shown) shows terrestrial fluvial sediment
plumes extending from the stream outlet over the leeward
reef and channel, persisting for several hours to days.
Although sediment accumulation on coral blocks all light
for photosynthesis, Storlazzi et al. (2015) showed even low
concentrations of fine-grained terrestrial sediment in the
water column can substantially reduce photosynthetically
active radiation over small depth ranges, the impact of
which would be enhanced over the leeward reef due to
longer residence times.

Information on water circulation is critical for under-
standing both the natural ecological processes and the
anthropogenic impacts on coral reefs. The combined
Eulerian-Lagrangian measurement scheme presented here
provided an unprecedented data set with high temporal
resolution and extensive spatial coverage collected over a
relatively wide range of forcing conditions. Thus we could
discriminate the geomorphic, meteorologic, and oceano-
graphic controls on flow patterns and residence time in this
bathymetrically complex, coral reef-lined embayment. For
a given embayment, once the circulation patterns are
resolved, there are several additional steps to directly
linking spatial and temporal patterns of water movement
with coral health. First, information about the source of the
stressors, such as stream discharge rates and sediment loads
during storms, is needed. Second, the concentrations as
well as the geological and chemical characteristics of the
suspended and deposited sediment are required to quantify
the coral’s exposure. Lastly, one must understand the
sedimentation and turbidity thresholds of the coral species
being affected. Only through such coupled biophysical
research can the impacts of land-based pollution on coral
reefs be accurately quantified.
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