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ABSTRACT

Coral forereef hydrodynamics, driven by waves and currents, play a critical role in controlling the distribution of nutrients, sediments and corals across platform
reefs. These processes drive the formation of reef systems and are critical to determining the future of coral reef environments in a changing global climate. Despite
this, limited in-situ research from the Great Barrier Reef (GBR) into the interactions between spurs and grooves (SaG) and forereefs currents is available. Here we
analyse the first dataset of current measurements from a coral forereef SaG system in the GBR and assess forereef currents adjacent to a large reef lagoon that is
isolated from the open ocean during low tides. We find that under prevailing weather conditions, waves are low (Hs = 0.25 m) and oblique to forereef isobaths.
Currents in SaG under low wave exposure exhibit high velocity (2 m/s) with a dominant offshore component driven by surf zone processes and lagoonal outflow. This
is consistent with postulated mechanisms of constructional development of SaG whereby offshore flow transports sediments seaward of the forereef, providing a
substrate for coral larvae and living coral fragments to attach. These in-situ observations provide the first evidence from the GBR linking prevalent hydrodynamic

conditions to the morphological evolution of coral forereef spur and groove systems.

1. Introduction

Hydrodynamic forcings dictate the transport and availability of
sediments and nutrients therefore controlling all aspects of life on coral
reef systems (Odum and Odum, 1955) across all spatial and temporal
scales (Monismith, 2007). The outer forereef of platform reefs serves as
the interface between open ocean hydrodynamics and the reef processes
(Munk and Sargent, 1948). Consequently, on undisturbed platform reef
systems, lagoon systems fill and drain based on the interplay of tides,
waves and currents around the reef rim. This dynamic, in turn, is
influenced by the morphology of the forereef and reef flat (Grimaldi
et al., 2022; Lowe and Falter, 2015). The feedback between hydrody-
namics and morphology across these reef zones offers valuable insights
into the long-term geomorphic evolution of coral reefs.

In this study, we investigate a ubiquitous, yet under-studied,
morphological feature of forereefs known as spurs and grooves (SaG).
Spurs are elongate finger-shaped formations of carbonate material that
stretch seaward from the reef flat. Grooves are channels or troughs that
intermittently separate the spurs (Duce et al., 2016; Munk and Sargent,
1948). SaG have been documented across different reef types including
platform reefs, fringing reefs, barrier reefs and atolls, with SaG

morphology varying considerably in response to local conditions (Cloud,
1959; Duce et al., 2014). They have been observed through all coral-rich
seas including the Red Sea (Sneh and Friedman, 1980), the Atlantic
Ocean (Shinn, 1963), the Indian Ocean (Sheppard, 1981; Weydert,
1979), the Caribbean Sea (Blanchon and Jones, 1997; Goreau, 1959),
and the Pacific Ocean (Munk and Sargent, 1948; Storlazzi et al., 2003).
Despite comprehensive documentation of SaG presence, in-situ mea-
surements of current regimes in platform reef SaG systems are scarce.
This paucity of hydrodynamic field measurements is likely due to the
challenging turbulent surf zones of forereefs where SaG typically
develop (Duce et al., 2020, 2014; Munk and Sargent, 1948), making
access difficult.

Remotely sensed data has provided the greatest insight into SaG
morphology to date, with four classes of SaG defined in the Southern
Great Barrier Reef based on morphometrics and relative exposure to
wave energy (Fig. 1) (Duce et al.,, 2016). Numerical modelling over
remote-sensed SaG bathymetries has demonstrated that grooves of
different classes exhibit distinct hydrodynamic regimes (Perris et al.,
2024). Consequently, accounting for SaG morphological classifications
is essential in any hydrodynamic analysis involving these systems.

Early reports of waves in SaG zones by Munk and Sargent (1948)
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Munk and Sargent (1948) at Bikini Atoll, Republic of the Marshall
Islands, inferred a relationship between wave direction and the orien-
tation of forereef grooves. This was later supported by Sneh and Fried-
man (1980) Sneh and Friedman (1980) in the Red Sea with SaG
perpendicular to refracted waves. This has led to numerical modelling
efforts that consider waves perpendicular to the primary groove axis (da
Silva et al., 2020; Perris et al., 2024; Rogers et al., 2013). In nature,
exposed platform reefs can receive incident waves from a wide range of
directions depending on the offshore wave parameters, fetch distance
and refraction/diffraction around the reef. SaG in low-energy regions
differ morphologically from their high-energy counterparts (Duce et al.
(2016), modified in Fig. 1), leaving a gap in our understanding of how
these systems persist under predominantly low-energy and oblique wave
settings.

Direct measurements of currents in SaG have only been reported in
five reefs worldwide: Molokai in Hawaii (Storlazzi et al., 2004), Moorea
in French Polynesia (Rogers et al., 2013), Palmyra Atoll in the central
Pacific (Rogers et al., 2015), at Xahauyxol Reef in the Mexican Carib-
bean (Acevedo-Ramirez et al., 2021) and Ngederrak reef in Palau,
Western Pacific (Sartori et al., 2024). Notably, to our knowledge no
current measurements have ever been published from SaG in the Great
Barrier Reef (GBR). Of the studied reefs, Molokai and Xanhauyxol are
fringing reefs, and Moorea is a barrier reef—each exhibiting hydrody-
namic regimes that differ significantly from those of platform reefs.
Palmyra atoll has a large engineered navigational channel cut through
its forereef and reef flat, which alters lagoon circulation patterns
(Gardner et al., 2011) and obfuscates the natural processes of lagoon-
seawater exchange. Therefore, additional studies are needed to under-
stand the characteristics of current flows through a platform reef SaG
system.

With limited in-situ data across the wide range of reef morphologies,
numerical models have so far provided the most significant insights into
forereef SaG currents. (Rogers et al., 2013) proposed that SaG induce
counter-rotating Lagrangian circulation cells by creating alongshore
variations in depth and friction. This concept was further expanded
upon by da Silva et al. (2020), who used a comprehensive set of nu-
merical models over idealised SaG bathymetry to identify vertical
Lagrangian circulation cells under various wave conditions and water
levels. Across all simulations, currents within the groove were directed
onshore. However, in low-wave energy SaG, there is a relative reduction
on the role of wave induced currents compared to the effects of high
tidal ranges and reef lagoon outflow. Lagoon waters experience greater
temperature fluctuations and increased salinity due to evaporation
when isolated from the comparatively fresh water of the surrounding
ocean (Silverman et al., 2012). The mixing of lagoonal and ocean waters
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around the forereef are critical to coral health in these regions. Nu-
merical models have shown that lagoon waters can enter the open ocean
via undertows over the forereef (Lindhart, 2022). Since grooves repre-
sent local bathymetric minima, they may serve as pathways for lagoonal
outflow, potentially influencing longer term SaG morphological evolu-
tion. Yet, there has been no published investigation into the role of SaG
morphologies in mediating lagoon-to-ocean exchanges, leaving a sig-
nificant gap in the understanding of these processes.

Flows at forereef SaG are essential to understanding the mechanisms
driving their formation. A comprehensive short-coring analysis of ver-
tical and lateral progradation rates on coral forereefs in the southern
GBR demonstrated three modes of SaG development (Duce et al., 2020).
Mode 1 occurs in wave dominated environments, where erosion of the
forereef likely exceeds accretion. In this mode, both the reef flat and the
SaG were prograding toward the lagoon. Mode 2 develops in moderate or
episodic wave energy environments, where SaG potentially develop
over antecedent bathymetry featuring proto-spurs. And finally, Mode 3
arises in low wave energy conditions, providing a mechanism for the
seaward accretion of both the reef flat and the forereef. In Mode 3,
offshore flows from the lagoon supply reef sediments to the outer fore-
reef, with reduced wave energy increasing sediment residency time. This
creates a substrate conducive to the seaward accretion of the forereef
and reef flat. This aligns with findings that relative wave energy in-
fluences the direction of reef flat lateral accretion (Dechnik et al., 2016),
including oceanward accretion in lower hydrodynamic settings. These
three modes offer a framework for understanding how varying hydro-
dynamic and sedimentary conditions drive SaG formation and
contribute to reef platform evolution. While this model of SaG formation
relies on an interpretation of hydrodynamics in a SaG system, it was not
based on in-situ hydrodynamic measurements of current, which have
never been reported from the GBR.

This study addresses three key gaps in understanding the hydrody-
namics of spur and groove systems in low-energy reef settings: (1) Can
spurs and grooves persist under prevalent oblique wave conditions? (2)
What are the characteristics of current flows in these systems under such
conditions? and (3) Do the observed hydrodynamics support a
constructional model of SaG formation and reef platform evolution?

2. Materials and methods
2.1. Study site
One Tree Reef (OTR) (23°30'S, 152°06F) is a lagoonal platform reef

located 84 km offshore in the southern Great Barrier Reef (GBR) (Fig. 3).
It benefits from limited anthropogenic impacts and is protected within
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Fig. 1. A schematic of SaG morphotypes modified after (Duce et al., 2016). High energy SaG morphotypes, ‘Exposed to wave energy’ and ‘Deep and Disconnected’
face the dominant wave direction (blue arrow), bifurcation of ‘exposed to wave energy’ grooves is common. Low energy morphotypes, ‘short and protected’ and ‘long
and protected’, typically occur in less exposed areas of a reef, such as the area being investigated here.
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the GBR Marine Park's “Scientific Zone.” OTR experiences semi-diurnal
tides, with a mean spring tidal range of 3 m. Offshore hydrodynamics at
OTR are primarily influenced by southeast trade winds of the Coral Sea,
which dominate over 70 % of the year (Jell and Webb, 2012). These
winds result in an average significant wave height of 1.7 m (Smith et al.,
2023). Periodically, the reef is impacted by extreme waves conditions
associated with tropical storms and cyclones, during which significant
wave heights exceed 3 m (Smith et al., 2023).

The reef crest at OTR is unbroken by channels, isolating lagoonal
waters from the open ocean for 6 h of the tidal cycle—a phenomenon
known as tidal truncation (Silverman et al., 2012). During this period,
the water level inside the lagoon can be up to 0.2 m higher than the
surrounding ocean, and the maximum water level within the lagoon can
exceed that of the external tide due to wave forcing around the reef
(Wilson, 1985). Prevailing E-SE swells push water onto the reef flat and
into the lagoon, a process known as wave pumping, where waves on the
exposed reef and wind shear over the lagoon drive water across the reef
platform. This water subsequently drains on the leeward side of the reef,
producing lagoon outflows that are commonly focussed at local topo-
graphic low points (Frith and Mason, 1986). OTR is entirely encircled by
SaG (Duce et al., 2016), with this study focusing on a SaG system on the
northern forereef (Fig. 3). Here, the reef flat is exposed for 3 h during the
tidal cycle, while adjacent upper forereef spurs are exposed only during
the lowest astronomical tides. The spurs show high coral cover and
surface roughness, indicative of a healthy reef (Harris et al., 2023),
while groove beds are filled with coarse and rounded rubble. About 300
m west of the study site is “The Entrance,” a low point in the reef crest
that roughly corresponds to the half-tide level (Wilson, 1985) and pro-
vides vessel access for about 3 h during each high tide (Ludington,
1979). A prominent storm-deposited rubble bank lies across the reef flat
(Fig. 3), measuring approximately 350 m in length and 30 m in width.
This feature reflects onshore transport of coral rubble during periodic
storm-driven erosion of the adjacent forereef (Davies, 1983). Its pres-
ence indicates that large volumes of sediment can be stored temporarily
on the reef flat following high energy events, providing a potential
source of material that may under high-energy conditions be transported
seaward and channelled by strong offshore currents through the groove.

2.2. Morphology

Morphological measurements of the coral forereef were derived from
a 0.25 m x 0.25 m resolution airborne LiDAR digital elevation model
(Fig. 3) (Harris et al., 2023). SaG features were identified and classified
according to the Duce et al. (2016) scheme (Fig. 1). The following
metrics were then computed for each SaG element: Spur height (Agpu-)
vertical distance from the groove floor to the crest of the adjacent spur.
Groove length (L): the centre-line path length measured along the
groove axis. Groove sinuosity (S): the ratio of straight-line distance (x)
between groove endpoints to the path length L (i.e. S = x/L). Mean slope
(0): the average inclination of each spur or groove segment, calculated as
the arctangent of elevation change over the horizontal extent. All
measurements were extracted in GIS software (ArcGIS Pro v3.1). Ele-
vations were referenced to mean sea level based on the AUSGeoid 2009
offset of the Australia Height Datum (Featherstone et al., 2011). Spur
and groove endpoints were manually inspected to ensure correct feature
pairing (Fig. 2).

2.3. Instrument deployments

We collected field data of waves and currents between 06/10/2022
and 08/10/2022 along a cross-shore transect in a forereef groove (Fig. 3,
Table 1). Two Nortek Vectors (Al and A2) and an RBR Virtuoso® pres-
sure transducer (P1) were deployed, sampling continuously at 8 Hz.
Nortek vectors (A1l and A2) include integrated inertial motion units
which were calibrated in the deployment frame and clear of any other
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Fig. 2. Schematic of a single groove with relevant dimensions, Spur height
(hspur) vertical distance from the groove floor to the crest of the adjacent spur,
Groove length (L): the centre-line path length measured along the groove axis.
Straight-line distance (x) between groove endpoints and mean slope (6): the
average inclination of the spur (shown in red) is also calculated for the
groove bed.

metallic disturbances, to remove any potential errors due to the presence
of metals influencing the magnetic field. Additionally, data was recor-
ded in XYZ coordinates which are based on the positioning of the in-
strument, rather than compass bearings. We aligned both Al and A2
with the groove, so that the x-direction aligned with the western groove
wall. By including both measurements (inertial motion unit and XYZ) we
were able to determine any errors in the alignment of the instrument
with compass bearings. We determined the mean deployment depth
(Table 1) from pressure readings at each instrument. We measured the
distance of each instrument from the reef crest, defined as the mean sea
level contour derived from the LiDAR digital elevation model (Harris
etal., 2023) and referenced to Australian Height Datum (AHD) using the
AusGEOIDO09 model (Featherstone et al., 2011) (Table 1).

A second survey was conducted between 31/10/2023 and 27/03/
2024 to assess hydrodynamic connectivity between the lagoon and the
open ocean, as well as to provide an indication of representative offshore
wave parameters at the study site. This array included a Sofar Spotter
Buoy and Smart Mooring with a near-bed mounted RBR conda®,
measuring temperature and pressure (B1, Table 1). To place both sur-
veys in a broader seasonal context, conditions measured at B1 were
compared with those from the first survey, together with local wind
speed and direction obtained from the open-meteo API (Zippenfenig,
2023) and offshore wave conditions derived from satellite radar-
altimeter data using the RADWave Python package (Smith et al., 2020).

2.4. Local weather conditions

Local wind speed and direction during the deployment were derived
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Fig. 3. a) One Tree Reef (OTR) is in the southern Great Barrier Reef (orange circle). b) Study site and location of Spotter wave rider buoy (B1), the study site is
located on the northern forereef of OTR, 400 m from ‘The Entrance’ (shown with red lines), the yellow line indicates the location of a storm-deposited rubble bank c)
instrument Al in place within a groove and, d) the location of the instruments in that groove, A1 and A2 are Nortek Velocimeters and P1 an RBR Virtuoso pressure

transducer (Table 1).

from open-meteo API (Zippenfenig, 2023). Offshore wave conditions
were extracted from satellite radar-altimeter measurements using the
RADWave Python package (Smith et al., 2020). RADWave (v 1.0.8) in-
terfaces directly with THREDDS data services to access the Australian
Ocean Data Network global altimeter archive (Ribal and Young, 2019).

Within our workflow, we specified a bounding-box region east of OTI
from latitude 22°S to 25°S and longitude 152.1°E to 156°E, then
retrieved along-track measurements of sea surface elevation. RADWave
subsequently computes standard wave parameters—significant wave
height (Hy), peak period (T,). Local weather conditions during the
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Table 1
Instrument deployment details.

Geomorphology 493 (2026) 110072

Name  Deployment period Instrument Sample rate Mean deployment Distance from bed (m) Distance from crest
(Hz) depth (m) (m)
Al 06/10/2022-08/10/ Nortek Vector 8 3.6 0.12 100.2
2022
A2 06/10/2022-08/10/ Nortek Vector 8 3.3 0.24 92.4
2022
P1 06/10/2022-08/10/ RBR Virtuoso 8 2.4 0.15 66.6
2022
Bl 31/10/2023-27/03/ Sofar Spotter Buoy with Smart Mooring 3.84 10.5 1.5 (RBRConda 3), 10.5 97
2024 (RBR Conda3) (Spotter Buoy)

deployments (Table 1) were compared across surveys and against mean
conditions for OTIL.

2.5. Data processing

Field data of three-dimensional current vectors (recovered from the
current meters A1 and A2) were processed using the Doppler Ocean-
ography Library for Python (DOLfYN) (Klise et al., 2020). To remove
spikes caused by Doppler noise, aliasing of the Doppler signal or
boundary interference, we implemented a phase-space threshold des-
piking algorithm (Goring and Nikora, 2002). A block size of npt = 5000
points was employed throughout. Long runs of missing data (>npt/10 =
500 points) were first identified and used to segment the time series so
that each continuous “good” interval was processed independently.
Within each block of 5000 samples, spikes were iteratively flagged if
their velocity—derivative pair lay outside the expected phase-space en-
velope. Iteration continued until no additional spikes were detected (or
a maximum of 100 cycles was reached). The resulting Boolean mask
marked all despiked points, which were then omitted from further
analysis.

Current meters A1 and A2 were deployed in alignment with the
groove such that the positive x-direction was directed toward the
western groove wall. Cross-shore and alongshore directions were
defined based on the orientation of isobaths and the reef crest. Mean
current directions were determined via circular mean calculations for
each tidal phase (low and high). Tide induced currents were separated
from wave induced currents by temporally averaging the time series at
three-hour intervals.

2.5.1. Wave data analysis

Wave data was processed for pressure sensors on all three in-
struments (A1, A2 and P1) (Fig. 3c). We analysed raw pressure data with
zero-crossing methods following (Karimpour and Chen, 2017) (see Data
Availability). We calculated wave parameters of significant wave height
(H,) and peak wave period (T,) using linear wave theory —an approach
validated on steep and complex coral reef bathymetries (Monismith
et al., 2013). We used spectral analysis in 15-minute intervals, that was
found to be appropriate for long wave lengths at OTR (Harris et al.,
2015). The one-sided bottom pressure spectrum is given by:

A
palf) =2 Xl M

And only the spectral bin for all waves satisfying 0.0033<f; < 2.0 Hz
are retained. We then calculated the zeroth moment m, such that:

mo = Y S, (fi) A @)
k

where Af = 1At for an n — point record at sampling frequency (At) and
Sy (fx) is the power spectral density of the surface elevation of frequency

(fi). Under linear wave theory, Hs is related to the zeroth moment (my)
by:

H; = 4/my 3

We calculated the peak period T, such that:

T, =+ (4

where f, is the maximum of the spectral density (px(fi)). Wave power
was calculated using linear wave theory:

P=CE (5)

where E is the wave energy density and c, is the group speed determined
for intermediate depths, such that:

c kh
%“=3 (1 * 2sinh2kh) ©

where c is the phase velocity, h is the water depth, and the wave number
(k) and wave celerity (c) were derived using the Newton-Raphson
method for the dispersion relation (Dean and Dalrymple, 1991). To
investigate wave breaking over the instruments, we calculated:
H"'HD(

r= (7)
where H,,,y is derived from spectral analysis of the water elevation time
series, and y is the wave breaking parameter. Values for y have been
published for forereef environments varying from 0.83 (Rogers et al.,
2016) and 0.98 (Monismith et al., 2013). We used a conservative esti-
mate of y = 0.60 to ensure that no waves were breaking over the in-
struments, as has been demonstrated on forereefs in a similar study
(Duce et al., 2021). Finally, we did not compute dissipation rates and
reflection coefficients because of the oblique nature of incident waves.

2.5.2. Temperature data analysis

To further investigate the origin of currents in the forereef and
determine the mean wave conditions at the study site, a secondary
analysis was conducted with the Spotter Buoy (B1) and a near-bed
mounted sensor (Table 1). The temperature gradient was calculated as
the difference between the buoy-mounted temperature logger and the
near-bed mounted temperature logger, with water depth measured by
the co-located pressure sensor. A temperature inversion was identified
when the water temperature at the bed was higher than at the surface.
Spectral and time domain analyses were performed on displacement
data collected by the wave buoy, following (Kinsela et al., 2024).

3. Results
3.1. Morphology

The study area (Fig. 3) features SaG of varying morphologies.
Following the morphological classification system of Duce et al. (2016)
(Fig. 1), we identified ‘short and protected” grooves, which are located
west of the study site in an area with lower exposure to the dominant
south-easterly swell, and ‘deep and disconnected’ grooves on the lower
forereef slope at the study site. The groove investigated here belongs to
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the ‘long and protected’ class (Fig. 1), measuring 79 m in length, with a
mean width of 5 m and a spur wall height reaching up to 2.2 m above the
groove bed. Field observations show that spur walls overhang the
groove, meaning that the groove width at the bed may be under-
estimated due to the constant scanning height and angle of airborne
LiDAR. Due to this constraint, it is only possible to identify where spurs
overhang grooves from in situ observations. In an analysis of 11,430
grooves across 17 reefs in the Southern GBR, including this study site,
OTI, Duce et al. (2016) showed that overhanging spur walls are more
common on ‘long and protected’ or ‘short and protected’ groove classes
which represent 42 % of 11,430 surveyed grooves (Duce et al., 2016).
Groove sinuosity — the ratio of straight-line distance to path length — is
0.91. The forereef slope is consistent between the groove and the spurs,
at 1.8°. Mean spur wall height adjacent to each instrument is 2.1 m.

3.2. Local weather conditions

A mean offshore wave height of 1.75 m was determined for the
deployment period. Mean offshore wave heights at OTR were 1.7 m from
1985 to 2018 (Smith et al., 2023) (Fig. 4 a). Consequently, the condi-
tions measured in this analysis represent the prevalent wave conditions
of OTR. The mean wind condition during the study period was 5.74 m/s
from 92°N (easterly winds). Mean H; at instrument B1 (Table 1) was 0.6
m with a mean wind speed of 4.2 m/s from 107°N (east-south-easterly
winds).

3.3. Wave analysis

The deployment encompassed three full tidal cycles with an average
tidal range of 2.41 m (Fig. 5a). The principal axis of flow for instruments
Al (furthest offshore) and A2 was found to be 93° and 61° respectively,
indicating mostly oblique waves at the offshore instrument that refract
toward the reef crest at instrument A2. The mean Hy at instrument Al
(farthest offshore) was 0.24 m (Fig. 5b), indicating a significant reduc-
tion in wave height occurred before reaching the survey site. Mean H; at
instrument A2 was the lowest at 0.21 m (Fig. 5c¢).

The H; at instrument P1, closest to the reef crest, were controlled by
water level (0.87 Pearson correlation), with mean Hg ranging from 0.16
m at low tide to 0.25 m at high tides (Fig. 5d). The analysis of wave
breaking determined that waves were not breaking above any of the
instruments, despite a conservative estimate of the wave breaking
threshold, y = 0.6 (Eq. (7)).
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Wave power (P) at each instrument were controlled by tidal cycles
with higher wave power observed during high tides. At instrument P1,
the mean wave power at high tide was 166 % greater than at low tides.
At instrument Al and A2, this increase was 59 % and 40 % respectively
(Table 2). The influence of water level on wave power was most pro-
nounced at instrument P1, located closest to the reef crest, where the
Pearson correlation between intermediate wave power and water level
was 0.92. At site Al (furthest from the reef crest) the correlation was
0.86, and at site A2, it was 0.65.

3.4. Current analysis

We quantified the maximum and mean velocities at each instrument.
Measurements are taken as a point measurement sufficient to describe
currents in the forereef groove, importantly, we do not extrapolate these
results to the above water column. At instrument Al, the maximum
current velocity was 2.25 m/s, directed at 150°N (offshore and to the
west), with maximum offshore and onshore current velocity of 1.94 m/s
and 2.06 m/s, respectively (Figs. 7b and 8a). The mean absolute velocity
magnitude at instrument A1 was 0.12 m/s (Fig. 6d), and the mean cross-
shore current velocity was directed offshore at 0.04 m/s (Fig. 6b). This
cross-shore current decreased to 0 m/s at high tides but increased to
0.07 m/s offshore at low tide (Fig. 6b).

Flow velocities were higher at the nearshore instrument, A2, with a
maximum current velocity of 2.87 m/s directed at 39.8°N (offshore and
to the east). At A2 we recorded maximum offshore and onshore velocity
components of 2.05 m/s and 1.45 m/s, respectively (Fig. 7c and b). The
mean velocity magnitude measured at instrument A2 was 0.17 m/s, with
the mean cross-shore current velocity indicating mean offshore current
of 0.12 m/s (Fig. 7c). This offshore current was consistent across the full
tidal cycle, with values decreasing to 0.03 m/s at high tide and
increasing to 0.18 m/s during low tide (Fig. 6¢). Isolated peaks in cross-
shore directed velocity were recorded during low tides (Fig. 7b); we
interpret this as likely caused by a short-term wave-breaking jet or
localised flow convergence, rather than representing the prevailing flow
regime. We attribute the observed variation in offshore flow to tidal
modulation of lagoon connectivity. At high tide, the lagoon is more
hydrodynamically open to the surrounding ocean, reducing the pressure
gradient that drives outflow and thereby limiting offshore-directed
currents. As the tide falls, the lagoon becomes increasingly truncated
from the open ocean and offshore flow from the lagoon increases due to
higher water levels in the ponded lagoon. This generates stronger
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Table 2
Wave parameters averaged over the tidal period (high or low tide).

Instrument  Hi iy ige (M) Piow riee W/M?  Hynighaide (M) Phigh dge (W/m?)
P1 0.16 130 0.25 346
A2 0.19 208 0.23 331
Al 0.23 283 0.25 398

offshore flows through the groove during low tide conditions.

3.4.1. Current velocity and tidal controlled water levels

Current velocities within the grooves increased markedly during
falling tides; however, the relationship with water level was non-linear.
At instrument Al, a pronounced rise in velocity was observed when the
water level dropped below 2.9 m (mean depth: 3.6 m), and at A2 when it
fell below 2.6 m (mean depth: 3.3 m) (Fig. 7). At these thresholds, water
depths over the adjacent spurs were reduced to 0.4 m and 0.6 m,

respectively. Importantly, at A2, the onset of increased current coin-
cided with wave breaking on the adjacent spurs, which occurred once
water depth fell below the estimated breaker depth (using a conservative
y = 0.6). In contrast, no breaking was observed within the deeper
grooves at this stage of the tidal cycle. These observations suggest that
wave breaking on spurs during low tide enhances along-groove currents,
likely due to the lateral redirection of wave-driven momentum.

The circular mean current direction at instrument A1 was 359.8°N,
and at instrument A2, it was 346.5°N. In both cases, the mean current
direction was offshore (Fig. 8). As water level increased, current direc-
tion became less constrained to the groove (Fig. 8) and more oscillatory
due to wave motion (Fig. 7 b, c).

3.4.2. Current direction analysis

Current direction was consistently offshore across all tidal levels at
instrument A2, located nearest to the reef crest (Umean = 0.11 m/s). This
current was greatest at low tides (Unean, low tide = 0.18 m/s) (Figs. 7, 8).
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Similarly, temperature gradient inversions, with cooler water at the
surface and warmer water at the bed, occurred during the second
deployment at instrument B1 in phase with tidal cycles (Figs. 8 and 9),
inferring the presence of internal waves or density driven flows.

The temperature gradient was inverted for most of the deployment of
instrument B1 (69 %), likely due to constant outflow from the lagoon.
On average, the mean temperature (26.5 °C) at the seafloor was similar
to that at the surface (26.6 °C), but there were considerable oscillations
in the temperature difference (AT) from the surface to near seafloor. The
maximum temperature inversion recorded was 2.06 °C (Fig. 8a).

4. Discussion

4.1. Spurs and grooves can exist under prevailing oblique waves in low-
energy settings

Since early observations by Munk and Sargent (1948), SaG systems
are often considered to only exist under shore-normal incident high
energy waves. Previous studies of SAG have only considered shore-
normal waves, both in field observations (Acevedo-Ramirez et al.,
2021; Rogers et al., 2013; Storlazzi et al., 2004) and numerical model-
ling (da Silva et al., 2020; Perris et al., 2023). For example, in a
comprehensive numerical model utilising an idealised SaG bathymetry,
(da Silva et al., 2020) predicted low magnitude flows in SaG of 0.01-0.1
m/s under wave heights of 0.5-6 m. A field study at Palmyra Atoll with
wave conditions of root-mean-square wave height (H;pys) between 0.6
and 1.3 m in a microtidal (0.8 m) environment measured weak currents
in a groove, up to 0.20 m/s (Rogers et al., 2015) directed offshore on the
upper forereef.

However, during this study, we measured low-energy oblique waves
(P = 340.6 W/m at Al, Fig. 5 b, c¢) and offshore currents in the grooves
likely driven by lagoon outflow (Fig. 9). While we observe a similar
direction of flow to that found by Rogers et al. (2015), our observations
include substantially higher current velocities of up to 1.45 m/s at the
outer station (A1) during low tides, despite a maximum significant wave
height of only 0.23 m (P = 340.6 W/m, Fig. 6, Table 2). This is probably
related to the enhanced offshore currents due to the outflow of lagoon
water, as discussed in Section 4.2.

We did not observe the Lagrangian circulation cells previously
modelled under shore-normal waves, where current was offshore over
the spurs and onshore in the grooves (da Silva et al., 2020; Rogers et al.,
2013). We hypothesise that these circulation cells may emerge when
wave power increases and dominates over the lagoon outflow, or when
the direction of incoming waves becomes shore-normal and parallel to
grooves for example, during tropical cyclone conditions (Woolsey et al.,
2012). The studied low-energy SaG therefore exist under prevailing
oblique incident waves, and their hydrodynamics are primarily driven
by wave pumping and lagoon outflow, leading to offshore currents
under prevailing low energy conditions (Fig. 10).

This pattern is similar to currents observed in rip channels on open
coast beaches, where shore-connected shoals exhibit higher current
velocities compared to the seaward surf zone (MacMahan et al., 2004).
However, in our case, given the thermal inversions observed at instru-
ment B1, the offshore current at the inner groove (A2) is more likely
driven by tidally induced lagoon outflow than by wave pumping i.e. the
mass balance of the reef system, rather than surf zone dynamics.

4.2. The groove channelises the outflow of lagoon water during prevailing
low-energy wave conditions

We found decreased wave power at low tides (Fig. 6, Table 2), likely
due to increased frictional dissipation of waves over the forereef slope.
The low wave power conditions and non-shore-normal waves observed
in this area had minimal impact on the offshore flows within the groove.
We observed greater mean wave power at the outer groove (Al, P = 283
W/m) than at the inner groove (A2, P = 208 W/m), consistent with
linear wave theory, which predicts a reduction in wave energy as waves
shoal and dissipate due to bottom friction and breaking over complex
and steep forereef bathymetries (Monismith et al., 2013).

Additionally, from temperature inversions offshore of the grooves
(instrument B1), we infer that hypersaline lagoon waters are sinking
under the surface ocean water. This dense and warm hypersaline lagoon
water has been observed in other atoll reef settings, including Palmyra
Atoll, which is a larger more open lagoon than our study site (Gardner
et al., 2011), and Clipperton Atoll in the Eastern Pacific, which, similar
to our study site, has few topographic low points on the reef rim for open
ocean and seawater exchange (Jost and Andréfouét, 2006). The offshore
currents measured at the study site therefore likely correspond to lagoon
outflows of hypersaline warm water that are driven by wave pumping
across the lagoon (sensu Callaghan et al., 2006) due to the E-SE wave
conditions. The lagoon outflow then sinks and travels offshore as bottom
currents inside the groove, resulting in the warmer bed temperatures
observed seaward of the SaG at B1 (Fig. 9 a, b). While seasonal vari-
ability likely influenced wave energy and lagoonal exchange, the
mechanisms observed (e.g., lagoon outflow driving offshore currents
through grooves) are not dependent on season but on relative tide-wave
interactions, consequently, the temperature inversions were measured
during in a period of lower wind speed and offshore wave height, which
have been proposed to drive currents over the lagoon (Ludington, 1979).

The observations of thermal inversions at the reef rim are consistent
with observations of coral bleaching in the One Tree Reef lagoon (Byrne
et al., 2025) and on the deep northern forereef during a coral bleaching
event in January 2024 (One Tree Island Research Station Managers
Personal Communication). While our observations suggest that offshore-
directed currents are driven primarily by lagoon outflow, the short
deployment window limits the ability to capture longer-term variability,
including responses to high-energy events. Future studies should
incorporate longer deployments and direct measurements of sediment
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flux to more conclusively link lagoon outflow with sediment transport.

4.3. Mechanistic interpretation of spur formation under observed current
regimes

Wave and current measurements in the forereef groove align with
the hydrodynamics expected for the long, protected groove classifica-
tion (Duce et al., 2020), with higher instantaneous current velocity in
the upper groove and offshore-directed current throughout the tidal
cycle. These conditions, measured for the first time on the GBR in this
study, closely aligned with the mechanisms of reef platform develop-
ment under low wave energy (Duce et al., 2020). The constant outflow
of nutrient-rich lagoon water would foster coral growth on the upper
forereef.

Additionally, given the high instantaneous offshore velocities
(Fig. 7), we hypothesise that the current in the groove transports sedi-
ments offshore, fostering long-term spur development. Offshore currents
were strongest near the reef crest (A2, Fig. 7) and decreased seaward
(A1, Fig. 7), a pattern that supports the offshore transport and deposition
of sediments. The ecological functioning of this process likely depends
on current magnitude: when velocities remain within a moderate range,
transported rubble and sediment can settle close enough to the spur-and-
groove structure to facilitate colonisation and reef accretion.
Conversely, if offshore currents become too strong, substrate may be
carried beyond ecologically functional distances from the reef, reducing
its potential to contribute to seaward reef growth. At Lizard Reef in the
Central GBR, it was found that offshore currents, in the absence of
extreme waves, transport 1.87 kg/yr of coral rubble offshore (Hughes,
1999). They proposed that this transport supports the seaward accretion
of the forereef by providing an offshore substrate for corals to grow.
Other studies at Looe Key Reef, Florida, (Shinn et al., 1982) and Ryukyu
Island, Japan (Kan et al., 1995) have demonstrated spur development
over consolidated carbonate reef sands. Evidence from U-Th dated cores
taken from the forereef 560 m west of our study site reveals seaward
lateral accretion of 231 m/ka on the reef flat and 24 m/ka on adjacent
spurs (Duce et al., 2020). Similarly, cores have shown that reef flats have
accreted seaward on the low-energy margins in OTR (Dechnik et al.,
2016).

Although the dynamics of nutrients and sediments were not directly
measured in this study, which focussed on groove hydrodynamics, our
offshore currents align with Duce et al. (2020) Mode 3 morphological
model of SaG development, where lagoon outflow facilitates the
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seaward accretion of spurs and the reef flat in low-energy settings. Our
findings provide the first hydrodynamic observations of a possible
mechanism for this process, where offshore flow from the lagoon is
focussed into grooves to support a constructional model of forereef
development, driven by sediment accumulation and colonisation
offshore of the reef crest.

Future research should examine the hydrodynamics of SaG systems
across a range of reef exposures to better understand the current regimes
that drive their development. In high-energy settings, where SaG fea-
tures may be shaped by wave-driven erosion (Blanchon and Jones, 1997;
Cloud Jr., 1954), strong wave forcing is thought to enhance sediment
transport toward the lagoon, with currents converging within grooves
(Duce et al., 2020). To resolve the mechanisms driving these processes,
long-term deployments are required that capture the full vertical
structure of currents across a range of hydrodynamic conditions. Com-
plementary sediment trap deployments would help quantify the relative
magnitude of sediment dynamics under these conditions (Storlazzi et al.,
2011).

5. Conclusions

In this study, we present the first field measurements of currents at
forereef spurs and grooves (SaG) from the Great Barrier Reef, providing
critical insights into their hydrodynamics and role in reef development.
The studied SaG exists under prevailing conditions of low-energy obli-
que incident waves. Our findings demonstrate that the hydrodynamics
of low-energy SaGs are influenced by the outflow of lagoonal waters,
generating consistent mean offshore currents in the upper forereef
groove throughout the tidal cycle. This outflow, with maximum values
of 2.05 m/s are driven by wave pumping (i.e., larger waves on the
opposite side of the reef push water into the lagoon generating an
outflow on the low energy side), potentially transports sediment along
the groove elongating the spurs and may contribute to the export of
nutrients from the lagoon. These findings provide the first field-based
support for the hypothesised Mode 3 of SaG development in the GBR,
wherein lagoonal outflow sustains offshore groove currents and pro-
motes the seaward accretion of spurs and the reef flat. This study
highlights the importance of in-situ hydrodynamic measurements for
understanding reef platform evolution and sets the stage for future long-
term and multi-site investigations that would directly link sediment
transport, deposition and reef accretion.
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