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Understanding the wave and current conditions of coral reef ecosystems is

essential for maintaining their health, as many reef processes are controlled by

these hydrodynamic conditions. In this study, high-frequency measurements of

tides, waves, and currents were made using acoustic, electromagnetic, and

pressure instruments over a 28-d period on the fore-reef and reef flat of a

coral reef atoll in the South China Sea. The research revealed wave

transformation, tidal and wave modulation of flow, and wave setup conditions

for the first time at this typical atoll. Three large wave processes dominated by

gravity waves (GWs) are observed in the fore-reef. The GWs are significantly

attenuated on the reef flat, whereas infragravity (IG) waves strengthened. The

tidal modulation of GWs and IG waves on the reef flat is significant when the

incident wave height exceeded 1 m. In the fore-reef, the modulation of

progressive tidal waves and large waves leads to relatively stronger upper-layer

currents, and weak near-bottom currents are primarily attributed to the

dissipation of tidal wave energy by the rough coral terrain. In calm conditions,

flow variations on the reef flat are modulated by tides, thereby allowing seawater

flow to pass through the reef flat during spring tides. Conversely, during periods

with large waves, tidal modulation of flow on the reef flat is less significant, and

the cross-reef flow velocity increases with increasing incident wave height. The

occurrence of wave setup on the reef flat enhances cross-reef flow towards the

lagoon. The wave setup is positively linearly correlated with the incident wave

height. Themagnitude of wave setup is associated with the distance between the

measurement sites on the fore-reef and reef flat.
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1 Introduction

Coral reef systems exhibit high primary productivity and

biodiversity (e.g., Chappell, 1980; Hearn et al., 2001), and are

known as the tropical rainforests of the ocean. Healthy coral reef

ecosystems play important roles in marine resource enhancement,

marine environmental protection, and disaster risk reduction

(Huang et al., 2021). Hydrodynamic processes have both direct

and indirect effects on the ecological health of coral reefs (e.g.,

Munk and Sargent, 1948; Lowe et al., 2005a, 2005b; Monismith,

2007; Wang et al., 2012). Owing to various driving factors such as

breaking waves, tides, wind, and density gradients, the

hydrodynamics (e.g., flow conditions) on coral reefs are more

complex (e.g., Frith and Mason, 1986; Lowe et al., 2009; Herdman

et al., 2015; Lowe and Falter, 2015; Grimaldi et al., 2022).

Additionally, the coasts of coral reefs usually exhibit shallow

water depths, and local topographic effects may significantly

influence flow conditions. For these reasons, in situ observations

of waves and currents in the coasts of coral reefs are required to

determine the flow variations on the reef, aiding in understanding

water exchanges around the reef–lagoon systems, which is

fundamental for maintaining the ecological health of coral reefs.

A typical coral reef system comprises a fore-reef, reef crest, reef

flat, lagoon, and rough coral substrate. The most common coral reef

types are fringing reefs, barrier reefs, and atolls (Woodroffe, 2002).

Lagoons are usually present on both barrier reefs and atolls (Yao

and Zhong, 2023). It is estimated that wave-dominated and tidally

dominated coral reefs account for approximately two-thirds and

one-third of coral reefs worldwide, respectively (Lowe and Falter,

2015). Although reefs are believed to be dominated by

hydrodynamic forcing, reef processes are also influenced by these

combined hydrodynamic forces. At the reef scale (e.g., scales of

hundreds of meters), waves and tides are the primary driving forces

that influence hydrodynamic conditions on the reef (Monismith,

2007; Lowe and Falter, 2015), with wind stress often playing a

secondary role. Wave and tidal processes occur frequently in the

fore-reef and reef flat areas. After interacting with the different

zones of a reef, open ocean waves and tidal processes form unique

hydrodynamic phenomena on the reef, including longer-period

waves, oscillatory flow, and breaking wave setups (e.g., Becker

et al., 2014; Green et al., 2018; Cheriton et al., 2024).

Wave-dominated reefs often experience energetic wave energy

inputs that are strongly dissipated by bottom friction and wave

breaking processes (Lowe et al., 2005c; Monismith et al., 2015;

Rogers et al., 2016). Lugo-Fernandez et al. (1998) reported a 65–

71% reduction in wave energy between the fore-reef and reef crest,

with a further decrease of 78–88% when the back of the reef crest

was included. Ferrario et al. (2014) suggested that an entire coral

reef system can dissipate 97% of deep-water wave energy, of which

the reef crest dissipated 86%. Blanchon et al. (2010) found that

fringing reefs dissipate 99% of the wave energy under hurricane

conditions. Although high wave energy dissipation by reefs is well

known, the relative contributions of bottom friction and wave

breaking have not been fully elucidated. Changes in wave energy

on coral reefs primarily occur as gravity (GWs, 0.04–0.25 Hz),

infragravity (IG, 0.004–0.040 Hz), and very low-frequency (VLF,
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0.001–0.004 Hz) waves (e.g., Cheriton et al., 2016, 2020, 2024;

Gawehn et al., 2016; Bruch et al., 2022). Previous studies have

shown that large incident waves from the open ocean lose

significant amounts of GW energy during propagation over a

reef, some of this energy is transformed into low-frequency bands

in the form of bound waves, and the dissipation of GW energy also

contributes to the enhancement of low-frequency IG and VLF

waves (Longuet-Higgins and Stewart, 1964; Symonds et al., 1982;

Hardy and Young, 1996; Lowe et al., 2005c; Pomeroy et al., 2012;

Sous et al., 2019). Low-frequency IG and VLF waves typically form

in large wave conditions and propagate onto the reef flat. Low-

frequency wave variations on the reef flat depend on the incident

wave height and tidal water level, with distinct dependencies at

different sites (Becker et al., 2016; Shimozono et al., 2022). Changes

in the generation and dissipation of GW, IG, and VLF waves

influence wave dynamics on a reef. Previous studies have

recognized the importance of these waves in fore-reef and reef flat

areas; however, further research is required to determine the energy

variations of different waves, as well as the effects of incident wave

intensity and tidal modulation.

Tidally dominated coral reef systems have substantially different

dynamic characteristics than those of wave-dominated systems

(Lowe and Falter, 2015). The water level gradient generated by

tides between the reef and open ocean drives oscillatory flow across

the reef within each tidal cycle (Lowe et al., 2015; Grimaldi et al.,

2022). During low tide, the emergence of the reef crest and flat

restricts water exchanges between the open ocean and lagoon (Lowe

et al., 2016). On the tidally driven semi-enclosed coral atolls in

northwestern Australia, the large tidal range results in the exposure

of the reef crest and flat during low tide, and the atoll topography

and tidal range produce highly asymmetric water levels, flow

velocities, and residual currents within the lagoon (Green et al.,

2018). Constrained by the reef topography, tidally dominated coral

reef systems with large tidal differences (e.g., longer ebb than flood

tides) exhibit tidal truncation effects (Ludington, 1979; McCabe

et al., 2010; Lowe et al., 2015; Green et al., 2018). Observations at

Mermaid Reef over approximately 11 months showed that tidally

driven processes accounted for 79% of the hydrodynamics, in which

larger tidal ranges caused the reef flat to temporarily act as a

physical barrier to incoming and outgoing flow (Grimaldi et al.,

2022). Although previous studies have highlighted the roles of tidal

range and reef topography in tidally dominated reef systems,

detailed explanations of specific tidally modulated flow variations

are lacking.

Energetic waves break through the reef crest and create spatial

gradients of radiative stress (Longuet-Higgins and Stewart, 1964),

which leads to wave setup and wave-induced currents on the reef

flat (Vetter et al., 2010; Lentz et al., 2016). Observations at the La

Saline fringing reef indicate that wave setup (on the order of tens of

cm) has the same magnitude as the still water depth; thus, wave

setup is an essential component of wave dissipation calculations

(Bruch et al., 2022). Wave setup on the reef flat is largely forced by

GWs breaking on the reef, wherein wave setup increases with

increasing incident wave height (Vetter et al., 2010; Bruch et al.,

2022; Shimozono et al., 2022). Studies have also shown that wave

setup appears to be modulated by tides in environments with large
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tidal ranges, in which wave setup decreases during high tides and

increases during low tides (Bonneton et al., 2007; Becker et al.,

2014). A direct explanation for this is that lower water levels result

in more wave breaking at the reef crest, thereby leading to a higher

wave setup. Observations by Lentz et al. (2016) indicate that wave

setup could induce cross-reef flows of 5–20 cm s-1. Wave-driven

cross-reef and along-reef flows are critical for coral larvae dispersal

(Monismith et al., 2006), heat distribution (Davis et al., 2011), and

nutrient uptake (Hearn et al., 2001). Therefore, understanding wave

setup conditions on a typical coral reef atoll, including the wave

setup extent and wave-induced currents, is essential for defining the

flow dynamics in reef–lagoon systems.

In this study, we quantitatively analyze changes in high- and

low-frequency waves and tidal conditions, as well as their effects on

flow. This study aims to determine the wave transformation, tidal

and wave modulation of flow, and wave setup conditions from the

fore-reef to the reef flat based on high-frequency observations of a

typical coral reef atoll in the South China Sea. Section 2 describes
Frontiers in Marine Science 03
the study area, field observations, and data processing methods.

Section 3 presents the characteristics of the wind, wave, and current

variations. The conditions of the wave transformation, tidal and

wave modulation of flow, and estimated wave setup are discussed in

Section 4. Finally, Section 5 provides a summary of conclusions.
2 Methods

2.1 Study area

The study area is located in the western central South China Sea.

The coral reef atoll system investigated in this study comprises a fore-

reef, reef crest, reef flat, lagoon, and channels (Figure 1). The atoll is

surrounded by abundant live corals, making a representative coral reef

ecosystem in the South China Sea and an important coral conservation

area (Huang et al., 2011; Wu et al., 2011; Yang et al., 2015). The water

depth on the reefflat is approximately 1–3 m, whereas the water depth
FIGURE 1

Locations of (A) the coral reef atoll in the South China Sea and (B) the mooring stations W1 and W2 (red solid squares) on the fore-reef and reef flat.
Panel (B) presents sketch map of the coral reef atoll obtained from a satellite image provided by Google Earth. Panel (C) presents cross-section of
the reef bathymetry. (D) Black arrows denoting the two sets of coordinates (north and east vs. cross- and along-reef) used for the atoll. (E) Sketch of
the instruments deployed at W1 (AWAC) and W2 (ECM, WTM) sites. In (B), the red solid circle denotes the location of the wind measurements at
Shanhu Dao station.
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in the lagoon increases gradually from northeast to southwest, with an

average depth of about 30 m (Cai et al., 2020). The reef also contained

multiple channels (Figure 1B) that facilitate the exchange of water

between the lagoon and open ocean.

The study area is frequently influenced by monsoons and

typhoons owing to prevailing northeasterly winds from

November to February and prevailing southwesterly winds and

typhoons from June to October. On average, the study area is

affected by 1.4 typhoons per year (Yang et al., 2015). Northeast and

southwest wave directions are dominant in this region. Previous

studies have reported 1.22 m and 0.78 m tidal ranges during spring

and neap tides, respectively (Wang, 2001), as well as strong diurnal

current energy (Deng et al., 2013), in this region. Satellite altimeter

data indicate that the study area is located in the northern part of an

anticyclonic circulation pattern during spring and summer

(Wang et al., 2012).
2.2 Field measurements

Measurements were set up on the fore-reef and reef flat of the

atoll, corresponding to stations W1 and W2, respectively (red

squares in Figure 1). The water depths at W1 and W2 were

approximately 17 and 2 m, respectively, and the straight-line

distance between the two stations was approximately 1250 m

(Figure 1C). The measurement period extended from March 28

to April 25, 2021 (~28 d).

A bottom-mounted tripod equipped with a Nortek 1MHzAcoustic

Wave and Current profiler (AWAC) was deployed at W1 (Figure 1E).

The AWAC measured high-frequency pressure, wave direction, and

velocity profiles. The acoustic sensor of the upward-looking AWAC

was positioned at 0.70 m above the bottom (mab), with a blanking

distance of 0.40 m. Pressure and wave direction measurements were

taken in burst mode using a 60-min sampling interval. Each sampling

period was 20 min long, with a sampling frequency of 2 Hz. Velocity

profile observations were also conducted in burst mode using a 10-min

sampling interval. Each sampling period was 1 min long, with a

sampling frequency of 1 Hz, from which 1-min averaged results

were outputted. The vertical interval of velocity was 0.50 m and the

center of the first layer was positioned at 1.60 mab.

A bottom-mounted tripod equipped with a JFE Infinity

Electromagnetic Current Meter (ECM) and a JFE Infinity Wave

and Tide Meter (WTM) was deployed at W2 (Figure 1E). The ECM

sensor was positioned at 0.70 mab to measure single-point

velocities. ECM measurements were taken in burst mode using a

20-min sampling interval. Each sampling period was 1 min long,

with a sampling frequency of 1 Hz. The WTM sensor was

positioned at 0.35 mab and used to measure high-frequency

pressure. WTM measurements were conducted in burst mode

using a 60-min sampling interval. Each sampling period was 20

min long, with a sampling frequency of 2 Hz.

Wind data in the study area were collected 5 m above the sea

surface at Shanhu Dao station (Figure 1B, red solid circle) on the

western side of the atoll. The data had a 3-h sampling interval and

were obtained from the National Centers for Environmental
Frontiers in Marine Science 04
Information (https://www.ncei.noaa.gov/maps/hourly/). Wind

speeds 10 m above the sea surface (W10) were calculated using

the method described by Large and Pond (1981). Wind directions

were reported as the direction from which the wind was coming.
2.3 Data processing

To obtain the surface elevation spectra (Shh), pressure power

spectra (Spp) were first calculated for each sampling period (1200 s;

AWAC and WTM = 2400 records) using the Welch method with a

Hamming window of 20 min. The surface elevation power spectrum

considering the pressure signal attenuation was then computed as

follows (Rogers et al., 2015; Acevedo-Ramirez et al., 2021):

Shh = Spp½
cosh kh

rg cosh khb
�2 (1)

where h is the local water depth, hb is the height of the pressure

gauge above the bottom, r = 1021.7 kg m-3 is the seawater density

calculated from the measured water temperature and salinity, g =

9.8 m s-2 is the acceleration of gravity, and k is the wave number

computed from the dispersion relationship s 2 = gk tanh kh, where

s = 2p=T = 2pf is the radian frequency (Dean and Dalrymple,

1991) and f is the frequency. The mean wave period (Tm) was

calculated based on the first spectral moment of Shh. Based on the

acoustic surface tracking data measured by the AWAC, the

estimation of mean wave direction (Dm) was obtained from

Nortek Storm software package with the maximum likelihood

method, where the direction is the coming from. The spectrum-

based significant wave heights (H) were calculated for each

frequency band. The total (Hs, 0 < f < fN   Hz), GW (HGW , 0:04 <

f < 0:25 Hz), IG (HIG, 0:004 < f < 0:040 Hz), and VLF (HVLF , 0:001

< f < 0:004 Hz) wave heights were calculated as follows:

H = 4*

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
Shh(f )df

s
(2)

where fN = 1 is the Nyquist frequency of the pressure sampling

(Cheriton et al., 2016, 2020; Bruch et al., 2022; Grimaldi et al., 2022).

The root mean square near-bottom wave velocity (Urms) was

estimated as follows (Monismith et al., 2015):

U rms =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ f N

0
4p 2f 2Shh(f )

1

sinh2(kh)
df

s
(3)

Following the approach described by Monismith et al. (2015),

the wave energy flux (F) was calculated using the following

equation:

F = rg
Z

Cg ,i(f )Shh(f )df (4)

where Cg is the group velocity, which is expressed as follows

(Lowe et al., 2005c; Acevedo-Ramirez et al., 2021):

Cg ,i =
1
2

1 +
2kih

sinh 2kih

� �
w i

ki
(5)
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The F values for the total, GW, IG, and VLF frequency bands

were then calculated (FT , FGW , FIG, and FVLF , respectively). The

percentage of dissipated energy flux (DFT ) betweenW1 andW2 was

computed using:

DFT = DFW12
T =FW1

T (6)

where DFW12
T is the change in energy flux between the stations

and FW1
T is the wave energy flux at W1. To compute the average

energy dissipation rate (Fdiss), the one-dimensional wave energy flux

equation was discretized as follows (Monismith et al., 2015;

Acevedo-Ramirez et al., 2021):

d
dr

(F) ≅
DFW12

T

Dr
= − 〈 e 〉 (7)

Dr =
Dx
cos q

(8)

where Dr is the projected distance to a similar depth, and the

distance that a wave must traverses between stations Dx taking into
account the wave direction q .

The burst-averaged water levels were obtained from the pressure

data collected atW1 andW2. The variations in water level were similar

at both stations (–0.66 to +0.61 m). Harmonic analysis of the water

level time series at both stations was performed using the T_TIDE

toolbox (Pawlowicz et al., 2002). The tidal variations obtained from the

harmonic analysis were in agreement with the observed water level

changes (see the magenta and black lines in Figure 2), indicating that

the tidal elevations in the study area controlled the total water level

variations. Diurnal constituents O1 and K1 were the most significant

tidal components, followed by the semidiurnal constituent M2. Shallow

water constituents M4 and M6 were not significant. During the

observation period, the tidal range varied from 0.01 to 1.17 m, with

an average of 0.67 m. The average tidal ranges during spring and neap

tides were 1.10 and 0.53 m, respectively. The tidal-type coefficient for

both stations was 2.88, indicating that the tidal regime in the study area

is dominated by irregular diurnal tides.

As shown in Figure 1D, the burst-averaged flow velocities in the

east (u) and north (v) components were converted into flow velocity

components in along-reef (uar) and cross-reef (ucr) directions. A

positive uar direction was defined as 125° clockwise from north,
Frontiers in Marine Science 05
whereas a positive ucr direction was defined as 35° clockwise from

north. The magnitude of the horizontal flow velocity (Um) was

calculated as follows:

Um = (u2ar + u2cr)
0:5 (9)
3 Results

3.1 Wind speed and direction

Figure 3 shows the time series of wind speed and direction

obtained from the meteorological station at Shanhu Dao.

Throughout the observation period, the prevailing winds in the

study area were northeasterly and southeasterly, with W10 values

ranging from 0.9 to 6.4 m s-1 (mean of 3.0 m s-1). At the beginning

of the observation period (March 30–31), prevailing southeasterly

winds exceeded speeds of 4.0 m s-1. From April 4 to 14, the wind

became northeasterly, with stronger winds (W10 > 5.0 m s-1) on

April 6–7 and April 10–11. The wind changed back to southeasterly

on April 15–16 and W10 decreased to below 2 m s-1. From April 19

to 21, easterly winds prevailed, with W10 values of 2–4 m s-1. Near

the end of the observation period (April 23–24), the wind field was

once again dominated by southeasterly winds.
3.2 Wave conditions

The wave spectra generated by aligning Shh at W1 and W2 are

shown in Figure 4. The time-averaged spectra (Figures 4C, D)

indicate that the boundaries between the GW and IG (0.04 Hz) and

between the IG and VLF (0.004 Hz) bands are suitable choices for

this study because the spectra exhibit relatively low energies at

these frequencies.

On the fore-reef at W1, the Shh values were mainly distributed

in the 0.1–0.2 Hz frequency band, with relatively higher Shh values

observed during April 6–8, April 10–12, and April 19–21

(Figure 4A). As the waves propagated across the reef flat at W2,

the recorded Shh values were smaller (Figure 4B), but periods with

higher Shh values were corresponded with those observed at W1.
FIGURE 2

Depth–time variations of the burst-averaged velocity magnitude (Um) at W1. The magenta and black lines denote the variations of the tidal and
observed water levels, respectively.
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The Shh values on the reef flat covered a wide frequency band,

including long-period waves with frequencies less than 0.04 Hz and

shorter period waves with frequencies of 0.2–0.4 Hz.

The average spectral densities indicate that the GW energy

levels on the fore-reef were higher than those in the IG and VLF

bands, with a peak energy level at 0.10 Hz (Figure 4C). On the reef

flat, the GW energy levels were lower than those on the fore-reef,

whereas the IG and VLF bands had higher energy levels

(Figure 4D). Two energy peaks were observed in the GW

frequency band at 0.10 and 0.35 Hz. These results suggest that

energetic GWs influence the fore-reef area, whereas attenuated

GWs and long-period IG and VLF waves influence the reef flat.

Figure 5A shows the wave height time series measured at W1.

The variations of HGW were consistent with those of Hs, whereas

HIG and HVLF were near zero throughout the observation period,

indicating the dominance of GWs on the observed waves. During
Frontiers in Marine Science 06
the observation period, Hs, Tm, and Urms ranged from 0.10 to 1.81

m, from 6 to 10 s, and from 1 to 22 cm s-1, respectively (Figures 5A,

C, E), Dm ranged from 43 to 90° (northeasterly waves), with an

incoming wave direction that was nearly parallel to the cross-reef

orientation (Dcr , Figures 1D, 5D). Three relatively large wave events

(1 < Hs < 2 m, Tm = 7–9 s) occurred on April 6–7, 10–12, and 19–

21, with Urms values of 10–20 cm s-1.

The wave heights measured at W2 on the reef flat were

significantly lower than those measured at W1. Hs and Tm ranged

from 0.05 to 0.52 m and from 4 to 9 s, respectively (Figures 5B, C).

The variations of Hs were mainly influenced by HGW . In addition,

IG waves were observed on the reef flat, with HIG ranging from 0.01

to 0.19 m. Both HGW and HIG exhibited tidal signals. The variations

in the VLF waves were not significant (HVLF of 0.002–0.03 m). The

Urms values on the reef flat varied significantly, ranging from 3 to 22

cm s-1.
FIGURE 4

(A, B) Temporal variations in wave energy spectra and (C, D) time-averaged spectra over the 28-d experiment at (A, C) W1 and (B, D) W2. In (C) and
(D), vertical blue dashed lines represent the frequency band boundaries (0.04 Hz for gravity wave (GW) and infragravity (IG) wave bands, and 0.004
Hz for IG wave and very low-frequency (VLF) wave bands).
FIGURE 3

Time series of (A) wind speed and (B) direction at Shanhu Dao station. Wind directions are defined in the positive clockwise direction (north = 0°).
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At both stations, the variations in FT corresponded with those

of Hs. On the fore-reef at W1, FT was less than 2.00 kW m-1 during

low wave conditions, but varied between 3.50 and 16.62 kW m-1

during high wave conditions (Figure 6A). On the reef flat at W2, FT
was relatively small, ranging from 0.01 to 0.79 kW m-1 (Figure 6B).

FGW was the main contributor to FT at W1 and W2. The FIG values

on the reef flat varied from 1.33×10-4 to 0.12 kW m-1. FT decreased

substantially from the fore-reef to the reef flat, with a DFT of 80–

90% during most of the study period and exceeding 90% during the

three large swell events in April (Figure 6C). Fdiss ranged from 10-5

to 10-2 kW m-2 between W1 and W2, and approached 10-2 kW m-2

during the large swell events (Figure 6D), indicating that wave

energy was strongly dissipated in this area.
3.3 Currents

Figure 2 shows the depth–time variations of Um on the fore-reef

atW1. During the observation period,Um ranged from 1 to 37 cm s-1.

The flow velocity in the upper-layer at a depth of < 8 m was

significantly higher than that in the near-bottom layer. Within a

tidal cycle, the flow velocity in the upper-layer increased significantly

during high- and low-tidal phases. This phenomenon was more

pronounced during spring tides.

To obtain a more detailed understanding of the flow conditions

at W1, we presented the time series Um, uar , and ucr in the near-
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surface (3.4 m depth), middle (9.4 m depth), and near-bottom (15.4

m depth) layers (Figure 7). The flow velocity decreased with

increasing depth, with near-surface, middle, and near-bottom

layer Um ranges of 4–30, 4–16, and 3–10 cm s-1, respectively

(Figures 7A, C, E). In addition, uar was greater than ucr
(Figures 7B, D, F), indicating that flow conditions on the fore-reef

were mainly controlled by along-reef flow (i.e., uar was the main

contributor to Um). During the flood tide phase, flow was mainly

directed northwestward along the reef, whereas flow was directed

southeastward along the reef during the ebb tide phase. In the near-

bottom layer, the flow velocity was relatively low, and along-reef

flow during most of the flood–ebb tide phases was not significant.

The variations in flow velocity at W1 exhibited periodic

characteristics. Thus, we conducted a spectral analysis of the uar
and ucr time series in the near-surface, middle, and near-bottom

layers (Figures 8A–C). The energy of uar was larger than that of ucr ,

and their peak energy periods were identical. In the near-surface

layer, the diurnal tidal constituent was the most significant, followed

by the semidiurnal and shallow-water constituents. In the near-

bottom layer, no significant energy peaks were observed, and the

three tidal component energies were notably lower, indicating less

pronounced periodic flow velocity characteristics. In addition,

relatively weaker energy peaks corresponding to periods of ~30–

31, ~16–17, and ~8–9 h were observed in the near-surface layer.

Figure 9 shows the time series ofUm, uar, and ucr on the reefflat at

W2. During the observation period, Um varied from 1 to 24 cm s-1.
FIGURE 5

Time series of wave parameters: wave heights (H) at (A) W1 and (B) W2, (C) mean wave period (Tm) at W1 (black line) and W2 (red line), (D) mean
wave direction (Dm) at W1, and (E) root-mean-square near-bottom wave velocity (Urms) at W1 (black line) and W2 (red line). In (A) and (B), Hs , HGW ,
HIG, and HVLF denote significant wave heights of the total, GW, IG, and VLF waves, respectively. In (D), Dcr denotes the cross-reef orientation.
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From March 29 to April 2, the flow velocity exhibited significant

periodic tidal characteristics. From April 7 to 11 and from April 19 to

23, the tidal variations in the flow velocity weakened. In addition, uar
was less than ucr , indicating that flow variations on the reef flat were

mainly controlled by cross-reef currents. At the beginning of the
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observation period, the cross-reef flow was northeasterly during neap

tides, whereas partial southwesterly cross-reef flow occurred during

spring tides.

The variations in flow velocity at W2 also exhibited periodic

signals. Spectral analysis (Figure 8D) indicates that the energy level
FIGURE 7

Time series of Um (black line), along-reef velocity (uar , blue line), and cross-reef velocity (ucr , red line) at W1 in the (A, B) near-surface, (C, D) middle,
and (E, F) near-bottom layers. The magenta line in the upper panel denotes the variations of tidal water level.
FIGURE 6

Time series of wave energy fluxes (F) at (A) W1 and (B) W2, (C) percentage (DFT ) of wave energy flux dissipation between W1 and W2, and (D) energy flux
dissipation rate (Fdiss) between W1 and W2. In (A) and (B), FT , FGW , FIG, and FVLF denote the total, GW, IG, and VLF wave energy fluxes, respectively.
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of uar was lower than that of ucr ; however, the periods in which their

energy peaks occurred were the same. The semidiurnal tidal

constituent was the most significant, followed by the diurnal and

shallow-water constituents. Other weaker energy signals were also

observed, including those with periods of 8–9 and 5 h.

In summary, the currents in the fore-reef area were stronger in

the upper-layer and weaker in the near-bottom layer, with higher

velocities during high and low tides. The currents on the reef flat

exhibited various conditions, including stages with high flow

velocities and significant tidal signals, and those with low flow

velocities and weak tidal signals. The current variations on the fore-
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reef and reef flat were primarily influenced by diurnal and

semidiurnal constituent currents.
4 Discussion

4.1 Wave transformation from the fore-reef
to the reef flat

The observations indicate that large waves (1 < Hs < 2 m)

propagated from the fore-reef to the reef flat, during which the
FIGURE 9

Time series of (A) Um, (B) uar (blue line) and ucr (red line) at W2 at 0.70 mab. The magenta line in the top panel denotes the variations of tidal water level.
FIGURE 8

Energy spectra of uar (blue line) and ucr (red line) at W1 in the (A) near-surface, (B) middle, (C) near-bottom layers, and (D) at W2, 0.70 m above the
bottom (mab). Vertical black dashed lines denote the diurnal, semidiurnal, and shallow-water tidal component periods.
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wave height decreased by ~0.98 m (Figures 5A, B), wave energy

dissipation exceeded 90%, and the maximum dissipation rate

reached ~10-2 kW m-2 (Figures 6C, D). In the fore area of the

reef, such strong wave energy dissipation is usually caused by

bottom friction or a combination of bottom friction and wave

breaking processes (Lugo-Fernandez et al., 1998; Lowe et al., 2005c;

Rogers et al., 2016). In the shallow fore-reef zone (before waves

break), bottom friction induced by the remarkably rough coral

terrain can lead to strong wave energy dissipation (Monismith et al.,

2015). As waves propagate to shallower depths on the reef (e.g., the

reef crest), waves often break; thus, this zone becomes the main

source of wave energy dissipation (Vetter et al., 2010; Ferrario et al.,

2014). Station W2 was located in the shallow part of the reef flat

behind the reef crest (Figures 1B, C); thus, the strong wave energy

dissipation from the fore-reef to the reef flat should be the result of a

combination of bottom friction and wave breaking. Acevedo-

Ramirez et al. (2021) found that during large wave conditions,

wave energy dissipation on the fore-reef was approximately 35%

when influenced only by bottom friction process; however, wave

energy dissipation varied between 65% and 99% in the area from the

reef crest to the back reef, which involved both bottom friction and

wave breaking processes. These findings support the control

mechanism for strong wave energy dissipation from the fore-reef

to the reef flat observed in this study. In addition, during large wave

conditions, the near-bottom wave orbital velocity is significantly

larger than the near-bottom mean flow velocity (Figures 2, 5E, 7E,

9A), indicating that the mean flow plays a minor role in the

frictional dissipation of wave energy.

We further present the scatter plot (Figure 10) of Hs at W1

versus Fdiss included bottom friction and wave breaking. The

variables basically follow a quadratic relationship (fitting equation

of Fdiss = 3:55� 10−3H2
s ; coefficient of determination R2 = 0.98).

This relationship is reasonable because the relationship between

wave height and energy is also quadratic (Vetter et al., 2010;

Acevedo-Ramirez et al., 2021; Smith et al., 2023). Numerical

modeling studies have suggested that the relative contributions of

wave breaking and bottom friction processes depend on the
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incident wave conditions; wave breaking is the main dissipative

process for large waves, whereas bottom friction is that for small

waves (Lowe et al., 2005c). In this study, Fdiss is relatively low for

small waves (Hs < 1 m) and the relationship between Hs and Fdiss is

quadratic (Figure 10), indicating that bottom friction energy

dissipation is dominant in this case. As Hs increased (> 1.2 m),

some Hs and Fdiss values deviated slightly from the quadratic

relationship. Waves often break when the wave steepness (Hs/

wavelength) is large and interaction with bottom friction begins,

thereby making energy dissipation more complex. In particular,

such deviations are more likely to occur for very large waves.

The observations captured GWs, IG waves, and VLF waves on

the reef flat, which have also been reported in previous studies (e.g.,

Bonneton et al., 2007; Pearson et al., 2017; Shimozono et al., 2022).

Owing to the combined effects of wave breaking and frictional

dissipation, most of the incident GW energy entering the reef is

dissipated; however, GW energy is still present on the reef flat, and

the IG wave energy is enhanced significantly (Figure 4). During the

three large wave events, the GW and IG wave energy levels on the

reef flat are particularly high (Figure 4B), indicating that the

incident GWs are a driving mechanism. Energy dissipation

mainly occurs in the GW frequency band, confirming that the

coral reef system acted as a low-pass filter (Bruch et al., 2022).

Behind these processes, a portion of the incident GW energy is also

transferred to the IG frequency band as bound waves (Longuet-

Higgins and Stewart, 1964; Shimozono et al., 2022). Under high

incident energy conditions, waves on the reef flat exhibited

characteristics of both high- and low-frequency waves.

On the reef flat, the GW and IG wave heights (Figure 5B)

exhibited clear periodic tidal characteristics. Figure 11 shows the

scatter plot of HGW and HIG versus tidal water levels at W2, with

colors representing the incident HGW at W1. Both GWs and IG

waves on the reef flat are influenced by the incident waves and tidal

conditions. When HGW is less than 1 m at W1, HGW is relatively

small and slightly higher during high tides at W2, whereas HIG

remains small and is not dependent on the tidal water level.

However, when HGW is greater than 1 m at W1, HGW increases

significantly and is significantly larger during high tides at W2,

whereas HIG increases slightly and exhibits slightly higher values

during high tides. These findings indicate that tidal modulation of

GWs and IG waves on the reef flat is more substantial when the

incident wave height exceeded 1 m. IG waves are generated under

large wave conditions and propagate on the reef flat. Previous

studies have indicated that IG waves on the reef flat are mainly

modulated by tides under incident wave heights of less than 2.5 m,

whereas IG waves are controlled by incident GWs when the

incident wave height exceeded 2.5 m (Bruch et al., 2022). In this

study, we found that tidal modulation of the IG waves on the reef

flat is not significant when the incident wave height is less than 1 m.

Therefore, the dependency of reef flat IG waves on tidal water level

is significantly reduced for very large and very small waves. Under

normal wave conditions, wave processes on the reef flat exhibit tidal

modulation in which the wave height is strictly constrained by the

water depth on the reef flat. Higher water levels reduce the energy

dissipated by wave breaking and bottom friction, resulting in larger

wave heights (Bruch et al., 2022; Shimozono et al., 2022).
FIGURE 10

Scatter plot of Hs at W1 versus Fdiss. The least square fitted
regression is denoted by the red solid curve.
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Low-frequency waves on the reef flat are generated by

interactions between nonlinear waves in the fore-reef area via two

potential mechanisms: bound waves and breaking points (Shimozono

et al., 2022). For both mechanisms, low-frequency waves are excited

by incident wave groups. The relative importance of each mechanism

is controlled by the relative seabed slope (which excites low-frequency

waves) and relative water depth at the breaking point (Battjes et al.,

2004; Baldock, 2012). Owing to the lack of sufficient wave observation

stations in the shallow fore-reef area, we do not investigate the

mechanism that generated the IG waves in this study.
4.2 Tidal and wave modulation of flow

In the fore-reef area, spectral analysis of the near-surface-layer

flow velocity shows that the diurnal and semidiurnal constituent
Frontiers in Marine Science 11
energies have more significant influences on the flow (Figure 8A).

The scatter plot of tidal water levels versus Um reveals relatively

higher Um values during high and low tide periods (Figure 12A).

These findings indicate that relatively strong flow in the upper-layer

is modulated by tidal waves with obvious progressive wave

characteristics. Most of the seawater areas in the South China Sea

usually exhibit property of progressive tidal waves (Yu, 1984).

However, the corresponding flow velocities are higher during

periods with larger wave heights (Figure 12A), suggesting that

wave influences on flow in the upper-layer cannot be ignored. To

further investigate this influence, the tidal wave energy is removed

from the flow velocity by applying a low-pass filter to the original

velocity components with a cutoff period of 30 h, which produced a

horizontal flow velocity defined as Ulow
m . Figure 12D shows that Ulow

m

is independent of tidal variations. In addition, the wave modulation

effect on flow becomes more significant when Hs exceeded 1 m,
FIGURE 12

Scatter plot of (A–C) Um and (D–F) Ulow
m versus tidal water level at W1 in the (A, D) near-surface, (B, E) middle, and (C, F) near-bottom layers, with

the colors representing Hs at W1. Ulow
m denotes the magnitude of the velocity after removing tidal wave energy by applying a low-pass filter with a

cutoff period of 30 h. The Um and Ulow
m values in the figure are the 60-min averaged results.
FIGURE 11

Scatter plot of (A) HGW and (B) HIG versus tidal water level at W2. Colors represent the incident HGW at W1.
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particularly during high- and low-tides where Ulow
m increases with

increasing Hs. Therefore, the relatively strong flow in the upper-

layer is primarily caused by the modulation of progressive tidal

waves and large waves. In the middle layer, the progressive tidal

wave characteristics weakened, and large waves do not enhance the

flow, which resulted in weaker flow (Figures 12B, E). In the near-

bottom layer, Um reaches its minimum and is independent of wave

variations (Figures 12C, F). The weak flow conditions near the

bottom are primarily caused by the frictional dissipation of most of

the tidal wave energy by the remarkably rough coral terrain. The

presence of a rough seabed increases friction and applies resistance

to the flow, thereby dissipating most of the energy flowing through

the area (Lowe et al., 2005a; Monismith, 2007; Yao and Zhou, 2024).

Furthermore, the near-bottom location at W1 is close to the side of

the fore-reef topography (Figure 1C), where local topographic

effects may have weakened the flow.

Flow on the reef flat exhibited different conditions during

different time periods that are closely related to tidal variations

and the occurrence of large and small waves. We further analyze the

two scenarios in the observational results. For tidally dominated

conditions with small waves (e.g., March 30–April 4), during which

the incidentHs is less than 0.20 m,Hs on the reefflat is less than 0.15

m, Urms on the reefflat is less than 5 cm s-1, andUm on the reefflat is

greater than 5 cm s-1 (Figures 5A, B, E, 9A), indicating that currents

are dominant on the reef flat. The second scenario is during the
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occurrence of large waves (e.g., April 6–13), covering the two large

wave events and spring-neap tidal cycle (Figures 2, 5A, C).

For the small-wave scenario, the flow velocity increases during

the flood tide and decreases during the ebb tide (Figure 13A), the

cross-reefflow velocity is mostly greater than or close to zero during

the flood and ebb tide periods (Figure 13B), indicating that the

cross-reefflow oscillates on the offshore side of the reef and does not

enter the lagoon much of the time. However, during the spring tide

(e.g., April 3–4), the cross-reef flow velocity have values less than

zero (Figures 13B, 9), reflecting a tendency to flow towards the

lagoon during this period. A comprehensive analysis suggests that

the flow variations on the reef flat under small-wave conditions are

mainly modulated by tides. Seawater only flows through the reefflat

during the spring tide, which promotes water exchange with the

lagoon, thereby maintaining the ecological health of the coral reef.

Large waves disrupted the flow variations under the original

tidally modulated conditions on the reef flat. The overall flow

velocity decreases and do not change significantly during flood

and ebb tides, respectively (Figure 13C), indicating the weakened

role of tidal modulation. The cross-reef flow toward the lagoon

increases, particularly when the incident Hs exceeded 1 m, and ucr
and Um on the reef flat increased correspondingly (Figures 13C, D).

This finding suggests that the cross-reef flow velocity increases with

increasing incident wave height and that large waves are crucial for

modulating flow variations on the reef flat. Previous studies have
FIGURE 13

Scatter plot of the time-variation rate ( ∂htide= ∂ t) of tidal elevation versus (A, C) Um and (B, D) ucr at W2 for (A, B) small and (C, D) large wave phases.
In (C) and (D), colors represent Hs at W1. The Um and ucr values in the figure are the 60-min averaged results. ∂htide= ∂ t > (<) 0 represents the flood
(ebb) tide phase. ucr > (<) 0 represents flow toward the offshore region (lagoon).
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also found a correlation between reef flat flow velocities and

incident wave heights (Tamura et al., 2007; Lindhart et al., 2021),

as well as an increase in cross-reef flow toward the lagoon during

wave intensification (Reid et al., 2020). Lowe et al. (2009) found that

wave-driven flow on the reef flat in a coral reef system in Kaneohe

Bay, Hawaii, increased approximately linearly with increasing

incident wave height; however, the magnitudes of the currents

were relatively small (i.e., < 20 cm s-1). The occurrence of large

waves enhances flow toward the lagoon, which facilitates water

exchange. However, previous studies have also indicated that very

large waves caused by extreme typhoon events can cause serious

damage to corals in shallow areas of atolls (Yang et al., 2015).

Therefore, it is necessary to comprehensively examine the

advantages and disadvantages of the effects of large waves on the

ecological health of coral reefs.
4.3 Estimating wave setup

Under high-energy conditions, the wave setup on the reef is a

crucial component of coastal water levels. In this study, wave data

from stations W1 and W2 were used to estimate the wave setup.

The wave setdown at W1 was anticipated to be negligible. Following

previous research methods (Vetter et al., 2010; Shimozono et al.,

2022), we indirectly estimated the wave setup using the following

regression analysis:

dh = bHs + g (10)

where d�h is the difference in the mean water depths at W1 and

W2, Hs is the incident wave height at W1, and b and g are the

regression parameters that were determined using least squares

fitting. The first term on the right side of Equation 10 formulates the

wave setup hw = bHs and g represents the elevation difference of

the two instruments (Shimozono et al., 2022). The two regression
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parameters were determined using a dataset comprising 444 Hs and

d�h pairs.

The regression analysis yielded a linear relationship between hw

and Hs, with hw increasing with increasing Hs (Figure 14A).

Therefore, the wave setup at W2 is 0.012Hs. A strong linear

correlation between the wave setup on the reef flat and incident

wave height has also been reported in previous studies (e.g., Vetter

et al., 2010; Bruch et al., 2022; Grimaldi et al., 2022; Shimozono

et al., 2022). The presence of wave setup influences the flow

conditions on the reef flat accordingly. Ulow
m at W2 is positively

correlated with hw, particularly when the incident Hs exceeded 1 m;

Ulow
m increases significantly with increasing hw, corresponding to

wave-driven flow speeds of 5–8 cm s-1 when the wave setup is 1.5–

2.2 cm (Figure 14B). This suggests that the enhanced cross-reef flow

toward the lagoon is primarily induced by the wave setup. Lentz

et al. (2016) observed a wave setup of 2–10 cm near the reef crest on

a platform coral reef, which drove cross-reef currents with speeds of

5–20 cm s-1. These findings highlight the importance of the wave

setup effect (Tamura et al., 2007). In addition, previous studies have

reported that wave setup on the reef flat is also modulated by tides

(Bonneton et al., 2007; Becker et al., 2014), but the results obtained

herein indicate that the tidal modulation of wave setup is not

significant (Figure 14C).

The scaling parameter b for wave setup obtained in this study is

an order of magnitude smaller than that reported in previous

studies (e.g., Vetter et al., 2010), resulting in a relatively small

wave setup magnitude at W2 (Figure 14). We speculate that this

scaling parameter may be related to the distance between the two

sites. We compared our results with those obtained by previous

studies using similar research methods. Figure 15 shows the scatter

plot of the scaling parameter values versus the distance between

sites. No order-of-magnitude difference is observed for the scaling

parameter values at distances of 100–600 m; however, at distances >

1000 m, the scaling parameter values are relatively small and exhibit

an order-of-magnitude difference. This indicates that the wave
FIGURE 14

(A) Wave setup estimated from a regression analysis based on wave data. Scatter plot of wave setup versus (B) Ulow
m and (C) tidal water level at W2.

Colors represent Hs at W1. In (A), the regression parameter b, coefficient of determination R2, and root-mean-square error RMSE are also presented.
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setup magnitude is also related to the distance between the two sites.

When the distance between the sites is assumed to be large, the wave

setup signals are not significant. Vetter et al. (2010) noted that the

wave setup observed at stations near the reef crest were more

significant. Therefore, future observations of the wave setup and

wave-induced currents on coral reefs should use a distance of 100–

500 m between the fore-reef and reef flat sites, as this will improve

the ability to capture the wave setup signal.
5 Conclusions

High-frequency observations of tides, waves, and currents were

conducted on the fore-reef and reef flat of a coral reef atoll in the

South China Sea using AWAC, ECM, and WTM instruments. The

main findings are summarized as follows.

GWs, IG waves, and VLF waves are identified on the reef. Wave

variations on the fore-reef are dominated by GWs with Hs of 0.10–

1.81 m. The incident wave directions are mostly parallel to the

cross-reef direction. GW attenuation occurred from the fore-reef to

the reef flat behind the reef crest owing to bottom friction and wave

breaking, resulting in wave energy flux that decreased by over 80%.

The wave energy dissipation rate is quadratic with respect to Hs. On

the reef flat, IG waves are enhanced. Tidal modulation of GWs and

IG waves on the reef flat is significant during large wave events,

whereas the dependence of IG waves on tidal water levels weakened

during very large and small wave events.

Flow velocity on the fore-reef in the along-reef direction is

greater than that in the across-reef direction. During flood (ebb)

tide phases, flow is mainly northwestward (southeastward) along

the reef. On the fore-reef, relatively strong upper-layer flow is

caused by progressive tidal wave and large wave modulation,

large waves do not impact the lower-layer flow, and weak flow in

the near-bottom layer is mainly the result of frictional dissipation of

most of the tidal wave energy by the rough coral terrain. On the reef

flat, the flow velocity across the reef is greater than that along the
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reef. Under small wave conditions, the variations in flow on the reef

flat are modulated by tides, resulting in cross-reefflow that oscillates

on the offshore side of the reef and does not enter the lagoon much

of the time. During spring tides, the cross-reefflow can pass through

the reefflat and approach the lagoon. During large wave periods, the

tidal modulation of flow on the reef flat is not significant, and the

cross-reef velocity increases with increasing incident wave height.

Wave setup occurred on the reef flat, which enhances the cross-reef

flow toward the lagoon.

The wave setup on the reef flat is strongly linearly correlated

with incident wave height. Tidal modulation of the wave setup is

not significant. The wave setup magnitude is related to the distance

between the fore-reef and reef flat sites. Less significant wave setup

signals are captured when the distance between the two sites is large,

suggesting that the distance between sites should be set to 100–

500 m.

The analysis of the observations revealed the low-pass filtering

capability, wave setup, and wave-induced currents of a typical coral

reef atoll system in the South China Sea. However, the low-

frequency wave generation mechanism and wave-induced current

variations on the reef flat could not be clarified due to the lack of

sufficient wave observation sites on the reef. Future studies should

establish additional observation sites on the fore-reef, reef crest, and

reef flat to investigate these issues. In addition, large waves enhance

flow toward the lagoon, which is beneficial for seawater exchange;

however, the extent of coral damage from large waves should also be

evaluated. In the future, in-situ video monitoring and intelligent

coral identification technologies should be developed, and coral

monitoring results should be correlated with hydrodynamic

conditions to evaluate and maintain their ecological health.
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FIGURE 15

Scatter plot of scaling parameter values versus the distance between the fore-reef and reef flat sites. The red solid circle represents the result of
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