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Abstract

This study ot wave and current transform ations across a  modern corai 

reef w as conducted on Tague Reef, St. Croix ( U.S.V.I.), during late March and 

early April 1987. The project objective w as to improve our understanding of the 

magnitudes and frequencies a s  well a s  the spatial and tem poral variations of 

waves and currents a s  they interact with a  modern reef. Data were collected in 

4 experiments over a  2-week period. During the  observation period 

atm ospheric and s e a  sta te  conditions were typical of Caribbean-Atlantic trade 

wind dominated areas. Results verify that infragravity w aves of 27.7 min period 

and diurnal tides modulated high frequency wave and current p rocesses.

P hase  lags associated with th ese  long-term motions cause  s e a  level 

differences across the reef crest that influence m ass transport of water and 

suspended  sedim ent.

Spectral analyses of wave data  indicate that spectra  shape  w as 

conserved betw een the forereef and reef crest, and spectral broadening at the 

crest w as induced by redistribution and dissipation (average of 65%). Wave 

propagation into the  backreef cau sed  further spectral broadening and 

increased energy dissipation (average of 78%). W ater depth reduction during 

falling tides increased wave energy dissipation by 15% and 20% from forereef 

to crest and from forereef to backreef, respectively. A steady wave energy 

model, including frictional and turbulent dissipation, gives reasonable estim ates 

of wave heights across the reef. This model reveals that, in contrast to sandy 

beaches, bottom friction on coral reefs is com parable to turbulent energy 

dissipation. Currents at the reef crest occur on three important time scales: (a) 

short period (seconds), associated  with wave activity, (b) infragravity 

fluctuations, and (c) diurnal variations of uncertain, but probably tidal origin.



Vertical sh ear of these  currents w as found to be negligible. The reef crest m ean 

and  instan taneous flow fields suggest that seaw ater, and  perhaps sedim ents 

and nutrients, are  continuously transported lagoonw ards. In contrast, wave 

related instantaneous currents over the  forereef indicate off-reef transport.

A tim e-dependent, vertically integrated circulation model with surface 

slope and bottom friction explains the observed current patterns. Under low 

trade wind wave conditions the volume flux at the reef crest is 0.024 m3s _1, 

which can  flush the lagoon in 37 hours.

xix



1.0 Introduction

Modern coral reefs consist of a  framework built by herm atypic corals, 

infilling material provided by organism s living within the  framework, and rubble 

from broken reef builders. Benthic plants, e.g. coralline algae, secre te  

carbonate, which provides an important cem ent for the  framework (Kennett, 

1982) in addition to cem ents precipitated by physical or chem ical p rocesses 

from pore w aters (MacIntyre, 1977). The cem entation p rocess c rea tes  a  

structure that can  resist wave action and modify the oceanic currents impinging 

on it. Ecologically, the  coral reef is a  place of high organic productivity, intense 

calcium metabolism, and complex food chains (Stoddart, 1969). T hese  

biological p ro cesses  have been  identified by num erous investigations of coral 

reefs.which have, also, recognized the  im portance of physical p ro cesses  to the 

well-being of the reef (Glynn, 1977). However, our knowledge of the  physical 

p ro cesses  in coral reefs is limited, and  m ost of it is qualitative. Quantitative 

studies of the physical p rocesses  and their role have been  very few. Our 

understanding of the physical p ro cesses  in the reef environm ent lags behind 

other disciplines such a s  biology and geology. The study p resen ted  in this 

m anuscript focuses on the details of wave and  current interactions with a  

shallow reef and w as designed to improve our understanding of the 

m agnitudes, frequencies, and  spatial sca le s  of physical p ro cesses  operating in 

m odern reef system s.

Coral reefs develop many forms ranging from linear barriers and fringing 

reefs to subcircular atolls enclosing deep  lagoons (Kennett, 1982; Stoddart, 

1969). Each reef type modifies the marine environm ent and, in turn, marine 

p ro cesses  modify reef geom etry and assoc ia ted  sedim ent distribution. The

1



degree of modification of marine energy incident on the reef depends on reef 

geom etry, morphology, and surface roughness. W ave modifications include 

redistribution of wave energy by shoaling and refraction, and  energy 

dissipation by bottom friction and turbulence during wave breaking at the  reef 

crest (Roberts et al., 1977; Suhayda and Roberts, 1977). T hese  energy 

changes give rise to currents and s e a  level gradients that represent an energy 

subsidy to the ecosystem . O ceanic currents are important for renewal the  of 

water, oxygen, food supply and for coral larval dispersion in the reefs, and their 

modification by the reef are  just beginning to be understood. Tidal 

modifications induced by the reef give rise to s e a  level differences that drive 

currents and m ass transport across the reef crest (Ludington, 1979; Frith, 1981).

A quantitative understanding of physical forces acting in coral reefs is 

needed if predictions of th ese  physical forces and their effects a re  desired.

Their direct and indirect influence on both biological and geological reef 

functions m akes the understanding of these  changes necessary . Distribution of 

wave energy, currents, and resultant m ass transport have direct application to 

the quantification of both biological and geological-geochem ical p rocesses . 

Biologically, w ater motion is important for removing metabolic w astes, renewing 

food and oxygen (Stoddart, 1969), dispersion of planktonic coral larvae (Oliver 

and Willis, 1987), trophic energy fluxes (MacIntyre et al., 1974), understanding 

reef zonation (Dollar, 1982; Bradbury and Young, 1981), and  removal of 

dam aging pollutants and suspended  sedim ents. Geologically, w ater motion is 

important to the distribution of sedim ents and d iagenesis (Suhayda and 

Roberts, 1977; Roberts, 1980), and morphological changes of reefs (Stoddart, 

1962; Glynn et al., 1964; Hernandez-Avila et al., 1977; Baines et al., 1974). 

O ther a re a s  that can benefit from this knowledge are  coasta l engineering, 

physical oceanography, m anagem ent, and environmental studies.
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Up to the late 1970's (Milliman,1977), studies of coral reefs in the Indo- 

Pacific region concentrated mainly on their biology and geologic structure, 

while studies in the Atlantic focused on sedimentology. This difference in 

em phasis has provided guidelines for programs of research on physical 

p rocesses on coral reefs. As a consequence, two different schools of research 

have emerged. Pacific studies have concentrated primarily on the large-scale 

circulation that impacts the reef biology of barriers and atolls, while Caribbean- 

Atlantic studies have focused on more local and detailed wave-current 

interactions with reefs, which processes drive sediment movement and affect 

local reef morphology.

Currents

Currents have been studied both around and in the lagoons of reefs.

One of the pioneering works w as the circulation study of Bikini and Rongelap 

atoll lagoons by von Arx (1948). He found that flow at the reef crest was 

lagoonward and driven by a  higher se a  level behind the breaking zone. During 

periods of low winds and waves, the se a  level difference decreased, and the 

flow diminished or was reversed. Atkinson et al. (1981) studied the circulation 

of Eniwetok atoll and found that flow across the windward crest w as always 

lagoonward under the action of wave set-up, which depended on wave height 

and the tidal stage. No reversal of the flow with the tidal stage was observed. 

Currents at the leeward crest were w eaker and experienced tidal reversals. 

Other large-scale currents studies have indicated that isolated reef system s like 

atolls can modify oceanic flows to create down-drift eddies that are important for 

concentrating plankton and nutrients (H am nerand Hauri, 1981).

Ludington (1979) and Frith (nee Ludington) (1981) studied tidal current 

modifications induced by a small atoll. She found that ponding of water inside 

the lagoon drove water outside the reef at low points and through the reef's
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porous walls during periods of falling to low tides. At flood stage, wave set-up 

reinforces the tidally dominated lagoonward flow. A study of lagoon flushing by 

Wolanski and Pickard (1983) showed that a  lagoonward flow of 6 cm-s-1 at the 

reef crest w as necessary  to satisfy the water m ass balance. Current 

m easurem ents by Davies and Hughes (1983) in a  lagoon during a tropical 

depression documented the change of tidally-driven currents to a  wind-driven 

regime. This study is important because it shows that during storm conditions 

the force balance can be totally different from the one that exists under normal 

conditions . Pickard (1986) studied the currents at Davies Reef. M easurem ents 

at the reef flat showed that during strong winds the currents were unidirectional 

and lagoonward, but during low winds and large tidal ranges, reversal of the 

currents occurred. Wave overtopping effects on the net flow were estim ated at 

40%.

Current studies in small reef-lagoon system s around islands or 

continents are  few. Marsh et al. (1981) illustrated that currents near the reef 

crest forming the seaw ard boundary of the lagoon were reef-normal, wave- 

driven, and directed lagoonwards. In the backreef lagoon the flow field 

changed direction and becam e nearly parallel to the backreef shoreline. A 

similar pattern was observed in a  Caribbean reef-lagoon system  along the 

south coast of St. Croix (Roberts et al.,1981a). Major breaks in the linear reef 

that fronts these  lagoons function a s  points of tidal exchange, while currents in 

the shallow backreef lagoon may be wind-driven (Greer and Kjerfve, 1982; 

Kjerfve, 1982).

Waves
Several wave-reef interaction studies have been conducted. However, 

the complexity of the problem, coupled with the reef geometry, m akes each 

study site-specific. Recognition of the importance of wave action to coral



growth, sedim ent, and  w ater transport d a te s  back  to Darwin (1842), D ana 

(1853), and  Davis (1928). T h ese  works w ere b a se d  mainly on visual 

observations and  correlations of coral growth and  sedim ent deposition. Munk 

and S argen t (1948) a p p ea r to have conducted  the  first quantitative study of 

wave transform ation on reefs. They d iscovered important s e a  level differences 

cau sed  by wave set-up  and  capab le  of driving strong lagoonw ards currents.

An explanation of the  phenom ena  w as given by Longuet-Higgins and  Stew art 

(1962). Tait (1972) applied the  analytical w ave se t-up  theory to a  coral reef; 

G erritsen (1981) ex tended  Tait's theory and  verified it in a  field study in Hawaii. 

A nother finding of Munk and  Sargen t (1948) w as that g rooves and  surge 

channels in the  reef w ere oriented parallel to the  direction of w ave incidence 

and had  an  active role in w ave attenuation. Similar results w ere obtained by 

R oberts (1974) in the  Atlantic region. W ave modifications and  curren ts induced 

at the  reef c rest w ere studied a t several locations in the  C aribbean by Roberts 

et a l., (1975, 1977), S uhayda  and  Roberts (1977), R oberts and S uhayda  

(1983), and  R oberts (1980). By m eans of instrum ent arrays deployed on a  

transec t from the forereef to backreef, they w ere ab le  to quantify w ave 

attenuation, ch an g e s  in w ave frequencies, energy transm itted to the  backreef 

lagoon, and  w ave-related  currents.

By m eans of refraction diagram s L ugo-Fernandez (1982) studied  wave 

energy distribution around a  coral reef. His conclusions point out th a t shoaling 

and refraction in general explained m ore than 80%  of the  w ave heights 

m easured , and  that w ave energy  d issipated  by w ave breaking at th e  reef c rest 

w as approxim ately 80%. Working in north Australia, Davies (1977) found that, 

under the  p resen t high-wave energy  regim e, reefs tend  to grow tow ards the 

leeward side. G erritsen (1981) found that bottom friction and  w ave breaking 

w ere the  main a g en ts  of w ave energy dissipation.
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Storm effects on coral reefs have been  described by Stoddart (1962, 

1969b), Blumenstock (1958), Glynn et al. (1964), and  Harmelin-Vivien and 

Laboute (1986). Modifications cau sed  by the storm w aves consist mainly of 

scouring, erosion of localized a re a s  of the reefs, and creation of boulder 

ram parts in a re a s  of sedim ent accumulation (Hernandez-Avila et al.,1977; 

B aines et al.,1974).

Developm ent and sh ap e  of coral reefs have also been  interpreted a s  a  

result of the existing wave fields and current patterns by Umbgrove (1929) in 

the Indian O cean and recently by Roberts and Murray (1984) in the Gulf of 

Suez, Red S ea .

To sum m arize existing physical p rocess studies in m odern reef system s, 

it is generally true that m ost studies of currents have focused on describing the 

circulation of lagoons, thus concentrating on currents, tides, and  wind 

m easurem ents. Even though the  importance of the wave-driven flow at the reef 

crest has been  recognized, few attem pts have been m ade to monitor it. W ave 

studies, on the  contrary, have, in general, lacked current m easurem ents. 

Recognizing th ese  short com ings, Gerritsen (1981) recom m ended that future 

wave studies include current m easurem ents. The experim ental design of the 

study reported in this m anuscript allowed for wave and current m easurem ents 

at the sam e location over several tidal cycles on a  profile acro ss  the reef. W ater 

levels w ere monitored both at the  forereef and  lagoon to calculate s e a  level 

differences. A current m eter mooring in front of the reef w as designed  to 

provide continuous monitoring of the current field impinging on the reef. In the 

carrying out of this design, lagoon currents were not m easured , and  only 

inferences concerning lagoon circulation can be m ade.
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Specific objectives of the study were the following:

1. Determination of wave energy changes across the reef profile 

caused  by shoaling, reflection, bottom friction, and wave 

breaking.

2. Determination of types of w aves and their specific interactions 

with the reef (long waves vs. short waves)

3. Determination of the m ass flux of water across the reef crest 

and variations with changing physical process conditions.

4. Estimation of se a  level temporal variations on scales of days to 

seconds.

5. Estimation of the tide effect on wave energy changes and water 

transport across the reef crest.

6. Determination of the transmission of wave energy across the 

reef a s  a  function of frequency.



2.0 Study Area

This project w as conducted on T ague Reef, located off the north coast of 

the C aribbean island of St. Croix (17°40' N, 64°36' W), U.S. Virgin Islands 

(Figure 2.1). The island is approximately 174 km sou theast of S an  Juan ,

Puerto Rico. St. Croix's eastern  and w estern highlands a re  of C re taceous age 

and com posed  primarily of sedim entary and reworked volcanoclastic 

sedim ents deposited  in deep  water. In th e se  regions, several late C re taceous 

dioritic and  gabbroic intrusives cut the  sedim entary rocks (W hetten, 1974). The 

central part of the  island is underlain by Tertiary pelagic and  hem ipelagic 

carbonates. T hese  a re  overlain on the southern and  w estern co asts  by reefs 

and bank deposits of M iocene-Pliocene ag e  (Gill and Hubbard, 1987). The 

geological formation of St. Croix has two important consequences. First, the 

island is not part of the large platform that contains the  islands of Puerto Rico, 

St. Thom as, and  St. John, but is separa ted  from them  by the A negada P a ssag e  

and Virgin islands Trough (4.5 km maximum depth). Secondly, the  island is 

part of its own platform with a  narrow (less than 1 km) shelf on the northwestern 

and w estern parts. This shelf widens to 6 km on the  northeastern  and southern 

flanks of the island. The shelf is narrow, and the edge  is a t a  depth of 

approximately 20 m around the island; the  oceanographical co n seq u en ces  of 

this configuration will be d iscussed  in later sections.

St. Croix is the largest of the U.S. Virgin Islands with an a re a  of 217.6 

km2. Its length in an  east-w est direction is about 30.4 km, its widths on the 

w estern and easte rn  en d s about 9.0 km and 1.5 km, respectively. T here are 

three main topographical regions on the island. The first is a  range of hills that 

runs along the  northern coast. The second  is a  hill group in the  east. T he third 

topographical

8
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Fig. 2.1. Map of St. Croix showing study area, Tague Reef and location of 

anem om eter.
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feature is a  broad plain in the central and southern two-thirds of the island 

(Ruffnerand Bair, 1978).

Running stream s have virtually disappeared during the last forty years 

due to a  reduction of ground water recharge by high evapotranspiration, a s  well 

a s  the lowering of the water table by pumping (Adams, 1974).

The geographical position of St. Croix within the tropical region of the 

North Atlantic Ocean determ ines its climatological and oceanographical 

conditions. Synoptic distribution of tem perature for this area  varies yearly from 

21°-32°C, with an annual range of 3°-6°C (Goode's World Atlas, 1982).

Rainfall on the island is produced mainly by orographic lifting, easterly waves, 

and tropical hurricanes, and well-defined wet-dry seasons are absent. A 

spatial gradient of rainfall exists over the island; 127 c n v y r1 of rain in the 

northwestern corner d ecreases to 114.3 c n v y r1 in the central region and to 

76.2 cn v y r1 on the eastern corner. Even though rainfall variations are small, 

they can be greatly affected by occasional tropical hurricanes between June 

and November. Evaporation is high throughout the year with an average of 

184.6 cn v y r1, which increases in the coastal areas. This value com pares well 

with the annual evaporation rate of 161 cn v y r1 estimated by Colon (in Wust, 

1964).

The following discussion of the wind field is based on data  presented by 

Ruffner and Bair (1978), who reported winds at Alexander Hamilton airport 

(Figure 2.1) on the south coast of St. Croix, and on data  over water 

(20°N,65°W) from the Marine Climatic Atlas of the World (US Navy,1955). The 

wind direction mean annual frequency on the south of the island shows that 

ENE winds are the most frequent (31%), followed by the ESE (19%), the NE 

(14%) and the E (11%) (Figure 2.1). The monthly distribution shows that ESE is 

the prevailing direction during summer, and the ENE prevails during winter.
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Speed data show that over 95% of all observations are less than 8.0 m-s*1 

under normal conditions. Wind data over the ocean indicate a  seasonal 

directional pattern; the NE is more frequent during the four months of winter, 

and the E is more frequent during the remaining 8 months, peaking during the 

months of June and July. This trend reflects the seasonal changes of high 

pressure centers that develop over the North Atlantic.

The surface temperature of waters around the island varies from near

25.6°C during winter to around 28°C in summer (Wiist.1964). These figures

agree with the range (23°-26°C during winter, to 28°C during summer) reported

by Ogden (1974). Mean surface salinity values obtained from charts of Wust 
(1964) indicate 35.9 %0 during winter and 34.9 % 0 in summer. It is important to

note that these values do not include salinities from waters shallower than 200 

m; a  greater range of values in the shelf waters is to be expected. Tides around 

the island are mainly diurnal (Ogden,1974; Kjerfve,1981). Tidal range is 30 cm 

according to Ogden (1974), 10-20 cm according to Kjerfve (1981), and 24 cm 

according to the tide tables. Despite the small tidal range, currents around the 

island display a  strong semidiurnal tidal signature (Roberts et al., 1981b). The 

predominantly west-flowing surface currents are derived from the combination 

of North Equatorial and South Equatorial currents (Pickard and Emery,1982;

W ust,1964). Composite synoptic charts derived from ship logs (Wust,1964) 

show a  WNW drift of 20.6-41.2 cm -s'l in January, a  NW drift with the sam e 

speed  in April, a  NNW drift with the sam e speed in July, and a  N drift of 41.2-

61.7 cm-s' 1 in October. Again, the influence of shallow waters and 

topographical effects may change these values, so they should be viewed as 

first-order estimates.

In summary, the St. Croix setting is characterized by a  small range of 

tem perature and se a  level variations, relatively steady easterly winds at about



8 m-s"1. Oscillatory currents with a net westward surface drift, occasionally 

disturbed by tropical hurricanes, constitute the physical environment around 

Tague Reef along the northeast coast. The reef, which is a  bank barrier type 

(Ogden, 1974), is about 6 km long, encloses a  lagoon 600-m wide with an 

average depth of 5 m. The forereef slopes gently (5°) to a 5-m depth and ends 

in a  steep  slope (30°-40°) to a  depth of 11 m, where a  flat shelf is encountered. 

The backreef is dominated by the corals M o n ta s tr e a  a n n u la r is . P o n t e s  p o r i te s  

and A c r o p o r a  p a l m a t a , while the crest is com posed primarily of M o n ta s tr e a  

W .in e J a n a ta ,  mixed with a  p a lm a ta  (Ogden, 1974). The forereef is dominated 

by A  p a lm a ta  from 1 to 5-m depths (Rogers et al., 1982) and by P. p o r i te s .

A  SSJyjQ Q m iS■ M. a n n u la r is , and D io lo r ia  s p p .  in the deeper parts. The reef 

crest at the study site w as 1.2 m deep, and a  narrow channel-like feature w as 

present from the backreef area  through the reef crest and into the forereef. The 

width of this feature w as about 9 m in the backreef and approximately 2 m 

through the reef crest. Drilling data  suggest that the reef is m ade of Holocene 

carbonates approximately 9 m thick resting over Pleistocene(?) rocks (Brian 

Carter personal communication).



3.0 Methodology

Data for this investigation were collected over a  period of 15 days 

between March 29 and April 11,1987. During this time, continuous in-situ 

m easurem ents of wind speed  and direction, s e a  level variations, water 

tem perature, and currents were m ade at or near the experiment site (Figure

2 .1). Concurrent with these  observations, four experiments designed to 

m easure wave energy decay and wave induced currents were carried out. To 

complement these  m easurem ents, information on reef geometry, coral 

zonation, angle of wave approach, and position of the breaking point were 

collected.

Wind observations were made from a  fixed platform located over the reef 

crest, about 1.7 km east of the experiment site (Figure 2.1). M easurem ents 

started on March 29 at 1700 hours and lasted until April 10 at 1600 hours local 

time. The anem om eter consisted of an Aerovane sensor mounted 3.6 m above 

the water surface and an analog recorder driven by a  12-V power supply. 

Recorder accuracy w as 2% of full scale, which translates into an error of 

±0.51 m-s-1 in speed  and ±3.6° in direction. An additional error in direction 

w as introduced during the Aerovane alignment, which is estim ated a s  ± 1°. The 

total error in the direction data  is estim ated at ±5°, after rounding. The wind 

record w as sam pled at increments of 0.33 hour for subsequent analysis.

W ater level variations across the reef profile were m easured with two 

tide gages, S ea  Data Corporation Model 636-6, which recorded total pressure 

(atmospheric plus water) and internal tem perature. Both internal tem perature 

and pressure m easurem ents were recorded in digital format on magnetic tape 

at a  rate of 32 points per hour. Observations started on March 29. On April 1, 

one instrument w as moved to a  new position on the forereef (1.5 m deep),

13



where it remained throughout the study. The other sensor was located in the 

lagoon throughout the investigation, where the water depth w as 4.0 m (Figure

3.1). These instruments were designed to withstand maximum pressures of 

3.1026 bars (45 psi) with an accuracy of ±0.15% of the applied pressure, which 

m eans that, at the operational limit, the error is 3.2 mb or 3.2 cm in a water 

depth of -20  m. Precision of the instruments is rated a s  ±0.015% of a  given 

pressure range. S ea  level changes of 3.2 mm can be detected over the 

operating pressure range. Pressure m easurem ents were converted to 

equivalent water depths by m eans of the hydrostatic relationship a s  described 

in Appendix A. To calculate se a  level differences that may exist between the 

forereef and lagoon, both instruments were surveyed with a  theodolite. The 

survey error w as estim ated at 1.52 cm, calculated as half of the smallest 

division of the survey rod. The calculations of the absolute se a  level 

differences, however, suggest that the error is close to 10 cm. A possible 

explanation for this large error is a misalignment of the theodolite from the 

horizontal coupled with non-vertical placement of the rod during the survey. 

Besides allowing computations of se a  surface slopes, the high-resolution tide 

gauges allowed the evaluation of reef effects on tidal and other long-period 

waves present at the study site.

Tem perature was m easured and recorded by sensors inside the tide 

gauges. Assuming the time required to reach thermal equilibrium between 

water and tide gauge is short, this internal temperature can be equated to water 

temperature. Arguments in favor of this hypothesis are presented in Appendix 

A. The results provide support to the thermal equilibrium hypothesis.

In-situ current m easurem ents were m ade with an Endeco Model 174 

impeller current meter. The mooring, located over the shelf, w as deployed in 

10.7-m water depth on April 2 at 1411 hours and remained in operation until



April 10 a t 1425 hours local time. The meter was attached 7.0 m below the 

surface, to a  steel cable kept under tension by a  subm erged buoy (Figure 3.1). 

Instrument specifications claim an error of ±3% of full scale  on the speed  

senso r and ±7.2° in direction observations at the threshold speed  of 

2.54 cm-s-1. Directional calibrations m ade at the CSI Field Support Facility 

indicate that this error varies systematically from ±4° along the north-south axis 

to ~±2° along the east-w est axis. Speed and direction observations were 

recorded in digital form on magnetic tape at a  rate of 30 sam ples per hour. The 

purpose of this mooring w as to monitor ambient currents impinging on the reef 

and to help provide information for understanding m ass transport across the 

reef.

High frequency variations of pressure induced by surface gravity waves 

were monitored using Om ega Corporation absolute pressure transducers. 

T hese sensors have a  pressure range of 0-2 bars (0-30 psi) with an error of 

±1 % of the pressure range. The response of each sensor w as highly linear. 

W ave-induced currents were m easured with three bidirectional ducted current 

m eters constructed by the CSI Technical Support Group. T hese m eters had a  

linear response (1 Hz) and could follow the high frequency reversing flows 

existing in the surf zone (Murray, 1969). Statistical analysis of the calibration 

data indicated thresholds between 0.8 and 0.9 cm-s"1.

During actual field data collection, a  burst of 20 minutes w as taken every 

hour and sam pled at a  rate of one point per second. Outputs from all six 

sensors were processed by an electronic digitizer. T hese signals were fed into 

a  computer, which recorded the "instantaneous" values from each sensor. No 

averaging w as performed before recording the m easurem ents. Digital records 

were stored on floppy diskettes and duplicated every day. This system  

eliminated errors introduced by digitizing analog recorders, minimized potential
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loss of information, and speeded  data  analysis. Later the da ta  were transferred 

to an IBM 360 com puter for subsequent data  reduction and analysis.

Experim ent 1

A total of 4 individual experim ents were performed to study wave energy 

decay and w ave-generated currents (Fig. 3.1). The first experiment 

com m enced on April 4 1300 hours and lasted until 1400 hours the next day, for 

a  duration of 25 hours. Observations of wave characteristics at the forereef 

(3.8 m), crest (1.2 m), and backreef lagoon (4.0 m) were m ade to detect 

modifications a s  they traversed the reef profile. Current m easurem ents under 

these  w aves were m ade at the reef crest and backreef lagoon. The current 

m easurem ents m ade (0.92 m and 0.60 m above the floor) a t the crest were 

used to estim ate the m ass transports across the reef crest.

Exp&rimenL2
Experiment 2 started on April 5 at 1800 hours, an hour past low tide, and 

continued until April 7, 1120 hours. The instrument deploym ent schem e 

illustrated in Figure 3.2 w as used  over a  period of two tidal cycles. In this 

experim en t, the lagoon station w as eliminated. C hanges in wave 

characteristics a s  they traveled from forereef to the crest only were studied.

Monitoring of wave currents at the reef crest using the configuration of the 

previous experiment w as continued. A third current m eter w as installed in the 

backreef a rea  ( total water depth of 1.15 m) at a  depth of 0.5 m which 

represented midwater at low tide. This change w as motivated by the fact that 

current sp eed s in the lagoon w as below the detection limit of the instrument.
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Experiment 3

Experiment 3 started on April 7 ,1 4 0 0  hours, and ran until April 9, 1400 

hours --two tidal cycles. The experimental design for instrument deployment is 

illustrated in Figure 3.3. In this experiment, w aves and their currents were 

m easured at the forereef, crest, and backreef stations. A third wave sensor was 

installed at the backreef station, 0.15 m above the floor. A current m eter fixed

1.0 m above the s e a  floor w as also installed over the forereef for this 

experiment. This configuration w as designed to study wave energy decay 

across the reef transect, and the forereef to backreef flow field.

Exp&rimanLA

Finally, Experiment 4 w as conducted on April 9, beginning 1300 hours, 

and lasted for 1 hour and 55 minutes. Instrument arrangem ent w as identical to 

the one used  for Experiment 3. The objective of this experiment w as to collect 

da ta  that might contain information about infragravity oscillations that may exist 

at the experiment site.

Most da ta  collected during the study consisted of digital time series 

records. Data reduction w as accomplished using standard  m ethods of time 

series analysis. Differences in record duration and sampling rates of the 

instruments allowed estimation of param eters in three spectral bands: surface 

gravity, infragravity, and tidal bands. Tidal and infragravity information was 

determ ined using tidal records from the S e a  Data p ressure  g ag es  and Endeco 

records w hose Nyquist frequencies were 0.267 and 0.25 cpm, respectively.

Surface gravity wave characteristics were estim ated using the  records obtained 

with the pressure senso rs across the reef profile. Spectral com ponents were 

calculated using a  Winograd Fourier T ransfer algorithm of the CSI com puter 

library. Quantities such a s  coherence squared  and phase  angles, transfer 

functions, and attenuation coefficients were estim ated following procedures



M
ET

ER
S 

BE
LO

W
 

SE
A 

LE
V

EL

SHELF

N

I Q -

1 5 -

2 0 -

FOREREEF CREST BACKREEF LAGOON
RECORDING

S T A T IO N

HOLOCENE REEF 

PLEISTOCENE

RUBBLE AND HEAD CORALS 

SAND

Acropora palm ata COMMUNITY 

Millepora complanata COMMUNITY

A WATER LEVEL GAGE 

•  DUCTED CURRENT METER 
■  PRESSURE SENSOR 
(g) MOORED CURRENT METER

0 1 0  2 0  3 0  4 0  50m
» * * •  • *

VERTICAL EXAGGERATION :3X

Fig. 3.3. Instrument arrangem ent across the reef profile employed during

Experiments 3 and 4.

to
O



outlined in Bendat and Piersol (1986). Numerical filtering techniques were 

applied in som e instances to isolate frequency components of interest in the 

records. This procedure consisted of suppressing the Fourier components of 

the undesired frequencies. When the amount of data was not sufficient to 

satisfactorily resolve the param eters of interest using spectral calculations, 

other methods were employed. These methods are discussed in the 

appropriate chapters.



4.0 Meteorological Conditions

Meteorological factors can  influence and control oceanographic 

p ro cesses  such a s  w aves, surface slopes, and w ater circulation. Knowledge of 

th ese  m eteorological conditions prevalent during an oceanographic  

experim ent is necessa ry  to fully understand  the oceanographic observations. 

The objective of this chap ter is to present the  regional m eteorological 

framework within which the  specific d a ta  se ts  regarding reef dynam ics at T ague 

Bay (St. Croix) w ere taken. W inds and barometric p ressu re  in the a re a  are  

described. Since many physical p ro cesses  in the ocean a re  not related to 

concurrent meteorological observations but with previous conditions, due to 

thermal and  dynamical inertia, the selection of d a ta  for this chap ter start on 

March 23, 1987, one w eek prior to our field d a ta  collection period.

Prior to the experim ent on T ague Reef, a  high p ressure  cen ter over the 

eastern  Atlantic cau sed  the winds to flow from the southern quadrant at sp eed s  

of 1 to 10 m-s' 1 for 3 days (Figure 4.1a). During this period there  w ere two 

fetches, w ave generation regions, that may have influenced the wave field 

around the  island; one lay to the e a s t and w as driven by easterly  winds with 

sp eed s  of 7.5 m-s-1. The second w as to the  northwest of the  island with winds 

of 15 m-s-1. On the  26th (Figure 4.1b) a  high p ressure  cen ter moving from the 

w est displaced all w eather system s to the  e as t and dom inated the wind 

circulation. Winds shifted to the NE and continued to blow until the 29th at 

sp eed s ranging from 1 to 8 m-s-1. A fetch directly north of St. Croix, with winds 

having maximum sp e e d s  of 18 m-s-1 , w as the m ost significant wave generation 

a rea  during this period. On the 31st (Figure 4.2a) winds started  shifting to the 

ENE under the clockwise circulation of a  high cen tered  at latitude 35° N and 

longitude 70° W and  continued rotating until blowing from the SSE

2 2
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Fig. 4.1. Synoptic w eather m aps of the tropical Atlantic region during March 23 

(A) and 26 (B) of 1987. Notice the southerly flow in A and the cyclonic (C) 

circulation p resen t in B.
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Fig. 4.2. Synoptic w eather m aps of the tropical Atlantic region during March 31 

(A) and  April 5 (B) of 1987. The cyclonic (C) circulation is still p resen t in A; in B 

a  large anticyclonic (A) circulation ap p ea rs  with the cyclonic pattern d isplaced 

eastw ard, representing easterly  atm ospheric w aves.
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(Figure 4.2b), with sp eed s  ranging from 1 to 5 m-s-1. The fetch with strongest 

winds during this time w as located around latitude 25° N and longitude 60° W. 

On April 7th, another high pressure center north of Hispaniola dom inated the 

circulation, and winds blew from the NNE- E at a  low speed  of 1 m-s*1. After 

this event, an intense high pressure center located near latitude 32° N and 

longitude 44° W ( Figure 4.3a,b) controlled the circulation until the 12th. During 

the early stages, the winds blew from the SE at 5 m-s"1, then gradually rotated 

cyclonically to the NW a s  the center w eakened and moved to the NE.

Minimum air tem peratures from, the Cotton Valley 2 w eather station, 8.5 

km w est of the study area, had an average of 22.1 °C betw een March 23 and 

April 12, 1987 (Climatological Data, 1987). The m ean se a  surface tem perature 

w as 26.3°C during March and 27°C in April 1987 (O ceanographic Monthly 

Summary, 1987). The s e a  surface anomaly (which is the difference betw een 

the monthly m ean and the climatological m ean s e a  surface tem perature) w as + 

0.5°C during April. Information w as not available for March. A positive 

anomaly indicated a  tem perature higher than the climatological m ean se a  

surface tem perature.

Surface w eather m aps allow one to hindcast wave conditions in a 

specific generating area. The wave generating a re a s  in the North Atlantic 

consist of a  se ries of cyclonic (low pressure) and anticyclonic (high pressure) 

centers travelling eastw ard. T hese centers act a s  sources of w aves that 

potentially reach the study site at St. Croix. The moving cen ters prevent the se a  

surface from reaching an equilibrium with the winds due to the limited duration 

of the winds over the fetch. Under these  conditions the hindcast can be done 

using the JONSWAP spectrum  (Hasselm an et al., 1973).
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Fig. 4.3. Synoptic w eather m aps of the tropical Atlantic region during April 8 (A) 

an d  11 (B) of 1987. The anticyclonic (A) circulation is still p resen t in A; in B the 

lower part of both cyclonic and  anticyclonic patterns of easterly  atm ospheric  

w aves is p resen t.
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The peak frequency in cps is estim ated using the following relationship:

~*0.33 Q
fm = 3 .5*X

where X is the nondimensional fetch length given by:

X = 9 *
U2

The variable X is the fetch length in meters. Reading the appropriate values of 

U and X from the synoptic weather m aps of the Caribbean, one can calculate 

the peak wave frequency for a  given fetch area. The calculations show that for 

March 26 ,1987 , the peak period is calculated between 16-17 s  (U= 18 m-s-1, 

X~ 944-1,222 km). The peak period for March 31 and April 1st (U= 10 m -s'1 ,

X~ 889-1,833 km) is estim ated at 12-16 s. For comparison, the observed wave 

period for trade wind waves in Grand Cayman is between 6-8 s  (Roberts et al., 

1975).

Barometric pressure observations m ade in the Puerto Rico airport (18.5° 

N, 66.12° W), to the northwest of the study site, were employed to infer trends 

during the study period. The pressure started at 1010 mb on March 23, rose to 

1015 mb by the 29th, and fell to 1011 on April 1st. After this time it rose and 

then oscillated around 1014 mb with nearly a  diurnal period (Fig. 4.4).
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5.0 Infragravity and Long-Period Physical P ro cesses

The meteorological and oceanographical p rocesses  with time periods of 

days to minutes constitute the physical background setting for this research and 

are the central them e of this section. Understanding th ese  oceanographic and 

meteorological p rocesses is important because  they serve a s  driving agen ts of 

water motion around the reef and act a s  modulating agen ts for p rocesses  of 

shorter duration. This chapter will d iscuss and interpret d a ta  that relate to 

meteorological and oceanographical factors. The information is p resented  in 

five sections: a  discussion of tide m easurem ents, w ater tem peratures, s e a  level 

differences, and currents in the forereef channel. B esides presenting the data, 

the importance of these  p rocesses to the reef ecosystem  is a sse sse d .

W ater Level M easurem ents

W ater level m easurem ents m ade at the forereef and backreef are  

presented in Fig. 5.1. Each curve show s 9 com plete cycles tidal with one high 

and one low water per day. W ater level da ta  collected on the southern coast of 

the island also have a  diurnal character (Roberts, unpublished data). Previous 

investigations in the region also have observed a  diurnal tide (Ogden, 1974; 

Kjerfve, 1981). B ecause the w ater level time series is short ( 9.5 days), it is 

impossible to identify which diurnal com ponent is dominant in this setting. 

According to the Rayleigh criteria (Pugh, 1987), a t least 14 days of 

m easurem ents are needed to differentiate am ong the diurnal periods.

A feature present on both tide records w as the amplitude modulation. It 

w as induced by the semimonthly north-south motion of the moon (Pugh, 1987). 

The tidal range w as maximum at the beginning of the experiment. The forereef 

maximum range was 33.1 cm, the lagoon 31.9 cm, in reasonable agreem ent 

with previous works (Ogden, 1974). By the end of the m easuring period both

3 2
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records reached their minimum range of 11 .8 cm. T hese figures were not 

corrected for barometric effects. Forereef and backreef curves were similar and 

appear synchronous. In system s whose geometry and tidal range are such as 

to give rise to ponding, the lagoon tidal curve becom es highly distorted during 

low water (Ludington.1979; Farrow and Brander,1971). Ponding refers to the 

trapping of water inside the atoll lagoon a s  the tide level drops below the atoll 

rim depth. In these  cases, the se a  level drop at the lagoon resem bles the curve 

of a  basin being emptied through an orifice. If a  lagoon has a restricted 

connection with the open sea, the lag of the tidal curves is large, and the 

amplitude is modified by friction and shallow water effects (Farrow and Brander, 

1971; Pugh and Rayner, 1981). If a  relatively free connection exists, 

comparison of the lagoon water levels and oceanic tides shows few differences 

(Pugh and Rayner, 1981; Hearn and Parker, 1988). The present da ta  illustrate 

a  small difference in tidal range (1.2 cm), and no deformation of the lagoon tide 

curve is observed. Both observations agree with those of Hearn and Parker 

(1988) working in Australia in a  system with similar geometry to Tague Reef. 

Based on their observations, I conclude that a  relatively free connection 

between the lagoon and se a  exists and the contribution of reef geometry to 

deformation of the tidal wave is small.

A detailed examination of Fig. 5.1 reveals the presence of a  high 

frequency fluctuation, which is rather conspicuous at the beginning of the 

forereef record. A high-pass filtered (1 -hour cut-off) version of the data and a 

blowup of the first 300 min of the lagoon record (Fig. 5.2) confirm the presence 

of these  variations with an amplitude of approximately 1.0 cm and a period 

close to 30 min. The high-passed lagoon data  show that the amplitude was 

greater at the beginning of the record, decreased  at the middle, and increased 

at the end of the record. The forereef record shows the sam e variations of
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amplitude. Similar long period (15-30 min) oscillations of se a  level were found 

by Roberts and Suhayda (1983) working in Nicaragua. However, the 

amplitude they observed (4-8 cm) w as about twice the value observed on this 

study. This difference in amplitudes cannot be explained at this time. The 

spectra of lagoon water level variations is presented in Fig. 5.3. Inspection of 

this curve reveals the presence of three peaks. The first peak contains the 

diurnal oscillations, whose resolution is very poor because  of the short time 

series. The forereef spectra contain similar peaks. Their amplitude, calculated 

a s  the square root of the product of the spectrum value and frequency interval, 

Af, can be estim ated a s  6.9 cm in the lagoon. The second peak represents the 

semidiurnal tide. Its amplitude is estimated a s  2.4 cm in the lagoon. The 

presence of this component is evident in the asymmetry of the water level 

curves. The third peak is located in the infragravity band. A spectrum , not 

shown, from water level m easurem ents collected for nearly four days at Buck 

Island channel, show s a  similar peak at a  frequency of 3.6 x 10'2 cpm or a 

period of 27.7 minutes. The peak height is estim ated a s  1.7 cm in the 

channel,1.8 and 1.6 cm at the forereef and lagoon. Agreement of period and 

amplitudes at three sites supports the idea of a  single signal with a  period of 27 

minutes and height of 1.7 cm.

C ross-spectra calculations between w ater level time series were 

performed with the objective of estimating the related quantities of phase and 

coherence squared. The coherence squared was calculated using the 

following expression (Bendat and Piersol, 1986):

, . 2  I G x y I2  

g xxGyy
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where G xy . GXX. and G y y  are the one-sided cross spectra and autospectra 

for signals X and Y. The value of 72 is always between 0 and 1. It is a  m easure 

of the amount of variance in signal Y that is explained linearly by signal X. A 

value of 1 indicates that signal Y is totally explained by signal X, a  value of 0 

indicates that signal Y is not related linearly to signal X. A value between 0 

and 1 indicates that signal noise is present in the m easurem ents, the 

relationship betw een Y and X is not linear, or other signals influence signal Y. 

The coherence is used  over the forereef to detect frequencies present that may 

be crossing the reef crest and acting a s  energy sources for physical processes 

within the lagoon. The phase angle (0) is estim ated as:

0 » a r c t a n ^ ^
'"'XY

where Q x y  and C x y  are the imaginary and real parts of the cross-spectrum  

(Bendat and Piersol, 1986). Calculations were m ade using 10, 20, and 40 

degrees of freedom (df). Values of coherence squared using 40 df are 

presented in Fig. 5.4A. The 95% significance level is represented by the 

horizontal line on the figure. Signals contained between 0 and 0.04 cpm, 

which include the three peaks discussed above, are  significantly coherent in all 

cases. Both tidal peaks have a  y2xy equal to 1.0 with 10 df. The infragravity 

w aves have a y2xy equal to 0.94 with 10 df, and 0.88 with 20 and 40 df. The 

confidence interval for y2xy in the infragravity band indicates that its true value 

lies between 0.79 and 0.99. Thus, about 90% of the variance in'the 27 minutes 

signal at the lagoon can be explained using the forereef m easurem ents.
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The phase (0xy). which is an estimate of the lag or time difference(x) 

between both series, was calculated also with 10, 20, and 40 degrees of 

freedom. The values of 0xy using 40 df are presented in Fig. 5.4B. The phase 

lag for the diurnal tide and semidiurnal tides is not significantly different from 

zero because of the short time series used. The 27.7 minute wave has over 

450 cycles sam pled during the experiment, and its phase lag should be 

adequately resolved by these techniques. The phase angle is 0.42 radians at 

10 degrees of freedom, and the confidence interval indicates that it is 

significantly different from zero. The time lag calculated from this phase is 1.81 

minutes, and the lagoon series leads the forereef series. The time resolution of 

the tide gages is 1.875 min in this case , making the estimate a  borderline case. 

However, this phase appears physically reasonable. Assuming that infragravity 

waves are traveling parallel to the coastline, and using the shallow water wave 

equations, the time lag can be estimated. The difference between the time 

required for these  long waves to travel a  known distance through shelf and 

lagoon waters equals the time lag. This relationship is represented by the 

following, assuming that they enter the lagoon in phase, by:

where L is the distance traveled by both waves, hL and hF are the water depth 

of the lagoon and shelf, and g is the acceleration due to gravity. Using the 

average shelf water depth (14.7 m), average lagoon depth (4.9 m), and 3,394 m 

as the distance from the reef's eastern end to the measuring site gives a time 

lag of 3.45 min. The true time lag should be smaller than this estim ate because 

the forereef station was near the reef crest and not at the mean shelf depth as



implied by the calculations. That the time lags should be smaller than 3 min 

can be visualized by imagining a  shallow wave traveling through a  channel that 

is divided by a  sloping step at the center into halves of different depth. The 

resulting constant phase lines or wave crests will form an S pattern with the 

time lag decreasing across the sloping step. It must be pointed out that this 

model should hold equally well for the tides; however, the data  do not allow a 

comparison in this case.

To explain the infragravity oscillation, the straight ledge model 

developed by Snodgrass et al. (1962) is applied to the northern shelf of St. 

Croix. This model assum es a  stationary wave in the offshore direction and a  

traveling wave along the shelf. According to Summerfield (1969) this model 

implies a  trapping of energy on the shelf by reflection at the shoreline and 

internal reflection at the shelf edge. The across-shelf wavelength estimated 

from the model is 23.7 km and represents four times the width of the shelf,

5.9 km. Thus, this value is reasonable to explain this oscillation a s  a  resonance 

of long waves impinging on the northern shelf of St. Croix.

■Watfif-Iemaeature

W ater tem peratures, within the limitations discussed in Appendix A, at 

the forereef and lagoon are presented in Fig. 5.5 . The most striking features of 

both curves are the daily fluctuations and the tem perature difference between 

forereef and lagoon waters. Highest daily tem perature and the maximum 

difference between stations occur at 1400 hours. The minimum temperature 

and thermal equilibrium between both stations occur near 0400 hours. The 

time of maximum and minimum temperature coincides with low and high tide 

conditions. In this case , tides augment the effects of incident radiation since 

low tides coincide with maximum insolation. Thus, heat is distributed in a  

shallower water column. Not all heat gain during the day is released because
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a  net tem perature increase occurs during the measuring period. This 

tem perature increase may reflect the beginning of the sum m er heating season.

A mean temperature of 26.7°C (range 27.7°C to 25.9°C) characterizes 

the forereef. Lagoon waters had a  mean tem perature of 27.0°C (range 28.3°C 

to 25.9°C). The daily tem perature range at the forereef was 0.4°C and 1,2°C on 

the lagoon, and the average daily tem perature difference across the reef was 

0.8°C. A simplified heat balance between input radiation and absorbed heat 

(von Arx, 1962) can be expressed in the following way for the temperature 

range, AT:

AT = ——  
phCp

where R is the incident solar radiation per day, p is the water density at the in- 

situ tem perature and salinity of 35.7 ppt, h is the water depth, and Cp = 0.932 

cal-(g °C)"1 the specific heat at constant pressure. Substituting the values of h 

= 1,470 cm, p = 1.023 g c n r 3 , and R = 7.17 x 102 cal-cm-2 at latitude 17° N 

(Handbook of Physics and Chemistry, 1976) gives AT = 0.51 °C at the forereef. 

Values for the reef lagoon are h = 490 cm, p = 1.022 g e m -3, and for the sam e 

values of radiation and Cp, give AT = 1.54°C. The agreem ent between 

observed and calculated values is excellent considering that som e heat is lost 

by evaporation and other processes at the water surface. The maximum 

horizontal temperature gradient calculated from these values is 1.0 °C, which 

agrees very well with the observed value of 0.8 °C. Temperature gradients 

between the open se a  and lagoon water have been documented in several 

studies (Pugh and Rayner, 1981; Andrews et al., 1984; Kjerfve 1978). Kjerfve 

(1978) sta tes that heat is exported from the lagoon during day time and 

imported at night by advective processes. In atolls, heating of waters on calm 

days gives rise to lagoon stratification (Andrews et al., 1984), which traps cooler
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bottom w aters. The tide imports new cold w ater during flood and rem oves 

warm lagoon w ater during ebb. Pugh and Rayner (1981) used  the warm 

lagoon w aters a s  tracers to study the flushing mechanism  in atolls. Their study 

indicated that the instantaneous horizontal gradient at the atoll is inversely 

proportional to the tidal range in lagoons of restricted connection with the sea .

Agreem ent betw een calculated and observed tem perature changes 

around the reef, and especially at the forereef, gives support to the inference 

that forereef w ater characteristics are controlled by shelf p rocesses  and not by 

the local w ater depth.

The physical implications of these  horizontal and tem poral tem perature 

gradients are  reflected in the w ater density field. Forereef w ater is den ser than 

lagoon w ater during daytime. At the reef crest, intense mixing of lagoon and 

forereef w aters by wave breaking turbulence occurs. The resulting crest water, 

having a  density greater than the lagoon water, flows down the backreef slope 

and settles in the lagoon bottom. The p resence of cooler tem peratures near the 

bottom, noted during dives m ade in the lagoon during the study, provides 

credibility to this hypothesis. Therefore, lagoon w ater is replenished from the 

bottom upwards, and  vertical density gradients can develop under low wind 

conditions. Consequently, nutrient and sedim ent flows into the lagoon can be 

affected by the  vertical stratification. Episodes of thermal stratification in the 

lagoon have been  observed (Robinson Lance, personal communication).

T hese p rocesses may have som e ecological consequences since the denser 

w ater h as  been  intensively modified a s  it transits the reef crest (Hamner and 

Wolanski, in press).

In -S itu -W inds
ln-situ observations of wind velocity at the reef crest a re  presented in 

Fig. 5.6 (for the actual location of the anem om eter see  Fig. 2.1). The time series
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started  on March 2 9 ,1 9 8 7 , and lasted over twelve days (see  C hapter 3). Winds 

(Fig. 5.6B) started  to blow from the NE with a  speed  of about 10 m s -1 , then 

shifted to ESE on the 31st with an average speed  of about 6 m-s-1 for four days. 

On April 5, the  winds becam e highly variable for two days; on the  7th, direction 

changed from ESE to S with sp e ed s  around 6 m-s-1 for three days. Finally, on 

the 10th the  wind direction fluctuated from N to S and increased  in sp eed  to 

about 9 m-s-1 until the end of the experiment. Com parison with the 

m eteorological conditions d iscussed  in C hapter 4 reveals that the major wind 

events w ere recorded in the local m easurem ents, and  ag reem en t is 

reasonable. Wind velocity (speed  and direction) w as decom posed  into along- 

reef (u) and cross-reef (v) com ponents, in a  coordinate system  rotated 26.5° to 

the  e a s t of m agnetic north. T hese com ponents are  p resen ted  in Fig. 5.7. The 

u-com ponent (Fig. 5.7A) blew toward the w est through m ost of the  m easuring 

period with variable speed . One episode of wind shift is clearly visible. The 

episode occurs at the beginning of the m easuring period with wind blowing 

from the north and turning to the  east. The v-com ponent (Fig. 5.7B) started  

turning strongly shorew ards and alternated betw een offshore and  onshore for 

the rem ainder of the  experiment. The time speed  av erag es a re  -3.9  m-s-1 and 

-0.64 m-s"1 for the u and v com ponents. The net shorew ard sp eed  of the  v- 

com ponent results from the high sp eed  (11  m s -1) at the  beginning of the 

record. Fourier analysis of both com ponents is p resen ted  in Fig. 5.8. The u- 

com ponent spectrum  (Fig. 5.8A) indicates a  monotonic linear decay  with 

possible peaks at 28 and 10 hours, but m ost of the energy lies at lower 

frequencies. The spectrum  of the v-com ponent, Fig. 5.8B, illustrates a  possible 

peak  in the  low frequency band, betw een 30 and 21 hours. This peak  can be 

interpreted a s  a  sea-land  breeze system  and, b ecau se  of the  small size of the
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island and short time series, may be m asked by the general wind circulation 

and not properly resolved by this technique.

W ater Level Differences

Relative se a  level differences across the reef crest are presented in Fig.

5.9. The striking feature of this plot is the presence of high frequency 

fluctuations that have the appearance of noise superim posed on long waves.

The amplitude of these  fluctuations is 2-3 cm at the beginning of the record and 

decreases  to near 1 cm towards the end of the experiment. Long oscillations of 

the record have a  period of 24 hours, and a  comparison with the tide curves 

(Fig. 5.1) shows that each cycle of se a  level differences m atches identically with 

the tidal cycles. The cause  of this 24-hour surface slope oscillation is not clear 

at this time; however, phase lags, or tidal amplitude attenuation between the 

lagoon and forereef are possible explanations. If infragravity w aves are 

assum ed to be sinusoidal curves of equal amplitude (a conclusion reached 

above) lagged in time across the reef crest, se a  level differences can be 

calculated. Assume:
q F= a sin (to t)  s 

TlL= asin (o )t+ 0 xy)>

If the phase lag is small, then the se a  level differences are given by:
Ati « a0jycos(cot).

T hese calculations indicate that s e a  level differences should have the sam e 

frequency a s  the infragravity waves, an amplitude directly proportional to the 

phase lag, and a  90° phase shift with respect to the forereef water level. The 

frequency spectrum of the relative se a  level differences with 20 deg rees of 

freedom is presented in Fig. 5.10. The figure show s that significant energy is 

located in the tidal band. A smaller, significant peak occurs at 27 min. This 

peak corresponds to the infragravity signal observed in the tide records.
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Calculation of the theoretical spectra  for the s e a  level differences (Gat|) and 

forereef w ater levels (Gf ) based  on this model suggest that a  peak  should exist 

at the sam e frequency.

The ratio of these  spectra  estim ates equals:

Substitution of the spectral values, Ga^ = 3 and Gf =17.9, results in a  phase  lag 

of 0.42 radians. The calculated phase from the cross spectra  is 0.39 radians. 

The agreem ent is excellent and provides supporting evidence to the hypothesis 

that s e a  level differences are due to alongshore phase  lags. The phase  lags 

result from differences in wave propagation over the forereef and in the lagoon. 

Another piece of evidence supporting the alongshore propagation of 

infragravity w aves can be obtained from the phase lag betw een forereef tide 

record and w ater level differences. T hese calculations show that the  phase  lag 

is indeed close to 90°. W ater level differences across the reef include effects of 

ponding (Ludington, 1979), surf beat oscillations (Seelig, 1983), and  wave se t­

up (Tait, 1972; Gerritsen, 1981). Ponding and surf beat oscillations depend on 

tide characteristics, reef geometry, incident wave energy, and w ater depth at 

the reef crest. The s e a  level differences also depend on the width of the lagoon 

(Seelig, 1983). Gerritsen (1981) found that frictional effects reduce the amount 

of wave set-up, which contributes to se a  level differences. The effects of long- 

period oscillations on set-up, considered by Gerritsen (1981), suggest the 

possibility that resonance on the shelf can contribute to and amplify the water 

level differences across the reef. Thus, the observed w ater level differences 

represent the sum  of these  p rocesses. These w ater level differences in turn
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drive curren ts that contribute to the flushing and  m aterial transport ac ro ss  the 

reef.

Long-term -Current .M easucfim flols

Long-term current m easurem ents w ere m ade a t the  forereef in Buck 

Island C hannel, Fig. 5.11. T he sp eed  record, Fig. 5.11 A, exhibits sem idiurnal 

fluctuations, and  the direction records w as bidirectional, Fig. 5.11 B. The 

maximum observed  sp e ed  w as 20  cm -s"1 and  the  m ost frequent sp e e d  w as 

close to 10 c m -s '1. Current direction varied consistently betw een 120 and  288 

d e g re es , with the  w estw ard flow lasting twice a s  long a s  the  eastw ard  flow. 

Velocity vectors (Fig. 5.12) w ere decom posed  into a  u-com ponent (flowing 

along the  reef) and  a  v-com ponent (flowing acro ss  the  reef) by rotating the 

coordinate system  26.6° to the  e a s t (Fig. 2.1). The u -co m p o n en t, Fig. 5.12A, 

w as considerably stronger that the  v-com ponent. A net w estw ard flow, 

indicated by the  negative values, averaged  3.13 cm -s-1 . Spectral analysis of 

th is c o m p o n e n t, Fig. 5 .13A, resolved one peak  a t the  sem idiurnal frequency 

and  a  m onotonic d e c re a se  toward higher frequencies. The sp e e d  am plitude 

estim ated  from the spectrum  at the  sem idiurnal frequency w as 9.1 cm -s-1 . The 

v-com ponent tim e se ries  (Fig. 5 .12B) displayed high frequency oscillations of 

small sp eed . The time average  w as 0.21 cm -s-1 and directed lagoonw ards. 

V ariance values for the  across-reef (v) com ponent w ere one order of m agnitude 

sm aller than  for th e  along-reef (u) c o m p o n e n t. The spectrum  (Fig. 5.13B) 

peaked  a t the diurnal period. However, a  large portion of the  variance still 

occurred at sem idiurnal periods. Working on the  south co ast of St. Croix, 

R oberts e t al. (1981a,b) found that currents varied on sem idiurnal and  

fortnightly time sc a le s  and  responded  to abnorm al w eather even ts. Tidal 

forcing of the  curren ts outside the reef w as observed  by G reer and  Kjerfve 

(1982) while working on Carrie Bow reef. Australian w orkers (Pickard, 1986;
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Wolanski and Pickard, 1983) found similar current patterns but in p laces with a  

considerably larger tidal range. The physical implications of th ese  tidal 

currents are  very important in creating water level differences and m ass 

transport across the reef crest. Huthnance (1985) has shown that reefs are 

effectively transparent to tidal w aves unless the reef crest is very broad{ > 25 

km). S ea  level difference across the reef can be com puted by:

where h is the reef crest w ater depth , K is a  friction coefficient, d  is the width of 

the reef, g is the acceleration of gravity, and V is the current sp eed  crossing the 

reef. This relationship reflects a  balance betw een surface slope and bottom 

friction. The bottom friction is modelled by a  quadratic law. Assuming that 

(a) the Endeco m easurem ent is representative of a  vertical average, (b) no 

stratification exist, (c) no friction occurs except across the reef, and  (d) steady 

sta te  exists, the above model can be applied in this study. Substituting the 

v-com ponent time average corrected for depth changes (4.8 cm-s-1), h = 1.2 m, 

d = 80 m, and using a  K value of 0.003 (Huthnance, 1985), the s e a  level 

difference is 0.05 mm. This result indicates that currents in Buck Island 

Channel do not contribute significantly to se a  level differences across the reef 

in this system. The m ass transport across the reef per m eter of crest width 

assum ing a  uniform current profile at the mooring station in Buck Island 

Channel, is 57 liters per second, resulting in a  reef crest current sp eed  of 

4.8 cm-s-1, obtained from considerations of m ass conservation s. The cross 

reef current observations at the crest (Chapter 7) and in the lagoon (almost 

imperceptible to our sensors) are sm aller than this value of 4.8 cm -s’1.



The latter results show that assum ing a  uniform current profile at Buck Island 

Channel is not correct. However, these  calculations indicate an order of 

magnitude for the m ass transport across the reef crest which, it will be seen  

later (Chapters 7), is of the correct order.



6.0 Wave Processes

Understanding changes in waves as they transit the reef and the 

physical processes that influence these changes comprises a  major objective 

of this research. In previous chapters, results concerning several physical 

processes (sea level fluctuations, wind, and currents) that directly influence or 

modulate wave processes were presented. This chapter will focus on 

interpretation of m easurem ents of waves traveling across the reef and of wave 

energy transformation. To fulfill this objective, four field experiments were 

conducted; however, only the representative Experiments 3 and 4 will be 

discussed in detail. Results from other experiments are presented in Appendix 

B. This chapter is divided into a  discussion of methods and techniques of data 

analysis and separate discussions of results from Experiments 3 and 4. Wave 

attenuation by and transmission across the reef, tidal influence on wave 

attenuation and transmission, and the variability of these p rocesses with 

frequency form the central them es of these discussions. The summary section 

presents the results of a  model to predict wave height and energy dissipation 

based in part on an understanding of the reef system derived from field 

experiments.

Data Analysis

The general procedures of the data analysis were introduced in Chapter 

3. In this section, specific techniques and details of the procedures will be 

discussed a s  applied specifically to wave data.

Spectra of wave pressure records were computed using a  Winograd 

Fast Fourier Transform algorithm. Smoothing of the spectral curve w as done in 

the frequency domain by averaging n contiguous estim ates. After several trials, 

results suggested that smoothing with n=8 provided acceptable curves. The

5 9
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spectral estim ates calculated in this way had 16 deg rees of freedom  and a 

Nyquist frequency of 0.5 Hz. Conversion of the pressure  spectrum  to water 

level w as done following the procedures of Kim and Sim ons (1974). The 

correction factor employed w as expressed  as:

where h is the total water depth, z s  is depth at which the sensor w as 

positioned, and X  is the wavelength at the given w ater depth. The wavelength 

w as calculated from knowledge of w ater depth and  wave period and the 

relationship given by linear wave theory.

From each  spectrum several param eters were calculated. The dominant 

wave period w as calculated a s  the reciprocal of the peak  frequency.

Significant wave height w as calculated using the relationship betw een total 

variance of the record and energy of the wave spectrum . This relationship is 

given by:

where G(f) is the double-sided spectral function. The integral w as 

approximated numerically by a  summation from 0.01 cps to 0.25 cps. The 

lower limit w as chosen because  it w as assum ed  that w aves with periods 

greater than 100 s  do not contribute significantly to the energy spectrum . The 

upper limit of 0.25 cps w as selected because  beyond this frequency the

2

K(f) =

cosh{27t(

cosh{27i(—)} 
X

H S = 4 V /  G(f)df
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distortion introduced by the  correction factor renders the spectrum  unusable. It 

m ust be pointed out that this relationship betw een energy and significant wave 

height is a  better approximation in deep  w ater (U.S. Corps of E ng.,1984).

T hese  wave height estim ates represen t the w ave energy available in the record 

and  are  reliable indicators of energy changes betw een the  chosen  frequency 

intervals a s  w aves transit the reef.

Two quantities related to wave heights are  the  transm ission coefficient 

and  energy reduction. The transm ission coefficient (K j), which is a  m easure  of 

the  wave energy that transits the  reef to the lagoon, is calculated by the 

following expression:

w here H|_ and Hf  are  the  w ave heights at the  lagoon and forereef. Relative 

energy reduction is caiculated by:

w here H2 and  Hi are  the transm itted and incident wave heights.

T he bandwidth (v) is a  m easure  of the spectrum  width. Bandwidth is 

defined as:

 ?
M-q^4" M-2

W a



6 2

where the p 's represent the different moments of the spectrum (Phillips,1982). 

In particular, po represents the a rea  or energy under the spectrum. Longuet- 

Higgins (1980) show s that bandwidth is an important param eter that influences 

the statistical distribution of wave heights and quantities derived from the wave 

spectrum. If the spectrum has one narrow peak, v approaches a  value of 0; if 

there are several peaks, v tends toward 1. Bandwidth is employed to study the 

spectrum changes a s  w aves transit over the reef.

Two other quantities useful to this study are the coherence squared (y2) 

and phase angle (0 ), which are functions of frequency and defined in the 

previous chapter. Knowledge of the phase allows calculation of the travel time 

(x) of the wave signal between the different stations. The travel time, x, can also 

be estim ated if the signal speed  and travel distance are known. For shallow 

linear w ater waves, the phase velocity, which is the speed  at which the pattern 

travels, is given by:

In these  formulas g is the acceleration due to gravity and h is the water depth, a  

function of distance.

c = Vgh.

The travel time is then computed by:
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To study changes in wave energy a s  a  function of frequency, a  time-delay 

spectrum model is used. The model is expressed as (Bendat and Piersol, 

1986):

G XY = a G xxexp(i2Kfx)

where the G 's retain their previous meaning, f is the frequency, x is the time 

delay, which is a  function of frequency, and a , also a  function of frequency, is 

the attenuation coefficient. The attenuation coefficient will be less than one if 

energy at a  given frequency is dissipated, and greater than one if the energy 

increases. The attenuation coefficient is estimated from the spectrum values 

using the following expression:

iGfflxvl
G (0*

During calculation of the attenuation coefficient in this model, reflection effects 

are included assuming that the reef is a  ridge with vertical sides. The ridge 

model causes an overestimate of reflection and conservative estim ates of a . 

Experiment 3

This section will discuss wave data, emphasizing wave modifications as 

they transit across the reef and the modulation of these changes by the tides. 

Wave data for this experiment were collected in 20 min bursts during 49 hours 

or two tidal cycles. M easurements were m ade along a  transect across the reef 

using the instrument arrangement shown in Fig. 3.3. Wave sensors were 

located at the forereef, crest, and backreef. The following discussion is based 

on all wave data collected, but illustrations presented are derived from 6 data



6 4

se ts  collected at different tim es throughout the experiment. T hese da ta  se ts  

constitute records collected on April 7 at 1800; April 8  a t 0500 ,1100 , and 1900; 

and April 9 at 0100 and 0600 hours. They represent conditions through all 

p h a ses  of the  tide (Fig. 6.1) and typical se a  sta tes encountered during the 

experiment.

Wave spectra from da ta  se ts  along the reef profile during high and flood 

tide conditions are  presented in Fig. 6.2. Spectra for low and ebb tide 

conditions are  illustrated in Fig. 6.3. Note that several spectra  are  double 

peaked. This shape  indicates that two wave trains were reaching the reef at 

these  times. W ave spectra  during the two previous experim ents have only a  

single peak (see Figs. B1, B2 for Experiment 1 and Figs. B3, B4 for Experiment 

2 in Appendix B) indicating that only one wave train w as reaching the reef. 

Examination of all wave spectra  com puted during the course of this 

investigation reveals that a  peak betw een 0.08-0.10 cps (12-10 s) prevailed 

through the  first two experim ents and started decaying at the beginning of 

Experiment 3. By April 8  at 2200 hours it had completely disappeared. At the 

sam e time, the peak  betw een the frequencies 0.055-0.077 cps (18-13 s) started 

arriving, and by April 9 at 0100 hours it w as the only wave train reaching the 

reef. O ther noteworthy aspec ts  of Figs. 6.2 and 6.3 are the changes in energy 

levels a s  the w aves travel across the reef and the differences in energy change 

betw een high and low tide. Wave spectra  at 8/05 and 9/01 in Fig. 6.2 and 

spectra at 7/18 in Fig. 6.3 illustrate that som e frequencies lose and  others gain 

energy. Calculations of relative changes of the spectral peak  energy indicate 

an average of 62% peak reduction from forereef to crest during this experiment 

(77% and 69%  during Experiments 1 and 2 ). This large reduction is, in part, 

due to wave breaking, which occurs just before w aves reach the reef crest site. 

The reduction from forereef to backreef is 80% during this experiment (94%



Fig. 6.1. Tidal curves with inset showing the tide stage of wave data  se ts  

selected for discussion during Experiment 3 and 4.
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from forereef to lagoon during Experiment 1). A trend tow ards higher values of 

peak reduction a t low tide is found in d a ta  se ts  from all experim ents. The 

frequencies that experience an energy increase are  generally in the  higher end 

of the spectrum  and very close to the  first harm onic of the peak. Also, the peak 

at 0.077 cps show s an increase of energy tow ards the backreef. In sum m ary, a 

trend of decreasing  energy a s  w aves transit a c ro ss  the reef and modulation of 

energy dissipation by the tide are  evident. However, th ese  relationships cannot 

be generalized for all frequencies present in the  spectrum . T hese energy 

changes imply that reefs may selectively attenuate  som e spectral com ponents 

com pared to others, or som e energy levels with respect to others.

Characteristic wave periods are  difficult to evaluate in this experim ent because  

of the p resence  of two peaks. B ased on the higher peak, the  dom inant period 

at the  forereef and c rest started  at 10 s, increased  to 16 s  by April 8 , decreased  

to 13-14 s  (April 8 ), and then rem ained unchanged throughout the  experiment. 

The dom inant backreef wave period varied betw een 13 and  18 s throughout 

the entire experiment. A trend tow ards longer wave periods in the  backreef is 

evident in Experiment 3  da ta  (Figs. 6.2 and 6.3). This tendency for longer wave 

periods in the lagoon is not observed in Experim ents 1 and  2 . The sequence  of 

even ts leading to the increase  of wave periods is a s  follows: the reef selectively 

a ttenuates w aves associated  with the peak  of 0.08 cps a s  they transit across 

the reef, and  w aves associated  with the frequency of 0.077 cp s travel into the 

lagoon relatively unchanged, shifting the spectrum  to lower frequencies, thus 

moving the  wave period tow ards higher values.

Average bandwidth of wave spectra  is 0.55 at the fo re re e f , 0.77 at the 

crest, and 0.80 at the backreef. An increase of bandwidth tow ards the backreef 

indicates that energy from the peak  is being dissipated and som e energy is 

being transferred to other com ponents, creating in this way a  flatter spectrum .
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This trend of increasing the bandwidth towards the lagoon is also evident in 

Experiments 1 and 2. Between the forereef and  crest, the bandwidth increases 

from 0.61 to 0.73 during Experiment 1 and from 0.50 to 0.74 during Experiment 

2. Physically, this bandwidth change m eans that, in the reef crest region, wave 

harmonics are being excited and coupled with the attenuation to create  a  flatter 

spectrum . The harmonic excitation occurs by nonlinear m echanism s such a s  

second harmonic generation, nonlinear energy transfer, or quadratic friction.

W ave height time series at each station are presented in Fig. 6.4. All 

three stations show an increase in wave heights tow ards the end of the 

experiment, this increase in wave heights represents a  change in the 

characteristics of w aves reaching the reef. Forereef da ta  reveal an oscillation 

with a  period near 6 hours (see also data  for Experiments 1 and 2 in Figs. B5 

and B8 ). This period is probably associated with overtides. At the reef crest 

station som e of the variations present at the  forereef are  filtered out, and the 

wave height decreases. At the backreef station most of the variability present 

on the two previous stations is filtered out, and a  well-defined cycle of 24 hours 

is observed. W ave height decreases  from forereef to backreef in all 

experiments. High wave conditions at the backreef correlate with high tide, and 

low wave conditions correspond to low tide. Also, d a ta  from the station closest 

to the lagoon, curve B in Fig. 6.4 , indicate the grea test modulation by the tides. 

Average wave height at the forereef station is 32.6 cm ( range 44.0 to 23.7 cm). 

At the  crest station, average wave height is 19.1 cm (range 25.5 to 13.7 cm).

The backreef station has an average wave height of 14.9 cm ( range 20.5 to 

10.0). Reduction of average wave height betw een forereef and  crest is 41 %, 

and 54% from forereef to backreef.

The coefficient of wave transmission throughout this experim ent is 

shown in Fig. 6.5. Notice the strong tidal modulation of the curve. High
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transm ission and low transm ission are correlated with high and low tide 

conditions. Average wave transmission is 0.46, with a  high of 0 .65 and a  low of 

0.32. The other estim ates of wave transm ission m ade in this study are those of 

Experiment 1 (Fig. B6 ). W ell-developed oscillations of about 6 hours are 

p resent in th e se  results. Average transm ission w as 0.33 (range 0.49 to 0.14), 

and agreem ent with Experiment 3 is not so  good. S tudies of subm erged wave 

breakers have shown that wave transmission increases a s  the w ater depth 

above the crest increases (Ahrens, 1987). It w as therefore expected that wave 

transm ission would be maximized during high tide and minimized at low tide. 

T hese  results show that, even in a  reef system  developing under low tidal 

range conditions (0.3 m), wave transm ission across the reef is modulated at 

tidal frequencies.

Relative energy dissipation, AE, from forereef to crest and forereef to 

backreef is presented  in Fig. 6 .6 . Average energy dissipation from forereef to 

crest (curve F-C) during this experiment is 65% (range 80% to 44%). The 

average dissipation betw een forereef and backreef (F-B) is 78% (range 90% to 

58%). The forereef to crest energy reduction values are  in good agreem ent 

with Experiments 1 and 2, 71% and 65%. The forereef to backreef value is 

close to the result of Experiment 1, 88% betw een forereef and lagoon. In 

Fig. 6 .6 , which represents da ta  from Experiment 3, tidal modulation is more 

pronounced. Around 15% more energy is dissipated a t low than at high tides 

betw een forereef and crest, and 20% more betw een forereef and backreef. A 

difference of 13% in the average energy reduction exists betw een these  curves. 

Energy reduction during Experiment 1 (Fig. B7) d o es  not exhibit the tidal 

modulation; instead it show s the 6 -hour oscillation. The energy reduction 

during Experiment 2, Fig. B9, show s a  w eak tidal modulation, but this is 

expected since d a ta  collected at the  reef crest does not exhibit tidal modulation.
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Fig. 6 .6 . Relative wave energy change from forereef to crest (F-C) and forereef 

to backreef (F-B) during Experiment 3. (HT= high tide, LT= low tide)
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These trends confirm the fact that wave energy dissipation increases 

lagoonward.

C oherence squared w as computed with 16 degrees of freedom (95% 

significance level of 0.35) using the formulae presented in the data analysis 

section. The calculated coherence squared between forereef and crest waves 

is illustrated in Fig. 6.7. A broad region between the frequencies of 0.055 and 

0.10 cps (18-10 s) exhibits high coherence with values near 0.8 or greater.

Similar results between forereef and crest waves were obtained during 

Experiments 1 and 2. The coherence between forereef and backreef w aves is 

significant from 0.055 to 0.1 cps . The crest and backreef waves are 

significantly coherent between 0.055 and 0.01 cps. The coherence, however, 

is higher (0.7 to 0.8). This higher coherence between crest and backreef waves 

is similar to results from Experiment 1, where crest w aves show more 

coherence than forereef w aves with lagoon waves. Physically, this trend 

m eans that forereef w aves are better predictors of crest waves, and these  in 

turn are better predictors of backreef wave conditions. High coherence values 

at the peak frequencies have been observed also by Lee and Black (1978).

Even though the phase angle is not presented, it is employed to 

calculate the travel time(x) a s  explained in the data analysis section. The 

average travel time from forereef to crest, a s  calculated from the phase angle 

for Experiment 3 is 15.2 s, and 14.8 and 15.5 s  for Experiments 1 and 2. These 

estim ates have relative errors of 5%, 8%, and 5% when com pared to 16 s. The 

16 s  represents the travel time of waves from forereef to reef crest and is 

obtained from the integral evaluation presented in the data  analysis section.

To analyze the variation of wave attenuation a s  a  function of frequency, 

the time delay model discussed in the data  analysis section w as employed.

The model output consists of the attenuation coefficients for each frequency.
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Fig. 6.7. Coherence squared between forereef and crest waves for April 7, 

1800; April 8 , 0500, 1100, and 1900; April 9, 0100, and 0600 hours.
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Results from the model evaluation for the forereef-crest wave pair a re  shown in 

Fig. 6 .8 . In the  low frequency region (f< 0.05 c p s ) the model illustrates 

m oderated attenuation of the signals, indicated by a  coefficient (a) value near 

or larger than 1.0. W ave theory show s that scattering by an object takes place if 

the length of the obstacle is com parable to the wavelength of the incident 

w aves. The reef crest width is about 100 m long, and the w aves traveling over 

the crest have wavelengths of this order, given the w ater depths and wave 

periods prevailing during the study. Thus w aves with periods larger than 

gravity w aves will have longer wavelengths and be little or not affected by the 

reef. The attenuation coefficient then will be of the order of unity at least. If the 

nonlinear transfer of energy to lower frequencies is considered, then it is 

conceivable to observe attenuation coefficients g reater than 1 . The frequency 

region that corresponds to the peak present in the wave spectra  (0.05-0.1 cps) 

h as an average attenuation coefficient value of 0.62. The region betw een 0.1 

and  0.15 cps has an attenuation (a) value of 0.35; betw een 0.15 and 0.2 cps 

the  attenuation (a) has a  value of 0.22. T hese estim ates of the attenuation 

coefficient (a) are  similar to results from Experiments 1 and 2. For the forereef- 

backreef pair, Fig. 6.9 show s the models results. The attenuation coefficient (a )  

h as  an  average of 0.41 betw een 0.05 and 0.1 cps, 0.2 betw een 0.10 and 0.15 

cps, and  0.13 between 0.15 and 0.20  cps.

The crest-backreef pair, not shown, has values of 0.62, 0.46, and 0.37 for 

the  respective frequency bands. T hese values dem onstrate that low 

frequencies can  effectively transmit more energy than wind w aves across the 

reef. Physically, this relationship m eans that periodic motions like tides and 

infragravity w aves (periods of 24 hours to 1 min) can cross the reef without 

been  modified significantly by its presence. Gravity waves, on the other hand, if 

of the right frequency, can be significantly
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reduced in height and energy by the reef. T hese relationships help explain the 

common observation that reef lagoons contain fine sedim ents. Calmer waters 

allow them to be deposited and to accumulate.

Experiment 4
The objective of Experiment 4 was to study water level oscillations over 

the reef with periods over 1 min. This information can not be obtained from the 

short records that were being collected in the previous experiments. To obtain 

the necessary  data, continuous records of 1 hr and 55 min were collected in 

this experiment. The instrument array w as similar to the one used during 

Experiment 3. Typical wave spectra at the forereef, crest, and backreef stations 

are presented in Fig. 6.10. Each spectrum has 20 degrees of freedom. There 

are two main peaks, one is located at a  frequency of 0.07 cps (14 s  North 

Atlantic swell) at all three stations, and a  second peak occurs at a  frequency of 

0.15 cps (« 7 s). which may represent the first harmonic or the typical 

Caribbean swell. Energy reduction is 64% from forereef to crest, and 82% from 

forereef to backreef. The wave period corresponding to the main peak is 14 s 

from forereef to backreef. Average bandwidth at the forereef station is 0.61, and 

at the crest and backreef stations 0.81. Again, the wave spectra flatten and 

becom e more uniform towards the reef lagoon.

Wave height at the forereef station is 32.7 cm, at the crest 19.6 cm, and at 

the backreef 13.2 cm. Reduction of wave height is 40% between forereef and 

crest, and 60% from forereef to backreef. Both estim ates are  in excellent 

agreem ent with values of wave height reduction found in previous experiments. 

The transmission coefficient of 0.40 also ag rees with those found in previous 

experiments.
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Coherence squared plots for this experiment are presented in Fig. 6.11. 

Coherence values for the the forereef- crest pair are illustrated in Fig. 6.11 A, the 

forereef-backreef pair in Fig. 6.11B, and the crest-backreef pair in Fig. 6.11C.

All plots indicate a  region of significant coherence of 0.9 between the 

frequencies of 0.055 and 0.10 cps. Another region of high coherence around 

0.149 cps exists between crest and backreef sites (Fig. 6.11C). Average travel 

time from forereef to lagoon calculated from the phase angle, is 13.3 s  (relative 

error of 17% when compared to the travel time of 16 s). Summarizing, the 

energy and wave reduction, transmission coefficients, bandwidth, and wave 

coherence estim ates for waves m easured during a  long period of continuous 

data collection are similar to the ones observed during the previous 

experiments and allow the discrimination of long period oscillations.

The time delay model is also applied to the data  from this experiment. 

Results of the model evaluation for the forereef-crest wave pair reveal, that in 

the low frequency region (f< 0.05 cps ), waves are not a s  severely attenuated 

as shown by an a  near or larger than 1.0. The frequency region between 0.05 

and 0.1 cps has an a  value of 0.60, and the region between 0.1 and 0.15 cps 

has an a  value of 0.30. For the forereef-backreef pair, the coefficient has an 

average value of 0.40 between 0.05 and 0.1 cps, 0.1 between 0.10 and 0.15 

cps, and 0.1 between 0.15 and 0.20 cps. The crest-backreef pair has values of 

~ 0.60, -  0.40, and ~ 0.30 for the respective frequency bands. These results 

provide confirmation of the inference that low frequency waves (periods of 24 

hours to 1 min) can effectively transmit more energy across the reef than wind 

waves (periods 30 to 1 s).

B ecause the recording period for this experiment w as long, ~2 hours, the 

27-minute oscillations observed in the tide records should have been recorded 

in the wave records collected. However, wave spectra for this experiment fail to
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Fig. 6.11. C oherence squared between the forereef and crest (A), forereef and 

backreef (B), and crest and backreef {(S) w aves during Experiment 4. The 

horizontal line represents the 95% significance level.
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show a  peak at this frequency. The reason for the absence of the peak at 27 

minutes in the spectra is that fewer than 5 cycles were present in the records. A 

low-pass (cut-off 1 min) version of these records (Fig. 6.12) shows 4 cycles of 

25 minutes at the backreef and crest, and less well-defined cycles at the 

forereef station. The presence of these oscillations in these records shows that 

they are present across the whole reef and not just at the lagoon and Buck 

Island Channel. Larger amplitudes of these waves in the lagoon are apparent 

from the data presented in Fig. 6.12, and reflection from the shoreline is a  

possible explanation. The importance of these oscillations is that they serve as 

modulating agents for the gravity waves, since they can change the water depth 

at the reef crest. In this way, long-period waves perhaps control the extent of 

energy dissipation by wave breaking and bottom friction. They can also 

contribute to the net transport of water since they can effectively move water 

across the reef.

Numerical Prediction of Wave Height

Models for predicting wave height found in the scientific literature can be 

classified in two categories: energy conservative and dissipating models. The 

conservative models, a s  the name implies, are based on the conservation of 

energy and are therefore valid up to the breaking point. These models predict 

the wave height changes caused by refraction and shoaling. Dissipation 

models allow for energy dissipation either by bottom friction or turbulence. 

Models that assum e that bottom friction dissipates energy generally use a  

quadratic law to calculate the bottom stress. Models by Bretschneider and Reid 

(1954) and Hasselman et al. (1973) fall into this category. Two major 

disadvantages of these models are that they don't work beyond the breaking 

point and they need a  friction coefficient, which is an empirical parameter. 

Studies of oscillatory boundary layers have shown that the bottom friction
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coefficient could be predicted from a  knowledge of the wave orbital amplitude 

and the roughness of the bottom. Johns (1983) show s that this functional 

relationship is a  consequence of the quadratic law used to calculate the bottom 

stress. Kamphuis (1975), Jonsson (1966,1980), and others present diagram s 

to estim ate the  frictional coefficient from a  knowledge of the bottom roughness 

and wave param eters. Such diagram s are based  on empirical or 

semiempirical studies under laboratory conditions. Friction coefficients 

obtained this way dem onstrate consistency am ong studies, which consistency 

provides som e confidence for their use. It is fair to say that many other formulas 

exist for predicting the friction coefficient, but all are  either empirical or suffer the 

sam e shortcomings a s  the ones mentioned above. Other studies of channel 

flows have shown that geometry of the roughness elem ents and size are  

important in determining friction coefficient values (Sabir 1962; U.S. Dept, of 

Transportation 1984,1975). In general, larger roughness elem ents have larger 

friction coefficients. T hese  considerations require that each  ca se  be treated  

individually and  special care be used in determining the bottom roughness and 

geometry.

Another type of model considers the interaction of wave boundary layers 

and currents. Examples are given by Grant and M adsen (1979) and Freds<|>e 

(1984). In this case , the interactions have the effect of increasing the friction 

coefficients. There are  also models that include the dissipation of energy by 

turbulence in the  wave breaking region. T hese are, in general, a  variation of 

the bore analogy or solution of the equations of motion for turbulence using 

som e kind of closure schem e. Models in this category include Lin and Hwang 

(1986), Horikawa and Kuo (1966), Shiau and Wang (1977), Basco and 

Svendsen (1984), Thornton and Guza (1983), Dally et al. (1984), and  Gerritsen 

(1981) among many others. The major advantage of these  m odels is the



capability to follow the wave through the breaking point and  surf zone. A major 

d isadvantage is the  necessity  of determining at least th ree  param eters for the 

model. Many other m odels exist that a re  b a sed  on the combination of 

dissipating m echanism s, shoaling, and refraction. In m ost c a s e s  the  m odels 

have to be solved using numerical techniques. In this study, the model of 

Thornton and G uza (1983) is used. The criteria for its selection were (1) it 

considers dissipation by turbulence during wave breaking and  bottom friction;

(2 ) the effects of shoaling and refraction are  included in the equations; and

(3) dissipation of energy is b ased  on the  wave height distribution and not on a  

monochromatic wave height. O ther factors that influenced the selection were 

the facts that wave fields approach steady sta te  and the current fields w ere 

orthogonal to the direction of w ave propagation, a s  d iscussed  in C hapter 5. 

Finally, a  similar schem e b ased  on bottom friction and turbulent dissipation 

using the bore analogy w as em ployed by Gerritsen (1981) for his work in 

Hawaii. The starting point is the steady  wave energy equation:

w here E is the  wave energy density given by linear theory, cgx is the group 

velocity in a  direction perpendicular to the reef, and  eb and ef are  the energy 

dissipation functions of turbulence and friction respectively. The expression for 

the average  turbulent dissipation per unit a rea  is:

w here g is the gravitational acceleration, h is the  w ater depth, f is the peak

1
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frequency, B is a  breaker coefficient that accounts for the  differences in breaker 

type and is considered a  function of the proportion of foam in the face of the 

breaker, p is the w ater density, y  is the wave height to depth  ratio at breaking, 

and  H rms is the  root m ean squared  wave height. The average  frictional 

dissipation per unit a re a  is:

w here cf is the bottom friction coefficient, sinh(kh) is the hyperbolic sine, and k 

is the  w ave num ber calculated a s  the reciprocal of the wavelength. T hese  

equations are  solved using a simple forward step  schem e (Thornton and 

G u za ,1983) with eleven step s across the reef, Fig. 6.13. Of the  three 

param eters necessary  for the model, the  authors recom m end a  value of 1.5 for 

B. The friction coefficients are  calculated using the work of Kamphuis (1975) 

with the assum ption that if a i  m/kn is less than 1.0 , then Cf = 1 . The a i  m is the 

linear w ave theory radius of the particle orbit at the  bottom, and  kn is the 

roughness of the s e a  floor. This assum ption is m ade considering that Jonsson  

(1980) u se s  a  similar approximation but with a  value of 0.30 if a i  m /  kn is less 

than 1.57. Another justification for this assum ption is b a sed  on the  friction 

coefficients obtained by G erritsen (1981) and Kono and T sukayam a (1980) 

working on coral reefs, which have values of around 0.7. The roughness value 

kn is calculated in the  following way, which is believed by the author to be a  

new method. From the work of Loya (1978), the rugosity acro ss  the reef crest is 

calculated. Rugosity is defined a s  the  length of a  chain following the  reef 

bottom over the chain length parallel to the reef bottom over the  sam e  transit. 

This is a  technique from line transects m ethods and  m easu res the reef floor 

coverage. The length following the  reef floor is a  m easure  of the  arc  length and

e
r ffrei 3
|_sinh(kh)J
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from calculus this can be approxim ated by:

l = n A * V 1 { £ ) ,

but the  nAx factor equals the arc  length above the floor of the reef. Dividing by 

this factor gives the rugosity factor, since by definition it is the  ratio of both arc 

lengths. Squaring and solving for Ay, one obtains an estim ate of the 

roughness. The value of kn , assum ing the separation of coral colonies 

Ax = 0.5 m, is 0.52 m. This value is u sed  acro ss the reef profile.

The third param eter needed  for the  model w as the wave height to depth 

ratio (y) at breaking point. Direct m easurem ents necessary  to estim ate y  were 

not m ade. It w as decided that m easurem ents a t the reef c rest provide a close 

estim ate of y  since this station w as close to the breaking point.

An improvement of the model w as m ade by including wave reflection 

from the reef. The reflection coefficient a t each  step w as approxim ated using 

the following expression (Mei, 1984):

K
r” Vh7 + yhi

where h i is the  depth of the  incident side and h2 is the  depth of the 

transm ission side. Refraction w as not included but a  simple calculation w as 

perform ed to study its effects. The calculations indicated a  10% reduction of the 

wave heights from the wave height model.

Predicted wave heights b ased  on this model acro ss the  reef transit 

during Experiment 3 are  shown in Fig. 6.14. The c a se s  p resen ted  rep resen t all 

p h ases  of the  tide. W ave height increases for the first 30 m, levels off during the 

next 10 m, and then d e c rea se s  steadily until reaching the end of the transit.
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Fig. 6.14. Predicted wave height across the reef profile. High tide A,B; low tide 

C,D; flood E; and ebb F during Experiment 3.
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Similar wave height profiles are obtained for Experiments 1 and 2, {Fig. B14 

and 15 in Appendix B). W ave height profiles, Figs. B14 and 15, group 

them selves according to the tide phases; however, this w as not the case  during 

Experiment 3. C hanges of wave height across the reef are important, but they 

provide no information as to the physics involved in the energy dissipation. In 

order to determine which mechanism is contributing most to the dissipation of 

wave energy, the estim ates of bottom friction and wave breaking are plotted 

across the reef transit, Figs. 6.15 and 6.16. During the first 30 m, shoaling 

effects dominate, and the wave height increases even though energy is being 

dissipated by bottom friction. Between 40 and 60 m frictional and turbulent 

dissipation increase sharply, reaching their maximum, and wave heights start to 

decline. This decrease  in wave height continues across the reef crest and into 

the backreef because of continuing energy losses by bottom friction. Of 

particular interest is the fact that, during low tide, turbulent dissipation 

consistently approaches the level of frictional dissipation (Fig. 6.16), making the 

total energy dissipation greater. These results agree with those found in the 

previous experiments (Figs. B10 trough B13 in Appendix B). This relationship 

explains the tidal modulation of wave heights. It is significant that bottom 

frictional energy dissipation is not small a s  on beaches (Thornton and 

G uza,1983), and cannot be neglected in coral reefs.

Average friction coefficients during each experiment across the reef 

profile are presented in Table 6 .1. Notice that during Experiments 1 and 2 the 

friction coefficients estim ates are similar. However, during Experiment 3 the 

friction coefficients decrease  considerably even though the roughness 

elem ents and tidal characteristics remain unchanged. The only param eters 

that changed were the wave period and height, which increased. The 

reduction of the frictional coefficients is related to the fact that longer waves,
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Table 6.1. Average friction coefficients for each experiment and reef 

interval.
Interval Exp. 1 Exp. 2 Exp. 3

1 1.00 1.00 0.83
2 1.00 1.00 0.70
3 1.00 1.00 0.67
4 0.82 0.88 0.50
5 0.74 0.84 0.45
6 0.82 0.89 0.45
7 0.94 0.99 0.54
8 1.00 1.00 0.63
9 1.00 1.00 0.70
10 1.00 1.00 0.77
11 1.00 1.00 0.87
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which were present during Experiment 3, respond to roughness elem ents of the 

reef, which differ from coral heads. Roberts et al. (1975) showed that spur and 

groove topography of the forereef were the roughness elements. The reflection 

coefficient at each interval was less than 10%, except at the lagoon, where it 

fluctuated in all c a se s  between 30 and 40%.

To evaluate the model's performance a  comparison of the predicted 

heights with observed wave heights at the reef crest w as carried out. Results 

with and without refractional effects are presented in Figs. 6.17 and 6.18. The 

model tends to overestimate wave heights in both instances; however, an 

improvement is observed when refraction is included in the model. Even 

though most of the assumptions behind the model are met in this study, 

underestimation of energy dissipation by the model causes wave heights to be 

large. Possible reasons for this overestimating of wave heights are (1) bottom 

friction is not well described by using the sam e roughness across the reef; (2) y 

is obtained from m easurem ents at the reef crest, and (3) refraction is neglected. 

The effect of using a single roughness value across the reef is to prevent the 

model to adjust to possible changes of
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interaction sca le s  betw een w aves and topography. This inability to change 

sca les  of interaction gives rise to lower friction coefficients, which dissipate less 

energy. The lack of m easured values of B also favors underestim ation of 

energy dissipation. However, the physical insights obtained from the  model 

more than com pensate  for its poor performance.

Therefore, both field d a ta  and model results indicate that w ave energy, 

a s  inferred from wave height, d e c rea se s  a s  w aves transit acro ss the  reef. 

Average energy reduction betw een forereef and crest is 67%, and  83% from 

forereef to backreef. W ater depth changes at the  reef c rest forced by tides and 

other infragravity oscillations modulate th ese  changes. An average  of 15% 

m ore energy reduction occurs during low tide from forereef to  crest and 20% 

more from forereef to backreef. The tide modulating effects a re  more 

pronounced at the  backreef and lagoon stations than  at the reef crest. The 

num erical calculations dem onstrate  that wave energy dissipation by wave 

breaking and bottom friction are of the sam e magnitude. The w ave prediction 

sch em e overestim ates the wave height by an average  of 37% . B esides the 

need  to consider more dynamical p rocesses , this error is due  to inaccuracies in 

determining various input param eters needed for the  model.



7.0 Currents and M ass Transport

M ass transport across reefs is of vital importance to studies of ecology, 

sedimentation, and programs of reef m anagem ent and conservation. The 

variability, magnitude, and physical p rocesses that drive reef currents and m ass 

transport form the central them es of this chapter. Data were collected during 

four experiments. However, discussion of results and illustrations is based  on 

data from three experiments. Data se ts were selected to investigate vertical 

current shear at the reef crest, currents at different sites over the reef (forereef, 

crest, backreef, and lagoon), and frequency dependence of the currents.

Criteria for data  selection were (1) presence of information on the vertical 

structure of currents, (2 ) presence of long period oscillations in the currents, 

and (3) tide phase. This chapter is divided into a  discussion of vertical current 

profiles at the reef crest, and comparisons of forereef to backreef current.

Finally, calculations of m ass transport by waves at the crest are discussed. 

Vertical Current Profile

A vertical array of current meters placed at the reef crest (Fig. 3.1) was 

operated for three tidal cycles. Two ducted current m eters were installed 0.95 

and 0.65 m above the reef floor. The objective of this instrument arrangem ent 

was to study vertical shear and possible current reversals within the water 

column. Unfortunately, the upper meter malfunctioned after the first tidal cycle. 

The discussion of vertical current shear is therefore based  on m easurem ents 

m ade during the first tidal cycle. Spectra of current m easurem ents from both 

instruments during high and flood tide conditions are illustrated in Fig. 7.1. A 

peak betw een 0.08 -0.1 cps (12.5-10 s) is evident in records from both meters. 

The variance levels are around 1,800 (cnvs'1)2cps"1 except at the top meter on 

April 5 at 0100 hours. Calculation of characteristic sp eed s using the spectra

1 0 0
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Fig. 7.1. Current au tospec tra  from m easurem ents at the reef c rest by 2  ducted 

current m eters oriented in an onreef-offreef direction and stacked  vertically (at 

0.95 and  0.65 m above the  reef floor). During Experiment 1 d a ta  on which the 

above ou tospectra  w ere genera ted  w ere collected at high and  flood tide with 

16 d eg rees  of freedom .
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were done by multiplying the spectral estim ate by the frequency step, 0.006667 

cps and taking the square  root. S peed  amplitude estim ates based  on these  

spectral peaks are  betw een 4.3 and 10.5 cm-s"1. Spectra  corresponding to low 

and ebb tide conditions are  p resented  in Fig. 7.2. The dom inant peak again is 

betw een 0.08 and 0.1 cps (12.5-10 s). Variance levels during th ese  tide 

conditions, however, are  som ew hat lower 1,200 {cm-s“1 )2c p s_1. The speed  

amplitude estim ates during low tide conditions are  6.8-8.9 cm -s-1. S hapes of 

these  spectra  are  similar to wave spectra  observed at this location (Figs. B1 

and B2 ). Notice that sp eed  amplitudes at high tide are  higher than at low tide 

and correlate with the wave height changes a s  expected.

Analysis of the current records indicates that, in general, the sp eed s  vary 

around 20 cm-s-1 in the offshore and onshore directions at both meters. 

Maximum speed  values are  50 cm-s-1 directed onshore and 30 cm-s“1 directed 

offshore at both levels. The net currents have values around 1 cm-s-1 directed 

onshore with tidal modulation, a s  will be discussed  later.

C oherence squared  betw een the w aves and currents at the lower 

current m eter is presented  in Fig. 7.3. Coherence a t frequencies sm aller than 

0.046 cps (period -2 2  s) is always nonsignificant, indicating that low frequency 

currents are  not linearly related to the wave field at the sam e frequencies. At 

frequencies larger than 0.046 cps, the coherence values generally increase to 

near 1.0, indicating that w aves and currents are  linearly related. C oherence 

betw een w aves and currents in the upper layer is similar to those of Fig. 7.3.

The close agreem ent of the speed  am plitudes and averages, a s  well a s 

with direction, indicates that the vertical sh ea r of currents at the reef crest is 

either small or w as not detected  during this experiment.
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Fig. 7.2. Current au tospec tra  with 16 d eg rees  of freedom , from m easurem ents 

a t the reef crest by two ducted current m eters oriented in an  onreef-offreef 

direction and  stacked  vertically (at 0.95 and 0.65 m above the reef floor). 

During Experiment 1, d a ta  on which the above au tospec tra  w ere genera ted  

w ere collected at low and ebb tide.
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Fig. 7.3. Coherence squared between waves and currents of April 4 , 1900(A) 

and 2200(B); April 5, 0100(C),1000(D), and 1400(E) at the reef crest during 

Experiment 1 with 16 degrees of freedom.
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C u rren ts AcrQ.ss-thg-Etegf-PiQfile
The objective of this section is to study the transverse variability of 

currents from forereef to lagoon. The ducted current m eter arrangem ent is 

illustrated in Fig. 3.3. M easurem ents were collected for two tidal cycles during 

a  20 min burst every hour. The lagoon m easurem ents were m ade during 

Experiment 1. The meter location is illustrated in Fig. 3.1. This m eter operated 

for one tidal cycle only. Current spectra at the forereef and backreef stations 

during high and flood tide conditions are presented in Fig. 7.4. A peak near 

0.075 cps (13 s) is evident at both stations. Notice the reduction of the variance 

levels towards the backreef, which reduction is similar to the trend observed in 

the wave heights. Low and ebb tide conditions illustrated in Fig, 7.5 show a  

similar trend of the speed  spectra  and similar shape. Current spectra illustrated 

in Figs. 7.4 (high tide) and 7.5 (low tide) are mirror im ages of the corresponding 

wave spectra shown in Figs. 6.2 and 6.3. Forereef speed  amplitudes estimated 

from these  spectra peaks are 6.9-13.1 c m s "1 for high tide and 10.3-10.6 cm-s' 1 

at low tide. The backreef estim ated speeds are 4.2-7.0 cm-s"1 at high tide and 

1.9-4.1 cm*s‘1 at low tide. The speed  amplitude w as calculated as described in 

the previous section. Current observations from the reef crest are not 

discussed because during Experiment 2 the reef crest current meter 

malfunctioned.

Lagoon m easurem ents, however, were made, and results were 

unexpected. The lagoon water depth at the lagoon m eter site w as almost 5 m, 

and the currents were low and irregular throughout the entire observation 

period. There are two possible explanations for these  observations. The first is 

that under small w aves the currents are weak and a  sudden depth increase 

reduces the
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speed dramatically because of m ass continuity. The second possibility is that 

reef crest water behaves like a  jet issuing from the crest and p a sse s  over the 

current m eter that was installed near the lagoon floor.

The most frequent speed at the forereef is near 20 cm-s-1. At the 

backreef it is about 10 cm-s-1. Maximum offshore speeds are around 45 cm-s-1 

at the forereef and 20 cm-s' 1 at the backreef during the observation period. 

Maximum m easured onshore speeds are 39 cm-s-1 at the forereef and 

30 cm-s‘1 at the backreef. Mean speeds over the 20-minute m easurem ents are 

around 1 cm-s"1 directed onshore. The time series of these  mean currents over 

two tidal cycles indicate tidal modulation.

Coherence squared between waves and currents at the forereef station 

is presented in Fig. 7.6. Again, frequencies smaller than 0.046 cps are not 

correlated with the waves, and frequencies larger than 0.046 cps are 

significantly correlated with the waves. This high coherence between waves 

and currents across the reef profile suggests that waves are driving the currents 

with periods less than 22 s. Note also that there is very little wave energy at 

frequencies less than 0.046 cps.

Expfldment 4

The objective of Experiment 4 was to study long-term wave current 

variability (periods between 30 and 1 min). Therefore, the 20-min burst 

sampling used in other experiments was replaced with continuous 

m easurem ents over a period of 1 hour and 55 minutes. Swells of 12-15 s  and 

wave heights around 0.30 m were the most energetic signals during this study. 

Wind conditions represented typical Caribbean trade winds. The instrument 

array for this experiment was similar to that used for Experiment 3 . Current 

spectra at the forereef and backreef sites (Fig. 7.7) indicate that most current 

energy is concentrated near a  frequency of 0.07 cps (14 s) at both stations;



Fig. 7.6. C oherence squared  betw een w aves and currents of April 7 , 1800(A), 

April 8 , 0500(B), 1100(C), 1900(D), April 9, 0100(E), 0600(F) a t the  forereef 

during Experiment 3.
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another peak near 0.15 cps (6.7 s) is present at the forereef but not in the 

backreef data. Again, variance reduction between stations is evident. Current 

speeds at the 14 s period, based  on the spectra, are 5.2 cm-s-1 at the forereef 

and 1.9 cm-s-1 at the backreef stations. Maximum offshore speeds are 

44 cm-s-1 at the forereef and 18 cm-s-1 at the backreef. Onshore maximum 

speeds at the forereef are 45 cm-s-1 and 30 cm-s-1 at the backreef stations. 

Mean currents are near 2 cm-s-1 at the forereef and 3 cm-s-1 at the backreef, 

both directed onshore.

Coherence squared and phase between w aves and currents at both 

forereef and backreef data  collection sites are presented in Fig. 7.8. The 

coherence squared at the forereef is similar to that of the previous experiment 

and will not be described here. P hase  shows a  linear trend with a  negative 

slope in the frequencies of interest (0.01-0.5 cps). This relationship m eans that 

w aves and currents are linearly related. Coherence squared betw een waves 

and currents of the backreef station shows significant coherence only near the 

frequency of the main peak (0.07 cps), and even then not high values. The 

phase oscillates around 180°. Up to this point the information presented has 

shown that energy at frequencies of gravity w aves and tides directly influences 

currents. However, no indication of the infragravity signal has been found in 

the currents analysis. It was decided to explore this possible interaction using 

other techniques.

A low-pass filtered version of both current records with a  cut-off of 60 s 

(Fig. 7.9) w as m ade to check for the presence of long-period oscillations. The 

forereef record illustrated fluctuations with magnitudes near 4 cm-s-1 and a  time 

average of 1.97 cm-s-1 , both directed onshore, with no flow reversals. The 

current meter w as 1.0 m above the se a  floor in a  water depth of 3.8 m. At the 

backreef station, water depth w as 1.2 m, and the ducted m eter w as 0.6 m above



115

Fig. 7.8. Coherence and phase angles between w aves and currents at the 

forereef and backreef during Experiment 4. The horizontal line represents the 

95% significance level.
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the floor. The low-passed current was more interesting at the backreef site. 

Well-defined episodes of flow reversals were present at time scales of 

approximately 25 min, and the speed varied from near 10 cm-s-1 towards the 

lagoon to 4 cm*s' 1 in the offshore direction. A time-averaged flow of 

2.67 cm-s-1 was directed towards the lagoon. Oscillations with a  period of 27 

min were observed in both tide and wave records during this experiment (Fig. 

6.12 ). These long period oscillations, unresolved by the spectrum analysis, 

were suggested by the low-pass filter technique. Roberts and Suhayda (1983) 

first reported the presence of infragravity waves in a  reef environment and their 

probable importance to sediment transport. This study suggests a  

topographical origin for the infragravity waves m easured at the Tague Bay reef 

site, their characteristics over the reef, and their importance for driving water 

motion across the reef.

Mass Transport

Results of wave and current m easurem ents are used to estimate m ass 

transport across the reef crest. This application requires the theory relating 

Eulerian m easurem ents of speed  and Lagrangian m ass speed. Longuet- 

Higgins (1969) and Zimmerman (1979) have shown that if the current gradient 

is small, then the Lagrangian m ass speed (V|_) is related to the record mean 

(Ve) and the m ass transport (M) of the oscillatory flow by:

where p is the fluid density, and h is the water depth. Ve is calculated by 

vertically averaging the time average of the records. Mass flux for pure 

progressive waves of constant profile is given exactly (Phillips, 1980) by:
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where E is the wave energy density and c  the phase speed. The transport is in 

the direction of wave propagation. To second order, the m ass flux is given by:

M = lp k c H 2coth(kh)
O

where H is the wave height, k the wave number, and coth(x) the hyperbolic 

cotangent function. In shallow w ater this expression reduces to:

where g is the acceleration due to gravity. Average m ass transport across the 

reef is found by integrating the Lagrangian m ass speed  overtim e. Total 

volume transport across the reef is found by multiplying average transport by 

reef length (L). Justification for the use of the linear wave theory com es from 

the fact that the ratio of wave height to depth varies from 0 to 0.3 in this study.

The following speed  statistics were computed from current records 

collected during Experiments 1 and 3: time average speed, largest offshore 

speed, and largest onshore speed  for each record. T hese were then plotted 

against time (Fig. 7.10). Notice the striking asymmetry of the peak current bias 

towards the lagoon (60 cm-s-1 onshore vs. 30 cm-s"1 offshore) and the small 

time average at each level. A possible malfunction of the upper m eter is 

evident near hour 25. The plot of the statistics of the current records for data 

from Experiment 3 is presented in Fig. 7.11. Again, notice the asymmetry and 

the small time average during all records. This asymmetry should cause  a  net 

lagoonwards flow of water at the forereef and backreef stations. Similar results 

are  also evident in the data  collected during Experiment 2, which data  are
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presented in Fig. B18 of Appendix B. No explanation can be offered for this 

asymmetry at this time.

Estimates of the total volume flux across a  1 -m width of the reef crest and 

backreef, using all data  available for each station, are presented in Table 7.1 

using both linear wave and solitary wave theory.

Table 7.1. Average volume flux at the reef crest and backreef in m3s"1

during the study using linear and solitary wave theories.

Reef Crest Backreef

Linear Solitary Linear Solitary

Exp. 2 0.0128 0.1017 

Exp. 3 0.0262 0.1095

Exp. 3 0.0236 0.0782

Notice that solitary wave estim ates are, in general, an order of magnitude larger 

than the linear wave estim ates. Total volume flux estim ates across the whole 

reef, using the linear theory figures, are 77 .0 ,169 .6 , and 141.7 m3s '1 with a 

m ean value of 129.4 m3s '1. The average wave contribution to the total volume 

flux is 50% and varies from 77 to 36%. Calculating the volume of the lagoon, 

using its surface area  and m ean water depth, and dividing by the calculated 

flux provided three estim ates of flushing time: 62 hrs, 28.1 hrs, and 33.7 hrs, 

with an average of 37 hrs. These estim ates are larger than estim ates for the 

comparatively small but similar system of Great Pond Bay (8 hrs) (Roberts et al., 

1981a). Flushing tim es calculated using the solitary wave volume transports 

are less than 10 hrs in all instances.

Instantaneous Currents and Sediment Transport
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Current spectra  provide information on the  distribution of sp e e d s  by time 

scale. However, spectra  provide no information on the instan taneous speeds, 

which are  responsible for the m ovem ent of particles on the reef floor. This 

information is obtained from the sp eed  records directly. In Fig. 7.12 

sim ultaneous 300-s portions of wave heights at the forereef and lower crest 

current m eter at high tide are presented. During this period th ree  w ave groups, 

from 70 to 120 s; 150 to 210 s; and 220 to 270 s, with heights near 40 cm, are 

visible. Notice the modulation of the currents with th ese  w ave groups, a  lag of 

about 6 seconds, and  high sp e e d s  during large w aves and  low sp e e d s  during 

low w aves. Also, sp eed  asym m etry increases under high w aves. During large 

wave groups, the onshore sp eed  at the reef crest reach es 40 cm -s '1 , and  the 

offshore sp eed  reach es 20 cm -s-1 only. During low wave groups, the  sp e ed s  

are  symmetrical and  vary betw een 20  cm -s-1 in both offshore and  onshore 

directions. Low tide conditions a re  illustrated in Fig. 7.13. During this period 

the wave conditions a re  more hom ogeneous, and wave groups a re  not well- 

defined. The sp eed  record from the lower m eter at the crest generally 

illustrates currents directed onshore at 30 cm -s-1 and  offshore sp e e d s  less than 

16 cm -s-1. The upper current m eter reflects similar speed  variability, but the 

deg ree  of onshore-offshore current asym m etry is g rea ter than in the  record from 

the lower meter. U nder the onshore surges, particles of 0.2 mm in d iam eter can 

be m oved forward, but only particles of 0.03 mm can  be m oved backwards.

The asym m etry of the  currents clearly contributes to the net m ovem ent of 

sedim ents into the  lagoon since san d s a re  transported only into the  lagoon, not 

backw ards.

Fig. 7.14 illustrates 300 seconds of s e a  surface and current variations at 

the forereef and backreef stations during high tide conditions. Two wave
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groups a re  clearly visible with wave heights betw een 72 and 40 cm. W ave 

heights of 32 cm prevail betw een wave groups. C urrents a t the  forereef are 

m odulated by wave groups, and sp e e d s  are  asym m etric. Maximum offshore 

sp eed s  of 50-60 cm-s"1 and  onshore sp eed s of 36-40 cm -s-1 a re  comm on 

during high wave conditions. The backreef station also indicates wave group 

modulation and current asymmetry. Offshore peak sp e ed s  are  12 cm -s-1 , and 

the onshore peaks are  30 cm -s-1 under the wave groups, currents being 

stronger in the onshore direction. At th ese  sp eed s , particles of 0.8 mm and 0.2 

mm in diam eter (Leeder, 1982) can be moved offshore and  onshore by the 

w aves a t the forereef respectively. This size range corresponds to fine to 

coarse  sands. Backreef sp e ed s  can move particles of 0.2 mm size, which 

represents fine sands (Leeder, 1982). An important point to s tre ss  is that 

current asym metry at the  forereef c au se s  sand  to move offshore aided by the 

pull of gravity over the inclined forereef floor. The su spended  sedim ent m oves 

onshore by the slower m ean flow. At the backreef and  reef crest, both sedim ent 

loads are  m oved onshore b ecau se  both the net flow and the current asym metry 

are directed shorew ards. T hese  estim ates of particle size m ovem ent represent 

conservative estim ates because  effects of resuspension by w aves and 

turbulence combined have not been considered. At the  forereef the  time 

average sp eed  is 1.97 cm -s-1 directed onshore. Thus, it appears that bottom 

particles may be driven offshore by the current asym m etry, while suspended  

material is transported onshore. This can give rise to a  flux divergence of 

sedim ents at the forereef. However, because  the  divergence zone depends on 

the w ave conditions, it is expected that this zone m oves, blurring the effects of 

distributing the sedim ents away from the divergence zone.



8.0 Discussion of Results

Coral reef ecosystem s are  built by sessile  organism s, which depend  

largely on the physical energy of the environm ent for their survival. In their 

evolution, corals and the structures they build have developed so  a s  to modify 

and u se  the  m ovem ent of surrounding w aters a s  an energy subsidy to the 

ecosystem . It is th ese  physical p rocess modifications by corals reefs that this 

study w as designed to investigate. In particular, the  study focused on the  role 

of tides, w aves, and  currents in modifying w ater motion over the  reef. It is 

known, for exam ple, that just a  small fraction of w ater impinging atoll-reefs 

actually flows over it; most of it flows along the sides (Hamner and Wolanski, in 

preparation) or is deflected seaw ards. However, this limited cross-reef flow is 

of param ount im portance because  it links the  reef-lagoon to the  open sea . The 

linkage is established  through currents produced by forcing agen ts such a s  

tides, wind stress, wave-breaking transport, and related wave set-up. This 

section will d iscuss results of field m easurem ents of tem poral and spatial s e a  

level variations, wave p rocesses , and  volume flux across a  Caribbean reef 

crest. W ave p ro cesses  include energy attenuation by turbulence and bottom 

friction, wave transm ission, and  induced currents. After th ese  results a re  

d iscussed , an  integrated model of transport ac ro ss  the reef crest is presented. 

W ater Levels

W ater level observations at the forereef and  lagoon indicated a  

predominantly diurnal tide with a  range of 30 cm. Spectrum  analysis revealed 

that diurnal, semidiurnal, and infragravity signals w ere p resen t in the w ater 

level records. The diurnal com ponent had an amplitude of 6.9 cm, and the 

semidiurnal com ponent 2.4 cm. Infragravity oscillations had a  period near 27.7
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min and an amplitude of 0.85 cm. The diurnal charac ter of the  tides at Tague 

Reef is well known (Kjerfve 1981; O gden 1974; Roberts unpublished data); 

however, the observed tidal range w as larger than previously reported by 

Kjerfve (1981). Infragravity w aves at T ague Reef or around St. Croix have not 

been  reported. However, similar oscillations have been  observed  on shelves 

(G eise et al., 1982; G eise and Hollander, 1987) and in coral reef environm ents 

off N icaragua (Roberts and Suhayda, 1983). Roberts and  Suhayda (1983) 

observed a  period betw een 15 and 30 min and an amplitude of 4-8 cm. T hese 

values are  in reasonab le  agreem ent with observations of infragravity w aves at 

T ague Reef m ade during this study. The importance of th ese  oscillations to reef 

dynam ics lies in their fine-grain sedim ent transport potential (Roberts and 

Suhayda, 1983) and  the associated  volume flux over the  crest.

C ross-spectrum  analysis indicates a  zero p h ase  lag or time difference 

betw een the  forereef and lagoon tides. The infragravity com ponent has a  

phase  lag of 1.7 min with the lagoon side lagging the forereef. The time 

difference betw een forereef and lagoon estim ated from theory is 3.45 min. This 

ag reem ent is reasonable considering the  limitations of the  model u sed  to 

calculate p h ase  lags (see  C hapter 5). Current observations in Buck Island 

channel and  inside the reef lagoon suggest that tides and infragravity w aves 

are  propagating alongshore and not cross-shore. This w ave propagation and 

observed tim e lag produce s e a  level differences that can drive w ater acro ss  the 

reef crest. Similar conditions have been observed at Ningaloo Reef, W estern 

Australia, a  reef with a  geom etry similar to T ague Reef (Hearn and Parker, 

1988).
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W ater Tem perature

Tem perature m easurem ents derived from tide gages placed both in the 

forereef and lagoon indicate that lagoon water is warm er than forereef water. 

During daytime a  gradient of 0.8°C exists across the reef, but the two water 

bodies reach thermal equilibrium at night. This tem perature gradient is a  

function of water depth differences and available solar radiation. Tem perature 

gradients reported from atolls are related to the restricted lagoon circulation 

(Pugh and Rayner, 1981; Kjerfve, 1978). Kjerfve (1978) sta tes that the lagoon 

acts as a  heat source during daytime and a heat sink during night a s  observed 

in this study. This tem perature gradient is important because mixing of lagoon 

and forereef w aters produces the reef crest w ater m ass. This reef crest water 

has chemical properties differentiated from the forereef water, which has been 

changed by intense biological p rocesses (Hamner and Wolanski, in 

preparation).

Inrsitu Winds

Wind m easurem ents m ade during the reef experiment represent typical 

Caribbean trade wind conditions with sp eed s around 3-10 m-s-1 from the NE-E. 

The alongshelf and cross-shelf wind com ponents show that most of the energy 

is directed alongshore and westward. The m ean speed  in this direction is 3.9 

m-s-1. The spectrum of this component indicates that most of the energy is 

concentrated at periods between 12 and 24 hours. The cross-shelf component 

is w eaker with a  m ean flow of 0.6 m-s“1 directed into the lagoon. The wind 

spectrum show s that, again, most of the energy is between 20 and 37 hour 

periods.
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Long-te rm C urrents

Current m easurem ents in Buck Island Channel (Fig. 5.11) were 

dom inated by a  bidirectional, semidiurnal flow with sp e e d s  around 10 cm -s' 1 in 

agreem ent with shelf currents off the  south coast (Roberts et al.,1981a,b). The 

alongshore com ponent had a  net w estw ard flow of 3.1 cm-s*1 with 

considerable energy at diurnal and  sem idiurnal frequencies. The cross-shelf 

com ponent had a  net southw ard flow with considerable energy at diurnal 

frequencies.

W ater Levels Differences

S e a  level differences acro ss  the reef w ere primarily diurnal oscillations 

that m odulated the infragravity w aves. Even though cross-spec tra  show ed zero 

p hase  lag at tidal frequencies, the surface slope spectra  show ed most of the 

signal's energy near diurnal frequencies. This discrepancy can be attributed to 

the short tidal record em ployed in the  spectrum  analysis. O ther possible 

m echanism s that may have created  w ater level differences w ere the  reduction 

of tidal amplitude in the lagoon by friction or wind set-up. C ross-shelf winds 

displayed a  positive correlation with the w ater level differences, and  the 

correlation coefficient a t zero  lag w as 0.40. A coherence  squared  of 0.89 

betw een cross-shelf wind s tre ss  and w ater level differences existed betw een 

periods of 24-30 hours. The characteristic cross-shelf wind s tre ss  can produce 

a  set-up of only 0.02 cm against the coastline, indicating that wind s tre sse s  

w ere not creating the surface slope at diurnal frequencies. The w ater level 

differences at infragravity wave frequencies w ere m easured  at about 0.75 cm. 

Absolute level differences w ere not observed  b ecau se  of problem s in the 

leveling of the  tide g ages. Superposition of infragravity and tidal oscillations 

m akes this problem highly time dependent. O bservations of s e a  level
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differences on other coral reefs have concentrated on wave set-up, and these  

can be up to 10 cm in the Pacific and 1 cm in the Caribbean (Gerritsen, 1981; 

Munk and Sargent, 1948; Roberts unpublished data). S e a  level differences 

were estim ated analytically for the infragravity w aves in C hapter 5. Assuming a  

balance betw een the surface slope, bottom friction, and net acceleration, the 

resulting speed  can be calculated. As will be d iscussed  later, 20-min current 

averages exhibited tidal variations, and a  low-passed speed  plot of data  from 

Experiment 4 revealed reversals at time periods near 30 min.

W a m E  ssu lts

As w aves travel across the forereef into the lagoon, several 

transform ations were found to be occurring on time scales of seconds and over 

d istances of hundreds of meters. B ased on these  transform ations, four wave 

zones were identified: (1) the shoaling zone characterized by increasing wave 

heights, (2) the breaking zone characterized by nonlinear p rocesses, (3) the 

bore-like surf zone characterized by energy dissipation and  w ave height 

reduction, and (4) the lagoon where w aves reform into oscillatory types. 

Spectral analysis of wave data  from forereef, reef crest, and backreef sites 

indicated that total energy d ecreased  a s  w aves propagated lagoonward. 

However, not all energy at individual frequencies decreased ; at som e 

frequencies it increased. The increase can be accomplish by nonlinear energy 

transfer. S hapes of the spectra  also changed. In particular, the  spectrum  peak 

at 9-10 s  completely disappeared, while peaks a t 14 s  propagated with minor 

changes. T hese changes suggested  that interfrequency exchange or 

convergence of energy and som e selective p rocesses  occurred a s  w aves 

traveled across the reef c r e s t . Similar phenom ena were observed by Gerritsen 

(1981) and Lee and Black (1978). A possible explanation of th ese  phenom ena
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can be derived using nonlinear wave theory (Mei, 1984), but this topic will not 

be pursued here. Wave heights ranged from 30 to 40 cm at the forereef, 15 to 

20 cm at the reef crest, 10 to 17 cm at the backreef, and near 5 to 15 cm at the 

lagoon. The study period was characterized by low wave conditions and 

represented the most common condition at Tague Reef. Average wave energy 

decreased  65% (range 80-44%) a s  waves traveled between forereef and reef 

crest. Average dissipation increased to 78% (range 90-58%) for waves 

traveling between forereef and backreef. These results agree with previous 

reports of energy dissipation by Munk and Sargent (1948)-95%; Roberts et al. 

(1975)-75%; and Lugo-Fernandez (1982)-80% between forereef and backreef. 

Energy dissipation increased 13% for waves crossing the reef crest to backreef. 

A similar increase in energy dissipation (18%) a s  w aves go from the forereef to 

the backreef was found at Great Pond Bay, south coast of St. Croix (Roberts 

unpublished data).

Another significant finding of this study was the tidal modulation of wave 

energy dissipation. Low tide energy dissipation was found to be 15% more 

between forereef and reef crest and 20% more between forereef and backreef, 

a s  com pared to high tide conditions. Tidal modulation of wave height has been 

observed by Roberts (1980), Roberts and Suhayda (1983), and Young (1987). 

Kono and Tsukuyama (1980) observed that depth reduction at the reef crest 

increased the dissipation of energy and significantly changed the spectrum 

shape. Studies of submerged breakwaters have shown that water depth at the 

crest controls wave height changes and attenuation across the structure 

(Ahrens, 1987; Nakamura et al., 1966). The Tague Reef study illustrated that 

wave heights at the reef crest were water depth limited, and that 68% and 75% 

of the wave energy were dissipated a s  waves traveled from the forereef to the
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crest and backreef, respectively. Even small variations in the depth over the 

crest of modern reefs (30 cm in this study) can cause significant changes to 

wave dynamics and related processes.

Wave transmission creates wavy surfaces that are important to fisheries 

and for the design of man-made structures in coral reefs (Nakamura et al.,

1966; Nelson and Lesleighder, 1985). Average wave height transmission 

during this study w as 46% (65-32%) and w as modulated by the tide. Low 

transmission correlates with low tide, and high transmission correlates with 

high tide. The explanation for this tidal modulation is the water depth variation 

at the reef crest which in turn controls the wave height. Studies of submerged 

breakwaters have found a  similar dependence of wave transmission on water 

depth at the crest of the structure (Ahrens, 1987; Young, 1987). Wave 

transmission in the St. Croix study occurs by waves propagating over the reef 

crest and overtopping during wave breaking but not by run-up or through the 

reef structure. The principle of energy conservation applied to submerged 

breakwaters yields the following equation, which can be employed in this study 

(Nakamura et al., 1966):

2 2 2 
1 = K r + K ^+ D

where K r and K t are the reflection and transmission coefficients, and D2 is the 

energy dissipation. This equation assum es no wave overtopping of the 

structure. Substituting the energy dissipation (0.78) and wave transmission 

(0.46) results in a  reflection coefficient of 40%. A wave energy dissipation of 

0.88 by waves traveling into the lagoon with the sam e wave transmission (0.46) 

yields a  reflection coefficient of 0.12. A reflection coefficient of 0.28 is obtained 

using depth changes between forereef and crest and the methods of Chapter 6 .
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This variability of the reflection coefficient (10-40%) indicates that more field 

m easurem ents are needed in this research area. Another consequence is that 

energy studies cannot disregard reflection without a  proper evaluation of the 

specific reef and its geomorphic and bottom roughness variabilities.

Wave period computed in this study w as the period associated with the 

spectral peak. There w as no tendency for wave periods to decrease  as waves 

crossed the reef. The only noticeable changes were associated with periods of 

9-10 s, which in som e instances increased. Another interesting aspect of this 

problem w as that backreef periods showed less variability than forereef or reef 

crest periods. In c a se s  where the wave spectra contained peaks at 10 and 14 

s, the 10-s peak was completely attenuated a s  w aves traveled across the reef, 

and the 14-s waves passed  into the backreef lagoon. In this case  the reef acted 

a s  a  low-pass filter. T hese results are in general agreem ent with those of 

Ahrens (1987) who found that peak periods were conserved a s  wave fields 

crossed  the reef breakwater. However, other studies have found different 

results regarding wave periods. Nakamura et al. (1966) indicated that peak 

wave periods decreased  for wave fields crossing the reef. Similarly, Suhayda 

and Roberts (1977) observed that m ean wave periods decreased  50-75 %  in 

the lagoon. Lee and Black (1978) and Gerritsen (1981) reported that significant 

wave periods decreased  for waves crossing the reef. It appears that wave 

periods based  on spectral moments tend to decrease  because of energy 

redistribution and dissipation a s  waves travel across the reef. Also, the reef 

acted a s  a  low-pass filter that let longer period waves pass  and suppressed  the 

shorter period waves effectively.

Wave height reduction across the reef profile indicated that energy is 

being dissipated; however, no information a s  to the responsible m echanism s
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w as obtained. To study the energy dissipating mechanisms, a  steady state 

wave energy equation was employed with bottom friction and turbulence used 

as dissipating functions. This equation w as solved following procedures of 

Thornton and Guza (1983). The model requires prior knowledge of the wave- 

to-water depth ratio during wave breaking and a  bottom friction coefficient. The 

wave-to-water depth ratio, estimated from m easurem ents at the reef crest, 

accurately reproduces the wave breaking position observed.

The model indicates that wave-breaking position does not change 

significantly through the tidal cycle. Energy dissipation by turbulence during 

wave breaking is smaller than that due to bottom friction, a result totally 

unexpected. A possible explanation is that wave breaking a s  a  function of the 

low wave state was not intense and widespread. Visual observations at the 

study site support this hypothesis since many waves passed  unbroken across 

the reef crest. It must be emphasized that these results apply only to low wave 

conditions. Prediction of bottom friction dissipation depends strongly on the 

friction coefficient. Estimates of bottom friction coefficients in this study are 

close to 0 .8 , which is about 10 times greater than sandy bottom coefficients. 

These high values of bottom friction coefficients in coral reefs have been 

docum ented by Roberts et al. (1975) and Young (1989). Another noteworthy 

aspect is that an increase of wave period causes the friction coefficients to 

decrease  by almost half. This trend may indicate that a  possible change of 

scales of bottom roughness took place. Energy dissipation by bottom friction is 

greater than turbulence dissipation at all times. Only during low tide did both 

estim ates approach equality. Wave height predictions of this model have a  

20% error. Inclusion of wave refraction reduces the error by about half. 

Reflection of wave energy from the reef between depth changes never exceeds
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a  value of 0.1 except at the lagoon, where a  large depth change occurs. Thus, 

given estim ates of bottom roughness and  the ratio of wave height to depth at 

the breaking point, the model of Thornton and Guza (1983) d o es  a  reasonable 

job in predicting wave heights across the reef. Better estim ates of bottom 

roughness, the ratio of wave height to depth at the breaking point, and inclusion 

of wave refraction and reflection should increase the accuracy of wave height 

predictions.

Another analysis used  to study wave energy reduction w as a  time-delay 

linear model. Results of the model illustrated that low frequencies suffered the 

least while frequencies around the  spectral peak  suffered the  most energy loss. 

This model w as effective for wave height predictions when information 

regarding the physics of energy dissipation w as not important or desired. 

Currents. M ass and Sedim ent Transport

High frequency current and wave spectra  at all stations contain similar 

frequency information at each m easurem ent site, indicating that w aves are 

driving these  currents. C oherence analysis show s that currents at frequencies 

higher than 0.046 cps (periods less than 22 s) a re  driven by w aves. Currents at 

frequencies lower than  0.046 cp s (periods longer than 22 s) are  not wave 

related. Instantaneous sp eed s  at the forereef varied from 65 cm-s' 1 directed 

offshore to 52 cm-s-1 directed onshore over two tidal cycles. Time averages 

over 20-min m easurem ent periods ranged from 0.4 cm -s'1 offshore to

1.9 cm-s-1 onshore and resulted in net onshore motion. Current m easurem ents 

over the reef crest throughout one tidal cycle revealed no vertical sh ea r of the 

currents betw een 60 and 95 cm above the reef floor. Instantaneous sp eed s 

(sam pled every 1 s) varied from 36.7 cm*s' 1 directed offshore to 62.4 cm-s-1 

directed onshore. The time average over 20 min varied from 3.2 cm-s' 1
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offshore to 6.9 cm -s-1 d irected onshore. Backreef instan taneous sp e ed s  

ranged from 24.7 cm -s-1 offshore to 40.2 cm-s-1 onshore. The 20 -min m eans 

varied betw een 0.8 cm -s-1 offshore to 3.4 cm -s-1 onshore over the  sam e time 

interval. S peed  observations at the reef crest were in agreem ent with values 

reported at o ther reefs in the Caribbean: 10-60 cm-s-1 a t Belize (Kjerfve, 1982) 

and 10-180 cm-s-1 a t N icaragua (Roberts and Suhayda, 1983), and 10-120 

cm -s-1 in the Pacific (Maragos, 1978). M ean sp e e d s  at the reef crest were 

tidally m odulated but lower than values reported by Roberts and  Suhayda 

(1983) and varied from 8 to 16 cm -s-1 over one tidal cycle. T hese  values 

reflected low wave heights and wind conditions, but during high w aves higher 

values would be expected  at all stations. Using estim ates of sand 

resuspension  (Leeder, 1982), sand  of 0 .8  mm in d iam eter can be  transported 

offshore by the forereef instantaneous currents and san d  of 0.3-0.2 mm in 

diam eter can  be transported into the lagoon by the  instan taneous currents at 

the crest and  backreef, Fig. 8 .1. T hese results ag ree  with Roberts and Suhayda 

(1983), who su ggested  that sand-sized  particles can be moved within the  reef 

during am bient conditions a s  well a s  storm s. Offshore m ovem ent of forereef 

sedim ents w as hypothesized by Harmelin-Vivien and Laboute (1986) to 

explain dam age to corals on the forereef slope that w ere beyond the depth of 

destructive wave action.

Currents ac ro ss  the  reef are also m odulated by the  27.7-min infragravity 

oscillation, creating alternations of flow in the  offshore-onshore directions. The 

sp eed  fluctuations varied from 2 cm -s-1 in the forereef to 6 cm -s-1 a t the 

backreef. Volume flux at the reef crest, using linear wave theory, indicated that 

0.02 m3s -1 c ro ssed  it and that 50% of this flux w as contributed by w aves. This 

volume flux is small when com pared with 0.9 m3s -1 at high tide to 0.06 m3s ' 1
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at low tide at Eniwetok Atoll (Maragos,1978), and 0.13 m3s "1 in Davies Reef, 

Great Barrier Reef (Pickard, 1986). Pickard (1986) estim ated that at least 40% 

of the flux he m easured w as due to waves, a  percentage that com pares 

favorably with estim ates from this study. W ave contribution to the lagoon 

volume flux cannot be estim ated because suitable current m easurem ents were 

not m ade inside the lagoon. Flushing time of the lagoon with the observed 

volume flux at the reef crest was 37 hours, which is smaller than flushing times 

for large system s like Bikini, 39 days (von Arx, 1948); and Britomar reef, 4 days 

(Wolanski and Pickard, 1983); and larger than for Great Pond Bay along St. 

Croix’s south coast, 8 hrs (Roberts et al., 1981a).

Integrated Circulation Model

Circulation models for atoll lagoons have been formulated by von Arx 

(1948), Frith (1981), and Ludington (1979). They showed that wind stress, 

tides, and wave set-up were the main forces important to lagoon circulation. 

Wolanski and Pickard (1983) dem onstrated that, over the reef flat, the force 

balance w as betw een the bottom friction and the surface slope because  the 

cross-shelf winds were insignificant. In the Caribbean, trade winds blow from 

the NE-E, and for Tague Reef the cross-shelf winds are  very weak. Therefore, a  

mathematical expression of the balance of forces postulated by Wolanski and 

Pickard (1983), but including the time dependence, can be given using the 

vertically and time integrated momentum equation. The alongshore component 

is not included because  data collected contain no information about surface 

slopes in this direction. The mathematical expression for the momentum 

balance across the reef is:
dV _ dr\_
<* '  dv ’ ph
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where tb is the bottom friction, diydy is the surface slope, and dV/dt is the net

acceleration of the water. Expressing the bottom friction a s  a  linear function of

the speed, a  linear differential equation is obtained:
dV dii kV 
dt ~ ®dy h

where k  is the bottom friction coefficient. Another simplification can be made if

the surface slope is expressed a s  a  sinusoidal function of the form:
dn ae^cosCcot) 
dy “ d

where the expression in the numerator was derived in Chapter 5. The 

analytical solution of the resulting differential equation is:

V(t) =_ 9 ^ _ [ ( aCos (tot) + cosin (a)t))J  
d (a  +co )

where a  = K / h ,  to is the frequency of the motion, 0xy is the phase difference of 

the forereef and lagoon waves. Substitution of the following values: 

g = 9.8 m-s-2, a  = .0085 m, 0xy = 0.39, k =0.01, h = 1.2 m, co = 0.004, and 

d = 80 m gives:

V(t) = 3.96cos(cot) + 1.9sin(cot) 

for speeds expressed in cm-s-1. This expression gives values that vary from 

4.4 to 1.96 cm*s‘1 over the wave period and are nearly out of phase with 

regard to the water level oscillations. These conclusions agree with features 

that can be observed by comparing Figs. 6.12 and 7.9. At tidal frequencies a 

similar force balance is expected to occur; however, se a  level differences are 

inconclusive for tidal periods because of problems during the leveling of the 

instruments. Another important difference for tidal frequencies is that if a  > co, 

then the co squared term can be neglected in the solution. Friction is the 

dominant term in the model. The friction coefficient is probably higher for tides 

because the infragravity speed fluctuations contribute to the turbulence at
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longer frequencies. A similar force balance between bottom friction and 

surface slopes at the reef flat has been postulated by Wolanski and Pickard 

(1983). They suggest that friction is the dominant factor in the dynamics of the 

reef flat. With these approximations the cross-reef speeds driven by tidal sea  

level differences are smaller than the infragravity speeds. Other predictions 

based on this model are a s  follows: at high tide the se a  level is higher in the 

forereef, and speeds are directed onshore or towards the lagoon. At low tide, 

the se a  level is higher in the lagoon, and flow is directed offshore or towards 

the forereef. This behavior can be observed in the mean speed obtained from 

records collected at forereef and lagoon sites during Experiment 3 (Fig. 8.2). In 

summary, (a) flow across Tague Reef is driven by wave pumping at the reef 

crest, which flow is always directed onshore, and (b) se a  level differences are 

induced by a phase lag due to shallow water and frictional effects at 27.7-min 

and tidal periods.

The model developed above describes currents that oscillated back and 

forward across the reef crest. The unidirectional nature of the flow is explained 

by the wave pumping and set-up in the breaker zone. Frequency and strength 

of currents resulting from wave pumping depend on incident wave height 

(Bruun and Viggosson, 1977). Since heights are tidally modulated, the 

currents induced by the waves also show tidal modulation. At low tide, wave 

heights are lower, so the wave pumping is minimal. Currents at the crest are 

small. At high tide, wave heights are bigger, and the wave pumping is 

maximized. Currents at the crest are larger. This behavior of the reef crest 

current field is precisely what is observed in both the currents and volume flux 

over the reef. In conclusion, currents at the reef crest show three time scales, 

waves induced by pumping and set-up, infragravity fluctuations induced by
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water slopes of 27.7-min periods, and diurnal variations induced by surface 

slopes w hose origin is uncertain at this time. Suspended  sedim ents, water, 

and  nutrients a t the reef are  continuously being transported lagoonwards; at the 

forereef sedim ents are transported offshore.



9.0 Conclusions

In previous chap ters , research  results pertinent to physical p ro c e sse s  on 

coral reefs w ere d iscussed . T he d iscussion a lso  exam ined th e  effects and 

im portance of th e se  physical p ro cesses  to the  reef ecosystem . T he following 

parag raphs presen t a  synopsis of the  main results of this study.

A. Long-period w ater level variations a t T ague Reef w ere energetic  at

diurnal an d  sem idiurnal frequencies, with am plitudes of 7.1-6.9 

and  2.4-2.5 cm respectively. An w ave oscillation of 27.7  min 

period that contributed to for the  m ovem ent of w aters around the 

reef w as detected . The m easu rem en ts su g g ested  that th e se  

w aves w ere propagating parallel to the  coastline. As they 

propagated  through the  lagoon, shallow  w ater effects an d  friction 

produced minor p h ase  lags and  ch an g es  in the  am plitudes that 

w ere m anifested a s  w ater level differences ac ro ss  the  reef.

B. Long-period curren ts w ere sem idiurnal and  bidirectional (east-w est)

with sp e e d s  of 10-20 cm -s-1 . The flow w as predom inantly 

a longshore and  w estw ard with a  m ean sp e ed  of 3.1 cm -s"1 ; the  

c ross-sho re  m ean flow w as onshore  at a  low sp eed . Such 

w eak cross-shelf flow precluded any reef c re st wave-tidal 

current interaction tha t may have influenced w ave characteristics 

and  their effects.

C. W ater level d ifferences displayed up to a  1 -cm relative slope acro ss

the  reef. T he slope oscillated diurnally and  w as related to the  tidal 

p h a se  lags or winds. A nother energetic  com ponent of the  w ater 

level d ifferences w as an  infragravity oscillation of 27.7-min period 

and  0.5 cm  am plitude c a u se d  by p h ase  lags betw een the  forereef

1 4 5
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and lagoon wave fronts. C ross-shore winds and  w ater level 

differences were positively correlated (correlation coefficient of 

0.40); however, a  surface slope of only 0.02 cm w as potentially 

set-up by the m ean cross-shelf wind stress.

D. Spectral analysis of wave da ta  showed that spectrum  shape w as 

conserved betw een forereef and reef crest and changed for 

w aves betw een the forereef and backreef or lagoon. A 

broadening of the spectrum  caused  by energy dissipation and 

energy redistribution occurred across the r e e f . Significant wave 

heights based  on these  spectra  were 30-40 cm at the forereef, 

15-20 cm at the crest, 10-17 cm at the backreef, and 5-15 cm in 

the lagoon. W ave height changes implied energy reduction of 

65%  from forereef to crest and 78% betw een forereef and 

backreef. Energy dissipation occurred mostly at the peak 

frequencies. Interfrequency comparison of spectrum  estim ates 

revealed that at som e frequencies energy increased, while at 

other frequencies it decreased , indicating that exchange of energy 

occurred a s  w aves traveled across the  reef. Dissipation of energy 

at low tide w as higher than at high tide for w aves betw een forereef 

and crest (15% more) and betw een forereef and backreef (20% 

more). Tidal modulation of energy dissipation and w ater depth at 

the reef crest affected wave heights and transmission. Wave 

heights increased at high tide and decreased  at low tide; wave 

transm ission w as 62% at high tide, 32% at low tide, and averaged 

46%. W ave period based  on the spectral peak  varied between 

9 and 17 s  throughout the study and w as conserved a s  w aves 

crossed  the reef. Wave height prediction across the reef using
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Thornton and G uza’s (1983) model produced acceptable 

estim ates of wave heights using param eters estim ated from the 

data  collected or the  values suggested by them . Bottom friction 

coefficients varied betw een 0.4 and 0.8 at the reef crest and were 

10 tim es larger than for sandy bottoms. The model revealed that 

bottom friction and turbulence dissipation are  of equal importance 

in the reef environment. A linear time-delay spectral model can 

be  used  to predict wave heights and intrafrequency energy 

changes.

E. Currents and s e a  level variations across the reef have similar spectra, 

and coherence calculations betw een both signals show ed that 

currents with time scales shorter than 22 s were linearly related to 

the w aves at the sam e site. Results from current da ta  derived from 

vertically stacked m eters at the reef crest indicated no current 

shear 60 cm above the reef floor at this site. The m ean flow was 

generally directed onshore at all stations, and speed  ranged from

6.9 to 1.0 cm-s"1. A diurnal modulation of the m ean sp e ed s  was 

detected; this modulation is interpreted a s  the  result of diurnal 

changes of the water level differences. W ave-induced sp eed s  

w ere asymmetrical at all stations, but onshore sp e ed s  were 

g rea ter at the reef crest and backreef, while offshore sp eed s 

dom inated at the forereef. Instantaneous sp eed s  were 

50-60 cm -s '1 offshore and 36-40 cm-s-1 onshore at the  forereef,

20 cm-s"1 offshore and 40 cm-s-1 onshore at the reef crest, and 

12 cm -s '1 offshore and 20 cnvs‘1 onshore during 

high tide at the backreef. A low-pass filtered version of the current 

records indicated speed  fluctuations of 2 cm -s '1 at the  forereef



1 48

and 6 cm-s-1 at the backreef at periods of 25-30 min. These 

currents were interpreted a s  being driven by water level 

differences at infragravity periods. Infragravity currents were 

explained in term s of surface slope and bottom friction forces 

acting across the reef crest. In summary, currents at the reef 

varied at three time scales, gravity wave, infragravity periods and 

diurnally. Volume flux based  on m easurem ents w as estim ated as

0.020 m3s '1 at the reef crest and 0.024 m3s ‘1 at the backreef. 

This flux flushed the lagoon in 37 hrs. Instantaneous speeds were 

capable of moving sand-size sedim ent particles offshore at the 

forereef and onshore at the crest and backreef stations. 

Suspended particles over the reef would be transported 

lagoonwards at all times.
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Appendix A

Aj_Conversion of tide gape pressure  output into w ater depths

As mentioned in the  text, the total pressure (Pf) m easured by the tide 

gage is the sum of atm ospheric pressure (Pa ) and the w ater pressure (Pw ); in 

sym bols:

Pt = Pa +Pw

The w ater pressure  can be approxim ated using the following expression:

p w= "Ps * 9 * (Z+Tl)

w here ps  = s e a  w ater density, g = gravity acceleration (9.8 m s-2), z = depth 

below surface taken a s  negative, and x\ = instantaneous s e a  surface. Inserting 

the last equation into the first equation gives:

pt = pa '  Ps * 9 * (Z+Tl) •

The term  -(z+rj) represen ts the  water depth (h) m easured from the s e a  surface 

to the instrum ent's sensor. The w ater depth at any given time can be 

determ ined only if the prevailing atm ospheric p ressure is known. In this study 

the atm ospheric p ressu re  w as not observed, therefore it is impossible to 

estim ated the w ater depth. Instead an equivalent w ater depth (he ) that equals

the w ater depth plus a  w ater layer whose pressure equals the atm ospheric 

p ressure  w as calculated. This equivalent depth is plotted in the tidal curves of 

the  lagoon and forereef after suitable conversion of units. In symbols:

p t = P s * 9 * ( h e ) .

To express the equivalent depth (centimeters) the following equation which 

includes conversion factors to account for changes in units w as employed:

he (cm) = Pt * 0.0689476* 985.9 .
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A2 Justification for using tide p ag e  tem perature a s  w ater tem perature 

This section presen ts evidence that justifies the  u se  of tide gage  

tem perature a s  in-situ w ater tem perature. The first piece of evidence is a  

com parison betw een tem perature m easu rem en ts m ade in the  lagoon with a  

mercury therm om eter and  the tide m easurem ents (Table A1).

Table A1. Tem perature m easurem ents m ade with therm om eter and tide

g a g e

Date Therm om eter Tide gage

4/4 27.0°±0.5° 27.5°

4/4 27.0°±0.5° 27.1°

4/9 28.0°±0.5° 28.1°

Differences observed in the table a re  within the error of the  instrum ents so  they 

a re  not sign ifican t. Even though there  are  only three points in the  com parison, 

the  results a re  in agreem ent with the  assum ption of therm al equilibrium. The 

other piece of evidence, is indirect, it show s the tide gage  response  time to be 

sm aller than the  time required to reach therm al equilibrium after a  tem perature 

changes. To show this relationship, Newton's law of cooling is the starting 

point. It s ta te s  that the  rate of tem perature change of a  body is proportional to 

the  tem perature difference betw een the medium and the  body. Application of 

this law results in the  following equation:

T(t) = c*exp(-kt) +T0 , 

w here c and k are  constan ts to be determ ined, and T0 is the medium 

tem perature taken a s  26.34 °C in th e se  w aters. The value of c  w as determ ined 

from the observed  instrument tem perature before entering the w ater, around
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from the observed instrument tem perature before entering the water, around 

32.8 °C for both gages. The value of k w as determined by plotting [((T(t) -T0 )/c)]

during the cooling stage on semi-log paper for each instrument and calculating 

the slope of the resultant line. The estim ated values were 1.70 h r 1 and 1.86 

h r 1. These values represent response times of about 35 min for both 

instruments. Since we are interested in tem perature changes over one hour or 

more, it is safe to equated that observed tem peratures by the tide gages with 

water tem perature.

A3 Calibration and statistical analysis of the pressure sensors

In order to verify the accuracy of the tide gage pressure senso rs a 

calibration test w as performed on each instrument after the study w as 

completed. The tests were conducted at the CSI shop using a  pneumatic 

apparatus acquired recently. Each test consisted of applying a  known pressure 

and recording the output, then subtracting the ambient pressure a s  m easured 

by each instrument. This procedure w as repeated three tim es for each tide 

gage and the averaged value computed. T hese results are presented in Fig.

A1 plotted against the known applied pressure. The response is highly linear 

and very accurate a s  indicated by the value of the slope. An ideal system  

should have a  slope value of unity, the calculated values for the instruments 

were 0.9985 and 0.9984. The errors or deviations from the applied pressure 

showed that SN27 had a  zero offset and SN20 a  3.7 cm offset. Another 

interesting aspect of these  plots is the fact that the slopes, which represent the 

errors of the instruments in water depth determinations are 0.15%, a  value 10 

tim es larger than the precision. These facts have been corroborated by m eans 

of tests in the laboratory. Effects of tem perature on the pressure have not been
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considered  directly, however,laboratory conditions during te s ts  show ed that 

tem perature changes of alm ost 1 deg ree  have little effect on the  pressure.

The three wave sen so rs  had to be calibrated before the  study started. 

T hese  te s t w ere also conducted in the  CSI shop by Mr. Rodney Fredericks. 

Each tes t consisted of applying a  known pressure  using a  piston system  and 

recording the output voltage. The calibration d a ta  for each  se n so r is p resented  

in Fig. A2. R esponse of the sen so rs  is highly linear a s  indicated by the  values 

of 1.0 the r-squared. Error curves characteristics of the regression lines are  so 

small the their net effect is to increase the width of the lines in the  plots. 

Examination of the regression  equations for each  m eter show s similar values 

for the slopes and intercepts close to zero. The question a s  to w hether there is 

a  significant difference betw een the slopes or if the intercepts a re  statistically 

equal to zero  a rises naturally. To answ er th ese  questions a  statistical 

techn iques described in Steel and Torrie (1980) w as used. Application of 

th ese  te s ts  a t the 95% confidence interval show s that the  slopes are statistically 

different from each  other, and that the  intercepts are  statistically different from 

zero.

O nce the regression equations w ere established, and  the  gain factors 

from electronics circuits established, the  equations to convert from electrical 

units to engineering units w ere established. The equations w ere of the form:

T| (cm) = C*5*p - a

w here C a re  the counts from the digitizer, (5 and a  a re  constan ts  calculated from 

the electronics, w ater densities used , and  param eters of the  regression 

equations. Values of the  constants for each  sen so r are  p resen ted  in Table A2.
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Table A2. Calibra ion constant for each  wave senso r

S ensor P a

570 0.219 -16.690

571 0.244 12.724

820 0.224 -11.875

A4 Calibration of the ducted current m eters

Calibration data  for the ducted current m eters w as collected in 1979 on 

the US Geological Survey Laboratory at NSTL, Mississippi. The d a ta  are 

display graphically in Fig. A3. Each m eter has a  highly linear response a s  

shown in the figure and the r-squared value of 1. Statistical te s ts  similar to the 

ones used  for the wave senso rs were performed regarding slopes and 

intercepts of the ducted current meters. Results at the 95% confidence level, 

reveal that the slopes were not statistically d ifferent. The average value of the 

slopes, 3.417, w as used in the equations. The intercepts were statistically 

different from zero. Inspection of the converted d a ta  revealed that wiring of one 

of the senso rs had a  reverse polarity, and the m eter used at the upper level of 

the crest station malfunction after Experiment 1 concluded.
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Appendix C

Recom m endations to improve experim ental design:

1- Add wave m easurem ents in front of the  reef and just prior to the

wave breaking point.

2- Install current m eters in the  reef lagoon for m ass balance

calculations.

3- Increase record duration to  30 min and sam ple at 0.5 s

interval with a  burst of d a ta  every two hours.

4- Collect bottom roughness data  throughout the reef profile using

several m ethods to determ ine the m ost adequate.

5- Secure more reliable and sensitive current m eters to m easure

wave induced currents.

Suggested  future research:

1- Conduct a  similar experiment with at least two experimental

sites over the reef.

2- Conduct a  lagoon circulation study using field and numerical

m ethods.

3- Study seasonal and/or high wave energy events.

4- Study the infragravity wave phenom ena in detail.

5- Study energy exchanges betw een frequencies and harmonic

generation over the reef crest.

1 8 4



Vita

Name: Alexis Lugo-Fernandez

Date and Place of Birth: February 17 ,1955

Quebradillas, Puerto Rico 

Degrees: 1977 B.S., Physics, Universidad de Puerto Rico

1983 M.S., Marine Sciences, Universidad de Puerto Rico 

Major Field: Marine Sciences 

Minor Field: Civil Engineering

1 8 5



DOCTORAL EXAMINATION AND DISSERTATION REPORT

Candidate: A le x is  Lugo-Fernandez

Major Field: Marine S c ien ces

Title of Dissertation: Wave H eight Changes and Mass Transport on Tague R eef, a
Caribbean R eef, North Coast o f S t . C roix , U.S.  V irg in  I s la n d s .

Approved:

Major Professor anti Chairman

EXAMINING COMMITTEE:

Date of Examination:

November 20, 1989


	Wave Height Changes and Mass Transport on Tague Reef, a Caribbean Reef, North Coast of St. Croix, U.S. Virgin Islands.
	Recommended Citation

	00001.tif

