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Physical processes in a fringing reef system 

by Harry H. Roberts\ Stephen P. Murray 

and Joseph N. Subayda 

ABSTRACT 

Field studies primarily on Grand Cayman Island and supporting investigations on Barbados 
furnished data concerning the magnitudes and spatial gradients of physical processes which interact 
with typical Caribbean reef systems and their unusual sea floor configurations. In situ measurements 
from the fore-reef shelf indicate that currents and deepwater waves are significantly modified by 
reef morphology. Wave heights are reduced 20°/ 0 over a distance of approximately 0.4 km, 
whereas a 75°/ 0 reduction results from breaking processes as waves cross the reef crest and enter 
the back-reef lagoon. These highly modified waves induce a lagoonal circulation pattern which is 
reflected in the sediment distribution. 

Currents on the fore-reef shelf exhibit a distinct periodicity near the diurnal tidal frequency. 
Rather unidirectional and high-velocity flow (occasionally > 50 cm/sec) is characteristic of the deep 
(21 m) shelf margin, but considerably weaker (average 5-7 cm/sec) and more directionally variable 
currents are found on the sha!Jow shelf. Current speeds are attenuated by roughly 30°/0 over the 
narrow shelf. Statistical filtering illustrates that tidal currents are dominant on the shelf, having 
amplitudes up to 25 cm/sec, and that the long-term mean westerly drift averages between 5 and 
10 cm/sec, reaching values of 30 cm/sec under extreme conditions. 

Attenuation of both wave heights and current speeds across the shelf is attributed primarily to 
frictional effects resulting from interactions with the unique boundary conditions presented by 
extreme bottom roughness. This roughness is composed of quasi-periodic spur-and-groove structures 
which have repetitive patterns varying around the island between approximately 50 m and 100 m 
in length and ranging up to 20 m in amplitude. Bottom roughness is expressed by a variance spectrum 
of the bathymetry. Spectral peaks are shifted to higher spatial frequencies (shorter wavelengths) 
at localities receiving the highest yearly wave power. These and more qualitative observations 
suggest that reef morphology responds to the synoptic distribution of wave power. 

1. Introduction 

Coral reef ecosystems are composed of networks of complex feedback systems 
incorporating biological, chemical, and physical interaction (Odum and Odum, 1955; 
Smith, 1973; MacIntyre et al., 1974; and others). Recent work (e.g., MacIntyre et al., 
1974) suggests that among the least understood parameters in these feedback systems 
are those associated with the physical forcing functions (e.g., waves and currents), 
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which influence rates of flow of biological and chemical constituents as well as 
establish ecological zonations. It is the purpose of this paper to present salient 
results of field and laboratory studies designed to ascertain the magnitude of the 
physical processes (namely, waves and currents) which interact with typical Caribbean 
reef systems and to describe some of the interactions which exist between these 
processes and reef morphology. 

The complex systems represented by coral reefs were initially investigated by 
workers concerned with their geologic histories. This early phase found its impetus 
in the development of Darwin's theory of atoll formation. Later research was directed 
toward the biological significance of reefs and interactions with environmental 
parameters. Vaughan (1919), Mayor (1924), Sewell (1935), and others pioneered 
these studies, but the first major multidisciplinary effort was launched by the Great 
Barrier Reef Expedition of 1928-1929. Continued work by Yonge (1931, 1940, 
1963, 1968) and others on coral physiology kept this research front progressing. 
Since the 1940s the field of coral reef research has rapidly expanded and now includes 
many studies of productivity, trophic levels, geomorphology, zonation, and sedi-
mentary geology, not only in shallow reefs but also in deep reefs, as summarized 
by Stoddart (1969) and Lang (1974). 

Perhaps in the enthusiasm of discovering new aspects of how reef organisms 
function within their complex ecosystems, the role of physical forces on coral reefs 
has received little attention. During the late 1940s and early 1950s Munk and Sargent 
(1954) and von Arx (1954) started initial investigations of such interactions; however, 
few physical dynamics studies followed these pioneering efforts. Notable exceptions 
include wave refraction and wave energy studies on small coral islands of the Cam-
peche Bank by Walsh et al. (1962); recent investigations of swell on the island of 
Aruba by Wilson et al. (1973); coastal landform-process relationships on the Wind-
ward Caribbean Islands by Hernandez and Roberts (1974); variability of reefs with 
regard to the wave power climate of an island by Roberts (1974); measurements of 
wave thrust and wave-induced currents in shallow reefs by Shinn (1963) and Storr 
(1964); littoral processes on reefs of Kauai, in the Hawaiian Islands, by Inman et al. 
(1963); and theoretical work concerning wave set-up on reefs by Tait (1972). 

The interaction of physical processes with coral reefs is complex; each reef system 
has its own unique set of environmental and morphologic conditions. However, as 
an approach to understanding these interactions it can be considered that there are 
regions within tropical latitudes in which a particular combination of physical 
process variables is operating to produce a common set of response features. The 
Caribbean reef province, addressed in this study, has a process climate which can 
be generally characterized by (a) a relatively low-amplitude, mixed diurnal and 
semidiurnal tide regime, (b) a moderately strong unidirectional trade wind and wave 
field, (c) strong oceanic currents, and (d) a sheltered position with regard to high-
latitude storm swell. It is within this process framework that data were collected 
on waves, currents, and reef morphology. 
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Figure 1. Location map of Grand Cayman Island and the study site. 

2. Study area 

235 

Data were collected primarily from a field experiment conducted on Grand Cayman 
Island (Figure 1) during November-December 1972. Subsequent supporting studies 
were conducted on Barbados during July-August 1973. 

The study area on Grand Cayman consisted of a linear fringing reef, a shallow 
back-reeflagoon, and a narrow fore-reefshelf(approximately 0.5 km), a configuration 
which is typical of many reef systems in the Caribbean-Atlantic reef province. 
Fringing reefs nearly encircle the island; the exceptions are the leeward western 
coast and a few areas where sea cliffs have developed. Seaward of the shallow, 
alongshore-trending reefs lies a narrow, stepped fore-reef shelf. An abrupt break 
in slope at approximately 8 m marks the seaward margin of a shallow terrace which 
can be traced around the entire island. A deeper terrace slopes seaward from a 
depth of approximately 13 m (base of the shallow terrace) to the margin of the shelf, 
which commonly occurs at depths near 20 m. At its seaward margin the fore-reef 
shelf is intersected by a steeply sloping, seaward-facing surface (ranging from ap-
proximately 40° to near vertical) which descends several hundred meters to a point 
at which the island slope is encountered. 

The shallow fore-reef terrace is characteristically a seaward-dipping limestone 
surface which has a fringing reef crest at its apex and a scarplike seaward face. 
Narrow (generally less than 10 m wide), sediment-floored grooves which trend at a 
high angle to the coastline generally interrupt the continuity of the surface. The 
terrace's seaward margin is highly variable with regard to its geometry as well as 
organic community structure, which ranges from a rather barren algae-covered scarp 
to massive coral spurs which support thriving reef assemblages. In some areas these 
buttresses or spurs extend into deeper water of the lower terrace. 

The deep fore-reef terrace generally can be subdivided into three major areas: 
sediment plain, coral spurs, and shelf margin reef and associated grooves. The 
sediment plain represents an accumulation of biogenic debris at the base of the 
shallow fore-reef terrace. Continuity of the sediment plain is commonly broken by 
ridges or spurs of living coral which extend across the deep terrace from the seaward 
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Figure 2. Profile of fore-reef shelf and adjacent lagoon showing instrument array during the Grand 
Cayman experiment. 

boundary and in some cases intersect the leading edges of the shallow terrace. They 
are separated by sediment-floored grooves ranging in width from a few meters to 
more than 40 m. These spurs and grooves create a texture or roughness of the shelf 
that is unique to reef environments. A sill-like reef, intermittently dissected by 
grooves, occurs at the seaward margin of the deep terrace. The geometry of this deep 
reef is highly variable, ranging from a slightly raised reef ridge with few dissecting 
grooves to huge coral buttresses with deep intervening depressions. Deep reefs of 
the study site adjacent to South Sound exhibited the latter morphology. 

3. Methods and instrumentation 

Figure 2 shows the array of instruments deployed during the Grand Cayman 
experiment superimposed on a schematic profile of the fore-reef shelf and adjacent 
lagoon. The instrument array was arranged in a north-south transect across the 
lagoon-reef-shelf complex at South Sound, near the southwestern extremity of the 
island. The minor supporting data from Barbados were collected from similar in-
strumentation. 

Tide :fluctuations were measured on a specially designed capacitance tide gage 
which was installed, along with an air-sea thermograph, near the shoreline of the 
shallow back-reef lagoon. Barometric pressure was monitored by a Weathermeasure 
Corporation microbarograph at a land-based station as background data to help 
identify possible effects of large-scale storm systems on coastal processes. A recording 
Climet anemometer was mounted on a small sand cay adjacent to the fringing reef. 
This instrument provided a continuous record of wind speed and direction during 
the experiment. 

Shelf currents were measured by both in situ recording instruments and drogues 
<leployed at specific depths. A number of drogues, ranging in depth from 3 m to 
20 m, were periodically released on the shelf, and deep drogues of 30 m, 60 m, and 
90 m were deployed in waters adjacent to the fore-reef shelf margin. Drogue tracks 
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Figure 3. Q-16 in situ recording meter used to monitor steady-state currents at the margins of the 
shallow and deep fore-reef terraces. 

were made by two shore-based theodolite stations which were in radio contact with 
the drogue-deployment boat. Continuous-recording, bottom-mounted current meters 
(Marine Advisers Q-16) were positioned to assess the modification of currents as 
they impinged on the shelf and propagated over a surface of extreme bottom rough-
ness. One bottom-mounted meter was deployed at the seaward extent of the shallow 
fo re-reef terrace at a depth of approximately 8 m, and another meter was positioned 
in deeper water at the seaward edge (21 m) of the deep fore-reef shelf (Figure 3). 
In additi on, two surface-layer meters (Marine Advisers Q-15R) were deployed on 
a taut-line mooring secured (at depths of 6 m and 13 m) between two coral spurs 

(36 m) at the shelf margin. 
Data for defining tbe wave spectra on the shelf were collected from three buoyed 

absolute pressure sensors. Signals were corrected to give surface wave measure-
ments. Wave-induced pressure changes were measured and recorded at each station. 
on a boat-based analog recorder. Sensor depth was read before each measurement 

by employing a low-pass fi lter. 
A two-level, self -recording thermograph was placed at a mid-shelf positi on in 

order to monitor possible changes in the temperature structure. Basic data for 
assessment of bottom roughness were collected with a Model DE-731 Raytheon 
fathometer depth recorder which has an operating fr equency of 41 kHz, sounding 
rate of 270 pulses/min, and pulse length of 0.25 milli sec. Positions of fathometer 
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Table 1. Oceanic surface winds for November, Grand Cayman region. 

Speed (m/sec) NW N NE E SE Total°lo 

2-5 ........ .. . 2 8 17 12 3 42 

5- 8 ... . . . .. . . . 6 15 11 34 

8-13 .. .. .. ... . . 6 9 4 19 

2: 13 ... 

Total °lo .. . 3 20 42 27 4 

Reference: Oceanographic Atlas of the North Atlantic, Section IV: Sea and Swell (1963). U.S. 
Naval Oceanographic Office, Pub. No. 700, Washington, D .C., 227 pp. 

traces were estabiished by the two shore-based theodolite stations, which were in 
radio contact with the survey vessel. Several profiles were made to ensure reproduc-

ible results. 

4. Results 

a. Winds. Table I shows a long-term summary of surface wind speeds and direc-
tions for November in the ocean area surrounding Grand Cayman. Northeasterly 
trades are dominant and display typical speeds of 5- 6 m/sec; 73 °lo of the winds have 

an easterly component. 
Local winds, measured on an offshore cay in the study area at the southwestern 

extremity of Grand Cayman, are shown on a bivariate speed and direction frequency 
diagram (Figure 4). A l though the frequencies of occurrence are smoothed in a 
continuous fashion in this type of diagram, frequency summaries of speed and 
direction classes from the original data matrix are displayed along the margins. 
The expected northeasterly trades produced the modal direction (26.S°lo), but it is 
clear that the winds varied considerably in both speed and direction. The variability 
is attributed to the influence of local topography and storms. Easterly components 
(65°!o) still clearly dominate the direction field, but the wind speeds are considerably 
reduced (cf. Table 1). This ftictiona l attenuation of wind speed across an island was 
documented by our 1973 Barbados study, in which a 2-3 m/sec velocity differential 

1,a .s-,.1 

Figure 4. Bivariate speed-direction frequency distribution for wind velocity during the period 
November 4-28, 1972. 
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on the downwind coast was observed 
(Conlon, 1974). Garstang et al. (1970), 
in an earlier study, noted the same effect. 
The peak of easterly and southeasterly 
winds with speeds greater than approxi-
mately 5 m/sec (Figure 4) was associated 
with intermittent southeasterly storms. 

b. Waves (shelf). Wave measurements 
on the fore-reef shelf and in the fringing 
reef lagoon indicate that deepwater wave 
characteristics are significantly modified 
by reef morphology. An example of the 
spectral changes occurring between the 
shelf edge and the seaward margin of 
the shallow terrace, a distance of about 
0.4 km, is shown in Figure 5. Compari-
son of the spectra shows a general de-
crease in energy density throughout the 
frequency range of the spectrum of 
about 45 °lo, or a height reduction of 
about 20¼ , but the general shape of 
the spectrum and the frequency of the 
spectral peak remain the same. Changes 
in wave height on the fore-reef shelf are 
due to the combined effects of a number 
of processes, e.g., shoaling, refraction, 
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Figure 5. Wave spectra (variance density) from 
wave measurements on the shelf edge (dashed 
line) and near reef crest (dotted sol id line). 
Al so shown for comparison is the Pierson-
Moscowitz empirical wave spectrum for 10 m/ 
sec at 45° to the wind direction (solid line). 

reflection and scattering, and frictional attenuation. The complexity of the fore-reef 
shelf morphology makes the contribution of each process difficu lt to evaluate; 
however, general estimates of the importance of certain processes can be made. 
Wave fricti onal attenuation and scattering depend in part upon the bottom roughness. 
For a bottom roughness amplitude averaging 2 m, wave scattering (Long, 1973) and 
the bottom friction coefficient (Kajiura, 1968) would be about 10 times that found 
on a sandy shelf. Wave reflection from the scarp between the deep and the shallow 
terraces could be significant. On the South Sound shelf the coefficient at the scarp 
(Kajiura, 1963) is about 0.1 or lO°lo for terrace depths of 8 m and 13 m. Wave 
refraction and shoaling across the shelf also result in wave height changes, which 
for the example given in Figure 5 would have decreased the wave height about lO°lo; 
however, the roughness of the fore-reef shelf may cause slight changes in the wave 
phase speed. This process cannot be estimated quantitatively at this time because 
the energy loss associated with percolation and movement of water within the 
reef matrix and around small-scale roughness elements is unknown. Because wave 
processes on the shelf are strongly coupled to bottom roughness, variability in 
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Figure 6. The characteristics of trade-wind-
driven sea showing the spread in wave di-
rection and the approach of waves toward 
South Sound. 

reef morphology implies a corresponding 
high variability in the rate of these pro-
cesses. 

The data shown in Figure 5 are typical 
of wave conditions on the shelf; however, 
in one respect they are atypical of the 
experiment. In general, a~ shown in 
Table 1, on a seasonal basis the Carib-
bean trade winds blow from the north-
east at about 5-7 m/sec and typically 
create waves having a significant height 
of 1 m and a period of 6 sec (Garstang 
et al., 1970). As discussed previously, 
wind speeds and directions during the 
experiment were considerably variable 
(Figure 4). During the period of obser-
vation of data shown in Figure 5, wind 

direction was toward 270° (approximately from the east), yet the waves at South Sound 
were observed in deep water to be arriving from the ESE, or about 45° to the trade 
wind direction. Owing to the narrowness of the shelf, these waves could not result 
from refraction around the headland to the east. This observation can, however, be 
explained by the fact that trade wind waves do not all have directions parallel to the 
wind direction. This variability in the direction of wind waves, illustrated in Figure 6, 
has been shown (Arthur, 1949) to have an important effect on wave conditions on the 
shelf along shorelines that are irregular in their orientation, such as on islands. Ob-
servations of wave directional properties (Longuet-Higgins, 1962) have shown that 
wave height decreases off the wind direction but that waves are generated up to 90° 
to the wind direction. Generally, the height of the waves generated at an angle 0 to 
the wind direction is given by H O cos2 0, where H O is the height of the waves in the 
wind direction (0 = 0). This spread of trade wind waves is shown in Figure 6 by the 
wave rose, where the length of the vectors is proportional to the wave height at the 
angle of the vector. Trade wind waves traveling at 45° to the wind directions have 
direct access to the shelf at South Sound from the southeast (Figure 5). At 45° to the 
wind direction, these waves would have a height of approximately one-half the down-
wind wave height. If the downwind wave spectrum is assumed to be given by the em-
pirical Pierson-Moscowitz relation (Pierson and Moscowitz, 1964), then the spectrum 
measured at the deep shelf edge should be comparable with the empirically deter-
mined PM spectrum. The PM spectrum shown in Figure 5 is for a wind speed 
(10 m/sec) which matches the observed spectra; the energy density levels are one-
quarter as large and represent the spectrum occurring at 45° to the wind direction. 
Although there are noticeable differences between the observed spectrum and the 
PM spectrum, especially at low frequency and in the sharpness of the peak, reasonable 



1975) Roberts, Murray & Suhayda: A fringing reef system 241 

agreement can be seen to exist. The ob-
served significant wave height of 85 cm 
agrees well with the height of 106 cm 
predicted from the PM spectra. 

c. Waves (lagoon) . The shallow fring-
ing reef crest is a critical zone for wave 
processes because interactions there 
cam,e extreme modification of the in-
coming waves. The main feature of the 
reef crest affecting the waves is its shal-
low depth, typically 1 m, which nor-
mally causes wave breaking. Tide, of 
course, causes the actual depth to vary 
throughout the day. Waves break con-
tinually as they transect the reef crest 
until reaching the deeper lagoon water, 
where reformation into nonbreaking 
waves occurs. Observations at the point 
of reformation, taken in a fringing-reef-
formed windward lagoon on Barbados, 
are shown in Figure 7. For comparison, 

,. 
u 

10• 

;;,-- 10 3 

E 
u 

i 
C . 

"'0 

C 10 2 

-~ 
0 
> 

101 '-----'-- - -'---J...._---'-- -.J 
0 .1 .2 .3 ·"' .5 

Fre q uency, cps 

Figure 7. Wave spectra from a measurementi in-
side the reef crest (dotted line) compared~to 
Pierson-Moscowitz input spectrum (solid line) 
inferred from 6 m/sec trade ;wind, }llustrating 
the extreme modification due to wave breaking. 

the deepwater PM spectrum for a typical trade wind speed (6 m/sec; Garstang et al., 
1970) is also shown because no actual measurements were made on the fore-reef shelf. 
Two features are obvious: There has been a substantial loss of wave energy, and 
the wave spectrum has significantly changed shape. The estimated energy loss, 
calculated from the change in wave height, for the observed conditions is about 750/o. 
This result is in rough agreement with laboratory measurements of wave transforma-
tion over a submerged shoal (Nakamura et al., 1966). This energy loss has not been 
uniform because the observed spectrum shows that considerable energy remains at 
low frequencies. Thus breaking has flattened the spectrum peak and perhaps trans-
ferred energy to low frequency. The exact amount of energy loss and the spectral 
change induced depend upon the depth of water over the reef crest and the input 
wave conditions. The reef crest did not contain surge channels, which have been 
observed in Pacific reefs (Munk and Sargent, 1954) to &ignificantly modify the in-
coming waves. This final form of the spectrum in the lagoon is important because 
the wave steepness (wave height/wavelength) has been shown to have an important 
effect on sediment movement and shoreline beach stability (Hayami, 1958). These 
results suggest that reef crest morphology will have a critical effect on controlling 
the magnitude of waves reaching the shoreline behind the reef. 

It has been suggested that circulation of water and sediment distribution within 
a fringing reef lagoon are determined by lagoon geometry and the input of water 
acros5 the reef crest (Kohn and Helfrich, 1957; Inman et al., 1963). The inflow of 
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Figure 8. Sediment thickness distribution in South Sound shown in plan view and cross section, 
and the lagoon axis current speed (shown by arrows). Note the correspondence of the thick 
sediment accumulations and low speed, and thin sediment accumulation and high speed. 

water may be wave or tide induced, although wave input has been reported to 
dominate (von Arx, 1954; Storr, 1964). Wave-induced input results from wave 
breaking and set-up on the reef crest (Tait, 1972), which are enhanced as water depth 
011 the reef crest decreases (Sibul, 1955). Using the wave data taken during the 
Cayman experiment, the influx of water across the reef crest at South Sound (Figure 1) 
can be calculated. Conservation of this mass flux allows the average transport within 
South Sound to be calculated as a function of position down the axis of the lagoon. 
As a result of the geometry of South Sound (Figure 8), the influx of water over the 
reef crest is funneled to the west. Currents in the lagoon calculated for an input 
current across the reef crest of 10 cm/sec are shown in Figure 8. Lagoon current 
speeds range from 2 to 45 cm/sec, being lowest in the eastern part of the lagoon 
and abruptly increasmg as the lagoon narrows toward its western part. Examination 
of sediment thickness within the lagoon (Figure 8), as determined by probe stations 
in a gridded array, indicates a distribution in accordance with the current field. 
Thick, fine-grained sediment accumulations occur in the eastern part of the lagoon 
(see section C-C'), and as the lagoon narrows and currents increase sediments 
become coarser and thickness decreases abruptly (section A-A', B-B'). Thick ac-
cumulations of relatively coarse sediments occur along the island coast as a result 
of beach building by wave action in the lagoon. For the given volume flux of water 
(400 m3/sec) over the reef crest, the lagoon volume (3.3 x 106 m3) could be replaced 
in about 2.5 hours; the implication is rapid renewal of lagoon water. Thus it appears 
that sediment distribution and nearshore wave and current fields are linked in a 
system to reef crest and lagoonal morphology. 

d. Currents over the fore-reef shelf. The current records observed over the shelf, 
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Figure 9. Bivariate speed-direction frequency distribution for the shallow terrace current meter 
station during the period November 6- 12, 1972. 

although in a trade wind region, proved to contain important variations in both 
magnitude and direction. Figures 9, 10, and 11 show bivariate frequency diagrams 
of the speed and direction from the shallow terrace bottom-mounted Q-16, the deep 
terrace Q-16, and the Q-15R moored on the deep terrace 6 m below the water surface. 

As perhaps expected from the trade wind data shown in Figure 4, the dominant 
current direction at the shallow terrace station (Figure 9) is west, but a distinct 
secondary peak occurs in the east and southeast directions (28.90/o combined). It 
is interesting to note that the current flows directly off the reef (south) nearly 10°/ 0 

of the time. Low speeds (less than 7.5 cm/sec) occur in excess of 50/o of the time 
in all quadrants except the north and northeast but distinctly peak in the western 
and southeastern directions. Speeds higher than 7.5 cm/sec are confined to the 
western quadrant. This bimodal property of the current direction suggests the im-
portance of tidal processes on the shallow fore-reef terrace. These data also show 
the subtle effects of tidally induced water exchange with the lagoon. 

The speed-direction frequency distribution record from the bottom-mounted cur-
rent meter on the deep fore-reef terrace is shown in Figure 10. The dominant feature 
is the long ridge of high frequencies of occurrence extending along the southwest 
and west direction axes. These west and southwest setting currents account for as 
much as 85.5 °lo of the total bottom currents on the deep terrace. The secondary 
peak observed on the shallow terrace is absent. Current speeds are not only more 

Figure 10. Bivariate speed-direction frequency distribution for the deep terrace bottom-mounted 
current meter during the period November 22-28, 1972. 
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Figure 11. Bivariate speed-direction frequency distribution for the near-surface (6-m) current meter 
moored over the deep terrace during the period November 22-28, 1972. 

unidirectional on the deep terrace but also are decidedly higher; nearly 50°/ 0 of the 
time current speeds exceed 15 cm/sec and exceed even 30 cm/sec 27°!o of the time. 
Average speed at the deep terrace site over the interval November 22-28, shown in 
the figure, is 21.9 cm/sec, compared to an average speed of only 5.1 cm/sec on the 
shallow terrace during the interval November 6-12. Over identical time intervals 
the data commonly show about a 60-70¾ reduction in current speed from the deep 
shelf to the shallow shelf. This impressive decay of current speed across a shelf 
only 0.5 km wide is likely the result of unusually large vertical and lateral frictional 
forces induced by the extreme values of bottom and wall roughness. 

The speed-direction distribution record (Figure 11) of the current meter moored 
6 m below the surface is similar to that of the current meter directly beneath it 
(Figure 10) but does differ significantly in detail. Note that, although these near-
surface currents are still predominantly unidirectional, the principal direction axis 
has shifted from west-southwest at the bottom to northwest near the surface; i.e., 
near-surface waters appear to be riding up over the shelf edge onto the shelf, but 
the bottom waters are being deflected toward the southwest by the submarine pro-
montory off Southwest Point. Near-surface speeds exceed 15 cm/sec only 40°1o of 
the time, and the indication is that the bottom currents are slightly higher overall 
than near-surface currents. Calculations on the average speeds over the same 6-day 
interval (580 observations each) bear this out; bottom current speeds average 
21.9 cm/sec, whereas the near-surface speeds average 17.8 cm/sec. A slight accelera-
tion of the water as it passes over the sharp edge of the spur probably accounts for 
this effect. 

The preceding frequency diagrams obscure all information on the time-dependent 
behavior of the currents. Figure 12 displays a time series of the bottom current 
speed and direction at the deep terrace station over a 6-day interval (November 23-28). 
A marked periodicity near the diurnal tidal frequency dominates the speed signal 
over most of the record, and speeds exceed 50 cm/sec at their peak. Current directions 
(Figure 13), however, are remarkably steady toward the west except for two brief 
periods (1800-2400 hours November 24 and 1600-2000 hours November 25). The 
trade-wind-driven westerly drift was sufficiently strong during these intervals to 
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Figure 12. Time series plot of speed and direction from the deep terrace bottom-mounted current 
meter station during the period November 23-28, 1972. 

suppress the tidal current reversals except during the extreme tidal ranges of the 
fortnightly lunar cycle, as indicated by our in situ tide gage data. Io the general 
case, frequency, duration, and strength of the current reversals on the shelf are 
controlled by the counterplay between shifts in both the magnitude of the prevailing 
drift and the amplitude of the tidal current. 

To investigate the spatial characteristics of one of these reversals, a multidepth 
drogue experiment was run during the afternoon of November 25 (see Figure 13) 
over the South Sound study site. A shallow-water set of drogues was released on 
the shelf proper, and a deepwater set (90-m maximum depth) off the near-vertical 
shelf edge. Note that the eight drogue tracks all begin within a half-hour of each 
other. Close inspection of Figure 13 shows that the tidal current cycle lags westward 
with distance along the shelf. Turning of the current occurs first at the eastward 
edge of the study area and propagates westward. Speeds are seen to decrease with 
depth in the off-shelf drogue set and also are markedly smaller near the reef crest, 
as shown by the 1.5-m and 3.0-m shallow drogues. The expected leading of the 
reversal time with increasing depth caused by surface wind effects is not apparent 
in the data. Rapid current decelerations are clearly noted as the 3-m, 8-m, and 30-m 
drogues pass through the extremes of their trajectories. It is also interesting to 
compare the 8-m drogue track at the left of Figure 13 with the current meter data 
shown for the same afternoon (November 25) in Figure 12. Considering the depth 
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Figure 13. Multidepth drogue experiment during a tidal reversal on November 25, 1972. Each 
trajectory is labeled with drogue depth, speed, and duration of track. 

difference between the current meter (note location on Figure 13) at 21 m and the 
drogue at 8 m, their times of flow reversal agree quite well. Other drogue experiments 
in this same area point to a very complex flow field along the shelf wall, probably 
with intermittent periods of strong vertical motion. 

In order to isolate tidal currents from the original current meter data, speed and 
direction were digitized at 12-min increments and decomposed into north-south 
(v) and east-west (u) velocity components; v is positive east and u is positive north. 
The data were then separated into three frequency bands. Oscillations on the order 
of 3 hours or less were first removed from the original series with a 31-point binomial 
filter. The original series was then passed through a Doodson-Warburg (Doodson 
and Warburg, 1941) tidal filter which separates out the long-term current drift at 
frequencies· lower than that of the diurnal tide. Groves (1955) indicated that only 
59°1o of the amplitude of an oscillation with a 2-day period passes the DW filter. 
The tidal period currents were then isolated by subtracting the low-pass output of 
the OW filter from the low-pass output of the 31-point binomial filter. Such techniques 
are described by Holloway (1958) and have been used previously to study the low-
frequency turbulence in currents generated by severe storms (Murray, 1971). 

Figure 14 shows the east-west components of the long-term drift and the resulting 
tidal currents at the deep terrace during two intervals: November 19-21 and November 
24-26. The first interval is typical of the bulk of the record; a very clear± 15-20 cm/sec 
tidal current changes direction (sign) once each day. The long-term mean drift during 
this first interval begins near zero but remains quite steady between - 7 < u < -9 
cm/sec over November 20 and 21. This value represents the component of the westerly 
current drift driven by the quasi-steady trade winds. During the second interval 
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(November 24-26) at the deep terrace station, tidal current components increase 
slightly up to 25 cm/sec, but the long-term drift shows a marked change, increasing 
dramatically from an initial value of about u = -13 cm/sec (west) to a value of 
u = - 26 cm/sec. 

Study of the entire set of tidal band-passed records at the outer shelf station shows 
the tidal current amplitude to vary between 2 cm/sec and 25 cm/sec, depending 
directly on the fortnightly cycle of the astronomical tide. These high tidal current 
speeds were unexpected. A calculation from linear long-wave theory using adjacent 
deepwater depth off the shelf margin and extreme tide range indicates that the 
maximum tidal current in the absence of a coast should reach only 6 cm/sec. The 
blocking effect of the island is apparently magnifying the tidal current by more than 
the factor of 2 predicted by the theory of Longuet-Higgins (1970). 

The increase in the long-term drift current from November 17 to 27 is seen in 
better perspective in Figure 15, which shows the relationship between the magnitude 
of the local wind velocity and the long-term drift current (Doodson-Warburg low 
pass) over a 2-week period, November 14-28. Winds prior to November 16 were 
the east-northeast trades common to the region at that time of the year. A large 
arctic outbreak occurred in North America during the third week of November, 
and by November 17 a strong front bad penetrated the Gulf of Mexico and become 
stationary off the northern coast of Cuba, 300 km to the north of Grand Cayman. 
Winds in the southern Caribbean shifted more to the southeast in response to the 
system; note in Figure 15 the sudden onset of strong winds on November 17, the 
speeds of which approached 8 m/sec out of the southeast. 
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Figure 15. Time series plot of the smoothed local wind velocity and the filtered long-term drift 
at the deep terrace current meter station during the period November 14-28, 1972. 

This wind speed jump is followed, with just over a 2-day time lag, by a sharp 
rise in the long-term drift of about 10 cm/sec. Over the course of the next 7 days 
it continues a gradual rise up to nearly 30 cm/sec. Although the driving force of the 
wind probably contributes somewhat to the current rise, the large time lag (7-10 
days) between wind and current peaks suggests a realignment and intensification 
of the offshore current stream in response to the large-scale wind and atmospheric 
pressure fields associated with the storm. In this regard, calculations by Conlon 
(1974) from the equation given by White (1971) for the mean current field around 
an island in a westward-setting current show the development of high-speed zones 
(current rips) on the flanks of islands. A clockwise rotation of the mean current 
vector by the storm system could then either induce a migration of such a current 
rip into the study area or perhaps set up the direction of water flow required for 
the formation of a current rip around Southwest Point. This level of current activity 
on the reefs can be expected about seven times a year on the basis of the frequency 
of northers reaching Cuba and Jamaica between November and February (British 
Admiralty, 1946). 

As a final point, the daily wind speed peaks, prominently shown on Figure 15, 
are noteworthy. Garstang et al. (1970) indicate that these diurnal cycles are asso-
ciated with an island heating effect which produces appreciably lower wind speeds 
in the evening on the leeward side. Both our 1972 Grand Cayman and 1973 Barbados 
leeward anemometers (Conlon, 1974) showed this diurnal cycle to be well developed 
and indicated a 2- 3 m/sec double amplitude. Observations and calculations by 
Murray (1975) point to a current response to this diurnal wind cycle of about 10 cm/ 
sec in the surface layer. The bottom current at this depth of 21 m likewise should 
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not exceed about 5 cm/sec and therefore is of small consequence in the tidal current 
band pass shown in Figure 14. 

e. Morphology. Configuration of the Grand Cayman shelf, where well-developed 
bottom roughne5s results from both shallow and deep reef topography, constitutes 
a distinctive set of boundary conditions for nearshore physical processes. Major 
components of this bottom roughness, generally referred to as spur-and-groove 
structures, are aligned at high angles to the alongshore-trending fringing reef crest 
and are variable in both spacing and amplitude, which depend on locality. Within 
any given coastal segment, however, the uniformity of these structures can be charac-
terized by their average properties. Spectral analysis provided a method for quanti-
fication of these forms by determining the variance contributed by sea floor repeti-
tions of different wavelengths. This technique, used most often to characterize 
repetitions of a time-varying function, has also been employed to study repetitions 
of a function varying in space (Vincent, 1973; Rozema, 1969; Nordin and Albert, 
1966; Speight, 1965). The spectrum of bottom roughness describes the major com-
ponents of variance in a format suitable for comparison with other bottom roughness 
conditions and for inclusion into expressions of a dynamical nature such as wave 
scattering (Long, 1973). Figure 16 represents bottom roughness power spectra from 
the shallow and deep fore-reef terraces adjacent to South Sound, the primary study 
area for the Grand Cayman experiment. Digitized bathymetric profiles run in an 
alongshore direction for distances of up to 3 km across the structural grain of the 
shelf served as input data. Theodolite tracking provided profile control. Subsequent 
comparison of tracks to air photos allowed selection of records which were perpen-
dicular to spur trends. 

Results of the spectral analysis illu5trate that the dominant wavelengths and 
energy content at these wavelengths are somewhat different at the shallow and deep 
terraces, although the general shapes of the spectra are similar. The shallow terrace 
exhibits the higher frequency and lower amplitude forms. A dominant wavelength 
of 43 m is characteristic of the shallow terrace, as compared to 50 m on the deep 
terrace. This relationship was found to exist at the two sites studied in this manner, 
South Sound and West Bay. Additional data from air photo analysis (Roberts, 1974) 
of selected localities representative of each major segment of the coast support the 
spectral results in that shorter wavelength forms are characteristic of the shallow 
terrace at any given locality. It is suggested that the shift to longer wavelength and 
higher amplitude forms on deeper portions of the shelf is related to a gradual change 
in the deep-shelf process environment associated with the recent eustatic history of 
the area. Spur-and-groove structure of the deep terrace were probably initiated 
during an earlier period of the last major Holocene rise of sea level and thus have 
bad longer time in which to mature. As water gradually deepened to its present level 
over these structures, approximately 20 m, the influence of normal wave activity on 
reef morphology diminished, leaving reef forms on the deep terrace which were 
initiated in a high-energy environment but continue to grow under less wave stress. 
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Narrow grooves, tunnel structures, and arches at the shelf margin indicate that a 
process of spur fusion is taking place which effectively increases the wavelength 
between spurs. These features are much less characteristic of the younger high-energy 
shallow spur-and-groove systems. 

A comparison of bottom roughness spectra between shelf locations subject to 
decidedly different wave regimes was al&o made. Coastal sectors were ranked ac-
cording to yearly mean wave power (Figure 17) by means of a wave refraction/power 
computer program modified for use at Coastal Studies Institute (Coleman and 
Wright, 1971). Output from the program gives power per unit length of coastline 
(ergs/m-sec) as determined by a hindcast method utilizing the frequency, direction, 
and fetch of regional winds. Grand Cayman's wave regime is primarily in response 
to the northeast trade wind system. As three wind directions, northeast, east, and 
southeast, are dominant in different seasons, the east-west alignment of the island 
allows all but the western coast to experience considerable wave activity. Bottom 
roughness spectra from South Sound (sector~ 4-10 of Fig. 17) and West Bay (sectors 
62-68 of Fig. 17) are shown in Figure 18. Input data for each spectrum are taken 
from the deep terrace. In general terms, the roughness spectra are similar in form 
but differ in detail. The spectrum from West Bay, an area where yearly average wave 
power is an order of magnitude less than that in South Sound, shows lower amplitudes 
and longer wavelengths for its principal peaks. A shift in frequency of roughness 
elements to longer wavelength forms along low-energy coasts is characteristic of the 
locations thus far studied from Grand Cayman. This relationship seems consistent 
" within" localities, where the high-energy shallow terrace is compared to the lower 
energy deep terrace (Figure 16), as well as " between" localities (Figure 18). Although 
additional data are needed in order to quantitatively establish the relationship 
between wave power and the spectral characteristics of bottom topography asso-
ciated with reef environments, the spectral method is clearly an effective technique 
for quantitatively comparing the structure of one reef to another or different zones 
within the same reef. 

In a more qualitative sense, Figure 19 illustrates a generalized relationship between 
reef morphology and wave power. Air photo analysis and numerous reconnaissance 
dives along the various coasts of Grand Cayman have substantiated that the most 
uniformly structured and thriving reefs of the fore-reef shelf occur along the moderate-
to high-energy coasts (Roberts, 1974). Regardless of the degree of exposure to wave 
energy, generally the most prolific coral growth on the fore-reef shelf is found at 
the leading edges of the two persistent submarine terraces and the shallow reef crest 
(Figure 19). There is, however, considerable variation in reef morphology within 
each terrace margin, depending on orientation to dominant wave directions. Coastal 
segments exposed to substantial yearly wave activity generally maintain distinct 
spur-and-groove structures on both the shallow and the deep terraces. The terrace 
margins in these areas are characterized by well-developed buttresses which have 
steep, convex profiles separated by narrow, sediment-floored grooves. At the shelf 
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Figure 17. Yearly mean shore wave power distribution (in ergs per second per meter of shoreline) 
for Grand Cayman. Mean wave power levels are shown for various sectors (1-68) of the coast. 

margin (approximately 20 m), massive overhanging reef lobes, cavelike features, 
and tunnels are common structural elements. Adjacent buttresses are generally 
separated by deep, well-defined grooves which debouch sediment over a steeply 
dipping reef face. In contrast, reefs along protected coasts assume more concave 
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Figure 19. Schematic profiles of reef development across both high-wave-energy and low-wave-
energy shelf areas. 

profiles (Figure 19), less steep offshore slopes, and a general lack of well-structured 
spur-and-groove systems. The preceding observations concerning reefs around the 
island of Grand Cayman suggest a strong relationship between details of reef mor-
phology and the synoptic distribution of wave energy on the shelf. 

5. Discussion 

Initial results from these investigations indicate that the interaction of currents 
and waves with reef and coastal morphology are more significant than might be 
expected, producing uncommonly large spatial gradients in process intensity. Cur-
rents of the Grand Cayman study site, as schematically presented in Figure 20, 
displayed considerable variability between regions of the deep and shallow shelf. 
Strong currents, exceeding 50 cm/sec, were commonly measured atop the deep reef 
near the shelf margin (21 m). These currents generally had a westerly component 
in contrast to the weaker and more directionally variable currents of the shallow 
shelf. Decay of the current speeds across the shelf, as seen in Figure 20, is apparently 
the result of fl.ow interaction with extreme roughness, dominated by spur-and-groove 
topography. Reversals in fl.ow associated with turning of the tide on the deep shelf 
were short-term events characterized by greatly reduced current speeds. Net fl.ow 
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Figure 20. Schematic profiles of reef development and the current vectors on the shallow and deep 
terraces. 

is clearly to the west, in accordance with long-term trade wind drift. Dye injections 
near the seaward mouth of a deep groove (36 m) indicate that when currents set 
on the shelf the grooves serve to channelize part of the current, and a secondary 
flow is produced that moves water onto the shelf and eventually over adjacent coral 
spurs, as shown in Figure 20. 

Waves are also substantially affected by configuration of the shelf and its organic-
ally built structures. The greatest spatial changes in the wave field result from coastal 
orientation, which determines degree of exposure to dominant directions of wave 
approach. These gradients are maximized for islands set in a rather unidirectional 
wind and wave field where definite high- and low-energy coasts develop. Figure 17 
illustrates, for example, a difference of two orders of magnitude in mean yearly wave 
power between the windward and leeward coasts of Grand Cayman, an energy 
distribution which is reflected in the resultant structural development of the reef. 
Within any given locality, however, shelf configuration and reef morphology become 
important wave modifiers. The amplitude and spacing of bottom roughness elements, 
for example, affect wave frictional attenuation and scattering, whereas the occurrence 
of a shallow fringing reef structure can completely modify the spectral characteristics 
of shelf waves moving into a back-reef lagoon. 

In order to evaluate the relative importance of waves and currents over the fore-
reef shelf, a common measure of their force was calculated utilizing representative 
current speeds and wave characteristics from field data and water depths based on 
real shelf topography (Figure 21). The current and wave force, F, was calculated 
from the common quadratic stress law, F = 1/2 eACdU2

, where e is the density 
of seawater, A is exposed cross sectional area (taken as 1 cm2 on a vertical plane, 
Cd is the drag coefficient [taken as 1.95 (Rouse, 1961)], and U is velocity in centi-
meters per second. A representative current speed of 50 cm/sec, incorporating both 
wind and tidal currents at the margin of the deep terrace, was decreased linearly 
across the shelf following measured velocities at the shallow-shelf monitoring station 
and the fringing reef crest. Calculations of wave forces were made for nominal 
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trade-wind-generated waves (T = 
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maximum orbital speeds from 
linear wave theory. 

Note that the total force curve 
indicates that forces characteris-
tic of rather high energy, shallow 
reef environments are being ap-
plied at the shelf margin. It has 
been suggested that wave ac-
tivity is important to community 
development, zonation, nutrient 

flux, growth form evolution, and other processes in shallow reef systems (Yonge, 
1940; Storr, 1964; Stoddart, 1969; Mergner, 1972; and others), and it has been 
generally assumed, therefore, that total force on the reef rather uniformly de-
creases wi th depth, as indicated by the wave force curve in Figure 21. Although 
this is true of the shallow shelf, the total force curve indicates an opposite trend on 
the deep shelf owing to the contribution of current forces. The total force curve 
indicates, for example, that at a depth of 21 m the combined wave current force is 
the same as for a depth of approximately 3 m near the fringing reef crest. Thus 
waves and currents should both be considered as regulating mechanisms for organic 
as well as inorganic processes in reef ecosystems. Perhaps the surprisingly powerful 
currents in the deep reef environments, as demonstrated by the Grand Cayman data, 
are largely responsible for the development of :flourishing reefs, which commonly 
occur in rather deep water at the margins of island shelves throughout the tropics. 

Our studies lead us to conclude that reefs are indeed dynamic structures, molded 
to a large extent by physical processes acting upon them. Although our Grand 
Cayman experiments have provided some surprising results regarding process 
gradients present in a low-tide-range, trade-wind fringing reef system, process in-
tensities and spatial variations, as well as reef response characteristics in other 
physical settings, are virtually unknown. On Grand Cayman, which has a tide range 
averaging approximately 30 cm, tidal currents proved to be surprisingly strong and 
the dominant process on the deep fore-reef shelf. What, then, could be expected 
in extreme tide regimes such as areas of the Australia-New Guinea reef system, 
where values 10 times that of the Cayman tide are not uncommon? Other physical 
settings, such as full exposure to high-latitude storm swell (Tuamata Archipelago, 
Society Islands), exposure to a strong bidirectional monsoonal wind and wave 
system (Indonesian subcontinents, Philippines, Maldives, Laccadives), sheltered 
inland seas (Persian Gulf, Red Sea), and land masses lying in the doldrums (Chagos 
Archipelago), need systematic evaluation. 

An important practical implication from this study is that individual processes 
(waves and currents) and the reef are linked in a system. This association suggests 
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that modifi cation of one major component may induce changes throughout the 
entire system. For example, cutting a channel through the shallow fringing reef may 
result in realignment of the back-reef shoreline, redistribution of sediment within 
the lagoon, and possible deposition of sedimentary materials over living reefs of the 
fore-reef shelf. Although changes in reef structure resulting from environmental 
alterations are likely associated with time lags measured in years, sediments and 
biological components of the reef may undergo more rapid transformations on a 
time scale of months, comparable to erosional and depositional changes along sandy 
coasts. These relationships are important to man's proper usage of reef systems, 
which will invariably involve and has involved modification of the environment. 

6. Conclusions 

(1) Deepwater wave characteristics are significantly modified by reef morphology 
before the waves reach the shoreline. Shelf morphologic features produce 20°/ 0 

reduction in wave height owing to the combined effects of friction, scattering, and 
reflection, a rate signifi cantly greater than that occurring on sandy coasts. At the 
fringing reef crest energy loss resulting from breaking produces a 750/o reduction 
in wave height, which is accompanied by a substantial modification to the wave 
spectrum, including the introduction of multiple low-frequency peaks in the spectrum. 
A wave-induced current crosses the fringing reef crest and interacts with lagoon 
geometry to produce a circulation pattern in the back-reef lagoon characterized by 
velocities which increase to the west toward the main lagoon outlet. The distribution 
of sediment thickness within the lagoon decreases to the west and is in qualitative 
agreement with the predicted lagoon current pattern. 

(2) Observations of currents across the narrow fore-reef shelf show a pattern 
indicating a strong interaction with reef morphology. Rather unidirectional high-
velocity flo w which has a diurnal tidal periodicity occurs at the seaward edge of the 
fore-reef shelf and occasionally reaches speeds over 50 cm/sec. Currents on the 
shallow fore-reef terrace are considerably weaker, roughly 30°/ 0 of the deep-shelf 
values, and show considerably more directional variability, a circumstance which 
may be a result of tidal exchange with the back-reef lagoon. The rapid attenuation 
of current speeds over the narrow shelf is attributed largely to lateral frictional 
effects associated with extreme bottom roughness. Statistical filtering shows that 
tidal currents on the shelf are large, having amplitudes up to 25 cm/sec, and that 
the long-term mean westerly drift averages between 5 and 10 cm/sec, reaching values 
of 30 cm/sec under extreme conditions. Theoretical considerations of mean flow 
around islands coupled with a frontal passage suggests that the extreme value ob-
served in the long-term drift results from a migration of a maximum in the trade-
wind-induced steady current field into the study area. 

(3) Wave and current fields show strong spatial changes associated with fore-reef 
terraces, spur-and-groove structures, and the fringing reef crest. On the fore-reef 
shelf the most important aspect of reef morphology is spur-and-groove structure. 
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The quasi-periodic alongshore spur-and-groove structures of the narrow fore-reef 
shelves of Grand Cayman exhibit dominant repetitive patterns which have separations 
varying in length between approximately 50 and 100 m and amplitudes of up to 20 m. 
This characteristic structure of well-developed reef systems creates a uniquely large 
"bottom roughness" boundary condition for waves and currents. The alongshore 
bottom roughness is expressible in quantitative terms by a variance spectrum of the 
bathymetry. Initial results suggest that roughness spectra from various locations 
around Grand Cayman have the same general shape, but dominant spectral peaks 
are shifted to higher spatial frequencies (shorter wavelengths) at localities having 
the highest yearly wave power. These results, along with qualitative observations, 
support the contention that reef morphology responds to the synoptic distribution 
of wave power; e.g., in the Grand Cayman setting, more uniform, well-structured 
reefs occur along the intermediate to high energy sectors of the coast. However, 
calculations show a greater relative importance of current forces over wave forces 
at the deep fore-reef shelf which may be noteworthy with regard to the occurrence 
of thriving reef communities at the shelf margin. 
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