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ABSTRACT

High frequency data reveal a rapidly changing, highly variable physical
environment on the slope of a coral reef in the Florida Keys U.S_A. Internal tidal bores
generated by breaking internal waves cause extensive, high frequency variation in
temperature, salinity, water velocity, and concentration of chlorophyll a. The arrival of
bores on the reef slope is marked by temperature dropping up to 9 °C and salinity
increasing up to 0.6%o in one to several minutes. These changes are accompanied by the
sudden onset of upslope flow within the bottom 15 m of the water column with speeds of
0.1t0 0.3 m-s~1. At regular, semi-diurnal frequencies, cool, high salinity water,
containing significantly elevated concentrations of dissolved nitrate compared with surface
water, is transported from below the thermocline seaward of the reef and is resident on the
reef slope for up to 4 hr before mixing with surface waters and receding down slope.
Physical variability produced by this mechanism increases significantly with depth on the
reef slope. The arrival of internal bores is a consistent feature at this site from May
through November with peak activity in July through September.

Internal tidal bores appear to be a predictable, periodic source of cross-shelf
transport to Florida coral reefs and a potentially important influence on the delivery of
suspended food particles and larvae to the benthos. In summer the water column seaward
of the reef typically exhibits strong temperature and density stratification with a sharp
density discontinuity (pycnocline) and associated subsurface chlorophyll @ maximum layer
at 45 to 60 m depth. On the reef slope, near-bottom zooplankton concentrations increase
with the arrival of cool water in internal bores. High concentrations of calanoid copepods
especially Acartia danae (Giesbrecht), crab zoea, and fish larvae can be associated with
upslope flow of cool, chlorophyll-rich water onto the reef. In contrast, zooplankton
concentrations are generally low during periods of long-shore and offshore flow of
warmer surface waters. Because the impact of internal bores increases with depth on the
reef slope, particle flux associated with this high frequency mechanism is expected to
increase with depth. A short-term settlement experiment showed increased settlement of
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Serpulid worms at depths from 15 to 30 m, and a 15.5-month transplant experiment
showed greater growth rates of the suspension-feeding coral Madracis mirabilis
(Duchassaing and Michelotti) at 30 m depth than at 20 or 15 m.

While the annual variation in daily average temperatures from 1992 through 1996
was approximately 10 °C (winter lows near 20 °C to summer highs near 30 °C),
temperature fluctuations as large as 9 °C were recorded within individual days. Statistical
analysis of daily temperature extremes allows predictions of return times for large
temperature change events and indicates large among-depth differences in the extent of
cool water delivery and temperature variability. Pulses of nutrient- and plankton-rich
water are more frequent and of longer durations deep on the reef slope than closer to the
reef crest. Predictable physical forcing arising from transport of cool water to the reef
slope is likely to influence a range of biological responses in reef corals and may be of
considerable ecological importance on reefs in the Florida Keys and elsewhere.
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CHAPTER1]
General Introduction

“With the easy confidence of long tradition, the biologist measures the
effects of temperature on every paramter of life. Lack of sophistication
poses no barrier; heat storage and exchange may be ignored or Arrhenius
abused; but temperature is, after time, our favorite abscissa. One doesn’t
have to be a card-carrying thermodynamicist to wield a thermometer.”

-- Steven Vogel, Life in Moving Fluids

Sitting on the ocean in a small boat 20 meters from a set of 10 meter high breaking
waves may not seem terribly wise. Yet the experience can be entirely pleasant and can
even be an ideal sampling opportunity if the waves happen to be breaking 20 meters below
the ocean’s surface. At the surface the entire set of waves can, in fact, pass virtually
unnoticed. Within meters of the bottom, however, flow speeds can jump rapidly as an
enormous quantity of water is set in motion, and physical conditions such as temperature
and salinity may change nearly as much in a few minutes as within an entire year. In this
thesis it is argued that internal waves and broken internal bores represent an important
source of physical forcing in shallow water marine habitats. Data collected from 1992
through 1996 on a coral reef in the Florida Keys show extensive, high frequency physical
variability attributable to internal waves and internal bores. This variability can be tied to
cross shelf transport of suspended particles, dissolved nutrients, and larvae of invertebrates
and fish. Predictions made from long-term data reveal spatial patterns of internal wave
and internal bore impacts that may be of considerable ecological importance. Data
collected near kelp forests in Monterey and Carmel Bays, California from 1994 through
early 1997 also show extensive high frequency temperature variability caused by internal
tidal activity, indicating the widespread nature and potential general importance of these

mechanisms.

Internal waves are an intriguing phenomenon. Both unbroken and breaking gravity

waves at the ocean’s surface are familiar to most people from direct observation, and



clegant mathematical descriptions of wave mechanics (see Kinsman 1965) developed in
the 19th and 20th Centuries are of considerable theoretical importance and practical
usefulness in fields as diverse as fluid mechanics, intertidal ecology, and coastal-zone
environmental planning. What is somewhat less than obvious from direct observation,
however, is that surface waves can be described as traveling perturbations along the
interface between two fluids - air and water - that happen to be of extremely different
densities. Gravity waves can, in fact, propagate at the interface of any two fluids, or
layers within the same fluid, separated either by discrete or continuous differences in
density. Waves traveling within a fluid are known as internal waves. In the idealized case
of a discrete boundary between two fluids of densities p, and p,, the speed, ¢, of waves
traveling at the interface is given by:
¢*= (@/k) (P2 - P1)/ (2 coth(kd;) + p, coth(kdy)) Eq. 1
where g is gravitational acceleration', k the wave number is 2n/A (A is wavelength), and d,
and d; are the depths of the upper and lower layers of fluid respectively (Knauss 1978). In
the special case of surface waves, p, >> p), and Eq. 1 reduces to a much more familiar
result of linear wave theory: .
¢* = (g/k) tanh(kd) Eq.2

Intuition about internal waves is likely to be skewed by experiences with surface
waves, because the latter, in fact represent a very special case of waves at the interface of
fluids whose densities differ by nearly three orders of magnitude (1.205 kg m™ density of
dry air at 20°C and 1 atm pressure; 1024.76 kg m™ density of seawater at 20°C and
salinity 35 (UNESCO 1987)). By contrast, in the ocean, a density variation of 0.1 % in
the top 100 m is considerable. Speeds of ocean internal waves are only a few percent of
surface waves, wave periods typically range from tens of minutes to hours rather than
seconds, and when observed in laboratory wave tanks internal waves appear to be
traveling in slow motion (Knauss 1978). In continuously stratified water, internal waves
can occur anywhere in the water column and are not even limited to traveling parallel to
the surface. Heights of internal waves can be enormous (10s of meters to perhaps 100 m).
Internal tides and waves can be generated by a variety of mechanism including variable
current flow over abrupt topographic features, tidal forcing of a stratified water column
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over the margin of a continental shelf, and horizontal current shear at density
discontinuities (Baines 1986). Where internal waves run into shallow water they steepen
and increasing shear at the density discontinuity can lead to instability and breaking and
the generation of turbulent internal bores. In laboratory wave tanks internal waves can
appear to break “backwards” compared with surface waves: rather than plunging over the
front of the wave, the peak rolls off the back. Most large bodies of water tend to become
stably stratified due to solar warming at the surface, and conditions conducive to internal
wave propagation are ubiciuitous in large lakes and the ocean. Slicks that are surface
manifestations of internal waves have been observed in many locations from ships,
airplanes, satellites, and the US Space Shuttle (Ewing 1950; Apel et al. 197S; Shanks
1995).

Thus, simply the idea that there are waves perhaps as large as 100 m in height
slowly traversing open ocean basins and breaking on continental shelves is likely to be
undeniably intriguing to anyone who has even a passing interest in waves or massive
natural phenomena. Internal tides, waves, and bores have been studied extensively from a
purely physical viewpoint and a sizable literature exists on mathematical and theoretical
considerations as well as laboratory and field observations. Physical oceanographic
interest in internal tidal phenomena has also been considerable, and internal waves
breaking on continental shelves are thought to be an important component of the balance
of vertical diffusivity in the ocean (Eriksen 1985). But of most importance to the work
presented here are several reasons why the effects of internal waves are specifically of
interest to marine biologist and ecologists.

By moving warm and cold water masses vertically, and in the case of internal bores
moving water horizontally, iﬁtemal tidal phenomena represent an important source of high
frequency physical variability in coastal ecosystems. Because cool temperatures are often
associated with increased concentration of dissolved inorganic nutrients in sea water, high
frequency temperature variation can be an indicator of rapid variability in local nutrient

regimes. Surface slicks associated with internal waves have been reported to cause
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onshore transport of meroplanktonic larvae and short-term pulses of larvae delivered to
shallow water marine communities can account for large proportions of overall larval
settlement (Shanks 1983, 1986, 1995). Internal waves are not, typically, distributed
evenly along a given coastline (Shanks 1995), and like surface waves, can be focused by
bottom topography. Variable long shore impact of internal waves and bores may be tied
to variable larval transport to adult populations along a coastline. The search for
mechanisms controlling the transport and delivery of meroplanktonic larvae is of
considerable theoretical interest to researchers interested in the dynamics of spatially
heterogeneous marine populations (Botsford 1994; Wing et al. 1995), and may be of
practical usefulness in the management of commercially exploited marine populations and
design of effective marine reserves (Rowley 1994). The importance of dispersal and larval
delivery mechansims goes beyond simply the supply of new individuals into adult
populations (e.g. Roughgarden et al. 1987) with potential to impact important within-
community processes such as competition, predation, and species diversity (Palmer et al.
1996). The potential that internal tidal phenomena are periodic, predictable features of
many near shore ecosystems increases the possibilities that studies of their impact in any
particular location may be of general importance.

There are also several facets of internal tidal phenomena that make this a system
that is relatively conducive to study. The mechanisms are of sufficiently high frequency
that “long-term” data comprising numerous observations can be collected on time scales
of the order of months to a few years, not the decades to perhaps centuries ideally
necessary for study of phenomena such as the El Nifio-Southern Oscillation. Although it
is not generally possible actually to see most of the effects of internal tides, waves, and
bores, one can get a good description of the time course of these phenomena by tracking
motions of the thermocline. This is relatively easy to do simply by continuously recording
temperature at high sampling frequency and coupling temperature change to other
parameters such as salinity and flow speeds. In addition, recent advances in micro
computer memory have made it practical and inexpensive to record high frequency
physical data such as temperature synchronously at many locations. For example, one of
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