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Internal tidal bores in the nearshore: Warm-water fronts,
seaward gravity currents and the onshore transport of
neustonic larvae

by Jesus Pinedal?

ABSTRACT

Nearshore temperature fluctuations are associated with energetic cross-shore two-way flows
that influence the onshore transport of neustonic larvae. Water temperature near the surface
and bottom at two nearshore stations off southern California (6 and 15 m water depth,
respectively) can drop sharply and subsequently rise. Two or more consecutive drops and rises
can occur at diurnal or semidiurnal periodicities. The temperature increases may be accompa-
nied by energetic seaward bottom currents together with sharp-edged warm-water fronts.
(Warm-water fronts are defined here as linear seasurface features dividing parcels of water of
different temperature.) Shoreward-moving surface fronts divided bodies of water of different
surface temperature, where the coldest water body was inshore. Fronts disappeared at (or
close to) the surf zone. The sharp drops in water temperature are interpreted as the onshore
advection of subsurface water by large internal tidal bores, and it is concluded that the sudden
increases in temperature and cross-shore advection are epiphenomena of internal tidal bores.

Internal tidal bores have been invoked previously to explain the onshore transport of
water-column larvae. This study tests the hypothesis that shoreward surface flow, an epiphe-
nomenon of internal tidal bores, transports neustonic larvae in warm-water fronts. Five
warm-water fronts were sampled in shallow water (about 6 m) for temperature and fish and
crab larvae in June-July 1992. These larvae were more abundant in fronts than in parcels of
water preceding or following the front. Peaks in larval abundance were accompanied by a
sharp rise in temperature, in itself evidence for onshore transport of surface water. It is
concluded that both warm-water fronts and internal tidal bores play a key role in the exchange
across the shelf of material and water properties, and that internal tidal-bore phenomena
explain well the transport of both water-column and neustonic larvae in different habitats.

1. Introduction

Cross-shore circulation (i.c., perpendicular to the coastline) is a key element in the
exchange of material and water properties between the coastal ocean and the
nearshore (30 m and shallower). Cross-shore circulation exchanges nutrients, food,
and planktonic larvae. Because cross-shore scales of some ecological phenomena are
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much smaller than corresponding along-shore scales (e.g. Denman and Powell, 1984;
Mullin, 1986), cross-shore circulation probably has a disproportionate influence on
nearshore ecosystems. An important problem in nearshore oceanography, then, is to
identify the mechanisms dominating cross-shore transport processes.

Internal-tides might be important in exchange across the shelf because, as opposed
to other physical forcing mechanisms, they are very energetic in the cross-shore
direction. Internal tides are internal waves of tidal frequency that result from the
interaction of the barotropic tide with variable topography in a stratified water
column (Baines, 1986, for a review). To illustrate how internal waves could produce
significant advection, consider the analogy of internal waves and surface waves.
Surface waves produce insignificant advection when they occur in deep water. When
surface waves enter shallow water and their amplitude becomes non-negligible with
respect to water depth, the waves become nonlinear and propagate forward as surf.
In shallow water, surf can produce considerable advection. In a manner similar to
surface waves, internal waves produce little advection in deep water. Just as surface
waves propagate forward as surf in shallow waters, internal waves also become
nonlinear, break, and propagate forward as internal surf or internal bores. Surface
waves usually have smaller amplitude than internal waves. While surface waves
break close to the shoreline, internal waves can break relatively farther from the
shore (for internal waves examples see Cairns, 1967; Emery and Gunnerson, 1973;
Haury et al., 1979; Shea and Broenkow, 1982).

Internal waves and bores have been observed in a number of studies in the
Southern California Bight (Ewing, 1950a,b; Arthur, 1954; LaFond, 1962; Lee, 1961;
Cairns, 1967; Emery and Gunnerson, 1973; Winant, 1974; Winant and Olson, 1976;
Shea and Broenkow, 1982; Pineda, 1991). Internal motions are most energetic in
spring and summer when the water column is well stratified. They are least energetic
in fall arrd winter when stratification is weak (Cairns and Nelson, 1970; Winant and
Bratkovich, 1981; Pineda, 1991). Internal tidal waves and bores advancing onshore
can have amplitudes of up to 120 m (Summers and Emery, 1963; Emery and
Gunnerson, 1973; Shea and Broenkow, 1982). It is not known where the generation
site for the Southern California internal tide is. Maximum cross-correlations be-
tween sea level and temperature occur at a 3-5 hour lag in a location close to La
Jolla, California (Cairns and LaFond, 1966), and 5 lag hours at the Scripps Institu-
tion of Oceanography pier (temperature close to the bottom; own unpubl. data).
Advection by breaking internal waves might be important in a variety of environmen-
tal phenomena; there is only scant information, however, on the effects of internal
bores in the coastal and nearshore ocean. Studies have concentrated in the Southern
California Bight (but see Chapman et al, 1991), where the sudden ascent of the
thermocline has been related to internal bores (Arthur, 1954; Stevenson and
Gorsline, 1956; Summers and Emery, 1963; Emery and Gunnerson, 1973; Winant
and Olson, 1976). Cairns (1967) described internal tidal waves becoming asymmetric
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when entering shallow water, and Winant (1974) observed nearshore broken internal
waves propagating as surges of cold water, and he proposed that the internal bores
might be strongly three-dimensional. Pineda (1991) proposed that internal tidal
bores produced upwelling by advecting subsurface water to the nearshore; that
several consecutive large events occurred at semidiurnal or diurnal periodicities; that
effects on surface temperature lasted days; and that internal tidal bores were, on
average, predictable, demonstrating a spring-neap “internal tidal cycle” not in phase
with the surface spring-neap tidal cycle.

Internal-wave phenomena have been invoked to explain the onshore transport of
planktonic larvae. Most benthic marine invertebrates have life cycles which include
planktonic larvae. Planktonic larvae of nearshore taxa reside from minutes to months
in the water column and are often dispersed and/or transported to offshore waters.
To settle near the shore and complete their life cycle they must exploit physical
mechanisms to return there. Hypotheses that invoke internal-wave phenomena for
the onshore transport of larvae have focused on both neustonic larvae (surface-
dwelling) and water-column larvae (planktonic larvae residing between bottom and
sea surface). Shanks (1983), Jillett and Zeldis (1985), Kingsford and Choat (1986),
Shanks and Wright (1987), and Shanks (1988) have proposed that surface slicks
associated with internal waves transport neustonic larvae onshore. The hypothesis is
that surface slicks, created by surface convergent currents generated by internal
waves (Ewing, 1950a,b), concentrate neustonic larvae able to swim upward faster
than the downward convergent currents. As internal waves advance onshore, the
accompanying slicks would also transport their trapped material shoreward. The
internal-tidal-bore hypothesis (Pineda, 1991) states that water-column larvae are
transported shoreward by large internal tidal bores. According to the hypothesis, the
transported larvae should be found in the thermocline or close to the bottom where
the thermocline intersects the sea floor. Shoreward-breaking internal waves at the
thermocline would thus produce nearshore upwelling by transporting subsurface
masses of water together with larvae occurring there.

If internal tidal bores cause upwelling, then the advection of dense subsurface
water to the shoaling nearshore should create a horizontal imbalance in hydrostatic
pressure between dense inshore surface water and lighter offshore surface water.
This might produce an onshore surface flow of lighter water and a seaward bottom
flow of heavier water. Such a baroclinic flow could transport neustonic larvae
onshore. (Here, baroclinic is used for currents that reverse with depth.) This could
also help to explain Arthur’s (1954) brief description of a puzzling shoreward
movement of a warm-water front observed from the Scripps Pier (see Discussion).
These phenomena are consistent with the hypotheses offered in this paper: namely,
that subsurface dense water advected onshore by large-event internal tidal bores
produces a subsequent baroclinic flow, in which the dense nearshore water slides
downslope seaward as a gravity current, setting up the onshore advection of the
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Figure 1. Graphical model of the onshore advection of a dense water body (panels A-C),
followed by its subsequent down slope progression and the corresponding onshore advec-
tion of a warm-water body (panels E-H). Dotted regions represent denser water. Triangular
sections represent cross-shore profiles. The vertical arrow represents position of warm-
water front in panels D and E, and the other arrows represent currents. Horizontal scale
greatly reduced relative to vertical scale. Panels A-C represent “phase one,” while panels
E-H represent “phase two.” (See under “Del Mar: Results” for an explanation.)

surface warm water. As cold water upwells into warmer water, water-temperature
fronts form (Fig. 1). This is used as background for the ecological hypothesis, which
states that shoreward flow transports onshore neustonic larvae in concentrating
warm-water fronts.

This paper analyzes events in which temperature fluctuations are accompanied by
energetic cross-shore currents that could influence onshore transport of larvae. To
illustrate how temperature is related to currents in these events, data from a 1978
physical oceanographic study are used (the “Del Mar” data). Analysis of these
observations demonstrates a correlation of temperature fluctuations with advection.
Another data set of temperature alone (the “Scripps Pier” data), is used to identify
similar events, to infer cross-shore advection, and to characterize a basically unde-
scribed phenomenon: the onshore migration of warm-water fronts. The phenomeno-
logical description of these advective events is then used as the necessary background
to test the ecological hypothesis, the onshore transport of neustonic larvae in
warm-water fronts, using data from an ecological experiment (the “Transport of
Neustonic Larvae” temperature and larva data). This work focus on analysis of
observations. A quantitative description is beyond the scope of the present contribu-
tion.
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Figure 2. Study sites. Isobaths in meters.

2. Methods, results and interpretation

This section describes (1) current and temperature data from Del Mar, Southern
California (Fig. 2); (2) temperature fluctuations at the Scripps Pier, about 11 km
south of Del Mar (Fig. 2), and (3) ecological experiments at the Scripps Pier. The
Del Mar data set is used because it includes current and temperature observations at
three stations over the shelf. Temperature observations at the Scripps Pier are used
because (1) high-frequency temperature data are available since mid 1987; (2)
surface water temperature measurements are available; (3) visual observations were
made at this location; (4) a 60 year historical daily-temperature time-series is
available, and (5) ecological studies were conducted at this location. The Del Mar
and Scripps temperature and current data are interpreted before describing the
hypotheses, rationale, and methodology of the ecological studies. This sequence was
chosen because the interpretation of the physical phenomenon, energetic cross-
shore advection, is necessary to understand the design and rationale of the ecological
experiments.
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a. Del Mar: methods. The Del Mar data set is described by Lentz and Winant (1979).
The site was selected because of its relatively simple topography (Fig. 2). The
instrument arrays were moored on a smooth sloping shelf; seaward of the 60 m
isobath, the slope steepens abruptly. The deployment worked intermittently during
1978-1979. Observations reported here were selected from the interval spanning
from 27 July to 10 September 1978. Current meters and temperature sensors were
deployed at three stations perpendicular to the coastline in water depths of 15, 30,
and 60 m. The 60 m station was about 3.6 km from the coastline. The 60 m station had
instruments at 4, 18, 32, 43 and 55 m water depths; the 30 m-devices were at 3, 12, 19
and 27 m, and those at the 15 m station were at 3, 8 and 12 m. Data were sampled
every 2 min. but hourly averages were reported. Along-shore and cross-shore
currents were measured with Vector Measuring Current Meters. Along-shore and
cross-shore direction are defined as parallel and perpendicular to the isobaths
(parallel to 335°T and 65°T). Temperature observations had +0.05°C accuracy. In
this region, alongshore barotropic currents likely produced by the semidiurnal
surface tide have amplitudes on the order of 10-20 cm s~! (Winant and Olson, 1976;
Winant and Bratkovich, 1981).

b. Del Mar: results. Four events are described. Events are defined as a cooling of the
water column at the shallowest station accompanied by an onshore current close to
the bottom and a seaward surface flow (“phase one”). This is followed (“phase two”)
by warming of the water column and current relaxation and reversal at the shallowest
station (15 m). This paper focuses on “phase two,” which exhibits relatively more
energetic flows, seaward close to the bottom and onshore at surface.

The first 3-5 panels of Figures 3-6 (panels 0 h to 2 h-4 h) show phase one, with
onshore currents close to the bottom and seaward currents close to the surface at all
three stations. For each event, maximum onshore bottom current speeds range was
6.2-8.3 cm s~!, while maximum seaward surface current range was 6.1-15.1cm s~ 1. In
panels 2-4h, the currents relax and reverse at the 15 m station. Phase two follows,
featuring seaward bottom currents (8.9-20.1 cm s~!; maxima) and onshore surface
flow (12.1-17.9 cm s~'; maxima). In phase one, maximum onshore and seaward
speeds during each event occur at different instruments within the stations. The
same is true for onshore surface flow at phase two. However, seaward bottom
currents at phase two consistently occurred at the shallowest station at the instru-
ment closest to the bottom.

For all events, temperature at the shallowest or deepest sensor of the 15 m station
in phase one dropped ca. 1-4°C, while it rose ca. 1.5-5°C during phase two.
Isotherms rose during phase one and became horizontal. A noteworthy characteris-
tic of the events during phase two is that isotherms bend downward sharply between
the 15 m and 30 m stations (panels 5-6h, Fig. 3; panel 6h, Figs. 4 and 5; panels 5-6h,



Figure 3. Isotherms and current speeds at one hour intervals at stations in 15, 30 and 60 m
water depth off Del Mar, California on 27 July 1978. Small circles show scaled instrument
position and small nearby numbers are actual temperature readings. Bold numbers are
values for interpolated isotherms. Arrows pointing right represent onshore (65° relative to
true north) currents. Arrow size is proportional to current speed. Instrument depths at the
60 m, 30 m and 15 m stations were 4, 18, 32, 43 and 55 m; 3, 12, 19 and 27 m; and 3, 8 and
12 m, respectively.
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Figure 4. Isotherms and current speed vectors at stations 15, 30 and 60 m off Del Mar,
California on 4 August 1978. Symbols as in Figure 3.



Figure 5. Isotherms and current speed vectors at stations 15, 30 and 60 m off Del Mar,
California on 5 August 1978. A constant = 0.8 was added to the shallowest temperature
time series at 15 m so that the readings at that depth were not lower than the original
readings at 8 or 12 m water depths. Symbols as in Figure 3.
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Figurc 6. Isotherms and current speed vectors at stations 15, 30 and 60 m off Del Mar,
California on 23 August 1978. Symbols as in Figure 3.
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Table 1. Observed average time scales for events at Del Mar (Figs. 3-6). Currents at 3 and
12 m had similar scales. Numbers in parentheses are number of periods (T) used to calculate
the average scales. In some cases periods from minima to minima and from maxima to
maxima were both used to calculate periods.

Temperature Temperature
Event Currents (12 m depth) (3 m depth)
1 7h(3) 6 h 15 min (4) 14 h (1)
2-3 5 h 55 min (11) 5 h 50 min (10) 12 h (4)
4 5 h 24 min (5) 5 h 30 min (6) 12 h 15 min (4)

Fig. 6). In one case (Fig. 6) some isotherms bend between the 30 and 60 m station.
Temperature varied most at the 15 m station.

The time scales of the current and temperature events were calculated from the
series by averaging the time interval between minima and between maxima at the
15 m station. To compute the measurements over entire periods (T = period
between minima or between maxima), values of the series not plotted in Figures 3-6
were also used. Scales for currents were similar at the deepest and shallowest
instruments (12 and 3 m water depths) and were close to double semidiurnal
(Table 1) but those for bottom and surface temperature were different. Temperature
close to the surface had frequency close to semidiurnal, while bottom temperature
scales had frequency close to double semidiurnal (Table 1).

Figure 7 shows mean currents over 24 hours for events in Figures 3-6, and mean
currents over 24 hours averaged over all events. (See Fig. 7 for details.) In general,
mean surface currents are directed onshore at the 15, 30 and 60 m stations. A mean
onshore current also occurs consistently at the bottom in stations 30 and 60 m,
whereas at the 15 m station the mean bottom currents are consistently directed
offshore. Two exceptions to these flow patterns occur at 60 m and at 30 m for surface
currents (Fig. 7, panels 1 and 4), and at the 60 m station for the bottom flow (Fig. 7,
panel 1).

¢. Scripps Pier: methods. Temperature observations at the Scripps Pier (Fig. 2) were
made in summer and fall 1990; the record is part of the Scripps Pier automatic
weather station (SPAWS). Two sensors located about 300 m from the coastline in
6 m of water (on average) record temperature at 5 min. intervals. One sensor is
located about 1.5 m above the bottom (bottom depth changes due to erosion and
accretion of sand), the second sensor is about 3 m above the bottom sensor (about
0.5 m below the lowest water level). These sensors will be referred to as bottom and
subsurface. Surface water temperature measurements on 28 June were recorded by a
floating device separated longshore by about 15 m from the water-column sensors.
Surface water temperature measurements at various fixed distances from the shore
were obtained by sampling surface water with a bucket from the Scripps Pier. All
times given are GMT.
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Figure 7. Mean currents over 24 h for events in Figures 3-6 and mean currents over 24 h
averaged over all events. Panels 1, 2, 3, and 4 correspond to events in Figures 3, 4, 5, and 6.
The 24 hours averages for panels 2, 3 and 4 included data from 8 hour “before” the events,
the observations corresponding to the events, and data 8 h “after” the events. For panel 1,
the 24-h average was calculated from data included in Figure 3 and from 16 h of data after
the event. This was done because for this event there are no “before” observations. Symbols
as in Figure 3.

d. Scripps Pier: results. Two events, defined as a sudden rise (within 0.5-1.5 h) in
subsurface and bottom water temperature, are described. These were chosen
because surface temperature measurements were also available. Both the 21:00-
June 28 and the 17:30-November 2, 1990 events were preceded by a 4-6°C drop from
background bottom and subsurface water temperature (Figs. 8, 9). The increase in
temperature that followed was about 5°C on June 28 and 3°C on November 2.
Bottom and subsurface temperature behaved similarly throughout the events. The
shape of the temperature trace is asymmetrical, with the falling temperature trace
less steep than the rising portion (Figs. 8A, 9A). On both June 27-30 and November
2-4 several events occurred; the group of events appear to have semidiurnal
periodicity in June and diurnal in November. Nearshore water column stratification
was strong on June 28 and weak on November 2.

e. Scripps Pier: surface expression. On occasion a visible surface front accompanies the
events. In both cases described here, measurements revealed shoreward moving
fronts dividing bodies of water of different temperature, with that closer to shore
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Figure 8. Temperature observations at the end of Scripps Pier in 28 June 1990. Panel A.
Temperature sensors were located about 300 m from the shoreline in water of about 6 m
depth (on average) and sampled every five minutes. The bottom (broken line) and
subsurface (solid line) sensors are about 1.5 m and 4.5 m above the bottom. Panel B. Surface
water temperature measurements; temperature was recorded at high frequency and then
the record was sub sampled at ca. 1-2 readings per minute. Time 0 is about 20:30 June 28.
Time in GMT.

colder than the one offshore. Both fronts disappeared somewhere in the surf-zone.
For both cases, at least one foam band 3-10 m wide aligned parallel to the coastline
separated water bodies of different color; the bands contained accumulations of
foam, kelp, surfgrass, plastic and other debris at the surface and in the front at least
1-2 m deep. The foam band on June 28 was associated with an unquantified sharp
temperature gradient.

When the 28 June front was first seen, it was about 500-1500 m from the shoreline
and appeared to have a broad longshore extent. Figure 8B shows the surface water
temperature record when the front reached the Scripps Pier. The surface tempera-
ture rose from 15.7 to 19.9°C in 1 h. The temperature trace is characterized by three
sudden increases, which account for most of the temperature rise during the interval
considered. The sharpest rise is of about 1.5°C in less than 2 min. One reversal in
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Figure 9. Temperature observations in Fall, 1990. Temperature was sampled each hour for A,

each 5 minutes for panel B. Panel B is an expansion of Panel A for 2 November. Location
and symbols as in Figure 8 panel A.

temperature is also apparent. The 2 November front was about 300 m from the
shoreline when first seen. A transect from the Scripps Pier across the front showed a
single temperature difference of 1.1°C over a horizontal distance of about 9 m
(Fig. 10A); a second transect undertaken shortly after the first one showed that the
front had moved shoreward (Fig. 10B). More observations on fronts will be discussed
under the section “Transport of Neustonic Larvae: Results.”

f Del Mar and Scripps Pier: interpretation. The Del Mar events (Figs. 3-6) are
interpreted as shoreward advection of subsurface water replacing nearshore water
(phase one); this produces upwelling in the nearshore. This is followed by warming of
the whole, shallow water column at the 15 m station accompanied by energetic
seaward bottom currents and onshore surface flow (phase two). The sudden in-
creases in temperature at Scripps Pier (Figs. 8; 9) are interpreted as the replacement
of nearshore dense water by lighter water over short time spans (about 0.5-1.5 h).
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Figurc 10. Transects of surfacc water temperature measured from Scripps Pier on 2 Novem-
ber starting at 17:00 (A) and 17:20 (B). Distance 0 is closest to the shoreline and
corresponds to Scripps Pier pile number 16, then located near the seaward edge of the surf
zone. Time in GMT.

The events occurred after a drop over 4-8 h in subsurface and bottom water
temperature from background levels. These drops, and the similarity of the Del Mar
and Scripps events, will be taken up later, in the discussion.

The fact that the Scripps Pier bottom and subsurface temperatures are similar and
vary together implies that the oscillation in temperature is not due to vertical
displacement in the water column, but instead due to cold water advecting to the
shoreline and then being replaced by a warm-water body. Between June 28 and June
30 the cold-water body was replaced four times, while it was replaced three times
from November 2 to 4. The surface water temperature measurements and visual
observations support this interpretation.

A schematic model of the advection of the warm-water body at Scripps Pier on
June 28 is presented in Figure 11. The diagram in Figure 11 is not directly
comparable to the Del Mar Figures 3-6 because Figure 11 represents a shallower
nearshore water column and because cross-shore patterns (such as isotherm flatten-
ing and downtilting in Figs. 3-6) cannot be derived from data from only one station.
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Figure 11. Schematic model of the replacement of a cold water body by a warm water body on
28 June 1990. X’s represent temperature sensors. Triangular sections represent cross-shore
profiles.

The model assumes that the bottom and sub-surface sensor temperatures are
actually equal to the water temperatures at the sea-air interface and at the bottom.
Another assumption is that the phenomenon is two-dimensional (see below).
Figure 11 shows that temperature fluctuations on June 28 are consistent with
advection. Sharp temperature differences at the surface suggest a horizontally tilted
thermocline in a water column, as shown in Figure 11. This subsurface temperature
gradient is consistent with the idea that the advected waters were thermocline
waters.
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g A gravity current. Consider a model basin which is shallow, nearshore, and with
moderate sloping topography and two water bodies of different densities, the denser
water being trapped between the shoreline and the offshore lighter water mass (an
example with these initial conditions is discussed below). Rotation effects are not
considered here. A horizontal density gradient would produce a corresponding
horizontal hydrostatic pressure gradient. This might produce a baroclinic flow in
which the densest water would slide downslope and retreat offshore and, for
continuity, the lighter water would move shoreward. If density differences are
determined by temperature, then the shoreward moving gravity current could
produce a warm-water, shoreward moving front.

This problem, the mutual intrusion or lock exchange flow, has been solved by
equating decrease in potential energy with increase in kinetic energy (O’Brien and
Cherno, 1934). The downslope speed U of the seaward bottom current can be
roughly calculated under the assumption that the events in Figures 3-6 were gravity
currents propagating down slope with corresponding onshore surface flow. The
speed of advance of the current U can be calculated using the formula of Simpson

(1987):
Ap
U=05 ?gH

where p is the density of the light body, Ap is the density difference between the two
bodies, H is the mean height of the dense current and g = 9.81 m s~2. The nearshore
shelf slope is smaller than 1° and thus it is convenient to assume a gravity current
propagating along a horizontal surface.

Density variability in the vicinity of La Jolla is mainly determined by temperature
variability (e.g. Winant and Bratkovich, 1981). For the Del Mar events (Figs. 3-6),
assuming a salinity value of 33.6% (Cairns, 1967) temperature differences averaged
over the water-column between the end of phase one and the start of phase two at
the 15 m station yield Ap between 4.5 x 10~* and 8 x 10~* g X cm~3. Assuming that
these represent Ap of a gravity current and an H = 750 cm (the mean depth from the
15 m station to the surfzone), calculated values of U range from 9.0 to 12.0 cm s™!
(Table 2).

Averaged values for the observed seaward bottom current (phase two) offer a
rough check for the model values. Observed values, calculated only from the deepest
(12 m water depth) instrument, range from 8.5 to 11.9 cm s~'. The rank order of the
current speeds corresponds in the calculated and the observed values (Table 2).
Similar calculations for the Scripps data assumed a similar H and calculated Ap’s
from the observed differences between the lowest temperature in the cold-water
event and the highest temperature of the incoming warm-water body. The calculated
Uwas 14.4 cm s~! for June 28 and U = 9.5 cm s~ for November 2.
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Table 2. Calculated and observed current speed U for the Del Mar events at the 15 m station
during phase two (see “Del Mar: Results,” for a description). Events 1-4 correspond to
Figures 3-6. Averaged offshore U includes all currents at the 12 m-depth instrument only.
Averages were obtained from data in Figure 3-6.

Observed averaged

Event Calculated U (cm s71) offshore U (cm s™1)
1 11.0 11.2
2 12.0 11.9
3 9.0 8.5
4 10.8 8.6

h. Transport of neustonic larvae: hypothesis. The hypothesis that shoreward flow
transports neustonic larvae in concentrating warm-water fronts predicts that larvae
will be most abundant in convergent zones where strong horizontal temperature
gradients occur. Warm-water fronts, like those described here, can be identified by
high concentrations of floating debris (personal observation). Debris accumulation
could be evidence for convergent currents, because it should be produced by some
sort of concentrating mechanism, as the frontal convergent currents described for
other frontal systems (Le Févre, 1986 for a review). If the inferred convergent
currents concentrate debris, then they could also concentrate neustonic larvae. The
prediction that concentration should take place at strong horizontal temperature
gradients contrasts with other concentrating phenomena such as Langmuir circula-
tion or internal wave slicks. Lastly, the diurnal or semidiurnal frequency of the
temperature oscillations is a distinctive character of these events.

i. Transport of neustonic larvae: methods. Fish and crab neustonic larvae, together
with surface-water temperature, were sampled at the end of Scripps Pier in Summer
1992. A 300 pm-mesh neuston net (0.343 m width X 0.310 m height mouth aperture)
half immersed in the water was used to complete two transects at about 6 m water
depth. The two transects were either parallel or perpendicular to the shoreline (see
below). Total length was 57.3 or 64.1 m, and volume filtered was 3.1 or 3.4 m’.
Volume filtered was calculated as 0.5 X net mouth area X transect length. Tempera-
ture measurements during plankton sampling were done with a bucket thermometer
from the end of Scripps Pier. Only 1.0 m? was filtered in the July 9 front due to net
clogging.

The routine procedure started when a 3-6°C drop in bottom water temperature
was detected at the SPAWS. This was followed by measurement of surface water
temperature with a bucket thermometer; if a drop in surface water temperature had
also occurred, then the sampling procedure continued. The sampling protocol
included measuring surface water temperature with a bucket thermometer through-
out the event and sampling neustonic plankton (the transects described above)
before the front (in colder water), in the front and after the front (in warmer water).
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Figure 12. Neustonic larva abundance and surface water temperature at the end of the
Scripps Pier on 29 June 1992. Arrows denote approximate time of plankton sampling.

After detecting the front, higher-frequency temperature sampling was briefly per-
formed and then plankton sampling would ensue. For events with two or more fronts,
times “after” the first oncoming front are identical to times “before” the second
front. Complete bottom and subsurface water temperature records from the SPAWS
are unavailable for the sampling months.

J. Transport of neustonic larvae: results. Fronts were easily identified as linear surface
features containing floating debris with strong horizontal surface-temperature gradi-
ents. Fronts included high concentrations of debris from the surface, to at least 1-2m
deep. Some fronts arrived parallel to the coastline, but others bent and were
perpendicular to the shoreline when crossing Scripps Pier. Some perpendicular
fronts showed no bending near the Scripps Pier. Perpendicular fronts were some-
times moving northward, sometimes southward. Some were associated with unusu-
ally strong along-shore currents. Most fronts disappeared at the surf zone, where
large concentrations of debris (mostly kelp) could be observed. After some events,
large amounts of kelp were left stranded on the beach.

Figures 12-15 show the abundance of fish and crab neustonic larvae and surface
water temperature in four events during June and July 1992. Figure 16 also shows
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Figure 13. Neustonic larva abundance and surface water temperature in 30 June 1992.
Locations and symbols as in Figure 12.

surface-water temperature observations over two sequential transects perpendicular
to the coastline on July 8. The range of larval abundance was 0-15.1 m~3 for crabs
and (0.7-8.5 m~3 for fish. For larvae not in fronts, the range was 0-1.3 m~3 for crabs
and 0-3.3 m~3 for fish. For any event, larvae were more abundant in the fronts than
after or before them. In two events (Figs. 12, 13) where larvae were sampled outside
the fronts, larvae tended to be found after the fronts had passed. Maximum surface
temperature difference per event ranged from about 2 to 8°C. Most events included
one single front but the June 30 event (Fig. 13) had three fronts (each one of the
fronts had a corresponding foam band). Figure 16 shows two temperature transects
at Scripps Pier. The second transect shows relatively higher water temperature, and
the warmer water is closer to the surf zone in the second transect.

3. Discussion

This section considers: (1) the nearshore cooling preceding the warm water fronts
and its frequency; (2) the similarity of the Scripps and Del Mar events; (3)
assumptions of the schematic model of the events; (4) some typical characteristics of
the temperature fluctuations and cross-shore currents; (5) the scales of internal tidal
bores; (6) the onshore transport of neustonic larvae and (7) some general implica-
tions.
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Figure 14. Neustonic larva abundance and surface water temperature in 7 July 1992. Loca-
tions and symbols as in Figure 12.

The rises in water temperature accompanying shoreward propagating warm fronts
can be explained as an adjustment set up by the down-slope progression of the
inshore denser water body and can be described as a return to background condi-
tions. Therefore, the first-order phenomenon to explain is the anomalous nearshore
presence of a cold water body. Large internal tidal bores can explain this phenom-
enon (Pineda, 1991). Figures 3-9 show temperature records that are interpreted as
large-event internal tidal bores followed by warm-water fronts. It is proposed that
seaward gravity currents and shoreward warm-water fronts, as described above, are
epiphenomena of internal tidal bores. The SPAWS was installed in late August 1989,
and many warm-water events such as those described above have been recorded.
There are insufficient data to assess the frequency of these groups of events, but
frequency could be inferred from the Scripps Pier historical surface water tempera-
ture record, measured every day at the seaward end of Scripps Pier since about 1920.
In this time series, drops in temperature are well explained by large-event internal
tidal bores; the drops are, on average, predictable, occurring mostly in spring and
summer and have lunar periodicity (Pineda, 1991). Warm-water events follow
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Figure 15. Neustonic larva abundance and surface water temperature in 9 July 1992. Loca-
tions and symbols as in Figure 12.

large-event internal tidal bores, and thus could be expected to have a similar
periodicity.

A cooling event similar to those discussed here is described by Winant and Olson
(1976), who present a time series of isotherm depth and cross-shore current speed
and direction for a 17 m water-depth site off Mission Beach, about 9 km south of the
Scripps Pier. Flow speeds up to about 18 cm s~! were found for onshore bottom
currents. For phase two, when bottom water flows offshore, maximum current speeds
were about 12 cm s~! for onshore moving subsurface water and ca. 34 cm s~! for
bottom seaward currents. (The fact the maximum speeds reported by Winant and
Olson are higher than those found at Del Mar is partially due to the use of 60 min.
averages at Del Mar compared with 4 min. readings at Mission Beach.) Scripps Pier
is in front of a bifurcating submarine canyon (Fig. 2) that might intensify internal
waves. It is well known that internal waves are more energetic in the vicinity of
submarine canyons (Shepard et al., 1974; Shea and Broenkow, 1982). Observations at
Del Mar and Mission Beach, far from canyons, do not support the idea that large
internal tidal bores are a mere canyon effect. Another study on the geographical
range of large internal tidal bores (Pineda, 1993) suggests that they are widespread.
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Figure 16. Neustonic larva abundance, surface-water-temperature time-series, (A) and surface-
water-temperature transects (B) at Scripps Pier on 8 July 1992. Distance 0 m is closest to the
surf zone. Distance 146 m is the same site where time-series observations (A) were made;
the last observations in each of the transects are also observations in the time series. Times
denote start and end of transects.

In Figure 1, it is assumed that the advective whole events are mostly two-
dimensional. The extent of the front on June 28 suggests that at least on one occasion
a two-dimensional assumption is justified. The model also assumes that the bodies of
water remain relatively distinctive; of course, some mixing is to be expected. In
particular, Figure 9A shows that the temperature of the warm-water body replacing
the body advected by the first large-event bore is lower than pre-large-event
temperature; this can be interpreted as cooling of the warm-water body (see also Fig.
1B in Pineda, 1991). Temperature records indicate that the bodies of water remain



450 Journal of Marine Research [52,3

distinctive. Minimal mixing during one of these events, inferred from thermocline
structure, has previously been reported (Winant and Olson, 1976).

The observations reported here show that the seaward bottom currents are more
energetic than the oncoming internal tidal bores. For observed seaward currents at
Del Mar, high variance among different stages of phase two are obvious (Figs. 3-6).
Calculated gravity current speeds and observed offshore speeds agree surprisingly
well, however (Table 2). This result supports the interpretation that observed
temperature and current fluctuations are gravity currents. Figures 3-6 show iso-
therms bending downward during phase two. This depression occurs immediately
after the most energetic seaward bottom currents and could result from the momen-
tum of the downslope gravity current as it enters subsurface, denser waters.

Arthur (1954) briefly described an event where “a narrow zone of debris, kelp,
foam and jellyfish” was moving shoreward and that “the observed movement of
debris may indicate a shoreward movement of warm, surface water.” Arthur pro-
posed that temperature changes were due to the shoreward approach of a steep, or
breaking leading edge of an internal wave trough. However, Arthur’s (1954) breaking-
leading-edge conjecture does not explain the initial drop in surface water tempera-
ture. The shoreward movement of debris observed by Arthur (1954) has also been
interpreted as evidence for the transport of larvae and debris by surface slicks
generated by internal-waves (Shanks, 1983). Surface slicks, an epiphenomenon of
internal waves (Ewing, 1950 a,b), would not explain the steep form of the wave nor
the change in temperature described by Arthur. (This issue is further discussed
below under “Onshore Transport of Neustonic Larvae.”)

While this contribution focuses on large internal tidal bores with lunar periodicity,
small internal bores are ubiquitous in the summer (Cairns, 1967; Winant, 1974) and
often occur daily for periods longer than 15 days at Scripps Pier in spring and
summer (Fig. 1 in Pineda, 1991). Small events also appear to have an asymmetrical
temperature trace and might produce some smaller-scale gravity flows.

a. Questions about scales. An important issue is the along-shore and cross-shore scale
of large and small internal tidal bores and warm-water fronts. Along-shore coher-
ence might be the result of either a single wave arriving at two different localities or
of waves generated concurrently and arriving at different sites simultaneously. For
along-shore scales, Arthur (1954) observed a single case of along-shore coherence at
4 km while temperature records at 40 km were not coherent. Lee (1961) observed
short-period internal waves with alongshore coherence of 300 m; Summers and
Emery (1963) observed nearly simultaneous arrival of crests of internal tidal waves at
locations separated along-shore by 16 km in a deep-water location; Winant (1974)
suggested that events observed at the Scripps Pier were mostly three-dimensional.
Winant (1983) reported temperature and current coherence in Southern California
for three frequency (f) bands. For the band that would include processes such as
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diurnal breeze and surface and internal tides (12 d=! > f > 1 d-!), along-shore
current coherence close to the surface was close to 0 at stations separated by more
than 10 km. However, for along-shore current coherence close to the bottom, Winant
found evidence of a propagating baroclinic tide. He pointed out that the cross-shelf
internal tide could be a “localized response to the traveling longshore motion.” The
foam band at least 1 km long observed on 28 June 1990 suggests these events might
have considerable along-shore scales.

For cross-shore scales, Cairns (1967) calculated a wavelength A = 9 km for internal
tides, and showed a single large internal tidal bore with a period at least 8 h. Even at
very slow speeds, this would potentially yield cross-shore scales on the order of a few
kilometers. Emery and Gunnerson (1973) reported A averaging 9 km from cross-
shore temperature transects. The Del Mar data set has been previously analyzed by
Winant and Bratkovich (1981), but cross-shore spatial coherence was not reported in
detail for the “tidal band” frequency (6 d=' > f > 0.6 d™!). For the higher frequency
band (f > 6 d~!), phase speed of internal waves was 37 cm s~! between the 60 and
30 m stations, and 22.7 cm s~! between the 30 and 15 m stations. Results reported
here show coherent currents at the 15, 30 and 60 m Del Mar stations (Figs. 3-6). For
about 5-7 h during each event, bottom currents are directed onshore; at conservative
current speeds (5 cm s71), a parcel of water could be transported 0.9-1.3 km in the
cross-shore direction.

Data in Table 1 reveal that, at the 15 m depth station, the current and temperature
scales are similar for the deepest sensor. For the shallowest instrument, the tempera-
ture time scale was twice the current scale. The scales of both the currents and the
temperature close to the bottom are about half of the semidiurnal tide. These
“double” frequency internal tides have been reported for other geographic regions
and the details of origin are not known (Baines, 1986). Winant and Olson (1976)
found that temperature and currents scales were similar for one event at Mission
Beach.

b. Onshore transport of neustonic larvae. Physical transport mechanisms are critical to
nearshore population and community ecology because adult population size is to
some extent a function of the number of larvae that arrive at nearshore habitats and
recruit successfully (Hatton, 1938; Coe, 1956; Yoshioka, 1982; Underwood and
Denley, 1984; McConaugha, 1988; Roughgarden er al,, 1988). Given that different
types of larvae may have dissimilar depth distributions, and that various transport
mechanisms operate in distinct portions of the water column, it follows that different
transport mechanisms should be invoked to explain the transport of larvae occupying
dissimilar habitats within the water column. The work of Pineda (1991) supports that
internal tidal bores are capable of transporting water-column larvae. Figures 12-16
support that neustonic larvae were being transported onshore by surface flow in
concentrating fronts. While it is not explained why debris accumulate in the warm
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Figure 17. Schematic representation of the mechanism of delivery of debris and larvae to the
shoreline by a warm-water front. The upper panel represents a shoreward moving warm-
water front. The lower panel represents sinking of cold water after the delivery of the
floating material to the shoreline. Arrows represent a conceivable pattern in the direction of
the currents.

water front, it is inferred that a process of accumulation occurs from the observation
that debris are concentrated at these fronts. Other phenomena that concentrate
buoyant material such as Langmuir circulation or internal wave slicks do not explain
the sharp’horizontal surface temperature gradients.

Two mechanisms might help explaining the delivery of neustonic larvae by
warm-water fronts to the shoreline. Figure 7 shows that over a period of 24 hours
mean surface currents are directed onshore. This might result in a net onshore
transport of material. Figure 17 illustrates a mechanism by which fronts might deliver
the larvae to the shoreline. Visual observations of fronts in Figures 8, 10, 12-16
showed that they disappear at the shoreline, as the debris reach the surf zone. Once
the debris encounter the surf zone, (Fig. 17, lower panel), the material might be
taken over by the surf zone circulation, and/or deposited at the beach. The larvae
could also respond behaviorally to the surf environment and initiate a settling
response.

Shanks (1983) proposed an internal wave slick hypothesis to explain the onshore
transport of neustonic larvae. There are several important differences between the
mechanism proposed by Shanks and the one proposed here for explaining the
onshore transport of neustonic larvae. In particular, Shanks (1983; 1986) invoked
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unbroken internal waves as opposed to broken internal waves (e.g. internal bores) as
the mechanism responsible for the transport of neustonic larvae. If surface slicks
over unbroken internal waves could transport floating material, then this mechanism
would also operate in deep water of the coastal or open ocean. This contrasts with
the internal bore front mechanism which is essentially a shallow water, nearshore
phenomenon. The surface-slick mechanism does not require advection of parcels of
water, but advection of the kind presented in Figures 3-6 results from the bore-front
mechanism. Shanks (1983; 1986) reasoned that slicks over unbroken internal waves
were responsible for the transport of neustonic larvae because (a) larvae were
neustonic (and then they could not be transported by internal bores, which would
operate close to the bottom) and (b) peaks in larval transport did not occur during
spring tides, when the largest internal waves would form internal bores. The first
inference is contradicted by the results of this paper, which describes onshore
transport of neustonic larvae by onshore-moving warm-water fronts, an epiphenom-
enon of large internal tidal bores. The second inference, that spring tides should
produce the largest internal waves which in turn would produce internal bores is
plausible. However, other scenarios are also plausible. For example, the largest
internal waves produced in spring tides could break offshore, close to their site of
generation, or dissipate before arriving close to the shoreline. Independent of any
particular scenario, temperature data show that, on average, the largest internal tidal
bores do not occur during spring tides at the Scripps Pier (Pineda, 1991) nor in other
localities (Pineda, 1993). Therefore, the data do not support Shanks’ (1983; 1986)
second inference.

Evidence to support Shanks’ hypothesis of shoreward transport of neustonic
larvae by internal-wave generated surface slicks included lunar periodicity in larval
crab settlement, position of the larvae in the surface, and onshore transport of
drifters in two of five events. Lunar periodicity is better explained by the internal
tidal bore hypothesis (Pineda, 1991) and the neustonic habitat of larvae is also well
explained by the warm-water front hypothesis, as mentioned above. Surface slicks
may look similar to onshore moving fronts (personal observation); measurements,
such as surface temperature observations across convergent zones, are required to
contrast the two phenomena. Furthermore, surface onshore flow obviously also
occurs away from fronts (Figs. 3-0). It is possible that parcels of water being advected
onshore could contain and carry surface slicks that might be separated from fronts.
Thus, in the study of Shanks (1983) the actual identity of the mechanism responsible
for the onshore transport of the drifters in the two events cannot be assessed
unambiguously. Other surface-slick studies do not offer evidence that could contrast
the warm-water-front with the surface-slick hypothesis (Jillett and Zeldis, 1985;
Kingsford and Choat, 1986; Shanks and Wright, 1987; Shanks, 1986, 1988). See Le
Févre and Bourget (1992) for further discussion contrasting the surface-slick and the
internal-bore hypotheses.
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While Shanks’ (1983) mechanism is plausible, evidence for transport of floating
particles by slicks is controversial. Ewing (1950b) concluded that internal-wave slicks
propagate as a “wave of state,” and that the surface film does not share its phase
motion “but only its local oscillations.” He pointed out that “dye or paper placed
ahead of an advancing slick does not move along with it, but is overtaken, passed and
left behind nearly in its original location.” and that “sheets of paper . . . when placed
in front of an on-coming slick, were observed to be drawn into the slick, and, after
some minutes, to be ejected to the rear, indicating that the propagation of slicks does
not depend directly on the surface flow.” This is consistent with Zeldis and Jillet
(1982) who found that juvenile galatheid crabs were linearly arranged by passing
internal waves. While Ewing’s experiments were done at sea, he cautioned that his
conclusion rested chiefly on laboratory experiments. While Shanks (1983), Jillett and
Zeldis, (1985) and Kingsford and Choat (1986) inferred that the mechanism was
capable of transporting surface material from offshore waters to the nearshore,
Ewing offered, to our best knowledge, the only direct experiments on the transport-
ing capabilities of surface slicks. What is needed are more critical experiments to test
the mechanism. Questions should center on the transporting capabilities of slicks
and test for the transport of buoyant material for only a few minutes (as pointed by
Ewing 1950b) or longer (as implied by Shanks 1983; Jillett and Zeldis, 1985; and
Kingsford and Choat, 1986). Another question to answer experimentally is why only
a few internal wave slicks would cause transport within the lunar cycle (Shanks,
1983). Consider the fact that “small event” internal tidal activity appears to occur
daily at the Scripps Pier in summer and spring (Pineda, 1991; and unpubl. data).
While these have associated slicks, peaks in invertebrate settlement do not occur
daily. An additional issue to consider is that observations have shown high-frequency
internal waves, and possibly accompanying slicks, following the head of internal
bores (Cairns, 1967; Winant, 1974; Winant and Olson, 1976). Clearly, this does not
refute the surface-slick hypothesis for the transport of neustonic larvae, and the
surface-slick and internal-tidal bore hypotheses are not alternative. It is worth
emphasizing, however, that temperature observations are needed when distinguish-
ing different mechanisms for onshore transport in surface water by internal waves. If
surface slicks do not require advection of parcels of water, then current data might
also be required to unambiguously identify the slicks’ transporting capabilities.
These issues are important because different internal wave-mechanisms would have
different transporting capabilities.

c. Some implications. Internal waves and bores have been observed in other geo-
graphic areas where they have been related to phenomena that might influence
ecological systems: upwelling at the shelf break (Cooper, 1947, but see Cooper, 1952;
Wolanski and Pickard, 1983; Sandstrom and Elliott, 1984; Pingree and Mardell,
1981; Maz€ et al., 1986; Serpette and Mazé, 1989), surface slicks (Ewing, 1950a,b),
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advancing trains of surface waves, “tide rips” or breaking surface waves (Osborne
and Burch, 1980; Apel et al., 1985; Pingree and Mardell, 1985; Chapman et al., 1991),
and coastal seiching (Giese and Chapman, 1990).

Advection of the kind described in the sections above could play an important role
in a number of nearshore systems. The understanding of such advection is clearly
important for assessing the cross-shore transport of pollutants. Pollutants trapped in
the nepheloid layer could be transported shoreward by events of the sort described
here. Seaward flows close to the bottom in phase 2 at the 15, 30, and 60 m stations
was detected with instruments at 12, 27 and 55 m (Figs. 3-6). These instruments
cannot resolve a Stokes countercurrent between the bottom instruments and the
seafloor. Nonetheless, neither high-resolution vertical temperature observations at
the Scripps pier (with measurements at the seafloor; Winant, 1974) nor another
recorded event (Winant and Olson, 1976) suggest the presence of the countercur-
rent. A Stokes counterflow might result in no net transport close to the bottom.

Energetic seaward bottom currents at the upper continental slope have been
measured in other regions (e.g., Butman, 1988; Pingree and Le Cann, 1989). Some of
these flows are baroclinic and occur at semidiurnal frequency. In particular, Butman
describes 2 events where energetic seaward flows at “approximately semidiurnal
periods” were correlated with variability in bottom water temperature at a similar-
frequency (Butman, 1988; Fig. 5); these events appear very similar to those described
here. Butman (1988) explained these fluctuations using an argument of vertical
mixing in the bottom boundary layer. The hypothesis offered in this manuscript could
be an alternative explanation to these phenomena.

As for many other cases of gravity currents (Simpson, 1987 for examples) it is likely
that variability in topography could result in differential avenues for onshore and
offshore flows. This issue could be important in selecting sewage-discharge locations.
Because internal tidal bores are, on average, predictable within the lunar cycle, for
pollutants lighter than sea-water, such as oil, it could be possible to plan cleaning
efforts of hypothetical oil spills. The energetic along-shore (pers. obs.) and cross-
shore currents near the surf zone might cause considerable erosion in shallow
nearshore areas and might be important in estimating sand budgets. Furthermore,
internal-tidal regimes vary in different nearshore areas (Pineda, unpublished),
implying that different zones have different cross-shore transport regimes.

Shoreward advection of warm-water bodies might also be important for nearshore
benthic and pelagic communities. Fronts accumulate material due to micro-
circulation patterns, and are areas of intense biological dynamics (Le Fevre, 1986 for
a review). Other frontal systems have also been involved in larval transport phenom-
ena (e.g. Epifanio, 1987; Kingsford, 1990; Farell ef al, 1991; Graham et al, 1992).
Moreover, fronts might influence the development and transport of red tides. Two
red-tide events associated with warm-water fronts in early 1990 (pers. obs.) were
observed. Although the present work is focused on larvae at the surface, warm-water
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fronts are obviously not restricted to the top surface layers. Occasional unquantified
cod-end net sampling below the surface expression of the fronts showed very high
abundance of zooplankters, including barnacle, bryozoan and gastropod larvae. The
surface samples also included a unique community of organisms associated with the
floating kelp (Pineda, unpubl.).
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