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Upwind Return Flow in A Coastal Lagoon:

Seasonal-Scale Barotropic Transport

PATRICK A . PIT TS

Harbor Branch Oceanographic In stitution, In c.
5600 Old Dixi e Highway
Fort Pierce, Florida 34 94 6

ABSTRACT: Current and wind data collected during a 223-d study period from early June 1983 through early
January 1984 are used to document net upwind return flow over seasonal time scales in the Indian River Lagoon
near Sebastian Inlet on the Atlantic Coast of central Florida. Spectral analysis of wind and current meter data
suggests that wind forcing accounts for the majority of nontidal flow. The two time series are highly coherent at
periodicities of 2,3-3.5,4, and 6 d. The serial correlation coefficient of -0.49 is significant at the 99.9% confidence
level. Historical water level and wind data recorded simultaneously at Sebastian Inlet and Eau GaBie, 34.5 km to
the north, suggest that longitudinal pressure gradients are established in response to seasonal wind patterns. The
upwind near-bottom return flow is interpreted as a response to the seasonal set up of the longitudinal pressure
gradients. The study documents the importance of windstress in forcing low-frequency transport over seasonal
time scales.

Introduction

Coastal lagoons are unique among estuarine types
du e mainly to their geomorphology. Lagoons are
bar-built estuaries usually only a few meters deep
and generally no more than a few kilometers wide.
They are, however, relatively long bodies of water.
The Indian River Lagoon , for example, extends
195 km along Florida's central Atlantic Coast. It
exhibits widths and depths ch aracteristic of coastal
lagoons; 2-3 km and 1-3 m, respectivel y.

The exchange of water between a coastal lagoon
and th e adjacent ocean is often limited as natural
and manmade cuts through the barrier island are
few and widely separated . Indian River Lagoon has
onl y three inlets for water exchange with the ad
jacent Atlantic and all are located along the south
ern half of th e lagoon . Consequently, tidal motions
associated with lagoon-shelf exchanges are quickly
damped, leaving lower-frequency motions domi
nant throughout most of the lagoon (Smith 1985).

Two forms of low-frequency motion play an im
portant role in the internal circulation of a lagoon.
Freshwat er outflow, governed by the amount of
rainfall and th e manner in which it is carried from
the drainage basin to the ocean, may produce pulses
lasting as much as several days and almost always
show s a distinct seasonality. Windstress effects are
especially significant in shallow estuarine waters.
Studies by Smith (1978, 1983) in coastal lagoons,
and by Elliot (1982) in the Potomac estuary, indi
cate th at wind appears to play the dominant role
in th e low-frequency transport.

A study was conducted during the last half of
1983 to investigate circulation and the associated
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flushing mechanisms in re sponse to both tidal and
low-frequency forcing. The focus of this paper is
on the low-frequency forcing in the lagoon; how
ever, tidal aspects are ex amined to indicate their
relative importan ce to overall circulation. Time
scales of nontidal forcing dictate the length of a
study needed to investigat e th e re sponse. In this
study, time scales of particular interest included
the 4-8 d quasi-periodic var iations associated with
the movement of synoptic-scale weather features;
and the seasonal var iations associated with global
scale shifting of sur face pressure patterns . Results
show an inverse relationship between windstress
and the long-channel flow which can be traced to
longitudinal pressure gradients set up by the wind
stress. This study documents the important role
that windstress pla ys as a flushing me ch anism .

Data

A General Oceanics Model 2010 film recording
inclinometer was moored at the edge of the At
lantic Intracoastal Waterway (AIWW) approxi
mately 5 km west-northwest of Sebastian Inlet in
Indian River Lagoon (Fig. 1). The lagoon in this
area is 2-3 km wide and about 1-2 m deep. How
ever, the AIWW is maintained at a 3.5-m depth
and 55-m width. The current meter was cent e red
approximately 1 m above th e bottom within the
channel. Since the shallower waters on either side
are mostly wind-driven (Smith 1983), the net
movement of water through the deeper channel
gives a better indication of tid al moti ons and the
net transport of water past the study site . Also, the
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inclinometer is protected from wave motion and
vandalism.

The study was conducted over a 223-d time pe
riod from June 2, 1983 through January 11, 1984.
Inclination angles were recorded to the nearest
degree each half hour. This resolution provides a
precision of approximately ± 1.5 cm S-I for the
current speed range observed at this location. The
directional accuracy of the instrument, according
to manufacturer's specifications, is ±5° for incli
nations greater than 10°.

The current meter data were supplemented by
water level and wind data. A Stevens Model A water
level recorder was installed approximately 1 km
from the current meter study site . An analog strip
chart record of water level variations was digitized
at hourly intervals to the nearest 0 .1 em , An un
interrupted, 168-d record was obtained from June
16 through December 1, 1983, coinciding with
approximately three quarters of the current meter
record. Hourly wind observations were obtained
for the same 223-d period as the current data from
the Melbourne Regional Airport which is 30 km
north-northwest of the study site.

Additionally, water level data obtained by the
National Ocean Survey in the northern segment
of the lagoon from August 25, 1969 through July
31, 1970 were used to determine the magnitude
and direction of the water level slope arising in
response to local windstress forcing (Fig. 1). One
of these time series was recorded at Sebastian Inlet
while the other was obtained 34 .5 km to the north
at the Eau Gallie Causeway. Again, Stevens Model
A water level recorders were employed. A second
time series of hourly wind observations were ob
tained from the Melbourne Regional Airport which
coincided in time with the 1969-1970 water level
data.

Methods

Several analytical techniques were used on the
current and water level data to quantify the mag
nitudes and relative importance of tidal and non
tidal forcing in producing the observed circulation
of Indian River Lagoon at this location . Current
vectors were decomposed into long-channel and
cross-channel components. This study concentrat
ed only on the long-channel current component.
Timing errors were removed by fitting a natural
cubic spline function through the recorded data
points and then extracting values from the curve
at exact half-hour intervals . To reduce high-fre
quency variability in the time series, data were
smoothed by hanning with a 3-weight filter using
0.25,0.50,0.25 filter weights. In the process, every
other observation was dropped leaving an hourly
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Fig. 1. Study sites in the Indian River Lagoon on the central

Florida Atlantic Coast. Solid square shows location of current
meter, solid circle the water level recorder, and solid triangle
the airport at which wind observations were recorded. Open
circles show the locations of water level recorders used by the
National Ocean Survey in 1969 -1970 .

time series for comparison with water level and
wind data.

The tidal component of the current time series
was isolated by a harmonic analysis of 29-d seg
ments of data as described by Dennis and Long
(1971). Since the time series was substantially long
er than 29 d, multiple harmonic analyses were per
formed using 29-d segments successively offset in
time by 5 d. The procedure provided a sample of
harmonic constants for each of the principal tidal
constituents. The individual pairs (amplitude and
phase angle) of harmonic constants were then vec
tor-averaged (Haurwitz and Cowley 1975), which
provided a mean amplitude and phase angle.

The low-frequency, nontidal variability in the
current time series was brought out using a 40-h
low-pass numerical filter with a Lanczos taper. The
output/input amplitude ratio from the filter is less
than 50% at periodicities under 37 h .

Prior to determining the water level slope in the
northern segment both hourly water level time se
ries from 1969-70 were demeaned and low-pass
filtered. Then, the record from Sebastian Inlet was
subtracted from the Eau Gallie time series. By this
convention a positive setup occurs in response to
positive, northerly directed windstress.

The wind data were converted to windstress vec
tors using the method described by Wu (1980) for
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Fig.2. Composite time plot of total near-bottom, long-chan
nel current (top), and the nontidal component (bottom), in ern
S-I, past the study site,June 2, 1983-January II, 1984. Positive
values indicate flow toward the north-northwest.

moderate wind speeds (0.1 dynes crn :"). The long
channel components (160°-340°) of the 1983 and
1969-1970 windstress vectors were used for com
parison with the long-channel components of the
currents and water level slopes, respectively, to in
vestigate windstress forcing. The long-channel
components of the winds tress were also low-pass
filtered to eliminate high-frequency noise.

To emphasize variability over seasonal time scales
the hourly values for each time series were summed.
Values decreasing with time on the cumulative long
channel current or windstress plots indicate per
sistent motion toward the south. Cumulative slope
values indicate persistent setup of water levels to
ward the south.

Statistical methods used included correlation
coefficients and the Student's t-test. Further anal
yses of the low-frequency, long-channel windstress
and the low-frequency, long-channel currents from
1983 were obtained by computing the energy den
sity spectrum for each time series and the associ
ated coherence and phase between the two vari
ables (Dixon and Brown 1977). The gain, or
transfer function, which quantifies the relative
magnitudes of the coherent portions of the two
time series at a given periodicity, was also calcu
lated. The spectral analyses were conducted on the
1969-1970 water level slope and wind data time
series as well.

Results

The current data are shown in a composite time
plot (Fig. 2) to facilitate interpretation. For each
plot positive values indicate water flow along a
heading of 340°. The composite shows the total
near-bottom, long-channel currents and the non
tidal component. The upper plot indicates that the
total long-channel currents have maximum speeds
on the order of 25 to 30 cm S-I.

The M2 tidal amplitude is 9.4 cm S-I. The as
sociated tidal excursion, the inferred horizontal
displacement occurring during the flood or ebb,
was calculated to be 1.33 km. The Sa, K(I), and
0(1) tidal amplitudes are 3.7,3.3 and 2.9 cm S-I,

respectively. All other tidal constituent amplitudes
are near or less than 1.0 ern S-I.

The bottom plot in the composite shows the near
bottom, nontidal long-channel current. The non
tidal current speeds commonly approach 10 cm S-I.

Note that in some cases the maximum nontidal
current speeds may reach 30 cm S-I. A comparison
of the filtered and unfiltered time series showed
that 37% of the variance in total long-channel cur
rents is due to long-period nontidal motions. How
ever, because the ebb and flood of the tide moves
water back and forth only 1-2 km past the study
site, most of the net movement of water is associ
ated with the nontidal currents.

The middle plot in the Fig. 3 composite shows
the cumulative net displacement of water past the
study site. Comparison with Fig. 2 shows that the
net displacement is controlled by non tidal cur
rents. When considering the entire study period it
is apparent that net flow is north-northwesterly.
During the last 112 d of the study, the net dis
placement was 330 km toward 340° which corre
sponds to an average inflow of3.4 ern S-I. This net
northerly movement skews the oscillatory tidal mo
tion. For example, the 9.4 cm S-1 M(2) constituent
maximum flood speed is increased to nearly 13 cm
S-l and the maximum ebb is decreased to 6.0 cm
S-1 over the last 112 d of the record.

The middle and bottom plots in Fig. 3 provide
a comparison of the net displacement of water past
the study site and the associated water levels. From
June through mid August when the net displace
ment of water is to the south-southeast-out of the
northern segment of the lagoon-there is a cor
responding fall in water levels. Later, as water levels
rise there is a net displacement of water to the
north-northwest-a flow of ocean water into the
northern segment of the lagoon. This, by itself,
suggests a simple draining and filling process. One
could hypothesize from this portion of the record
that the displacement of water past the study site
is forced by the very low-frequency fluctuations in
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Fig. 4. Coh erence spectrum (top ) and phase relationship
(bottom) for lon g-channel windstress and near-bottom , long
channe l cu rre nts; June 3-December 31,1983 .

sea level. From late October through the end of
the record, however, this relationship ch anges: a
continued net transport of water toward the north
northwest coincides with a decrease in water levels .

To investigate the anomaly, meteorological forc
ing in the form of windstress was considered. Fig
ure 3 shows the relationship between the cumu
lative long-channel windstress (top) and the
cumulative displacement of water past the study
site (middle). There is a consistent and well-defined
invers e relationship between these two variables.
During th e summer months, the long-channel
compone nt of the windstress is predominantly to
ward th e north-northwest while the net displace
ment of water along the AIWW is an upwind-di
rected return flow toward the south-southeast.
From lat e September through the end of Decem
ber the long-channel component of the windstress
rev erses and is predominantly toward the south
southeast. Simultaneously, the net displacement of
water rev erses and proceeds toward the north-

northwest. The correlation coefficient calculated
from the cumulative windstress and cumulative net
displacement is - 0.49, which is significant at the
99.9% confidence level using the Student t-test (t
value = 45.6 with a statistically "infinite" number
of degrees of freedom).

A closer look at the statistical relationship of the
low-frequency, long-channel windstress and the
low-frequency, long-channel currents was obta ined
by spectra l anal yses. The energy density spectrum
of each of these two time series (not shown) con
tain s a relativel y steadily increasing var iance from
37 h to the longest time scales. Results of the co
heren ce and phase a re presented in Fig. 4. The
cohe re nce of the two time series is significant at
th e 99 % confidence level at periodicities of 2, 3
3.5, 4, and 6 d. The phase relationship at th ese
periodicit ies is somewhat variable. The lon g-chan
nel currents exhibit a phase lead of 20°-120° over
th e long-channel windstress.

The 1969-1970 water level slope and wind dat a
were th en examined to confirm that the upwind
return flow was in response to a slope setup by the
wind. Spectral analyses indicate that the coherence
betw een the slope and wind data time series, after
low-pass filtering, was above the 99 % confiden ce
level at esse ntia lly all time scales greater than or
eq ua l to 3 d (Fi g. 5). The time series are in phase
at th e lon ge st time scales , but at higher frequencies
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Fig. 6. Composite time plot of cumulative windstress, in
dynes crn", September 3, 1969-July 28, 1970 (top); and cu
mulative water level slope, in cm km- 1 in Indian River Lagoon
between Eau Gallie and Sebastian Inlet, August 24, I969-July
28, 1970. A falling curve indicates wind displacement to the
south-southeast (top) and higher water levels at Sebastian Inlet
(bottom).

..J!z! 100
z
<{

~E a
0<
zE
s~ -100
WW
~~
~vi -200

=>:::;;
=> -300+----.-...,...--.....-,---r--,--r----r-..,....---r--r---r
o 24

AUG212

en 300
enw

200g:
V>-;;"'
°E 100
~()
~ aVl

9970 confidence w.,
>c

level F>. -100
::s~
=> -200:::;;
=>
0 -300

24 19 14 8 5 31 26
AUG OCT DEC FEB APR MAY JUL

P. A. Pitts

643
PERIOD (days)
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between Eau Gallie and Sebastian Inlet, September 3, 1969
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the windstress leads the slope in a somewhat spo
radically increasing manner. The phase lead at 72
h is approximately 50°. Calculations of the gain
show that the magnitude of the water level slope
in response to a 1.0 dyne cm ? windstress ranged
from 0.3 to 0.6 cm km " over time scales when
coherence was significant.

The seasonal pattern of windstress and water
level slope from 1969 to 1970 is shown in Fig. 6.
From the end of October through the end of Feb
ruary the long-channel component of the wind
stress is predominantly toward the south-southeast
and the water level slope shows a setup toward
Sebastian Inlet. From the end ofFebruary through
the end of the record the long-channel component
of the windstress reverses and there is a corre
sponding reversal in the slope such that the setup
is toward Eau Gallie. The correlation coefficient
calculated from the cumulative windstress and cu
mulative water level slope is 0.90, which is signif
icant at the 99.9% confidence level using the Stu
dent t-test (t value = 263 with a statistically 'infinite'
number of degrees of freedom).

Discussion

The results of the statistical analysis of the low
frequency, long-channel windstress and low-fre
quency, near-bottom, long-channel currents are not

surprising in the sense that windstress events com
monly exhibit periodicities on the order of 3-5 d.
The high coherence between the winds tress and
currents within the 2-6 d band and the highly
significant correlation coefficient indicate that the
low-frequency, nontidal currents probably occur
as a direct response to the windstress. The energy
density and coherence results emphasize that al
though the cumulative long-channel windstress and
cumulative long-channel currents display a quasi
steady flow in opposite directions with a seasonal
reversal according to the cumulative displace
ments, these flows are, in fact, not steady but occur
in bursts over time scales of 2-6 d.

The inverse relationship between windstress and
cumulative displacement supports the idea that
windstress, rather than seasonal variations in sea
level, explains most of the very low-frequency, non
tidal flow. Still, the mechanism for the upwind non
tidal flow is missing. The 1969-1970 data reveals
this mechanism by establishing the high probability
that windstress is responsible for setting up water
level slopes in the northern segment of the lagoon,
and these setups reverse on a seasonal basis. So the
inverse correlation between windstress and the
near-bottom, long-channel currents observed from
the 1983 records is likely due to the windstress
setting up a longitudinal pressure gradient. Once



the pressure gradient has been established it pro
duces and asymmetrical tidal co-oscillation with a
net upwind return flow. The alternative of a bi
layered water column where the upwind return
flow is confined to a bottom layer seems unlikely
due to the overall shallowness of the lagoon.

Note that the upwind flow is probably a feature
of the relatively deep bottom water in the channel.
The near-bottom water in the large areas of shal
lows on either side of the channel may not react
as readily to winds tress or pressure gradient forces
due to high bottom friction caused by extensive
grass beds. The surface waters here and in the
channel would still be forced downwind. On the
other hand, the channel would serve as a low-fric
tion conduit allowing return flow in its deeper lay
ers. Regardless of the shallow water circulation
characteristics, the upwind-directed, long-channel
return flow of the "deeper" channel water may
serve as a significant flushing mechanism in this
area of the lagoon.

One may conclude from the study that low-fre
quency wind-driven motion is largely responsible
for the cumulative net displacement in Indian Riv
er Lagoon near Sebastian Inlet. The nontidal cur
rents and the windstress were inversely correlated
because of the wind-driven setup and resulting lon
gitudinal pressure gradient. The setup reverses di
rection on a seasonal basis, thus extending the time
scale normally associated with meteorological forc
ing from weeks to seasons.
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