STUDY OF WIND WAVES IN THE GULF INTRACOASTAL WATERWAY
AT ARANSAS NATIONAL WILDLIFE REFUGE

By Darla A. Hershberger' and Francis C. K. Ting,? Associate Member, ASCE

ABSTRACT: This study describes a field experiment on wind waves in the Gulf Intracoastal Waterway. Wind-
wave height and period were measured at the Aransas National Wildlife Refuge in Texas and compared to
hindcast results generated by the wind-wave model for restricted fetches in the Automated Coastal Engineering
System. The comparisons showed that the present technology did not predict the measurements well. The
restricted fetch method showed a tendency to overpredict waves when the wind was blowing along the channel
and underpredict waves when the wind was blowing across the channel. The poor performance of the restricted
fetch model in long, narrow channels was attributed to the measured data being far outside the bounds of the
data used to develop the model (fetch width-to-length ratio, as well as wave height and period). It was shown
that wave damping could reduce wave heights for along-channel winds. Analysis of an elliptical fetch suggested
that fetch width-to-length ratio is an important variable. Because this parameter is not included in the wave-
prediction equations, the formulas should only be applied to water bodies similar in width-to-length ratio to

those used to develop the model.

INTRODUCTION

It has generally been accepted that energy from the wind is
transferred to the waves not only in the direction of the wind,
but also in directions at various angles to the wind [see Saville
(1954)]. Therefore, wind-wave growth is limited by fetch
width as well as fetch length. The formulas for wave growth
in open water have empirically included this concept of sum-
ming up the components of waves generated from all direc-
tions. The fetches used to develop the open-water equations
have fetch width-to-length ratio of order unity, which is a typ-
ical meteorological limit of a storm. This ratio can be signif-
icantly smaller when the fetch geometry is limited, especially
for narrow fetches where the width is much less than the
length. The effect of these narrow fetches is to reduce the size
of the waves in comparison to waves generated under the same
wind conditions over open water.

The inability of wind-wave models to predict waves gen-
erated over narrow irregular fetches is attributed to the lack of
understanding about how wind transmits energy to waves in
off-wind directions. Donelan (1980) empirically developed
wind-wave generation equations for narrow irregular fetches,
utilizing the concept of wave generation in off-wind direction.
The original equations were developed using data obtained in
the Great Lakes. Smith (1991) used Donelan’s concept and
data collected from Puget Sound, Washington; Fort Peck Res-
ervoir, Montana; Denison Reservoir, Texas; and Lake Ontario
to develop the computer program NARFET. The same equa-
tions were later incorporated into the restricted fetch technol-
ogy in the Automated Coastal Engineering System (ACES)
(Automated 1993).

This present study describes a field experiment on wind
waves in the Gulf Intracoastal Waterway at the Aransas Na-
tional Wildlife Refuge in Texas. The characteristics of wind
waves in a long, narrow channel were measured and compared
with modeled wave conditions predicted by the restricted fetch
model in ACES. The comparisons showed a tendency of the
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restricted fetch method to overpredict wave heights when the
wind was blowing along the channel and underpredict wave
heights when the wind was blowing across the channel. The
factors that could contribute to the poor agreement of the
model and data are discussed. Dimensional analysis revealed
that fetch width to length ratio was an independent variable in
the formulas for wind-wave growth, but this parameter is not
included in the restricted fetch model. Thus, the wave-predic-
tion equations in the restricted fetch model should only be
applied to water bodies similar in width-to-length ratio to those
used to develop the model.

FIELD MEASUREMENTS AND ANALYSIS

This study was conducted in the Gulf Intracoastal Waterway
within the boundary of the Aransas National Wildlife Refuge.
The refuge is located on the Blackjack Peninsula about 60 km
northeast of Corpus Christi, Texas. The refuge is located be-
tween San Antonio Bay and Aransas Bay and is shielded from
the Gulf of Mexico by Matagorda Island (Fig. 1). The Gulf
Intracoastal Waterway is a shallow navigation channel about
70 m wide and 3.5 m deep. The channel is sheltered by many
narrow barrier islands. Most of these islands are confined dis-
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posal facilities and consist of man-made dikes containing ma-
terial dredged from the channel.

The measurements of wind waves were conducted in May
and August of 1993, The study area was located about 8§ km
into the refuge on the lip of a shallow bay (Fig. 2). The lip of
the bay is formed by a narrow peninsula about 4—5 m wide
between the channel and the bay. This site was especially val-
uable for measuring wind waves when the wind was blowing
down the channel, because this section of the channel was
relatively straight and there were long fetches within the chan-
nel confines. The channel lies at about 50° from true North.
The channel cross sections were measured using theodolites
to track a small boat with a depth sounder as the boat crossed
the channel. The depth sounder measured with an accuracy of
#0.15 m. The depth measurements were verified using a lead
line. Channel cross-section measurements revealed that the
channel was about 120 m wide and had a maximum depth of
4-5 m at the site. Fig. 3 shows three channel cross sections
taken at 40 m intervals, which shows that the channel was
uniform at the site.

Water surface elevations were measured using surface-pierc-
ing gauges of capacitance and resistance type. The shorter re-
sistance gauge was used primarily to measure small wind
waves, and the longer capacitance gauge was used to measure
large wind waves, such as those present when the wind was
blowing along the channel. The gauges were connected to
large tripods and placed in about 1 m of water in the channel.
When the wind was blowing down the channel, the wave gauge
was located off the tip of the peninsula. When the wind was
blowing across the channel, the wave gauge was placed on the
side of the peninsula about 90 m from the tip. Water surface
elevations were intermittently recorded using a 386 personal

ARANSAS NATIONAL WILDLIFE REFUGE 4

Shallow bays

SCALE IN METERS

i o
Gulf of Mexico 1000067500 2500 3000

FIG. 2. Refuge and Waterway

3 channel cross-sections measured

24 approximately 40 m apart

depth (m)

-81 Date: 12/20/92

Tide Level: 2.01 m (9:30am)

) ' 40 ' 80 ' 120

distance across channel (m)

FIG. 3. Channel Cross Section

computer equipped with a MetraByte DASH-16(F) data ac-
quisition board. The sampling rate was 20 Hz and the sampling
durations were between 1 and 6 min. Static calibration of wave
gauges were conducted at the beginning and end of each day
using a large cylinder filled with water from the channel.

Water surface elevations were measured while the water was
undisturbed by passing vessels to capture wind waves only.
Water surface elevations were low-pass filtered at 10 Hz to
eliminate line noise, then high-pass filtered at 0.1 Hz to elim-
inate the unwanted effects of gauge drift and low-frequency
swell, possibly lingering from the distant passage of ships. The
peak of the power spectrum of water surface elevation was
assigned as the peak frequency of wind waves. The significant
wave height was determined from the wave record by taking
four times the standard deviation of the water surface eleva-
tion,

A Rainwise Oracle 2 portable weather station was used to
obtain readings of wind speed and direction. The weather sta-
tion was mounted on a large pole with a tripod, which was
pushed down into the ground about 0.6 m for stability. The
sensors were located about 3 m above ground level. Wind
speed was measured with an accuracy of =0.22 m/s and wind
direction was measured with an accuracy of *5° Wind data
were taken at the same time as wave data. Average wind speed
and direction were obtained from a short time period generally
less than 2 min in duration. All equipment at the site was either
battery-powered or powered by a portable, 2,500 KW, gaso-
line-powered generator.

The measured data presented in this paper were taken in
May and August of 1993. During the May trip, the wind was
blowing down the channel for two days. The wind direction
varied between 320° and 100° from true North, with speeds
between 3 and 7 m/s. Although the wind had a large range of
direction, the typical directions were between 40° and 70° from
true North., On one day the wave gauge was placed at the tip
of the peninsula to measure wind waves as they came directly
down the channel. On two other days the gauge was placed
on the side of the peninsula. A total of 22 data sets were
obtained in three days.

During the August trip, the wind was blowing across the
channel, so the wave gauge was placed on the side of the
peninsula. The wind speed and direction were quite constant
at around 4-7 m/s and 120—150° from true North. A total of
30 data sets were recorded in two days.

WIND-WAVE THEORY

For wave growth in deep water, wave height and period can
be related functionally to independent variables in the follow-
ing way:

H=f(U 68, F Wgr1 (1a)
T=fU6,F Wgr1) (1b)

where H = significant wave height; T = peak period; U = wind
speed; 8 = wind direction; F = fetch length; W = fetch width;
g = gravitational acceleration; and ¢ = wind duration. The cor-
responding dimensionless expressions are

H F W gt

= (e, e %) 2a)
T F W gt

&=t (e, e %) (2b)

In open water, fetch geometry is defined by the meteoro-
logical limit of a storm; fetch width is of the same order of
magnitude as fetch length, and wind direction is the same as
wave direction. For fetch-limited conditions wave character-
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istics do not depend on wind duration. The parameters 6, W/
F and gt/U can be dropped. For example, the equations derived
from the JONSWAP experiment (Hasselmann et al. 1973) are

12
H F
fj—z = 0.0016 (511—2) 3)
8T _ o257 (E5) @
U uv?

Egs. (3) and (4) were developed for fetches that have width-
to-length ratios of order unity. This ratio can be significantly
smaller for narrow fetches where the width is much less than
the length. There is also a question of how to define fetch
length for water bodies having irregular geometries. Donelan
(1980) developed empirical equations for narrow irregular
fetches based on data collected from the Great Lakes.
Donelan’s theory incorporates the idea that wave direction is
not necessarily the same as wind direction. From the equation
for wave period derived by Donelan (1980) the wave direction
is found by maximizing the product

(COS ¢)0.54F0.23 (5)

where ¢ is the angle between the wind and wave directions
(—90° = ¢ = 90°). The fetch length F is defined as the fetch
measured in the direction of the waves. This theory is based
on the idea that the dominant wave energy will propagate in
the direction that combines the longest fetch with the largest
wind component to create the maximum wave period. There-
fore, if there is a large gradient in fetch near the wind direc-
tion, the wave direction may be biased towards the longer
fetches with a lesser wind component; the fetch length effec-
tively balancing the wind component.

Smith (1991) modified Donelan’s equations to improve re-
sults for narrow irregular fetches. Measured wave data from
four different locations were used in the development of new
equations: Denison Reservoir, Texas (‘“Waves’’ 1962); Fort
Peck Reservoir, Montana (‘‘“Waves’® 1962); Puget Sound,
Washington (Nelson and Broderick 1986); and Lake Ontario
(Bishop 1983). The modifications made by Smith (1991) were
based on narrower fetches and a larger database than
Donelan’s equations. The maximum wave height was 2.0 m
on Lake Ontario and the minimum wave height was 0.21 m
on Puget Sound; the maximum wave period was 6.6 s on Lake
Ontario and the minimum wave period was 2.2 s on Denison
Reservoir; the maximum fetch was 182.0 km on Lake Ontario
and the minimum fetch was 2.0 km on Denison Reservoir.
The data points were nondimensionalized and linear regression
was used to obtain equations for significant wave height and
peak frequency

H = 0.0015g7**F°*(U cos &) ©6)
£, = 2.68°2F % (U cos $) ™% %)

where f, = 1/T. The wave direction is found by maximizing
the product

(COS ¢)0.44F0.28 (8)

Smith (1991) incorporated these equations into the computer
program NARFET. Note that fetch width, which is an inde-
pendent variable in (la) and (1b), is not included in (6) and
.

RESULTS AND ANALYSIS
Model Comparisons Using ACES

The program selected for modeling the wave conditions was
the restricted fetch application within ACES. ACES is an in-

teractive computer-based design and analysis system for
coastal engineering developed by the Coastal Engineering Re-
search Center (CERC). The restricted-fetch application in
ACES incorporates the equations used in NARFET but applies
different wind-speed conversion factors.

The fetch geometry for the site was determined from fetch
lines drawn on an enlarged National Ocean and Atmospheric
Administration nautical map, no. 11315 (March 1992). The
fetch lines were measured at 5° increments over a 360° arc.
The origins of the fetch lines were chosen to be in the center
of the channel directly adjacent to the location of the wave
gauges. The longest fetches measured along the axis of the
channel were included in the fetch geometry by replacing the
nearest angle increment with the longest fetch, since the chan-
nel was not perfectly straight. This may lead to some model
overprediction. The fetch lengths, water depths, and wind
speeds dictated use of deepwater wave-growth equations.
Measured wind speeds and directions were the input variables
for each run of the program. The elevation of wind measure-
ments was 3 m and the location of measurements was the
shoreline, with the wind blowing onshore. The air-sea tem-
perature difference was assumed to be —3°C. The wind du-
ration was chosen to be 6 h to provide fetch-limited conditions
as opposed to duration-limited conditions, although durations
on the order of 1 h should be sufficient for along-channel
winds and 5 min for cross-channel winds (depending on wind
speed). A wind-speed correction for duration was not used.
The effect of the duration correction is to reduce the adjusted
wind speeds. The output of restricted-fetch model includes the
following: length of fetch (chosen by maximizing wave pe-
riod), adjusted wind speed, significant wave height, wave pe-
riod, mean wave direction, and whether conditions were fetch
limited, duration limited, or fully developed.

Each of the measured wind conditions (speed and direction)
were entered into ACES, and the resultant wave height and
period were compared to those measured in the field. The com-
parison of measured and predicted wave heights (Fig. 4) dem-
onstrated a general tendency for the restricted-fetch method in
ACES to overpredict wave height. The average overprediction
was 40% when the wind was blowing along the channel at
40-60° from true North (May trip). However, when the wind
was blowing across the channel at approximately 130-150°
from true North (August trip) the restricted-fetch method
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FIG. 4. Comparison of Predicted and Measured Significant
Wave Heights
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FIG. 5. Comparison of Predicted and Measured Wave Periods

tended to underpredict the wave height by an average of 20%.
The comparison of measured and predicted wave periods (Fig.
5) showed a better correlation, but periods were overpredicted
by about 20% for winds along the channel and good correla-
tion for winds across the channel.

Measurement Uncertainties

An estimation of the uncertainty associated with the mea-
sured data was computed to present a scale with which to give
merit to the findings. We think that the most significant un-
certainty in the measurement of wave height was gauge drift
(other uncertainties included meniscus hysteresis, mounting
alignment, and stability of mounts). Measurement uncertainty
due to gauge drift was determined by comparing the calibra-
tions from before and after sampling. The average voltage
ranges of the samples for each day were identified. The wave
heights corresponding to the average voltage ranges were de-
termined using the two calibration curves taken at the begin-
ning and end of the day. The difference of these two heights
was considered the uncertainty in the measured wave heights
for that day. On average both the capacitance and resistance
gages showed an uncertainty of £0.003 m. The most signifi-
cant uncertainty in the measurement of wave period was at-
tributed to uncertainty present in the method of determining
the peak period. This is because the peak of the power spec-
trum was not always well defined and it was sometimes nec-
essary to estimate where the actual ‘‘peak’’ of the curve should
lie. We estimated that the uncertainty in the measured periods
was on the order of *+0.05 s.

Uncertainty in the wind measurements used as input to the
model were also addressed. The wind directions were broken
down into categories of wind along and across the channel,
and wave height and period were predicted for wind speeds
and directions at 0.22 m/s and 5° increments, respectively.
These increments corresponded to the accuracies of the wind
measurements. The uncertainty associated with the predicted
values from the model are functions of wind speed and direc-
tion, but to simplify calculations, the average wave speed and
direction of the day was used. The differences between wave
heights and periods predicted for the range of £0.22 m/s and
*+5° from the average measured wind speed and direction were
considered the uncertainty associated with the predicted val-
ues; they are +0.013 m for wave height and *0.088 s for
wave period for winds blowing along the channel, and =0.013

m and *0.110 s for winds blowing across the channel. For
winds blowing along the channel, the restricted-fetch method
was very sensitive to uncertainties in wind speed for wave-
height predictions and slightly less sensitive for period. Un-
certainties in wind direction within the confines of the channel,
however, had only a slight effect on the height and period. For
conditions when the wind was blowing across the channel,
predicted heights and periods were very sensitive to uncer-
tainties in both wind direction and wind speed. Errors in wind
speed and direction measurements can account for 5-50% of
errors in the predicted wave height and 5-20% of errors in
wave period.

Uncertainties in predicted wave height and period due to
wind measurement inaccuracy were represented as error bars
in Figs. 4 and 5. The uncertainties associated with the mea-
sured data points were smaller than those associated with the
predicted points and thus they are not plotted. Due to the small
size of the waves involved in this study, the uncertainties as-
sociated with the predicted and measured values should be
considered significant.

Wave Damping

Wave damping at the banks of the waterway reduced the
wave heights for along-channel winds. This effect is not pre-
dicted by the restricted-fetch model, which is based on water
bodies much wider than the intracoastal waterway. We can
approximate the wave energy loss using the formula for mono-
chromatic waves in a deep rectangular channel. The slow at-
tenuation of wave height in the direction of wave propagation
is

H(x) = Hye™ )

where H, = initial wave height; x = distance of wave propa-
gation; and K = attenuation rate. For small-amplitude waves,
the attenuation rate is (Ursell 1952)

% (v\”
=-;<%> (10)

where k = 2w/\; b = width of channel; v = kinematic viscosity;
and o = 27/T. Here, \ is wavelength. If we take the maximum
measured wave period of 1.5 s for conditions of wind blowing
along the channel, a water depth of 3.7 m, then the wavelength
is 3.51 m from the dispersion relation. The water depth-to-
wavelength ratio is 1.05, which demonstrates that the wind
waves in the channel are deep-water waves. For a channel
width of 120 m, a straight fetch of 4,930 m along the channel,
and a kinematic viscosity of 1.17 X 107° m%s for seawater,
(10) yields H/H, = 0.95. Hence, the wave decays to about 95%
of its original amplitude over the fetch. The actual loss was
probably greater than this, since Ursell’s formula is for smooth
walls, and the U-shape of the waterway cross section also
causes waves to refract toward the shoreline and dissipate
more energy.

Wave Direction

The restricted-fetch model output also includes an estima-
tion of wave direction. The restricted-fetch method tends to
yield only wave directions nearly parallel to the long axis of
the channel. For example, consider a rectangular channel 120
m wide and 5 km long. Wind blowing across the channel will
produce the following values for (8): 3.82 (¢ = 0°); 3.73 (30°);
3.56 (50); 3.21 (70°); and O (90°). Thus, the wave direction
would be across the channel. However, the very narrow fetch
configuration will make the wave direction very sensitive to
the fetch geometry. In water bodies without strong gradients
in fetch length with respect to wind direction, this effect is not
important.
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