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Water Level Observations and Short-Term Predictions
Including Meteorological Events for Entrance

of Galveston Bay, Texas
Daniel T. Cox, M.ASCE1; Philippe Tissot2; and Patrick Michaud3

Abstract: This paper shows that conventional harmonic analysis alone does not adequately predict the coastal water level va
the entrance to Galveston Bay when strong meteorological forcing is present. The water level anomalies~the difference between the
observed water level and that predicted by harmonic analysis! are shown to be as large as the tidal range itself. The water level anom
at the entrance to Galveston Bay is primarily due to the east-west directed wind speed, and a simple linear model is shown to p
anomaly based on the locally measured wind and a nine hour lag between the wind forcing and water level response. The model
refined using a neural network approach with east-west and north-south winds, barometric pressure, and the previously obser
level anomaly and without assuming previous knowledge of the phase lag between wind and water level. Both linear and neural
models are shown to improve significantly short-term (3,t,24 h) predictions of the total water level using forecasted wind speed
direction.

DOI: 10.1061/~ASCE!0733-950X~2002!128:1~21!

CE Database keywords: Water levels; Texas; Tides; Storm surges; Neural networks; Prediction.
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Introduction
The coastal waters of the northern Gulf of Mexico are charac
ized by one of the longest estuarine environments in the wo
These waterways play a critical economic role and affect sh
ping, oil and natural gas production, recreation, tourism, fisher
and environmental habitat. Understanding tidal and subtidal wa
level fluctuation and circulation along the coast is important
safe navigation, water quality, and emergency management s
as oil spill response, search and rescue operations, and evacu
during extreme weather events.

The need for reliable water level forecasting is increasing w
the trend toward deep-draft vessels, particularly for shallow wa
ports along the Gulf of Mexico~NOAA 1999!. Nine of the 12
largest U.S. ports with tonnage greater than 50 million tons
located along the Gulf of Mexico, accounting for 52.3% of th
U.S. total tonnage~NOAA 1999!. Ports served by the Mobile Bay
Entrance and Galveston Bay Entrance alone account for 46%
the total U.S. tonnage. Although the astronomical tides in the G
of Mexico are easily predicted by conventional harmonic ana
sis, it is difficult to accurately predict the total water level fluc
tuations because of frequent meteorological events, such as
ly-
ate
of

-
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ter
d

ed;

near
and,
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passage of strong cold fronts. For example, the Corpus Chr
TX, airport is ranked by the National Weather Service as the th
windiest in the U.S. based on a multiannual average wind sp
of 23.5 kph~Smith 1978!. In a report focusing on harmonic pre
dictions of water levels and currents in Corpus Christi, NOA
~1994! indicated that existing tidal current tables were outside
established National Ocean Service~NOS! working standards.
New predictions derived from standard harmonic analysis show
only a ‘‘slight improvement,’’ and the report cited the lack o
including meteorological conditions as the primary factor a
counting for discrepancies between observed and predicted
rents and water levels. The report concluded that future effo
should address the relationship between wind direction and ‘‘e
aggerated tidal currents and water level fluctuations.’’

Our inability to accurately predict water level fluctuations ca
have severe consequences, such as ship groundings. To b
improve navigation and safety in these waterways, NOAA h
established the Physical Oceanographic Real-Time Sys
~PORTS!, which includes the near real-time monitoring and r
porting of water levels and meteorological conditions via tel
phone or Internet~http://www.co-ops.nos.noaa.gov/!. Although
this system has greatly decreased navigational hazards along
northern Gulf of Mexico coast, PORTS relies on harmonic ana
sis for water level predictions and presently does not incorpor
meteorological information into the forecasts. The purposes
this paper are:~1! to show the limitations of the water level pre
dictions for the entrance to Galveston Bay using harmonic ana
sis alone;~2! to suggest an improved method whereby the wa
level anomaly~difference of measured water level and predicte
tide level! can be predicted using the observed local wind spe
and ~3! to refine this model using a neural network approach.

Observations

The observations for this paper were taken on the open coast
the entrance to Galveston Bay on Pleasure Pier, Galveston Isl
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TX, as shown in Fig. 1. The hydro-meteorological station is o
erated by the National Ocean Service as part of its National Wa
Level Observation Network. The data for this station are provid
by the Conrad Blucher Institute for Surveying and Science
Texas A&M University–Corpus Christi as part of the Texa
Coastal Ocean Observation Network~TCOON! ~Michaud
et al.1994!. TCOON consists of over 40 stations with real-tim
access made available through Internet and other media. All s
tions report water level, and many others~including the Pleasure
Pier station used in this study! report wind speed, direction, gust,
air temperature, water temperature, and barometric press
TCOON has been in operation for over ten years, and thr
TCOON stations provide data to the PORTS system.

For this paper, representative data were taken from the Pl
sure Pier station for two seasons in the spring~A! and summer
~B! months over three years from 1997 to 1999. The statist
characterizing these observations are listed in Table 1. The 19
time series of observed and predicted water level is shown in F
2 with the details from Season A and B. Season A ran from a
proximately January to April and was characterized by stro
frontal systems that passed over the region. Season B ran fr
approximately June through July and was characterized by
almost flat barometric pressure reading over the period and win
primarily due to local thermal effects~sea breeze!. Fig. 2 also
shows two large water level anomalies between 230,Jd,260
corresponding to tropical storms Charley and Frances, wh
made landfall on the Texas coast. Events such as these and

Fig. 1. Overview of TCOON stations and study area at Pleasure P
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associated storm surges are not considered in this paper.
focus, instead, is on the water level anomaly due to frontal sy
tems that occur with greater frequency. The water level anoma
associated with the passage of these fronts can be as large as
tidal variation itself~see Fig. 2;Jd.67!.

Table 1 lists the years of the observation~column 1!; the range
of days considered~Jd5Julian Day! ~2!; the number of days in
the recordNday ~3!; the maximum of the absolute observed wate
level uHumax ~4!; the mean wind speedWS~6!; the mean baromet-
ric pressureP ~8!; the mean atmospheric temperatureTA ~10!; and
the mean sea temperatureTS ~12!. The standard deviations for
these quantities are also listed. All observations were recorded
hourly intervals. Of the statistics listed in Table 1, the most tellin
is the standard deviation of the barometric pressure,sP , which is
about three times larger for Season A than for Season B. The la
variations inP for Season A give rise to winds that shift rapidly in
direction with the passage of the fronts. This significantly influ
ences the water level anomaly and is studied in detail in the ne
section.

Tide Prediction and Water Level Anomaly

The limitations of water level predictions based on the harmon
analysis are assessed for Galveston for the two seasons liste
Table 1. The average errorE for the prediction methods is defined
as

E5

F 1

N
( i 51

N ~H2X!2G1/2

H rms
~1!

where H5observed water level;H rms5root-mean-square of the
observed water level;X5water level prediction based on har-
monic analysis; andN5number of observations,N524Nday.
Using this estimate, the average error for the two seasons isE
50.78 and 0.65 for Seasons A and B, respectively.

Although inspection of Fig. 2 would suggest that the error fo
Season B should be much lower, the relatively large error here
due to the offset between observations and predictions caused
long-term climatic effects. Under these conditions, the simple
method to improve the water level prediction would be to use th
known anomaly at the present timet and add that to the prediction
at a timet1 j hours, wherej is the length forecasted time. This is
termed the ‘‘adjusted method’’ and the resulting prediction is th
‘‘adjusted water level.’’

Fig. 3 shows the applicability of this approach for Seasons
and B. In the figure, the average error for the unadjusted wa
level ~E50.78 and 0.65! is shown by the horizontal dashed line
The error of the adjusted water level is shown by the discre
points for the individual years listed in Table 1, and the average
those points is shown by the solid line. For Season A, the err

er
8
1
8
0
8

Table 1. Statistics of Hydro-Meteorological Observations for Galveston Pleasure Pier

Observation period uHumax

~m!
sH

~m!
WS

~m/s!
sWS

~m/s!
P̄

~kPa!
sP

~kPa!
TA

~°C!

sTA

~°C!
TS

~°C!

sTS

~°C!Year Julian Day Nday

1999a 10,Jd,100 90 0.94 0.23 5.2 2.5 101.63 0.57 17.4 3.3 — —
1998a 30,Jd,120 90 1.03 0.25 5.5 2.5 101.30 0.65 16.8 3.7 17.8 2.
1997a 30,Jd,120 90 0.81 0.24 5.9 2.7 101.58 0.67 16.6 3.9 17.3 3.
1999b 185,Jd,225 40 0.66 0.21 4.5 2.2 101.55 0.25 28.9 1.2 30.3 0.
1998b 180,Jd,220 40 0.67 0.20 5.7 2.2 101.49 0.21 29.2 0.8 30.5 1.
1997b 220,Jd,250 30 0.54 0.19 5.0 2.2 101.51 0.23 29.1 1.1 30.6 0.
RING / JANUARY/FEBRUARY 2002
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Fig. 2. Comparison of observed and predicted water level for Galveston Pleasure Pier, 1998:~a! Observed record~upper curve offset by 1.4 m
for clarity! and tide prediction by harmonic analysis~lower curve!. Horizontal lines indicate extent of Season A and B. Detail of Season A~b! and
detail of Season B~c! where water level observations are indicated by heavy line and tide predictions by light line.
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increases approximately linearly as the extent of the forecas
creases fromt50 ~no error! to a maximum after two days wher
the error exceeds that of the unadjusted water level. In o
words, only very short-term water level predictions, 0,t,3 h,
would benefit from this simple method during Season A. This
because the water level anomaly can change sign within a m
of hours of the passage of a cold front, as shown in Fig. 2.
Season B, however, the error increases more slowly, becaus
anomaly is generally caused by phenomena acting on a lo
time scale such as evaporation, gradual increases in water
perature~e.g., Whitaker 1971!, or currents on the continental she
~e.g., Cochrane and Kelly 1986!. The remainder of the paper em
phasizes improvements to the short-term water level predict
for Season A with forecasts in the range of 3, j ,30 hours, since
this is the time scale of concern for navigation, oil spill respon
and search and rescue operations.

To develop a model that will account for the meteorologi
effects, it is necessary to study the basic relation between w
~forcing! and anomaly~response!. Fig. 4 shows a typical variation
of water level, air temperature, wind speed and direction,
barometric pressure at Galveston Pleasure Pier for 60,Jd,85,
1999. The difference, as shown in Fig. 4~a!, between the observe
water level~shown by the heavy solid line! and the prediction
~light line! is the anomaly, as given in Fig. 4~e!. The passage of a
cold front can be seen for 72,Jd,73. Prior to the front, the air
temperature was warm and winds were out of the east and so
east. This gave rise to a large positive anomaly as water
forced onto the coast by wind setup and wind driven current. W
the passage of the front, the temperature dropped rapidly,
winds shifted to be out of the northwest, and the sign of
anomaly changed from positive to negative. The peak nega
anomaly was as large as the astronomical tide. Although there
other causes of the water level anomaly, such as the change
barometric pressure, rainfall, evaporative effects, and air/sea
perature differences, the wind speed and direction are assum
be the primary forcing mechanisms~e.g., NOAA 1994!. The an-
nual variation of the sea level due to steric effects at Galvesto
on the order of 10 cm~Whitaker 1971!.

To better assess the relationship between the wind and w
level anomaly in Galveston, the anomaly is plotted as a func
of wind speed square, since it is proportional to the wind str
~e.g., Wu 1980! and direction. Fig. 5 shows the anomaly in po
coordinates. The magnitude of the anomaly is indicated by
symbol where the range for each symbol is normalized by
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standard deviation of the tidal signal over that period,sX . These
values were essentially the same for Season A for each of
three years~sX50.198, 0.195, and 0.192 m for 1999, 1998, a
1997!. These figures show that the largest negative anoma
(H2X,23sX) are generally associated with wind from th
west (u5270) and the positive anomalies (H2X.3sX) are as-
sociated with wind from the east (u590). Weak anomalies
(2sX,H2X,sX) follow a similar trend but are not shown fo
clarity. The average anomaly data from Season A for the th
years, including the weak anomalies, are shown in Fig. 6. T
size of the data point gives a qualitative indication of the mag
tude of the anomaly plotted at that location. The exact magnit
is listed in Table 2, along with the mean of the wind spe
squared and direction.

Linear Model

Fig. 6 and Table 2 indicate how both wind speed and direct
play an important role in determining the anomaly and that

Fig. 3. Limitations of tide forecasts for Galveston for Season A~a!
and Season B~b!. Dashed horizontal line indicates normalized err
E between observations and unadjusted tide prediction. Error of
justed water level predictions is indicated for each year by disc
points ~351999; 151998; * 51997! and average shown by solid
line.
ASTAL AND OCEAN ENGINEERING / JANUARY/FEBRUARY 2002 / 23
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Fig. 4. Temporal variation of observations at Galveston Pleasure Pier for 60,Jd,85, 1999, with~a! observed water level~heavy solid! and tide
prediction~light!; ~b! air temperature;~c! wind speed and direction where line point in direction of flow;~d! barometric pressure; and~e! water
level anomaly
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relationship is not symmetric~compare columns 2 and 3!. Never-
theless, the data suggest a simple linear model in which
anomaly is proportional to the square of the wind speed projec
on the east-west axis, (H2X)5c1vuvu. The constant of propor-
tionality c1 is optimized by minimizing the least-square error fo
the existing data. In addition toc1 , the model can be optimized to
account for the lag between the wind and the anomaly, since
change in the water level anomaly occurs several hours after
passage of the front. Optimization curves for lag between t
wind and anomalyt lag and the calibration coefficientc1 are shown
in Fig. 7 for 1999. The figure shows that the model is robust a
not overly sensitive to the value ofc1 ~i.e., the optimization curve
is fairly flat for the range of values tested!. Furthermore, the lag
between the wind shift and water level anomaly is approximate
t lag59 h for Season A for all three years.

Fig. 8 shows the model results for a portion of the record 6
,Jd,85 for 1999. Fig. 8~a! shows the observed water level an
harmonic predictions, highlighting the fact that the harmonic pr
dictions are not accurate during the passage of the fronts (Jd
.73) but give reasonably good predictions when the wind for
ing is low (Jd.83). Fig. 8~b! shows the observed water leve
anomaly and anomaly prediction using (H2X)5c1vuvu with c1

521/230 s2/m and t lag59 h. Fig. 8~c! shows water level obser-
vations with the harmonic plus anomaly predictions. Although th
linear model is crude, it gives a reasonable first approximation
improve the water level predictions by accounting for the mete
24 / JOURNAL OF WATERWAY, PORT, COASTAL AND OCEAN ENGINEE
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rological forcing. Fig. 8~c! also shows an improved model that is
refined using a neural network approach, as discussed in the n
section.

Since the linear model relies on the wind input and has a lag
9 hours, it is limited to short-term forecasts of 9 hours or les
However, the model can be extended by using forecasted wea
information ~e.g., marine forecasts from the National Weath
Service! as input. As a first approximation, the wind forecas
were simulated using the observed wind speeds, to which no
was added based on a Gaussian distribution to simulate the
certainty of the forecasts. The forecasted wind speed,v f , is ob-
tained asv f5v1Dv, where v east-west wind speed, andDv
5 f (v,sv f

) was a random number based on a Gaussian distrib
tion. The standard deviation for the distribution varied with th
extent of the forecast as follows:sv f

50.5sv ~16 h!, 1.0sv ~112
h!, 1.5sv ~118 h!, 2.0sv ~124 h!, wheresv standard deviation of
the unsmoothed wind speed over the entire record. No attem
was made to vary the wind direction. Fig. 9 shows an example
the 24-hour simulated wind forecast as compared with the o
served wind speed. A comparison of observations with the 1
hour marine forecasts from the National Weather Service is p
sented in the appendix.

Fig. 10 is a detail of Fig. 3 for Season A showing the improve
ments of the linear model over harmonic analysis in makin
short-term water level predictions. The abscissa is in hours a
RING / JANUARY/FEBRUARY 2002
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the ordinate is the error. The light horizontal line and the lig
solid line show the error for the unadjusted and adjusted w
level predictions based on the harmonic analysis presented p
ously.

The heavy dashed line shows the error for the unadjusted
ear model for Season A~average over three years!. For t,9 h, the
model predictions are based on the measured wind speed wi
the simulated forecasts. For short-term predictions, the lin
model reduced the error in half. Fort.9 h, the predictions are
based on the simulated forecasts and the error increases a
uncertainty of the forecasts~modeled by the standard deviatio!
increases. The solid line shows the average error for the adju
linear model predictions. Fort,9 h, the error in the linear mode
prediction is approximately the same as that of the harmo

Fig. 5. Polar plot 1997–1999 of water level anomaly with (H2X)
,23sX ~3!, 23sX,(H2X),22sX ~1!, 2sx,(H2X),3sX

~d!, and (H2X).3sX ~s! and sX50.198, 0.195, 0.192 m fo
1999a, 1998a, and 1997a.u indicates direction from which wind is
blowing. Radial distance indicates wind speed squared. Anomaly
are plotted to reflect 9 h lag between wind and water level respo
JOURNAL OF WATERWAY, PORT, CO
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model with an adjusted water level. However, fort.9 h, the
adjusted linear model outperforms both the unadjusted lin
model and the adjusted harmonic prediction. The dash-dot
indicates the performance of the neural network model discu
in the next section.

Neural Network Model

Although the linear model is robust and significantly reduces
error in the water level predictions, Figs. 4–6 and Table 2 sh
that the model is an oversimplification in that it only accounts
the wind projected on the east-west axis, is linear, require
priori knowledge of the phase lag between wind and water le
anomaly, and does not include barometric effects. To overc
these shortcomings, a neural network model is proposed tha
corporates east-west and north-south directed wind speed,
metric pressure, and the water anomaly itself. Furthermore,
less dependent on knowledge of the phase lag between wind
water level variation.

Neural networks have been recently applied to coastal e
neering to predict monthly water levels~Vaziri 1997!, hourly tides
~Tsai and Lee 1999!, coastal structure response~Mase et al. 1995;
Van Gent and van den Booraard 1998!, and runoff and drainage

ta
se.

Fig. 6. Polar plot of mean anomaly for Season A, from 1997 to 19
Solid circles indicate positive anomaly, asterisks indicate nega
anomaly, and increasing symbol size indicates increasing streng
anomaly with values listed in Table 2.u indicates direction from
which wind is blowing. Radial distance indicates wind speed squa
Anomaly data are plotted to reflect 9 hour lag between wind
water level response.

Table 2. Summary of Anomaly Statistics for Season A Averaged o
Three Years

Range
H2X
~m!

vuvu
~m2/s2!

ū
~°!

HX/sX.3 10.67 153 63
2,HX/sX<3 10.45 84 74
1,HX/sX<2 0.27 43 84
0,HX/sX<1 10.09 17 97

21,HX/sX<0 20.08 4 124
22,HX/sX<21 20.27 19 298
23,HX/sX<22 20.46 60 290

HX/sX,23 20.69 97 288
ASTAL AND OCEAN ENGINEERING / JANUARY/FEBRUARY 2002 / 25
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Fig. 7. Optimization curves for linear model for 1999. Contour
indicate minimized error,E, with optimum lagt lag59 h and coeffi-
cient c1521/230 s2/m to give minimum error.

Fig. 8. Water level observations~heavy line! and harmonic predic-
tions ~a!; water level anomaly~heavy! and 9-hour predictions based
on c1vuvu with t lag59 h and coefficientc1521/230 s2/m ~dash-dot!
~b!; and observations~heavy!, linear model prediction~dash-dot!, and
Neural Network Predictions~solid! ~c! for 65,Jd,85, 1999, and
detail ~d! for 70,Jd,76 with observations~heavy!, linear ~dash-
dot!, NN model trained in 1997~solid! and NN model trained in 1998
~dotted!.
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~Campolo et al. 1997; Proano et al. 1998!, as well as forecasting
for natural phenomena~e.g., French et al. 1992; Recknagel et a
1997; Corchado and Fyfe 1999!. Whereas Tsai and Lee~1999!
used neural networks for one-hour predictions of tidal variatio
in the absence of significant meteorological events@see also
Kumar and Minocha~2001!, Mandal ~2001!, Medina ~2001!,
Walton and Garcia~2001!, and Tsai and Lee~2001!, for a discus-
sion of that paper#, the present model relies on harmonic analys
to predict the tidal fluctuations and neural networks to predict t
anomaly.

The neural network model was trained using a bac
propagation algorithm, and all computations were perform
within the MATLAB 5.3/version 3 of the Neural Network Tool-
box ~Neural 1998!. A simple neural network structure based o
one hidden layer~H! and one output layer~O! was found to be
optimal in forecasting the anomaly. Logsig and tansig trans
functions were used for the hidden and output layers, respectiv
and the input decks were scaled to a@21,1# range. The optimal
structure of the input deck depended on the extent of the forec
and the inclusion of forecasted winds.

For this work, an input deck~I! including time series of five
previous hourly measurements of water anomalies, east-w
wind speed squared, and north-south wind speed squared, an
hourly measurements of the barometric pressure complemen
the forecasted wind. The final structure of the neural network w
typically of the type I37H1O1. The inclusion of forecasted wind
improved the model skill beyond six hours and was a domina
factor for extended forecasts. The neural network was train
over one data set~1997, 1998, or 1999! and evaluated over the
two other data sets not included in the training.

Fig. 8~c! shows the performance of the neural network mod
compared with the simple linear model and the observed wa
level fluctuations. The neural network model results are 9 ho
predictions based on the simulated wind forecast discussed pr
ously and do not include the assumed 9 hour phase lag, as was
case for the simple linear model.

Fig. 8~d! shows the detail for the frontal passage for 70,Jd
,76. This panel shows the observed water level~heavy solid
line!, the simple linear model~dash-dot!, and two predictions
made by the neural network model. For the first neural netwo
prediction, the model was trained using data from 1997~light
solid!, and for the second prediction, it was trained using da
from 1998~dotted!. Both predictions yield similar results, show-
ing that the model is not sensitive to the training. Both predictio
greatly improve on the simple linear model, particularly with th
strong east winds preceding the front causing a large posit
anomaly (Jd.72). The neural network model also improves th

Fig. 9. Simulated 24-h forecast~light line! of wind speed using
random number with Gaussian distribution with observed wind spe
~heavy line!.
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Fig. 10. Error estimates,E, between observed water level and predictions using unadjusted tide harmonics~light dashed!, adjusted tide harmonics
~light solid!, mean error for unadjusted linear model~heavy dash!, and adjusted linear model~heavy solid!, and mean for NN model~dash-dot!.
Linear model predictions fort.9 h and NN model predictions fort.0 h are based on simulated wind forecasts.
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prediction of the large negative anomaly (73,Jd,74) due to the
west winds after the passage of the front.

Fig. 10 shows the overall improvement of the neural netwo
model in reducing the error for Season A. The neural netwo
model is used here to make up to 36 hour predictions of the wa
level anomaly, which is then added to the tide~harmonic! predic-
tion to predict the total water level variation. As a first attempt
show the utility of the refined neural network model, anoma
forecasts are based on the simulated wind forecasts, as desc
previously. Up to 18 hour forecasts, simulated and exact wi
forecasts yield the same results within two standard deviatio
For forecast times larger than 18 hours, the skill of the mod
based on exact winds increasingly outperforms the simula
wind case, as expected. The use of the actual marine forec
will be addressed in future work. Nevertheless, Fig. 10 clea
shows the utility of making short term (3,t,24 h) water level
forecasts including the meteorological forcing by means of a ne
ral network model. Further improvements to the model could
clude longer training sets with a larger number of frontal passa
or the use of a hybrid model approach with one model trained
the complete data set and one model trained for frontal passa
only.
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Summary

The entrance to Galveston Bay plays a critical economic role
commercial shipping. It is therefore crucial to have accurate sh
term water level predictions for the safe navigation of deep dr
vessels. The wind plays a crucial role in determining the to
water level in the region because of the shallow conditions alo
the northern Gulf of Mexico coast and low tidal oscillations. Al
though there have been many recent advances such as real-
access to wind and water level information for this area, t
present state-of-the-practice is to rely on water level predictio
based on harmonic analysis~e.g., tide tables!, which can not in-
clude short-term meterological events such as cold fronts.

The following conclusions are drawn from observed wind an
water levels at one location near the entrance of Galveston B
during two distinct seasons over three years:
1. For extremely short-term water level predictions (0,t

,3 h), harmonic analysis yields accurate predictions, pr
vided that they are adjusted using the known water lev
anomaly at the present time. This ‘‘adjusted method’’ work
better in the summer months, since the difference betwe
the observed water level and that predicted by harmon
Fig. 11. Comparison of 12-h coastal marine forecast of wind speed and direction from the National Weather Service~solid dots! with observa-
tions ~light line! for 60,Jd,80, 1999
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analysis is generally due to phenomena that act on lon
time scales. The accuracy of this ‘‘adjusted method’’ d
creases as the extent of the forecast increases, particular
the spring months, because the water level responds i
matter of hours to the passage of cold fronts. Fort.24 h, the
adjusted method is worse than conventional harmonic ana
sis.

2. The water level anomaly in the spring months is primari
due to the east-west component of the wind stress and
water level anomaly can be as large as the tidal motion its

3. The water level anomaly can be reasonably well predicted
to 9 h using the local observed wind speed squared projec
onto the east-west axis. The simple model has one calib
tion coefficient, which is robust and does not need to
adjusted.

4. The model can predict the water level anomaly fort.9 h to
the extent that the meteorological conditions can be p
dicted. Based on simulated wind forecasts using the o
served winds and noise added with a Gaussian distributi
the linear model outperforms the predictions based on co
ventional harmonic analysis and the adjusted model.

5. The linear model is further refined using a neural netwo
approach that includes barometric pressure and the ortho
nal wind component. The neural network model significant
outperforms the adjusted harmonic model for short ter
forecasts (3,t,9 h) and the linear model for longer fore
casts (9,t,24 h).

6. For t.24 h, both the linear model and the neural netwo
model outperform the predictions based on harmonic ana
sis. For this extent of forecast, the neural network model
almost completely dependent on the forecast data.

Although the forecasted winds were simulated based on
observed winds with noise added, comparisons of the obser
winds with the National Weather Service forecasts~Appendix!
show that it is likely the National Weather Service marine for
casts are of sufficient accuracy to aid in the short term~e.g., 24 h!
prediction of the water level anomaly and can be used to aid
navigation, oil spill response, and search and rescue in the
trance of Galveston Bay. This paper shows the potential mode
approach using neural networks and extension of this work
include the predictions of channel currents and the prediction
the water level at other locations along the coast is ongoing. T
physical mechanisms to explain the success of the east-west w
stress component in predicting the water level anomaly is a
needed, and Fig. 6 indicates that the simple projection of the w
stress onto the east-west axis may be an oversimplification.
ditional research is needed to show the potential use of neu
network modeling for prediction of the water levels and meteor
logical events for coastal regions. A complete comparison of
linear and neural networking approaches must be made in a c
sistent manner. This topic will be addressed later in a compan
paper.
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Appendix: Comparison with National Weather
Service Forecasts

Although it is beyond the scope of this paper to compare
accuracy of the marine forecasts from the National Weather
vice, it is instructive to see the qualitative accuracy of these fo
casts and whether they would be suitable as input to a water l
forecasting model. Fig. 11 compares the 12-hour Natio
Weather Service forecasted wind speed and direction for
coastal waters near Galveston from 60,Jd,80, 1999. The re-
ports are generally issued four times per day in a text form
often with a range of wind speed and directions. The text-ba
data were converted to numerical values, and two data poin
the same time indicate when a range was given. The compari
indicate that, although the wind speeds are generally over
dicted, the passage of frontal systems~e.g., 71,Jd,73! are gen-
erally well predicted. Therefore, it is feasible to construct a neu
network model for short term water level predictions at the e
trance to Galveston Bay derived from locally forecasted w
speed and direction.
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