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1. INTRODUCTION

Presently, there are three opera-
tional wave models routinely forecasting
wave conditions in the Gulf of Mexico.
One of them is the Fleet Numerical Ocea-
nography Center's GSOWM which provides
72-hour wave forecasts at 12 hour inter-
vals and at a resclution 2.5 degree
grids (Zambresky, 1987). The other twc
models are the NOAA Ocean Wave (NOW) and
the Techniques Development Laboratory
(TDL) models. The NOW model {Chin,1985)
is a discrete spectral wave model whose
mesh size is 2.5 degree in latitude and
longitude extending from 70S to 75N.

The model computes 72-hour forecasts at
3 hour intervals. Boundary layer wind
fields to drive the model are computed
from the 1000 mb wind fields of the NMC
global atmospheric spectral model.
Corrections are made for height above
the sea surface and stability using the
air-sea temperature difference. The TDL
model is a singular wave model based on
regression equations for calculating the
significant wave height and period (Pore
and Richardson, 1973). It provides 48-
hour forecasts at 12 hour intervals.

The grid size of the model is approxima-
tely 250 km. The input winds are ob-
tained from the NMC Limited-Area Fine-
Mesh (LFM) wind model.

Questions concerning the adequacy
of using these model outputs as a guid-
ance for realistic forecasts of wave
conditions in the Gulf have been raised
by concerned marine forecasters. The
relative levels of forecasting perform-—
ance of these models have not -been sys-
tematically verified against observed
data. The problem becomes quite acute
when the forecast results of these mo-
dels for an identical location and time
are significantly different. The major
shortcoming of the TDL model stems from
its pure empiricism; there is no physics
involved in the formulation of predic-
tion equations. It is difficult to im-
prove this type of model. The NOW model
and the GSOWM, on the other hand, are
built upon a theoretical base even
though they do not include all known
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wave dynamics. They are, however,
designed to predict the general wave
patterns of the global-scale ocean. The
output of these models cannot be accu-
rate enough to describe small-scale,
regional wave phencmena. Furthermore,
all three models only predict waves in
deep water. Waves near the coastal
areas, where most human activities are
concentrated, cannot be predicted by
either of these models. The effects of
bottom conditions on wave growth, trans-
formation and dissipation are excluded
from their model formulations.

As part of the continuing effort
to improve and extend NMC wave forecas-—
ting capability over the coastal areas
of the United States, a new regional
spectral ocean wave model applicable for
both deep and shallow waters of the Gulf
of Mexico, NROWM1l, has been placed in an
experimental operational evaluation
mode. The purpose of this article is to
present the result of comparisons be-
tween measured deep water wave data and
concurrent wave forecasts provided by
the aforementioned four models. An
evaluation of the performance of the
new model in shallow water areas will be
presented in a separate paper.

2. THE REGIONAL OCEAN WAVE MODEL

The NOW and TDL models as well as
GSOWM have been briefly described above.
Detailed information concerning the
NROWM1 will appear in a separate paper.
However, for completeness, some informa-
tion relevant to the present article are
described below.

The NROWM1, is an adaptation of
the model developed by Duffy and Atlas
(1984) to the Gulf of Mexico. The es-
sential governing equations and compu-
tational procedures follow the model
described by Golding (1%83). The
model solves the energy balance
equation of the form

([[[2E/3t = - w.(VE)] - 3l(V.¥ e)E] /28l
+ I + D] + N]

where E is the spectral density of the
wave field, V the group velocity and @
is the wave direction, and where I rep-
resents energy input from winds, D ener-



gy loss due to whitecapping and bottom
effects and N the redistribution of
energy within the wave spectrum due to
conservative nonlinear wave—-wave inter-
actions. The equation is solved in four
stages in the following order: propaga-~
tion, refraction, growth and dissipation

and, nonlinear interaction.

In computing wave propagation,
Golding used a modified Lax-Wendroff
integration scheme, while Duffy and
aAtlas use a two-step. third-order accu-—
rate staggered grid scheme which mini-
mizes numerical dissipation and disper-—

" gion (Takacs, 1984). The wave refraction
effect in shoaling water of varying
depth is computed using a centered dif-"
ference scheme instead of the conven-
tional "forward" or "backward" ray tra-
cing technique. The growth of waves is
determined according to conventional
linear and exponential terms represen—
ting, respectively, an excitation by
turbulence fluctuation in the surface
wind and the coupling of existing
waves wWith mean shear flow in the
marine boundary layer. The wave
energy dissipation in deep water due
to whitecapping is determined
according to a formulation involving
the entire spectrum as described in a
paper by Hasselmann {1974) . In shallow
water, in addition to the calculation
of bottom friction loss of wave
energy formulated by Collins {1972), a
computation of .energy loss due to
bottom percolation proposed by
Shemdin et al. (1980) is included.

The nonlinear wave-wave energy
transfer is considered in a parame-—
terized and empirical manner. Firstly, a
wind-sea spectrum is defined as that
part of a spectrum that is: (1) above
0.8 of the peak fregquency and (2) within
90 degrees of direction of propagation
and the wind direction. This wind-sea
spectrum is then forced to conform to a
modified JONSWAP (Joint North Sea Waves
Project) spectrum based on the assump-
tion that nonlinear interactions will
always act to bring -the wind-sea spec—
trum back teo the modified JONSWAP-shape
spectrum. This modified JONSWAP spec—
trum incorporates the saturation range
in water of arbitrary depth suggested by
Thornton(1977) with the original JONSWAP
spectrum (Hasselmann et al., 1973). The
peak frequency is determined through an
iterative procedure involving empirical
equations.

At present, the model has twenty
frequency bands ranging from 0.04 to
0.42 Hz and twelve direction bands. The
Gulf of Mexico is assumed to be an en-
closed ocean basin. Thus incoming waves
from the Yucatan Straight and the
Straight of Florida are ignored. The
grid mesh is 37x27 with a grid interval
of 53 km. The model has been running
daily on the NMC Cyber 205 generating

the significant wave height field and
the directional wave spectra at three
hour intervals out te 48 hours. The
required wind input at a height of 10
meters above the sea surface is derived
from the 1000 mb winds of the NMC Re-
gional Analysis and Forecasting System
(Hoke, 1984). A modified two layers
boundary medel described by Cardone
(1969) incorporates stability

effects due to air-sea temperature
difference. The wind field

forecast is made at six hour
intervals. '

3 COMPARISON OF MODEL FORECASTS
WITH MEASUREMENTS

Wave data are acquired from buoy
measurements in the Gulf of Mexico
operated by NOaA Data Buoy Center. The
NDBC 42001 is located at about the cen-—
ter of the Gulf (25.S3N, 89.7W), midway
between NDBC 42002 (26.0N, 93.5W) and
NDBC 42003 (26.0N, 85.9W). The wave
data analyzer (WDA) wave measurement
system mounted aboard a buoy. consisting
of an axial linear accelercmeter, pro-
vides spectral estimates with a resolu-
tion of .01 Hz and degrees of freedom
of 30. The frequency bands range from
0.01 up te a cut-off frequency of 0.39
Hz. Thus the upper and lower bounds of
the 90% confidence interval are, respec—
tively, 1.622 and 0.685 of the estimated
value. These and other data such as
wind speeds and directions were encoded
and relayed to NMC via the Geostationary
Operational Environmental Satellite
(GOES) . The archived data of both fore-
casts and measurements are available
since March 1987 except measured data at
NDBC 42003. The wave gauge at NDBC
42003 did not restart operation until
the middle of April 1987.

The statistical error analysis 1is
performed for the significant wave
height forecasts of each model interpo-
lated to the buoy locations at forecast
hours : +12 Z, +24 Z, +36 Z and +48 Z
using the concurrent buoy measurements
as common wvalidation standard. The
analysis consists of the mean sguare
error (MSE) as well as its systematic
and unsystematic proportions of magni-
tudes (MSEg and MSEu), and the average
relative erroxr represented by the index
of agreement (IOR). Following Willmott
(1982), these indices take the form

wsE=N"1 S (p;-0;)°
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where N is the number of data points

o i .
and, Pj; = 2 + bO;, in which a and b are
the intercept and slope of the least
squares regression, rgﬁpectively, and
where P{ = P;-Q and Of = 0;-9. with O
being the mean of the observed variable
(0) and P, the model-predicted variable.

The MSE or its square rocot (RMSE)}
summarizes the mean difference in the
units of P and O0. The MSE comprises two
parts, i.e., MSE = MSEg + MSE. .. For a
good model, the systematic di%ference,
from the model should approaches zero
while the unsystematic difference ap-—
proach MSE. The I0A descriptively
measures the accuracy of the model and
is a useful measure for cross—compari-
sons of models.

Figure 1 shows the monthly wvaria-
tion of the IOA of each model at the
projection hour +12Z at the location
NDBC Buoy 42001 for March 1987 to August
1987. Similar patterns were found at
424z, +36z and +48z data and at all
three buoy locations. There are insig-
nificant differences on the patterns of
the variation of IOA due to differences
in locations and forecast hourstat least
up to +48z). Therefore values of the IOA
at the three buoy locaticns and of the
four forecast hours are averaged. The
resulting mean values of IOA for each
model as a function of the month are
showing in Figure 2. The NROWM1 is
shown to have the highest TIOA values
among the four, while the NOW model, the
iowest. The TDL model and the GSOWM are
in between and have comparable mea-
sures. It is of interest to note that
the performance of all four models
deteriorate in the summer months of July
and August 1987. During these two months
measured significant wave heights are
gquite low and rarely exceed one meter.

Table 1 summarizes the over-all
performance of each model in terms of
TIOZA, RMSE and RMSES/RMSE based on the
entire sets of data covering the months
from March 1987 through August 1987.

Table 1
Model 10 RMSE  RMSE./RMSE ~
(m)
NOW © .63 . &3 .81
GSOWM .74 _EX .72
TDL .70 .55 .68
NROWML . .79 .50 .52

As shown in the table, the NROWM1 scores
the highest IOA values and lowest RMSE
and RMSEg values for the study period of
time.
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Fig. 1 Monthly index of agreement for
the significant wave height of +12z at
NDBC 42001.
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Fig. 2 Mean monthly index of agreement
for the significant wave height of +12z,
+24z, +36z and +48z, and NDBC 42001,
42002 and 42003.

The sources of systematic error
contained in the NROWML can result from
the wave model and/or wind model. Table
2 gives the variation of the monthly
mean of the IOA and RMSE. of the model
wind speed and RMSE /RMSE of both the
nodel wind speed ana the wave height. It

shows that the trend of increase in



RMSE and decrease in IOA of the model
wind as the season changes from winter
to summer is comparable to that of the
model wave. It suggests that errors in
the wind predicticon is a major factor
that contributes to the errocr in the
wave prediction.

Table 2
Month I0A RMSE RMSES/RMSE
’ - (m/s) (Wind) (wWave)
3/87 .82 2.50 .43 -
4/87 .79 183 .49 +52
5/87 .76 1.79 563 .66
6/87 - 503 1.73 o h2 .89
7/87 .65 2.08 .89 . .94
8/87 .61 202 .92 .96
4. SUMMARY AND CONCLUDING REMARKS

The performance of four wave
forecast models - GSOWM, NOW, TDL and
NROWM1l is evaluated. The model perfor-
mances presented in this article concen-—
trates solely on the the significant
wave height forecasts and the concurrent
measurements at three NDBC buoys in the
Gulf of Mexico for the months from March
1987 through August 1987. Three major
error statistics, i.e., the index of
agreement, the root mean square error
and the systematic error contained in a
model are used as the evaluation stan-
dard. The results show that the NROWM1
performs best among the four models,
perhaps because of its finer spatial and
temporal resolutions.

There is an important question
concerning the NROWM1l, however. That is
how well the model will perform with the
hurricane winds? Since no major hurri-
cane passed through the Gulf during the
period in which data are archived, the
question remains unanswered. There is
an indication that the accuracy of the
wind model deteriorates and underpre-—
dicts the wind speed during the warm
seasons, which in turn produces a lower
wave height than actually observed.

The current NROWM1l system is inadequate
for the low wind condition. Further
improvement and modification of the
system in these areas and further eva-
luation of the system based on a much
longer period of measured data can raise
the level of model performance.
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