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THE PRESENT STATUS OF OPERATIONAL 
WAVE FORECASTING 

Numerical spectral ocean-surface wave-prediction models are used increasingly for the preparation of 
operational wave forecasts, wave-climate assessments, and the specification of design data for coastal 
and offshore structures. Recently, an international group of wave modelers compared 10 first- and second
generation wave models in the Sea Wave Modeling Project and found surprisingl large differences in 
model behavior and performance. The activities of the project have been continued b the Wave Model
ers group, which is engaged in the development of a third-generation model based on impro ed represen
tations of physical processes of wave growth, wave- wave interactions, and wa e di ipation. Third
generation models will probably be in widespread use by the end of the decade and promise, together 
with satellite-based ocean wind and wave measurement systems, to provide accurate and timely global
scale specifications of the directional wave spectrum, as well as forecasts who e accurac will be limited 
only by errors in numerical weather forecast systems. 

INTRODUCTION 
Numerical spectral ocean-wave models were in

troduced in the mid-1950s, but only within the last de
cade has their use become widespread. In many countries 
(e.g., Australia, Great Britain , the Federal Republic of 
Germany, Japan, Malaysia, Netherlands, Norway, and 
the United States) spectral wave models are used opera
tionally at national meteorological centers in the prepa
ration of real-time wave forecasts. Wave models have 
also been used to derive long-term (20 to 30 years) wave 
series in northern hemisphere basins for estimating the 
normal wave climate. Extreme wave statistics needed for 
designing coastal and offshore structures are developed 
today mainly from wave data generated by wave model 
hindcasts of relevant populations of severe historical 
storms. 

Further interest in wave models has been stimulated 
in recent years by the prospect of routine global remote 
sensing of ocean-surface wind and wave properties from 
polar-orbiting satellites such as the Navy Remote Ocean 
Sensing System (NROSS). * The scatterometer to be flown 
on that system can retrieve near-surface winds from ra
dar backscatter measurements, but the relationship be
tween backscatter and wind speed probably depends on 
sea state. In addition, there is increasing evidence that 
the relationship between the wind field near the sea sur
face and the surface stress also depends on sea state. The 
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NROSS will also fly a radar altimeter, but that in tru
ment pro ides estimate of ignificant v a e height only 
along the sub satellite track. To u e the remote ocean
sensing data most effecti el ,the ill ha e to be as
similated into a global wave model in real time, in much 
the same way that remote atmo phere measurements are 
used in numerical weather prediction models. 

Within the past few years, the international commu
nity of wave modeler ha cooperated and collaborated 
to a remarkable degree in effort to identify weaknesses 
in present models and to de elop and implement im
proved models. In the Sea Wa e Modeling Project 
(SWAMP), 10 different pectral v a e predictions (see 
Table 1) were subjected to a et of e en tests and syste
matically compared. I Mo t of the SWAMP partici
pants have continued to work a a group (the so-called 
Wa e Modelers, or W AM) to de elop, e aluate, and im
plement a third-generation wa e model. A prototype ver
sion of the W AM model a te ted in 1986 at the 
European Centre for Medium Range Weather Forecast
ing with promising re ult (see the article by Komen else
where in this issue). 

In this article, we fir t de cribe the basic structure and 
behavior typical of fir t- and econd-generation wa e 
models, with particular reference to the SWAMP results. 
We then assess the capabilities of typical operational 
wave-prediction models. Finally, we describe the pre -
ent status of third-generation models and the benefit 
of future applications of such model . 

WAVE PREDICTION MODEL STRUCTURE 

* ROSS , a .S . program for global wind- fi eld monitoring, wa 
cancelled in December 19 6 . The progno i fo r it revival i un
clear a this goe to pre . 
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Table 1-Models used in SWAMP intercomparison study. 

Model 
Name 

MRI 

VENICE 

NOWAMO 

GONO 

TOHOKU 

HYPA 

BMO 

SAIL 

DNS 

EXACT-NL 

Source 
Institution 

Meteorological Research Institute, 
1 apanese Meteorological Agency, 
Tsukuba 

Instituto Studio Dinamica, 
Grandi Masse, Venice 

Norwegian Meteorological Institute 

Royal Netherlands Meteorological 
Institute, De Bilt 

Geophysical Institute, Tohoku 
University, Sendai 

Institut fur Meereskunde, Hamburg 

British Meteorological Office, 
Bracknell 

Sea Air Interaction Laboratory, 
National Oceanic and Atmos
pheric Administration, Miami 

Scripps, La lolla/ Naval Ocean 
Research and Development 
Activity, Bay St. Louis 

Max Planck Institute of 
Meteorology, Hamburg 

placement in terms of component wave frequency, j, and 
direction, e. 

f2 r [ F(j,8)dfd8. 

From the spectrum, one can specify quantities of interest, 
such as the significant wave height (SWH), the domi
nant wave period, the direction of propagation of max
imum wave energy, and even the expected value of the 
maximum individual wave height in a run of waves. 

Most spectral wave models are of the discrete type in 
which the spectrum is completely described as an array 
of frequency-direction spectral components of finite 
bandwidth. Typical directional resolution is 15 degrees, 
and typical frequency resolution is 0.01 hertz. With 
several hundred discrete spectral components at each 
model grid point, computer storage requirements in a 
wave model are considerable, since there are about 7000 
grid points in a global grid of reasonable spatial resolu
tion of, say, 2.5 degrees latitude/ longitude. Hybrid 
models attempt to reduce storage and computational 
demands by representing the wind-sea part of the spec
trum in terms of a few spectral shape and scale parame
ters and retaining narrow-banded representation only for 
swell. 

The basis of spectral wave-prediction models is the 
spectral energy-balance equation, which in deep water 
and in the absence of currents is 
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aF 
at + V g • "F = S = Sin + Snl + Sds , (1) 

where the two-dimensional spectrum, F, depends on 
space and time, as well as frequency and propagation 
direction; V g is the group velocity; and the source func
tion, S, is expressed as the sum of Sin, energy input 
from the atmosphere, Snl' the nonlinear transfer of 
energy by resonant wave-wave interactions, and Sds' 
energy losses to dissipative processes such as wave 
breaking. 

The solution of Eq. 1 is approximated numerically in 
wave models by alternate steps of simulated propaga
tion (the advective rate of change) and growth (local rate 
of change) caused by sources and sinks. In the propa
gation step, the frequency bands are uncoupled and the 
directional bands are weakly coupled by convergence of 
meridians on a spherical earth or in shallow water by 
bottom refraction. In the growth step, the grid points 
are totally uncoupled and the degree of coupling between 
the frequency and direction bins depends on the form 
for S. 

Propagation 
A wide range of propagation schemes has been used 

in wave models, including higher order advective-dif
ferencing schemes,2 discontinuous schemes that jump 
energy from point to point, 3 and explicit representa
tions of wave-range paths along characteristic curves. 4 

Highly nondispersive numerical advective schemes are 
not necessarily advantageous in banded models because 
for typical bandwidths there is natural dispersion. As 
recognized rather early, 5 there is little point in selecting 
an advective scheme for a discrete wave model that 
minimizes dispersion. Advective operators that are con
sistent with the natural dispersion of finite bandwidth 
spectral components have not been developed, but the 
requirements of such an operator have been described 
by SWAMP. 1 As a result, many operational wave 
models perform rather well with simple schemes. For 
example, the prototype third-generation W AM global 
model uses a first-order advective scheme. The present 
Navy global spectral ocean-wave model (GSOWM) uses 
an interpolatory scheme,5 which is basically first order 
and includes great-circle propagation effects. The scheme 
has also been used successfully in storm hindcasts in the 
Ocean Data Gathering Program (ODGP)/ SAIL family 
of models. 6 

Source Terms 
Following SWAMP, 1 spectral wave-prediction 

models are differentiated by their source-term treatment. 
In so-called first-generation treatments (Fig. la), the in
put source term is generally represented as 

Sin = A + BF, 

where A represents an excitation mechanism such as the 
model proposed by Phillips 7 to describe the resonance 
of surface-wave components with atmospheric turbulent 
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Figure 1- Relative energy balance for (a) first-generation and 
(b) second-generation models (after SWAMp1) . 

pressure fluctuations, and BF represents energy tran -
fer to waves through coupling of the mean shear flow 
in the marine atmospheric boundary-Iay~r-to-surface
wave components. In first-generation models, an equi
librium spectrum, usually the Pierson-Moskowitz, i 
used to limit the growth of the total wave energy and 
to shape the tail (high-frequency part) of the spectrum, 
thereby avoiding the need for a dissipation source term 
for wind waves. Snl either is not considered or plays a 
minor role relative to S in ' Some first-generation models 
perform very well, as discussed below, because their lin
ear and exponential growth rates are not taken directly 
from theory but ha e been refined based on observa
tions o f net wave growth in simple duration- or fetch
limited situations or on trial hindcasts of more compli
cated wave regimes . However, they do not model some 
features of wave generation, such as similarity of fetch 
and duration growth or spectral overshoot. Furthermore, 
these models may not be reliable if applied to wave re
gimes substantially different from those used for re
fining . 

Second-generation source-term treatments are indicat
ed schematically in Fig. 1 b. The nonlinear source term 
plays the dominant role in the evolution of the spectrum 
because it greatly exceeds S in in magnitude in the for-
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ward face of the pectrum. Since a rigorous representa
tion of SnI i not po ible in a di crete model at current 
computer peed , the SnI ource term in second-genera
tion model is de cribed in terms of only a few 
parameter and i valid onl for a re tricted class of spec
tral hape . Mo t of uch model ha e retained the sim
plified fir t-generation model treatment of the high
frequency part of the pectrum in terms of a saturation 
range rather than attempting an explicit balancing of 
ource term . The S in term in econd-generation models 

i usually taken from the Bight of Abaco field experi
ment, which pro ide grO\ th rate about a factor of 
5 smaller than tho e u ed in fir t-generation models. 

As demonstrated in SWAMP, econd-generation 
model ha e not pro ided ignifi ant impro ements over 
well-tuned first-generation model; this ha led to the de-
elopment of a third-generation model. 9 That model 

retain an empirical ind-input ource function and a 
dissipation ource function ba ed on a general white
capping di ipation model. 10 The nonlinear source term 
is specified through the di crete-interaction operator pa
rameterization , II hich contain the arne number of 
degree of freedom a i u ed to pecif the di cretized 
pectrum and i tructured in the arne \ a a the e act 

Boltzmann integral. The computational efficienc of thi 
form 0 er the full integral i achie ed b re tricting the 
integration to onl two elementar intera tion on figura
tion , as determined from a large number of t t with the 
exact integral, to de cribe the e ential features of S nl ' 

WAVE-MODEL PERFORMA CE 

SWAMP 
SWAMP con i ted of the uniform application of 10 

pectral models to e en hypotheti al te t , each designed 
to reveal a particular propert of the models. Model 
prediction were not compared with real data. The cases 
con i ted of a pure ad ection te t· fetch- and duration
limited wa e growth in uniform tationar winds blow
ing orthogonal to a traight coa t (case 2); lanting-fetch 
wa e growth; wa e growth in a basin \i ith nonzero uni
form winds in the half plane; \ a e gro\J th on a plane 
with a 9O-degree wind hift along a diagonal front; imu
lation of a tationar and tran lating hurricane (ca e 6); 
and local wa e re pon e to a 90-degree hift in indo 
The SWAMP ca e ha e pro ided a tandard reference 
for the e aluation of pre ent and future a e model. 
Figure 2 hows the re ult for ca e 2 for duration-limited 
eas. It al 0 ho result for two first-generation model 

that were not included in SWAMP: the ODGP model 12 

and the pectral growth/ di ipation algorithm In 

GSOWM. 13 Incidentally, the pre iou a orthern 
Hemi phere spectral ocean-\ a e model (SOWM) and 
ODOP behaved imilarl in the ca e 2 duration te t but 
differed significantly in the fetch-limited te t and in the 
test of duration-limited growth following a wind hift. 
The aried result of the SWAMP model in the imu
lated hurricane ca e (ca e 6) prompted SWAMP to con
clude that 

... reliable performance of the model in these 
situations, for which direct measurement are 
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Figure 2-Duration-wise growth in case 2 (SWAMp1) , The 
curves are for the 10 SWAMP models and the first-generation 
GSOWM and ODGP models . 

unfortunately sparse, must be regarded as 
highly questionable. A detailed analysis of 
the few existing hurricane wind and wave 
data sets in the light of the model intercom
parison results for Case 6 would clearly be 
valuable. I 

A number of such case studies are summarized below. 

Storm Hindcasting 
Most of the published data on model performance in 

situations of severe atmospheric forcing pertain to first
generation models. Reece and Cardone l4 evaluated the 
skill of ODGP model hindcasts of SWH and its associat
ed peak period at a site in a storm, specified naturally 
as part of basin-wide simulations of complete storm his
tories. In over 60 individual comparisons in 19 differ
ent tropical and extratropical cyclones, the model hind
casts exhibited negligible bias and root-mean-square er
rors of less than 1 meter in height and 1 second in peak 
spectral period. Comparisons of measured and hindcast 
directional wave spectra in three of the hurricanes 
showed excellent agreement. The scatter index (100 times 
the root-mean-square error divided by the mean, over 
a sample of measured data) is frequently cited by wave 
modelers as a measure of forecasting quality. The scat
ter index in SWH was 11.9 percent in the comparisons 
cited above. 

Several modelers have achieved comparable success 
with first- and second-generation models in hindcasts of 
historical storms after surface wind fields have been care
fully reconstructed from source data. For example, the 
Shallow Water Intercomparison Model (SWIM) 15 

produced scatter indexes of 19, 14, and 24 percent in 
deep-water hindcasts of two severe North Sea storms 
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with the BMO, GONO, and HYPA models, respective
ly. Figure 3 compares those hindcasts with a blind hind
cast of the same storm sequence carried out with the 
ODGP model on comparable spectral and grid resolu
tions. The wind fields used in the SWIM model hind
casts were identical; the ODGP model hindcast used a 
different wind field. Both wind fields, however, agreed 
well with measurements at the FULMAR (North Sea) 
verification site. Apparently, over the models shown, 
model performance depends more on subtle differences 
in the wind field and model tuning than on the rather 
different forms used for the source terms within the 
models. 

So far, the third-generation model has undergone 
more limited evaluation in terms of storms. However, 
six extratropical storms that occurred in 1983 and 1984 
on the western European continental shelf were hind
cast and evaluated at several measurement sites. 9 Mean 
errors in SWH were generally less than 0.5 meter with 
scatter indexes between 10 and 20 percent. The third
generation W AM model has also been used to hindcast 
three Gulf of Mexico hurricanes, including the intense 
Hurricane Camille in 1969, with good results. A com
plete evaluation of these hindcasts is given in Ref. 9. Fig
ure 4 compares the hindcast and measured frequency 
spectra associated with peak sea states in Camille at the 
measurement site directly in the path of the eye (the mea
surement system failed at the peak of the storm). 

Wave Climate Assessment 
There have been three applications of spectral wave 

models to provide basin-wide descriptions of the long
term wave climate. The Navy's 20-year hindcast study l6 

used the first-generation SOWM model 13 to calculate 
the two-dimensional spectrum (180 components) at 
6-hour intervals on a grid covering the entire northern 
hemisphere over the 20-year period 1956 to 1975. The 
Army performed a comparable study of the North Pa
cific and North Atlantic Oceans 17 with the second
generation model of Resio. 18 More recently, the Nor
wegian Meteorological Institute completed a 27-year 
hindcast of the eastern North Atlantic Ocean and Nor
wegian Sea with the second-generation SAIL model. Fig
ure 5 (from Ref. 19) compares the hindcast and mea
sured wave climate, expressed in terms of frequency dis
tributions of SWH and peak spectral period, for a 5-year 
subset of the data at a measurement site in the northern 
Norwegian Sea. The results of these studies have been 
used extensively in engineering studies involving design 
and operation of coastal and offshore structures and in 
ship-response studies. 

Real-Time Applications 
The above-referenced studies were carried out with 

wind fields produced from historical meteorological data. 
The U.S. Navy and Norwegian wave models, among 
others, are used for real-time forecasting. Since the ini
tial states for wave forecasts are generated in a hindcast 
mode from analyzed wind fields, the succession of wave 
analyses provided in the operational systems accumu
lates over time to provide a climatology. The accuracy of 
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Figure 3-Validation of hindcast of North Sea storms at the FULMAR platform in the North Sea (BMO GONO, and HYPA 
hindcasts), November 19-26, 1981 (after the Shallow Water Intercomparison Model Group 15). 

these real-time wave analyses appears to depend mainly 
on the accuracy of the wind fields used to drive the wave 
forecast system. 20 Figure 6 (from Ref. 20) compares er
rors in wind speed and SWH in predictions provided by 
the Navy SOWM system and a privately operated North 
Atlantic forecast system that uses the ODGP model. 21 

The error statistics are derived from verification of twice
daily 48-hour forecasts over an 8-month period at six 
sites off the U.S. and Canadian east coasts. There ap
pears to be an approximately linear growth of the SWH 
scatter index with the growth of the wind-speed scatter 
index. Forecast winds for the GSOWM at the sites are 
interpolated from objective forecast surface wind fields, 
while forecast wind fields for the ODGP are derived 
from surface-pressure-field forecasts from the National 
Oceanic and Atmospheric Administration after modifi
cations have been applied in a real-time man-machine 
forecast system. 

Basically, the same correlation has been demonstrat
ed for GONO model forecasts in the North Sea. 22 It 
appears that current operations are limited mainly by 
the errors in input wind fields. This in itself should not 
be surprising. However, it is not generally realized that 
SWH and peak spectral frequency in deep water can be 
specified to an accuracy of 10 percent (scatter index) with 
present calibrated wave models, where winds are speci
fied with random errors in speed and direction of about 
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± 2 millimeters per second and ± 20 degrees . The scat
ter of 25 to 35 percent in wa e anal se derived from 
present operational model-ba ed tems arises mainly 
because wind-field error are about t ice as large as those 
found in detailed hindea t of ca e- tud torms. The 
larger scatter in wave foreca t reflect the growth of er
rors in forecast wind field deri ed from numerical 
weather prediction model . 

FUTURE PROSPECTS 
The present high Ie el of acti it in the international 

wave-modeling communit portend continued rapid 
progress in the refinement and application of wa e
prediction models. In addition to its wa e-model work, 
WAM continues to addre remaining basic questions 
involving the details of the pectral energy balance. 
Among the e acti ities i a reanalysi of exi ting data 
sets on fetch -limited wa e growth in order to de elop 
a standard growth cur e for deep-water \ a e genera
tion . A related need i a more preci e form of the 
atmospheric-input source term-one that include the ef
fects of atmospheric thermal stratification the ontri
bution of microscale and mesoscale gu tine , and 
possibly the effects of the ea tate it elf on the total air
sea momentum transfer. A econd que tion concerns the 
directional propertie of the wave spectrum in both 
equilibrium conditions and in situations of \ a e growth 

Johns H opkins APL Te hnica l D ige c, Volume . umber I (/9 - ) 



450~----~------~----~------~----~ 

u 
Q.) 
Ul 

400 

350 

~ 300 
E 

~ 
.~ 250 
Q.) 

'0 

~ 

~200 
0.. 

(f) 

150 

100 

50 

-- Measured SWM = 13 .51 m 

-- Hindcast SWM = 13.62 m 

• 90 % confidence limits on 
measured spectrum 

OL-~~~------~-=~~~~--~L-----~ 

0 .0 0.1 0 .2 0.3 0.4 0.5 
Frequency (Hz) 

Figure 4-Measured and hindcast SWH in Hurricane Camile , 
August 17, 1969, 2100 GMT (after Hasselmann et aI. 9 ). 

. ~ 20~r---r---~--~--~--~--~--~~ 
'0 
Q.) 

~ 16 
c~ 
o co 
u i:: 12 
UlQ.) 

~ .~ 
~ a5 8 

..... C{' 
0 ..... 
+-' 
c: 
Q.) 
u 
Qj 

0... 

c: 

'0 
Q.) 

4 

0 

20 

. ~ 16 
+-'Ul 

§ro 
u ~ 12 
Ul2 
Q.) c: 
>.-
co E 8 
~ , 

..... LD 
06 
C 4 
Q.) 
u 

4 6 8 10 12 14 16 18 20 
Peak period (sec) 

O.4

D ~02 
;::R o 

0.0 
8 9 10 11 12 

SWH (m) 

Qj 
0... 

OUL~_-L __ ~ __ L-~ __ ~~~ __ L-~ 

o 2 3 4 5 6 7 8 9 
SWH (m) 

Figure 5-Distribution functions of measured and hindcast 
values at grid point 1032. (a) Peak period. (b) SWH ; Insert: en
largement of distribution tail of SWH (after Eide et aI. 19 ). 

Johns H opkins A PL Technical Digest, Volum e 8, N um ber I (1987) 

Cardone - Present Status of Operational Wave Forecasting 

80 
;::R o 

I 

~ 60 

'0 
x 
Q.) 

'0 

c: 40 

~ 
co 
u 

(f) 

20 

ODGP SOWM (all sites) 

• 
A 

• 
• 
A 

• 

• 

Analysis 

24-hr forecast • 
48-hr forecast • 

• 
• • A 

• • A 

• • • •• 
A • 

• • A 

•• • 
• A • 

• 

• 

Scatter index of surface wind speed (% ) 

Figure 6-Correlation of wind speed and SWH scatter index
es (after Cardone and Szabo 20). 

in a turning wind. The research will be aided by the large 
increase in the quality and volume of directional wave
measurement data sets that have become available within 
the past few years. Finally, the details of the spectral 
energy balance in shallow water need to be better un
derstood, particularly the form of the bottom-dissipation 
source term. This area of research is currently hindered 
by a lack of high-quality wave measurements in shal
low water, though several new field programs are cur
rently under way . 

In wave model applications, the third-generation 
W AM model will likely become operational within a year 
or so at the European Centre for Medium Range Weath
er Forecasting in the form of a global model with a nest
ed regional model covering the European continental 
shelf. Since third-generation models require about an or
der of magnitude greater computer time than second
or first-generation models, the latter two will continue 
to remain in widespread use on medium-speed main
frames, minicomputers, and supermicrocomputers. In
deed, as third-generation models are validated against 
measured data sets of the highest quality and as detailed 
features of the spectral energy balance are revealed, it 
is probable that some further improvements in the para
metric source term representations of first- and second
generation models may be implemented in operational 
models. 

In the near term (say 1 to 5 years) at least, more 
refined wave models may contribute little to improving 
skill in operational wave analyses and forecasts unless 
the accuracy of marine-wind analyses and forecasts is 
also improved. Such improvements are not likely to oc
cur on a global scale until the early 1990s, when present 
programs to place remote microwave-sensing satellite sys
tems in orbit are realized. 

Cardone20 has reported a case study of the severe 
North Atlantic storm of September 9 through 11, 1978, 
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that damaged the ocean liner Queen Elizabeth 2 and in 
which remotely sensed marine surface-wind data were 
obtained by Seas at. In that study, alternate representa
tions of the surface wind field were produced in order 
to compare the specifications possible from the Seasat 
enhanced database with wind fields derived solely from 
operational pressure analyses based on conventional 
data. Over a three-day period during which the Seas at 
scatterometer viewed the developing storm at 12-hour 
intervals, the conventional operational analyses were 
found to be very poor despite the fact that the storm 
formed and moved through the active North Atlantic 
shipping lanes (Fig. 7). 

50 

West longitude (degrees ) 

----+ Windstream lines 

-- Wind isotachs (values in m sec) 
Figure 7-Comparison of an operational surface-wind field 
derived from the National Meteorological Center final analy
sis pressure field (top) and a base-case wind field from com
bined Seasat-A scatterometer system and conventional data 
(bottom) for 1200 GMT, September 10, 1978. 
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The six-hour wind field produced from combined 
conventional and Seasat ind data were used to drive 
a high-resolution , calibrated spectral ocean-wave model 
(the ODGP model) to hindcast the evolution of the sea 
state over the North Atlantic Ocean during the lifetime 
of the storm. This base-ca e hindcast was compared to 
a control wa e hindea t dri en by surface wind fields 
derived from an operational 6-hour pressure analysis. 
The large differences between the base-case and the con
trol hindcasts (Fig. 8) are indicati e o f the very large er
ror that occasionally characterize real-time wave 
analysis. 

The impact study al 0 included a number of simulat
ed 24-hour wave foreca t for which initial wave states 

t 

~10 

rho 

50 

West longitude (degrees) 
Figure a-Comparison of hindcast SWH (at 5- foot contour 
intervals) from a simu lated operat ional wi nd f ield (top) and 
the w ind field derived from Seasat-A scatte rometer system 
data (bottom) at 1200 GMT, September 10, 1978. The locations 
of the storm center are ind icated as C. The max imum hind
cast SWHs are also ind icated . 
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were taken from either a base-case or a control hind
cast run and in which forecast wind fields were derived 
from various forecast pressure fields. Table 2 (from Ref. 
23) gives simulated verifications of these forecasts against 
sea states specified in the base-case hindcast for several 
runs, in terms of peak hindcast SWH and mean and 
root-mean-square errors in wind speed and SWH. In 
forecast run Fl, the forecast pressure fields produced 
operationally at the Fleet Numerical Oceanography Cen
ter (FNOC) were used to provide forecast winds in the 
24-hour period beginning 1200 GMT, September 9. In 
that period, the Queen Elizabeth 2 storm central pres
sure deepened to 950 millibars, while FNOC specified 
only 999 millibars. The peak SWH was forecast to be 
10.3 feet versus 24.3 feet in the base-case hindcast. In 
run F2, which used the same control initial state as Fl, 
the experimental NWP model run of Anthes et al. 24 

was used to provide wind fields. Their model captured 
about 30 percent of the explosive deepening observed 
in this 24-hour period, and peak sea states were closer 
to the base-case value, though still significantly lower 
(18.5 versus 24.3 feet). 

Two 24-hour forecast experiments addressed the 
24-hour period following 1200 GMT, September 10, dur
ing which the storm central pressure filled to 976 milli
bars, but peak SWH continued to build as the area of 
high winds about the storm expanded. It was at the end 
of this period that the Queen Elizabeth 2 storm encoun
tered peak SWHs estimated to be in the range of 35 to 
40 feet. The base-case hindcast specified 37.2 feet. A 
24-hour forecast run (F3) using the control run initial 
state and the NMC forecast model pressure fields from 
the National Oceanic and Atmospheric Administration 
predicted peak sea states to be less than half that ob
served (17.4 feet). The same forecast winds were used 
for run F4, but initial states were taken from the base-
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case hindcast. This run is intended to simulate the ideal
ized situation in which spacecraft-derived wind and/ or 
wave measurements together with a wave model provide 
a "perfect" specification of the directional spectrum. 
However, F4 produced a peak SWH only marginally 
greater than that provided by run F3. 

These simulation experiments suggest that much of 
the benefit of spacecraft-monitoring of marine winds and 
sea states is lost in the first 12 to 24 hours of forecast 
horizon unless skill in numerical weather forecasts of in
tensity changes in marine cyclones is significantly im
proved from current levels. Until actual spacecraft data 
become available in the early 1990s, spectral wave models 
should be used in observing system-simulation experi
ments to assess the potential benefits of proposed 
remote-sensing systems, to develop and test algorithms 
for the assimilation of wind and wave data into wave 
models, and to help define the attributes of a future 
operational remote earth-observation system. 
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