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ABSTRACT

Unusually severe storms occurred in the northeast Pacific Ocean between January and March 1983, and
waves from these storms caused extensive erosion and damage along the U.S. west coast. Wave conditions
as measured by eight data buoys are described for an intense storm off northern California with significant
wave heights up to 12.9 m that occurred during February 1983, A very uncommon feature of the wave
spectra is considerable energy at long periods of 20 to 25 s. Long period waves were generated west of the
northern buoys and propagated as high swell to the southern buoys. Swell propagation was consistent with
classical wave theory. The ability to quantitatively identify high swell at northern buoys prior to its arrival at
buoys off southern California may have real-time swell forecast applications. Differences between measurements
and numerical wave model forecasts and hindcasts indicate the value of the wave data and areas where
numerical modeling of such storm-generated waves could be improved.

1. Introduction

Several severe storms moved across the northeast
Pacific Ocean during January, February and March
of 1983. Waves generated by these storms caused
unusually extensive erosion and damage along the
U.S. west coast, particularly the California coast.
Wave conditions during these storms were measured
by data buoys operated by the National Oceanic and
Atmospheric Administration (NOAA) Data Buoy
Center (NDBC). Wave spectra associated with one
storm in February 1983 had considerable wave energy
at unusually long periods of 20-25 s. Wave conditions
were severe with a maximum significant wave height
of 12.9 m at the buoy closest to the storm. For a
Rayleigh distribution of wave heights and 1000 waves,
this significant wave height corresponds to a probable
maximum wave height of approximately 24 m.

Figure 1 shows the track of the center of this storm
and the positions of the data buoys from which data
were examined for this study. NDBC typically has
14 to 16 buoys with operating wave measurement
capability deployed in the northeast Pacific Ocean
region. Data from buoys at eight stations were pri-
marily used for this study. Except at station 46025,
located where the water depth is 183 m, water depths
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are deep enough for waves to be negligibly affected
by the bottom. Waves reaching station 46025 are also
partly blocked by offshore islands. The measured
long period waves during high sea states are most
unusual. Such long wave periods have seldom been
measured during high sea states by NOAA data buoys
which have been deployed with wave measurement
capability at many locations since the mid-1970s
(e.g., NOAA Data Buoy Center, 1983). The eight
stations primarily used for this study were spread
along the U.S. west coast with one station near the
region of most active wave generation. The stations
thus serve as a network for examination of wave
characteristics associated with severe northeast Pacific
Ocean storms and propagation of high swell to coastal
locations. High swell is of major practical interest
because swell from northeast Pacific Ocean storms is
an important cause of erosion and damage along the
California coast.

The purpose of this paper is to document and
describe both the meteorological situation causing the
unusual wave conditions and the wave conditions
themselves. The wave measurements are unique for
three main reasons. First, they were made by many
independently operating buoys at different locations
thus providing confidence in the measurements and
a description of how wave conditions vary with
location. Second, the very long periods are rare and
may not be well accounted for by wave formulations
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FIG. 1. Storm track and locations of data buoys. Locations emphasized
for this paper are indicated by buoy station numbers.

that are commonly used in numerical wave models.
Third, the documented storm is an excellent example
of the type of storm which causes serious problems
along the west coast and the paper describes how
measurements such as these would be useful to
improve wave forecasts, especially for the southern
California coast. For example, long period storm
generated swell was measured at the northern buoys
approximately 24 to 36 h before its arrival at the
southern buoys.

2. Meteorological situation

The meteorological situation causing the high wave
height and long wave period event was determined
from Northern Hemisphere surface weather charts
prepared by the NOAA National Meteorological Cen-
ter (NMC), ship observations transmitted to NMC,
and satellite images from the GOES-West satellite
operated by NOAA. The regular GOES (Geostationary
Operational Environmental Satellite) satellite had
ceased operating the previous fall and the standby
satellite provided only visual images rather than
infrared images thus limiting satellite images to day-
light hours. Figure 1 illustrates the storm track, as
represented by the position of the center of lowest
surface atmospheric pressure, relative to the data
buoy locations. This particular storm was one of a
series of storms between January and March that
itensified in the northeast Pacific Ocean and which
generated high wave conditions along and off the
west coast of the United States.

The storm developed as an extratropical cyclone
with wind circulation about a well-defined low pres-
sure center on 6 February 1983. Figure 2 is the
synoptic weather chart showing the storm at 1200

GMT on this day. The storm’s central pressure at the
surface was 992 mb and ship reported wind speeds
were 10-12 m s~!. The storm deepened rapidly and
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HFIG. 2. Surface synoptic weather chart for 1200 GMT 6 February.
Data buoy locations are indicated by triangles in this and the
following weather charts.
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by 0000 GMT 7 February, the central pressure had
fallen to 968 mb with ship reported wind speeds
between 25 and 30 m s~!. Near this time, the storm
is clearly evident in the visual satellite image shown
in Fig. 3. Fig. 4 is the synoptic weather chart for
1200 GMT 7 February. Fetch distances over which
wind directions were relatively constant southeast of
the storm center were on the order of 1000 km
indicating generation of high waves. The storm con-
tinued to increase in intensity reaching its greatest
wave generation potential, in terms of wind speeds |
and large fetch regions, between 0000 GMT and h
1800 GMT 8 February. By 0000 GMT surface pres-
sure at the storm center was 952 mb and winds
measured by ships were sometimes above 30 m s~
Near this time, the storm is the dominant meteoro- |\
logical feature in the northeast Pacific Ocean as 7|
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FIG. 3. GOES visual image at 2345 GMT 6 February. Data buoy locations are indicated

by triangles in this and the following GOES visual images.
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of 980 mb. This second storm had formed about
twelve hours earlier and later became another major
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synoptic weather chart for 1200 GMT 8 February is |2 f’ﬁﬁ?ﬂw&’
shown in Fig. 6. Wave generation regions south of [ 4* FRET ~

the storm center had fetches between approximately
1000 km and 1500 km with approximately parallel
isobars indicating waves propagating eastward toward
the west coast. The surface central pressure was 952
mb, and ship reported wind speeds in wave generation
regions south of the storm center ranged up to
approximately 30 m s™'. This chart also shows a
second storm to the southwest with a central pressure
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FIG. 4. As in Fig. 2 but for 1200 GMT 7 February.
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FIG. 5. As in Fig. 3 but at 2345 GMT 7 February.

storm. This pair of storms partly illustrates the se-
quence of severe storms which battered the U.S. west
coast during January through March 1983. Largest
wave generation fetches of roughly 1500 km occurred
near 1800 GMT 8 February as shown in Fig. 7 which
also shows the developing second storm. Winds mainly
between 25 and 30 m s™! in regions south of the

storm center generated high waves propagating east-
ward. By 0000 GMT 9 February the primary eastern
storm had filled considerably with a central pressure
of 972 mb as shown in Fig. 8. The longest wave
generation fetches were still oriented eastward. Fig. 9
is the satellite image near this time and shows that
the second storm is now becoming the most important
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FIG. 6. As in Fig. 2 but for 1200 GMT 8 February.
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F1G. 7. As in Fig. 2 but for

storm. For the first storm, several ship visual wave
observations, which are subjective and may have large
uncertainties, indicated locally-generated sea-wave
heights around 8 m and swell heights between 8 m
and 10 m on 8 and 9 February. Ship observed swell
periods ranged from 10 to 26 s. While the first storm

1800 GMT 8 February.

continued to weaken, long wave generation fetches
on the order of a 1000 km continued to exist as
illustrated in Fig. 10 for 1200 GMT 9 February. After
this time, the first storm became unimportant showing
that its existence as a major storm covered an ap-
proximate three day time period. The second western

FIG. 8. As in Fig. 2 but for

0000 GMT 9 February.
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FIG. 9. As in Fig. 3 but at 2245 GMT 8 February.

storm had now become the major storm in the area. 3. Wave measurements

While the second storm is not of primary interest for

this paper, it also produced high waves with long Wave data were used from the buoys in Table 1
periods although the waves were not as high and the which lists the station number, position, water depth
periods were not as long at most of the data buoys and type of each buoy. Buoys are referenced by their
as those from the first storm. World Meteorological Organization station numbers.
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F1G. 10. As in Fig. 2 but for 1200 GMT 9 February.
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TaBLE 1. Data buoy information.
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Water
Lati- Longi- depth
Station* tude tude (m) Buoy type
46002 42.50°N 130.00°W 3,384 6 m NOMAD
46004 51.00°N 136.00°W 3,567 12 m Discus
46005 46.00°N 131.00°W 2,851 12 m Discus
46006 40.70°N 137.70°W 3,963 12 m Discus
46022 40.80°N 124.50°W 311 10 m Discus
46023 34.30°N 120.70°W 622 6 m NOMAD
46024 33.00°N 119.20°W 823 10 m Discus
- 46025 33.80°W 119.30°W 183 6 m NOMAD

* These numbers are the World Meteorological Organization
(WMO) station location numbers. At different times, different in-
dividual buoys may be at these locations.

Wave measurements were made with onboard instru-
mentation called Wave Data Analyzer (WDA) systems
to distinguish these systems from other NDBC wave
measurement systems. Details of the data collection
and analysis procedures for WDA systems are de-
scribed by Steele and Earle (1979). The basic wave
sensor in these systems is a strapped-down acceler-
ometer fixed in the buoy with its measurement axis
perpendicular to the buoy deck. All sensors and
electronic components on data buoys are tested by
standard procedures and records for all sensors are
maintained in NDBC files. Measured acceleration
records are twenty minutes long with a sampling
interval of 0.667 s. After appropriate signal condi-
tioning such as use of anti-aliasing filters, acceler-
ometer records are digitized and acceleration spectra
are calculated by onboard microprocessors. Spectra
are transmitted to shore hourly via GOES satellite.
Acceleration spectra are corrected for low-frequency
noise caused by strapping-down of the accelerometer,
for filter responses during signal conditioning, and
for buoy hull/mooring responses. Displacement spec-
tra, which are standard wave spectra, are obtained
from acceleration spectra by division of acceleration
energy in each frequency band by radian center
frequency to the fourth power. Wave spectra extend
from 0.01 to 0.50 Hz in 0.01 Hz intervals although
spectra are not normally used for frequencies less
than 0.03 Hz where there is negligible wind-generated
wave energy. Twenty-four degrees of freedom are
associated with each spectral estimate.

Effects of strapped-down accelerometers were neg-
ligible for the data used in this study. NDBC opera-
tional data buoys, originally designed to monitor
meteorological data, use strapped-down accelerome-
ters for wave measurements because vertically-stabi-
lized accelerometers (e.g., gryoscope type devices) are
expensive, power consuming and unreliable for long
operational deployments. As a result of buoy tilts in
response to wave slopes, use of strapped-down accel-
erometers causes measured buoy vertical acceleration

VOLUME 14

to be contaminated by buoy horizontal acceleration
and a time-varying part of the acceleration due to
gravity. Calculated acceleration spectra have small
levels of excess low-frequency energy which are ap-
proximately corrected for during analysis. Previous
computer simulations of accelerometer measurements
(Earle and Bush, 1982) had documented errors due
to use of strapped-down accelerometers for Pierson-
Moskowitz spectra with cosine-squared directional
spreading functions for significant wave heights up to
15 m, which is higher than the measured wave
heights. These simulations used the same data analysis
techniques as used for measured data. Based on the
previous simulations and additional similar simula-
tions, use of strapped-down accelerometers causes a
maximum 3% over-estimate of significant wave height
for the highest wave heights used in this study and
cannot artificially shift measured spectra to incorrectly
low frequencies. In addition, strapped-down acceler-
ometer errors are much smaller than 90% statistical
confidence intervals for both significant wave heights
and spectra.

Figure 11 provides examples of time histories of
spectral energy density in the low frequency bands
centered at 0.04 and 0.05 Hz (periods of 25 and 20
s) at three stations. Station 46006 is closest to the
storm, station 46022 is near the coast almost directly
to the east of the storm, and station 46023 is off
southern California. Initial arrival times and peaks of
the longer period wave energy are before those of the
shorter period wave energy. Initial arrival of swell
from the second storm is seen on the righthand side
of Fig. 11a. Fig. 12 shows corresponding time histories
of significant wave height and dominant wave period.
Significant wave height was computed from each
spectrum by '

Hg = 4 (Total Energy)'?, )
where the total energy was obtained by integration of
the spectrum over all frequencies and equals the
variance about the mean of the wave record. Because
of finite spectral width effects, spectrally calculated
significant wave heights are typically a few percent
higher than significant heights obtained by averaging
the highest one-third waves in a time series wave
record (e.g., Longuet-Higgins, 1980). Dominant wave
period was defined as the period corresponding to the
center frequency of the frequency band with maxi-
mum spectral energy density. The dominant wave
period plots are somewhat “jumpy” because of the
0.01 Hz resolution of the frequency bands. The high
wave height and long period event associated with
the storm is evident in the time histories of low-
frequency wave energy, dominant wave period and
significant wave height. Maximum wave energy in
the low frequency bands, highest significant wave
heights, and longest dominant wave periods occur
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first at the northern stations closest to the storm track highest significant wave height at each station. Figure

and later at the southern

was seen in the wave data from all eight stations.

Table 2 lists wave info
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at frequencies of 0.04 and 0.05 Hz.
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4. Swell characteristics

The meteorological situation and the wave mea-
surements show that high waves propagated from
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storm regions with high wind speeds and were not
primarily generated near the data buoys. Near and at
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FIG. 12(a—c). Examples of time histories of dominant wave period
and significant wave height.

the times of highest significant wave heights, wave
conditions tended to be swell-dominated. In other
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TABLE 2. Buoy measurements at times of highest significant wave heights.

Maximum Dominant Swell Anemometer
Hg wave period parameter Wind speed elevation

Station (m) (s) ) (ms™) (m) Time (GMT)/Date
46002 8.85 20.0* 19.1 4.0 5 0700 February 10
46004 6.57 16.7%* 18.6 38 10 0500 February 10
46005 8.67 20.0* 31.0 34 10 0600 February 10
46006 12.85 20.0* 1.8 17.2 10 1300 February 9
46022 7.96 25.0 6.4 7.1 10 0600 February 10
46023 6.40 25.0 29 8.8 5 1900 February 10
46024 7.11 20.0* 10.1 5.4 10 0400 February 11
46025 2.71 16.7%%* 64.0 1.2 5 0900 February 11

* Dominant periods of 25.0 s occurréd earlier.
** Dominant periods of 20.0 and 25.0 s occurred earlier.
*** A dominant period of 20.0 s occurred earlier.

words, wave heights were higher than those which
would be generated by local winds. The relative
importance of swell compared to locally-generated
seas can be estimated from the ratio of measured
significant wave height to the fully-developed signifi-
cant wave height for the local wind speed. This ratio
is given by

o ()
= —=47.171—=), (@2
Hy (Pierson-Moskowitz) u? @

where Hy is in meters and « is the wind speed in m
s~! at 19.5 m elevation. Table 2 lists values of vy at
the times of highest significant wave heights for each
station. The lowest value is at station 46006 which is
nearest to the primary wave generation region. Local
wind speeds were relatively high (approximately 9 m
s™!) at station 46023 causing a relatively small value.
For station 46025, wind speeds were very low (~1-
2 m s7!) causing vy values to be sensitive to small
wind speed changes. An average of wind speeds over
a few hours, which is not important for these inter-
pretations, would reduce wind variability effects. Table
2 shows the importance of swell as a major contributor
to high wave conditions at the data buoys. There are
other less direct methods, such as use of a parameter
which is inversely proportional to wave steepness
(e.g., Parsons, 1979) or use of wave age (e.g., Sverdrup
and Munk, 1947) which provide indications of the
importance of swell similar to interpretations of Table
2. Wave age is the ratio of wave phase speed to local
wind speed.

High wave conditions along the west coast are
frequently due to high swell from storm track regions
of the northeast Pacific Ocean so that swell propaga-
tion is of interest. Wave energy travels along great
circle routes at the frequency-dependent group velocity
given by

Y

of) = 4%

where g is the acceleration due to gravity. Swell

(3)

generated at time £, arrives at a location a distance d
away at the time ¢, given by

d
L,=t+—— 4

o)
Differentiation of Eq. (4) shows that the distance can

be calculated from
trd _ (1220)

dt
-2 5
ey 3

a g
where ¢, and 1, are arrival times of energy at frequen-
cies f; and f, respectively. Because of the dispersive
nature of swell propagation, the difference in arrival
times of energy at different frequencies can be used
to calculate propagation distances. Similarly, if the
distance and arrival time is known, Eq. (4) can be
used to obtain the generation time. Distances and
generation times may also be estimated graphically
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FIG. 13. Examples of wave spectra near times
of highest significant wave heights.
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using a frequency versus time plot of energy as
described by Snodgrass et al. (1966). Analytical rather
than graphical methods were used here.

Equations (4) and (5) with a single generation time
and propagation distance strictly apply only if a storm
is a point source in space and time. Otherwise, waves
propagating to a location are a combination of waves
generated at different places and times. Nevertheless,
the classical concepts of swell propagation described
by these equations provide swell propagation distances
as shown in Table 3 which are consistent with the
meteorological situation. Distances to each of the
eight stations were calculated from the wave data
using measured peak energy arrival times for the
frequencies listed in parentheses in the table. The two
lowest frequencies' seen at each buoy were used to
obtain peak energy arrival times. However, at stations
46004 and 46023 there was not a sufficient difference
in peak energy arrival times at these frequencies for
a distance calculation to be made. At these two buoys,
peak energy arrival times at frequencies of 0.05 Hz
and 0.06 Hz were used. The lowest frequency reaching
station 46025 was 0.050 Hz, so peak energy arrival
times at 0.05 Hz and 0.06 Hz were used. Station
46006, closest to the storm, was a special case since
0.03 Hz wave energy was briefly measured. Swell
generation times were estimated from Eq. (4) using
the calculated propagation distances with the group
velocity associated with the lower of the two frequen-
cies. Because of the storm size and its distance from
the buoys, the storm is not truly a point source so
that swell at each buoy would not propagate over a
single distance. Locations representing the storm cen-
ter and the face of the overall wave generation fetch
toward the buoys were thus selected to bracket the
main region of wave generation. These locations were
obtained manually from the synoptic weather charts
at the calculated generation times. Great circle dis-
tances between these storm locations and each buoy
were calculated and are listed in Table 3. Since
weather charts are only available at 6 h intervals,
calculated distances were interpolated where necessary
to obtain distances corresponding to the appropriate
generation times. As seen in Table 3, distances esti-
mated from the weather charts generally bracket the
calculated distances from the measurements, indicat-
ing the consistency of the measurements with classical
swell propagation theory. The wave generation times
based on the measurements and swell propagation
theory indicate that low-frequency wave energy left
the storm region between 0000 GMT 8 February and
1200 GMT 9 February.

5. Other wave information and additional data inter-
pretations

Another source of data for the storm of interest is
wave data summarized by the Coastal Data Infor-
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TABLE 3. Comparison of swell propagation distances from the
storm to the buoys calculated from wave theory and from weather
charts. The numbers in parentheses are frequencies at which measured
arrival times were used to calculate distances. The lower of these
two frequencies was used to estimate generation times.

Distance (km) from weather

Distance charts based on:

calculated from

measurements Forward face.
Station (km) Storm center of fetch
46002 2535 (0.04, 0.05) 3053 2017
46004 2239 (0.05, 0.06) 3071 2368
46005 1961 (0.04, 0.05) 2627 1591
46006 851 (0.03, 0.04) 1591 254
46022 2535 (0.04, 0.05) 3423 2054
46023 3090 (0.05, 0.06) 3256 1277
46024 2535 (0.04, 0.05) 3608 2240
46025 2239 (0.05, 0.06) 3552 1906

mation Program (U.S. Army Corps of Engineers and
State of California, 1983). Most of these measurements
were made in shallow water with sensors on the
bottom or mounted on piers and most of the mea-
surement sites were partly sheltered from the storm
waves by the coast or offshore islands. Long period
wave energy generated by the storm would be consid-
erably modified in these situations. However, two
unsheltered Waverider buoys operated by the Coastal
Data Information Program clearly show the investi-
gated high wave height and long period event. A
Waverider buoy in 320 m of water at 36°55.0'N,
122°19.5W (off Monterey) measured long period
swell with periods greater than 18 s arriving near
1013 GMT 10 February. This is consistent with
arrival times at station 46022 to the north and at
station 46023 to the south. Similarly, a Waverider
buoy in 73 m of water at 37°56.3'N, 123°3.8'W (off
Point Reyes) measured similar long period swell
arriving between 0426 and 1027 GMT 10 February.
This is also consistent with measurements at the data
buoys. The 6 h interval between reported Waverider
buoy measurements precludes precise determination
of arrival times. The highest significant wave heights
during the long period event were 5.16 and 5.29 m
for the Monterey and Point Reyes Waverider buoys,
respectively. These measurements also show that the
studied event was the high wave height event asso-
ciated with the longest periods during February 1983.

Wave data from the Coastal Data Information
Program were used by Seymour (1983) to document
the unusual severity of wave conditions along and off
the California coast between January.and March
1983. All of eight severe storms examined by Seymour
(1983) had dominant wave periods between 17 and
22 s compared to only one storm which had a
dominant wave period greater than 17 s in the
previous three years. For those measurements made
by Waverider buoys, low frequency roll-off associated
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with the buoy electronics may have decreased low
frequency wave energy and, for the nearshore mea-
surements not made with buoys, shallow water effects
would have modified the spectra at the long periods
observed in 1983. The results provided by Seymour
(1983) are of interest both for illustrating the unusual
severity of wave conditions between January and
March 1983, and for noting the occurrences of un-
usually long wave periods.

The U.S. Navy Fleet Numerical Oceanographic
Center (FNQOC) performs operational wave forecasts
with a numerical directional wave spectra model. The
primary features of this model are similar to those
described by Pierson (1982). FNOC forecasts were
obtained for model output locations in the vicinity
of stations 46002, 46005, 46006 and 46022 off north-
ern California. These locations were most directly
affected by the high wave height and long period
swell. Although wave energy at periods near 20 and
25 s was seen in the forecast spectra, the largest
dominant wave periods were predicted to be 17.9 s,
considerably shorter than the largest observed domi-
nant wave periods of 25 s. Forecast swell arrival times
at these long periods generally preceded actual swell
arrival times. Undér-estimation of dominant periods
is consistent with low forecast wind speeds, and
premature arrival times is consistent with storm
winds closer to the stations than indicated by the
measurements. Because of the steeply sloping low-
frequency side of wind-generated wave spectra and
the shift of the spectral peak toward lower frequencies
as wind speeds increase, numerically modeled long-
period wave energy is sensitive to wind speed. Differ-
ences between forecast and actual winds most likely
account for the wave prediction discrepancies. These
discrepancies indicate the potential importance of
using measured wave data from the northern stations
to improve forecasts of swell that would affect loca-
tions to the south.

Because an important application of wave data,
particularly extreme wave' data, is to validate wave
models, a previously developed. numerical directional
wave spectra model (Earle er al., 1982) was used to
determine how well the model would work for the
unusual measuired wave conditions. Wind fields for
the hindcast were prepared manually from 6-hour
Northern Hemisphere surface weather charts by means
of the geostrophic wind equation with simple correc-
tions for atmospheric stability (e.g., U.S. Army Corps
of Engineers, 1977) to provide winds at 19.5 m
elevation, the wind input elevation to which the wave
growth coefficients and spectral growth limitations in
the model are keyed. Only local winds near each data
buoy and winds associated with the two identified
storms were input into the wave model. While winds
could have been determined at all model grid points,
separated by 120 n mi (222 km), a more efficient
approach consistent with the supplemental use of the
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hindcast was to represent winds about the storms by
between 10 and 16 rectangular fetches at each 6 h
wind input time step. At each buoy station where
measured winds were available, the speeds were ad-
justed to a 19.5 m elevation by means of a logarithmic
profile, and the weather charts were used to define a
local fetch. Hindcast directional wave spectra at the
buoy locations were obtained by superposition of
wave energy, propagated as swell from the storm
regions, and locally-generated wind-wave energy. Swell
energy was propagated from model grid points in the
storm at frequency dependent group velocities along
great circle routes in accordance with linear wave
theory and previous observational studies (e.g., Snod-
grass et al., 1966) of swell propagation. The hindcast
did not consider the storm as a point source in space
or time.

Table 4 compares measured and hindcast peak
energy arrival times for long periods corresponding
to measured dominant periods. Figure 14 is an ex-
ample of measured and hindcast significant wave
height time histories. The hindcast time history is
smoother than the measured time history because
hindcast model input and output was at a 6 h interval
compared to a 1 h measurement interval and because
measured significant wave heights contain statistical
sampling variability effects of +10% to £20% (e.g.,
Donelan and Pierson, 1983). The hindcast' demon-
strates that wave conditions at the buoy locations can
be quantitatively related to storm meteorological con-

TABLE 4. Comparison of long period swell peak arrival times.

Time
Measured time Hindcast time difference

Station (GMT)/date (GMT)/date* (h)
a. for 20 second waves
46002 0700 February 10 0600 February 10 +1
46004 2100 February 9 0600 February 10 -9
46005 0600 February 10 0600 February 10 0
46006 1300 February 9 0000 February 10 -1t
46022 1500 February 10 1800 February 10 -3
46023 1900 February 10 0000 February 11 =5
46024 0400 February 11 0600 February 11 -2
46025 0100 February 11 0000 February 11 +1
b. for 25 second waves
46002 2200 February 9 0000 February 10 -2
46004 2000 February 9 0000 February 10 -4
46005 2300 February 9 0300 February 10 -4
46006 1300 February 9 1800 February 9 -5
46022 0600 February 10 0900 February 10 -3
46023 1700 February 10 1800 February 10 -1
46024 1900 February 10 0000 February 11 -5
46025 — — —

* Wave periods of 20 s and 25 s are between center periods of the
hindcast model. Linear interpolation between hindcast time steps
was used if different arrival times occurred adjacent to the periods
of interest.
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Fig. 14. Example of time histories of measured and hindcast significant wave height.

ditions. Hindcast arrival times in Table 4 are usually
somewhat later than measured arrival times. Times
of maximum significant wave heights at each buoy
location also lagged measured times as seen in the
example in Fig. 14. It is likely that the lack of good
wind field data, which is a problem shared by nearly
all wave modeling studies, is the cause of these
discrepancies. For example, the noted behavior would
occur if input wind speeds were not high enough or
input fetches were not large enough. However, there
are several other possibilities of importance for nu-
merical wave modeling. There may be localized re-
gions of strong gusty winds that are not depicted on
weather charts but which could rapidly increase
preexisting low-frequency energy. Based on wind
variability investigations by Pierson (1983), wind
speed variability of several m s™' is possible and
would increase the level of low frequency wave energy
if included in the wave model input. Another possible
factor is that the wave generation and dissipation
mechanisms in the model, similar to those in the
FNOC model and described by Pierson (1982), are
based mainly on wave data when wind speeds were
less than ~20 m s~!, while model input wind speeds
in this storm ranged up to 32 m s~'. Finally, swell
propagation is based on linear wave theory whereas
for the high measured and hindcast wave heights,
propagation at a somewhat faster group velocity
corresponding to nonlinear waves could be appro-
priate.

6. Summary and conclusions

The described long period wave event was very
unusual in that high waves with exceptionally long
periods of 20-25 s were measured by the data buoys
off the west coast of the United States. These waves

were primarily generated between 0000 GMT 8 Feb-
ruary and 1200 GMT 9 February during a severe
storm in the northeast Pacific Ocean. Large wave
generation fetches on the order of 1000 km with high
speeds often around 30 m s™' south of the storm
center contributed to generation of high long-period
waves that propagated toward the west coast. These
waves arrived at various buoys between 9 and 11
February depending on the distance of each buoy
from the wave generation regions. Propagation of the
long period waves as swell was consistent with classical
concepts of energy propagation at group velocities
along great circle routes. At all buoys, wave conditions
at the time of highest wave heights had substantial
swell contributions.

General comparisons of the measurement results
to FNOC wave forecasts and a wave hindcast have
implications for wave model development and vali-
dation. Of most importance is the sensitivity of long-
period swell arrival times and heights to wind speed
probably because of the steeply sloping low-frequency
side of wind-generated wave spectra. Small changes
in wind speed can substantially change energy levels
of low-frequency wave energy. Model output accuracy
may also be affected by poor portrayal of local regions
of high gusty winds on weather charts and by use of
theory mainly developed from use of wave data at
lower wind speeds. When wave predictions are made,
forecast winds, that cannot be perfectly accurate,
must be used so that additional errors for long period
swell heights and arrival times may occur. Thus, the
ability to identify high swell at northern buoys prior
to its arrival at southern buoys may have real-time
forecast applications. For example, if swell that is not
predicted at the northern buoys is detected at these
buoys, it would be possible to determine the likely
wave generation region and to repeat the forecast
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using the northern buoy wave data as calibration
data to adjust input wind fields, thus improving
forecast accuracies off southern California. An efficient
wave prediction model could also be developed to
generate waves in the vicinity of storms and propagate
wave energy to coastal sites. Such a model could
operate on small computers to facilitate use by fore-
casters. Improvements for swell prediction are im-
portant because southern California is vulnerable to
high swell from storms in the northeast Pacific Ocean.
As noted by Seymour (1983) and the NOAA publi-
cation Storm Data (NOAA, 1983), high waves that
occurred during early 1983 caused major damage
along the California coast. Such damage is not unique
to the severe storms that occurred in 1983. As an
example, Shields (1970) describes extensive damage
at Redondo Beach near Los Angeles caused by high
swell (4-6 m breaker heights) from a major storm in
the Guif of Alaska in December 1969.

Consideration of data buoy wave measurements to
increase wave prediction accuracy indicates a potential
limitation with the present data buoy network. Many
of the southern buoys, including several in shallow
water which were not used for this study, are partly
sheltered from incoming swell either by part of the
coastline or islands. These buoys are also too close
to many vulnerable sections of coastline to provide
sufficient advance warnings of high swell. A southern-
most data buoy farther offshore would be useful for
prediction of swell both from storms in the North
Pacific Ocean as well as storms in the South Pacific.
Capability of Southern Hemisphere storms to generate
long period swell that can be substantially amplified
in shallow water along the California coast has been
documented (e.g., Horrer, 1950).

A final conclusion is that the wave-data base from
the data buoys during the investigated high-wave
height and long-period event and other high-wave
events during January through March 1983 represents
an important resource which should be further utilized
for projects, such as studies of wave generation theories
and development of improved numerical wave mod-
els. In addition to the wave measurements at the
eight data buoys used for this study, the long-period
swell event was monitored by other data buoys in
relatively shallow water. Wave data mainly at shallow
locations are also available from more than a dozen
locations instrumented by the Coastal Data Infor-
mation Program. The data closer to shore that were
not used for this project should be valuable for
investigation of shallow water wave effects and devel-
opment of shallow-water wave models.
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