FEBRUARY 2001

277

HANSON AND PHILLIPS

Automated Analysis of Ocean Surface Directional Wave Spectra
JEFFREY L. HANSON
The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland

OWEN M. PHILLIPS

(Manuscript received 21 September 1999, in final form 28 April 2000)
ABSTRACT
To facilitate investigations of surface wave processes in the open ocean, a wave spectral partitioning method
with automated swell tracking and storm source identification capabilities has been developed. These tools
collectively form the Wave Identification and Tracking System (WITS) and have been assembled entirely within
the Matlab programming environment. A series of directional wave spectra, with supporting wind observations,
is the only required input. Wave spectrum peaks representing specific wind sea and swell wave systems are
extracted based on topographic minima, with wind sea peaks identified by wave age criteria. A swell tracking
algorithm, combined with linear wave theory, provides a unique approach to storm source identification using
the assimilated wave system statistics. The nature of the partitioned spectra allows the continuous, automated
identification and tracking of multiple swell generation areas over space and time. Over a 6-day wave record
in the Gulf of Alaska, 44 specific swell systems are identified, with up to three systems coexisting at any given
time. The presence of atmospheric disturbances on surface weather charts validated the storm source predictions
for more than 85% of these systems. The results are synthesized to depict the wave evolution history over the
duration of the observations.

1. Introduction
Ocean surface waves generated by focused wind
events have been observed to travel across ocean basins
and even over 10 000 km from one ocean to another
(Barber and Ursell 1948). Hence, the surface wave field
at any point in a large ocean basin represents the sum
of local wind sea and swell components propagating
from distant storms. At particular times and locations,
such as the winter storm period in the North Pacific
Ocean, there are so many different wave systems propagating through any given region that the seas often
appear totally confused.
Due to the complex nature of open-ocean surface
wave conditions, extraction of meaningful information
about specific wave systems and their storm sources
from surface wave observations becomes a daunting
task. Hence, directional wave spectra obtained from in
situ and remote observations as well as from wave evolution models are often reduced to integrated statistical
measures for wave field interpretations (IAHR Working
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Group on Wave Generation and Analysis 1989). These
quantities, although useful for depicting trends in a particular series of observations, can greatly smear the essential attributes of a wave field when both wind sea
and swell or multiple swell systems are present. Yet this
information may significantly improve our ability to estimate air–sea exchanges and forecast surface wave conditions in shipping lanes and coastal areas.
In linear wave theory, wind episodes on the ocean
surface produce a spectrum of waves that disperse according to the deep water dispersion relationship f 2 5
gk/(2p) 2 between wave frequency ( f ), wavenumber (k),
and acceleration of gravity (g). Wave energy travels at
the group velocity C g 5 g/4pf, which can be equated
to the distance traveled divided by the travel time, d/(t
2 t 0 ). For a wind event that was localized in time and
space, the dominant wave frequency observed at some
distant location linearly increases over time at a rate
inversely proportional to the distance traveled:
df
g
5 mf t 5
.
dt
4pd

(1)

Remarkably, many wave events observed on the ocean
behave in this fashion (Munk et al. 1963; Snodgrass et
al. 1966). This dispersive nature allows one to extract
information on the source of a particular wave system
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from measurements anywhere along their path of propagation, providing that the generation event is sufficiently localized in time and space. The distance to the
wave source is simply
d5

g
,
4p m f t

(2)

with the wave origination time calculated at f 5 0 by
t0 5 2

b
,
mf t

(3)

of energy contour maps and hand-drawn lines. The twofrequency method is limited by the sample resolution;
error is introduced if observations are not made at just
the precise times, when the peak energy at each frequency passes the measurement site. In addition, there
must be a frequency separation between individual swell
events. This technique would not, for example, resolve
the arrival of two swells at similar frequency from different directions. As a result, the previous studies have
all focused on distinct swell events of relatively low
frequency, primarily 0.08 Hz and below, and from extremely strong sources (e.g., Supertyphoon Flo).
Recently developed wave spectral partitioning approaches ought to facilitate a more convenient analysis
of swell evolution and storm sources in the open ocean.
Originally proposed by Gerling (1992), wave partitioning allows the identification and grouping of component
wave systems from spatially and temporally distributed
observations of directional wave spectra. A partitioning
approach proposed by Hasselmann et al. (1994) has been
implemented for comparison of ERS-1 synthetic aperture radar image spectra with those obtained from WAM
wave model predictions. They divide the spectra into
subsets using an inverted catchment area approach.
Wave height, frequency, and direction statistics, calculated for each subset, allow the evolution of multiple
distinct wind sea and swell wave systems to be characterized across space and time with a greatly reduced
set of spectral parameters. Recently, this technique has
been extended by Voorrips et al. (1997) for the assimilation of wave observations into the WAM model.
Here, a wave spectral partitioning method, adapted
from the approach of Hasselmann et al. (1994), is used
to isolate distinct wind sea and swell wave statistics
from directional wave spectra. These statistics are employed in a new, fully automated technique for analysis
of wave climatology, including wave tracking and swell
source predictions. Results from applying these techniques to data from a wave buoy in the North Pacific
Ocean are presented.
2. Methodology
The isolation, tracking, and source identification of
distinct wave systems is accomplished by the Wave
Identification and Tracking System (WITS), a fully automated set of Matlab processing tools. This section
summarizes the various methods employed. Additional
details appear in Hanson (1996), with documentation of
the data processing and graphic display capabilities appearing in Kline and Hanson (1995).
a. Spectral partitioning
Spectral partitioning facilitates the division of each
directional wave energy spectrum S( f, u) into distinct
subsets that represent individual wind sea and swell
wave systems. Each wave system is then conveniently
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where b is the f intercept (t 5 0) for the observed shift.
From swell frequency shifts observed at Cornwall,
United Kingdom, Barber and Ursell (1948) verified that
real waves in the deep ocean obey this dispersion law.
Using bottom-mounted pressure gauge records, they
identified storm sources at distances of 2200, 5100, and
11 100 km from their observation site. From similar
observations off San Clemente Island, California, Munk
et al. (1963) noted that individual swell systems form
slanted ridges on frequency–time wave energy contour
maps, with the time and great-circle distance to swell
sources given by the slope and intercept of lines drawn
along the ridges [Eqs. (2) and (3)]. Ridge-line plots from
a series of 6 wave-observing stations along a great circle
route between New Zealand and Alaska were used by
Snodgrass et al. (1966) to resolve the source times and
locations of 12 major swell events occurring over a
period of 2½ months. Wave attenuation, determined using observations of the same event at the different stations, was negligible at frequencies below 0.07 Hz and
0.15 dB deg21 at 0.08 Hz, where 18 5 60 nmi. They
argue that swells are primarily attenuated by energy
transfer through nonlinear interactions with other waves
from the original storm. More recently, Mettlach et al.
(1994) investigated swell propagation from Supertyphoon Flo in the North Pacific Ocean during September
1990. Using National Data Buoy Center (NDBC) buoy
observations, they employed both the ridge-line technique and an approach of tracking spectral energy at
two frequencies (Earle et al. 1984) to determine swell
origin. They demonstrated that directional wave buoys
could be used to provide the azimuth to the swell source,
previously obtained only by triangulation from multiple
observations. Most of these studies employed weather
charts to determine if the predicted storm sources coincided with actual wind events on the ocean surface.
These studies clearly demonstrate that, in deep water,
ocean swell propagates in general accordance with the
deep-water simplifications to linear gravity wave theory.
The effects of wave dissipation by breaking and molecular friction are minimal. Furthermore, distant storms
can often be treated as point sources. The techniques
are not without limitations, however. The storm source
predictions are quite labor intensive; perhaps that is why
none of these approaches has been successfully automated. The ridge-line method requires visual inspection
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FIG. 2. Wind wave peaks are located within the parabolic region
defined by the wave age criterion [Eq. (5)].

described by a reduced set of statistics. The concept was
originally proposed by Gerling (1992); here the approach is based on the ideas of Hasselmann et al. (1994).
The WITS partitioning of each input spectrum involves
five steps, as outlined below.
STEP 1: PEAK

ISOLATION

Search through the spectral matrix S( f, u) and identify
the paths of steepest ascent leading to each peak or local
energy maximum. At each matrix value, check each of
eight neighboring values (top, bottom, left, right, and
diagonals) in this process. As depicted in the mock spectrum shown in Fig. 1, group all paths leading to the
same peak as a distinct partition with a distinct partition
number. A template matrix holds the partition number
of every point in the spectrum and is saved as a separate
file when all partitioning steps are complete. For each
partition, determine the total energy e, the peak frequency f p , the peak direction up , and the peak energy
S( f p , up ). The peak frequency and direction are simply
the coordinates of the peak in the energy spectrum.
STEP 2: IDENTIFY

AND COMBINE WIND SEA PEAKS

Wind seas are identified using a wave age criterion
such that wind sea peaks lie within the parabolic boundaries defined by
cp # (1.5)U10 cosd,

(4)

where cp is the phase speed of the wind sea, U10 is the
10-m elevation wind speed, and d is the angle between
the wind and the wind sea. In terms of the peak frequency of the wind sea peak in deep water, (4) becomes
g
fp $
[1.5U10 cosd]21
2p

p
0#d# .
2

(5)

The generous factor of 1.5 ensures that all possible wind
sea peaks are included. This relationship defines a par-

abolic region over the spectral matrix, as depicted in
Fig. 2. Any partition whose peak falls within the region
described by (5) is considered to be forced by the wind
and initially defined as wind sea. All wind sea partitions
from a given input spectrum are combined and assigned
the partition number 0. All remaining partitions are considered swell.
STEP 3: COMBINE MUTUAL SWELL PEAKS
Adjacent swell peaks that belong to the same swell
system are considered mutual and are combined. This
is accomplished with user-supplied threshold factors and
helps account for the noise inherent in discrete spectral
estimates. To be considered mutual, two neighboring
swell peaks must meet one of the following criteria.
Peak separation. Compare the distance between
peaks
D f 2 5 ( f px,1 2 f px,2 ) 2 1 ( f py,1 2 f py,2 ) 2 ,
f px 5 f p cosup ,
f py 5 f p sinup
with the spread of each individual peak
d f 2 5 ( fx 2 fx )2 1 ( fy 2 fy )2
2

2

5 f x2 2 f x 1 f y2 2 f y ,
where
f x 5 f cosu 5
f y 5 f sinu 5

1
e
1
e

f x2 5 f 2 cos2u 5
f y2 5 f 2 sin 2u 5

EE
EE
EE
EE

S( f , u ) f cosu ]u ] f ,

u

f

S( f , u ) f sinu ]u ] f ,

u

f

1
e
1
e

f

f

S( f , u ) f 2 cos2u ]u ] f ,

u

u

S( f , u ) f 2 sin 2u ]u ] f ,

(6)

(7)
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FIG. 1. Demonstration of spectral partitioning method. The paths
of steepest ascent between each matrix value and the eight surrounding matrix neighbors are determined. The members that lie on the
collection of paths that lead to the same local peak are then grouped
to form a spectral partition.
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with the integrations performed over the measurement
domain and the total energy is given by
e5

EE

S( f , u ) du d f .

template file. To conserve disk space, the partitioned
spectra are not individually saved. The template files
can be used at any time to extract spectral partitions
from the original ‘‘parent’’ spectra.

(8)

STEP 5: CALCULATE

Combine the two peaks if the spread of either peak
satisfies the peak separation criterion
D f 2 # kdf 2 ,

Swell tracking in WITS is a two-step process. First,
preliminary groups of swell partitions likely to have
been generated by the same source are formed. This is
accomplished by grouping series of swell partitions with
similar or slowly varying f , u , and arms characteristics.
As swell arrives from a distant source, these attributes
are expected to vary as a result of wave dispersion and
storm source evolution. Preliminary wave tracking can
be viewed as an initial sorting of swell partitions; groups
are formed within which specific subsets, representing
swells originating from distinct localized weather
events, can be sought.
To determine if a new swell partition belongs with a
previously identified preliminary group, the location of
the new partition in a weighted frequency–direction–
height space is compared to a predicted group location
computed from the average properties of the previous
five partitions in each existing group. If the group contains fewer than five partitions, then all of the partitions
are used in determining the group location. The weighted distance between a new observation and the predicted
group value is given by

THRESHOLD CHECK

Remove any partitions whose total energy is below
an energy threshold
A
,
f p4 1 B

(10)

where A and B are chosen to eliminate noise in lowenergy regions of the spectrum (see section 2d). Note
that this threshold includes the spectral fall-off proposed
by Phillips (1985). Low-energy partitions are represented by negative ones in the template and are ignored
for further processing. The remaining partitions are renumbered, and this information is saved to the partition

d5

Î1

a rms,peak 2 a rms,group
3a rms,group

um 2 ugroup
p

2 1
2

1

where u is in radians and the coefficients have been
introduced to emphasize the relative importance of each
term. The new observation is assigned to the group with
which it shares the smallest value of d. Values of d
greater than an assigned threshold are considered too
high for a valid match. When a partition cannot be assigned to an existing group, a new group is created for
it. The weighting factors in (11) have been selected
through an iterative trial and error process. Although
they work well, we anticipate employing more efficient
clustering techniques in future upgrades of WITS.

2

2

log f m 2 log f group 2
1
 ,
1




3



(11)

The second step locates specific swell events within
preliminary groups. A specific event is an evolving set
of swells that were formed at the same time and location.
The events are located by searching through the preliminary wave groups for series that obey deep-water wave
dispersion characteristics. Each preliminary group is
searched as a whole to find embedded specific groups.
The slope and variance about the best-fit line through
all possible sequences of three or more observations is
determined. Both slope and variance thresholds are employed to discriminate against swells that do not exhibit
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b. Swell tracking

Minimum between peaks. Combine adjacent peaks if
the lowest point between them is greater than the peak
minimum factor z times the smaller of the two peaks.
The peak minimum factor is also optimized for a particular observation set. Newly combined partitions are
themselves eligible for further combinations, so all relevant partition statistics are updated whenever a combination is made.

e#

PARTITION STATISTICS

For each of the final wind sea and swell partitions a
variety of statistical information is calculated and saved
to a partition statistics file. The contents of this file are
described in the appendix.

(9)

where the spread factor k is adjusted to optimize performance of the spectral partitioning. Optimization procedures are addressed in section 2d.

STEP 4: ENERGY
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gitude, ud 5 (d/RE ) 5 angular distance to source, and
RE 5 radius of the earth. Once the swell generation times
and locations are determined, they are located on regional weather maps to determine the credibility of each
prediction.
d. Parameter selection

the required dispersion characteristics. The longest possible sequences whose slopes and variance fall within
the threshold limits are considered specific swell systems (Kline and Hanson 1995).
c. Swell source identification
The resulting wave partitions allow automated identification and tracking of multiple storm systems. A distinct swell source time and location is calculated from
each specific group of swell partitions. The slope and
intercept of the best-fit line through the mean frequency
and time data pairs ( f , t) are used in the linear gravity
wave theory simplifications of Eqs. (2) and (3) to determine the distance to the swell source and the swell
origination time, respectively. A specific group mean
wave direction Q, obtained by averaging the u s values
from all group members, is used to indicate the greatcircle route over which the waves have traveled. The
source location is then obtained by spherical geometry.
As depicted in Fig. 3, the wave observation site, the
North Pole, and the swell source location all form a
spherical triangle on the surface of the earth. The source
latitude (f ) and longitude (w ) are then given by (Bartsch
1974):

f 5 sin21 (sinfo cosud 1 cosfo sinud cosQ),
w 5 wo 2 sin21

1

2

sinud sinQ
,
cosf

(12)

where f 0 5 observation latitude, w 0 5 observation lon-

TABLE 1. Observation sets that have been analyzed using the spectral partitioning method.
Observations
Location
North Pacific
Gulf of Mexico
Gulf of Mexico
Mid-Pacific (HI)
North Pacific

Selected parameters

Date

Source

Feb 1992
Nov 1995
Nov 1995
Feb 1997
Aug 1998

Datawell WAVEC buoy
Datawell WAVEC buoy
NDBC Buoy #42036
Datawell Waverider buoy
Wave Model WAM

A
6
2
2
6
4

3
3
3
3
3

1025
1026
1026
1026
1025

B
2
3
3
3
2

3
3
3
3
3

1023
1022
1022
1023
1023

k

§

0.4
0.4
0.4
0.4
0.5

0.65
0.65
0.65
0.65
0.75
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FIG. 3. Great circle geometry for calculation of swell locations.

The success of the WITS partitioning process is dependent upon proper selection of the various adjustable
parameters. These parameters are chosen to optimize
the performance of the partitioning, tracking, and storm
source identification algorithms on a given observation
set. The need for adjustable parameters arises primarily
from variations in regional wave climatology, although
differing frequency and direction resolutions and instrument noise levels can contribute. The described
methods have been applied to the datasets listed in Table
1. Included are data from several different instruments
as well as a wave model; these observations and predictions cover a wide variety of climatic environments.
The parameters listed in Table 1 were chosen through
iteration to optimize the wave system identifications and
storm source predictions of each set.
The minimum energy threshold parameters A and B
from Eq. (10) are the most crucial, as the spectral noise
floor is a function of the wave climate at a given site.
This is demonstrated by the computed threshold levels
from the Datawell WAVEC buoy observations in the
North Pacific Ocean and the Gulf of Mexico. The smaller values from the Gulf of Mexico are a result of a much
calmer wave environment, which effectively lowered
the instrument noise floor. The WITS toolkit includes a
utility for optimizing the selection of A and B. As demonstrated in Fig. 4, the utility places the energy threshold
curve (10) over a plot of the total energy of each isolated
partition as a function of peak frequency. The values of
A and B are then easily adjusted based on output sensitivity requirements and the noise floor of the dataset.
The peak combination parameters k and z are selected
through iteration to optimize both the selection of distinct wave systems and the prediction of storm source
locations. One measure of performance is the mean regression coefficient from the specific swell group linear
correlations of mean frequency versus time (see section
2c). Another is the percentage of storm source predictions that can be verified on surface weather charts. Note
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that the same values of k and z were selected in all of
the field datasets in Table 1; only the WAM model predictions required slightly adjusted parameters to optimize peak combinations.
In combining swells with preliminary groups, the
weighted distance, d in amplitude–direction–frequency
space is determined by (11). A threshold for d allows
for discrimination between different swell sources. For
the observations reported here, a value of d 5 0.6 provided the best performance in forming preliminary
groups. The performance of this threshold is evaluated
by plotting the evolution of wave vectors or wave vector
history. An example is provided in section 4. Discontinuities in evolving swell systems would indicate that
d needs to be increased; the inclusion of disparate wave
systems in the same group would indicate the opposite.
3. Gulf of Alaska observations
To demonstrate the performance of the spectral partitioning, swell tracking, and storm source identification
methods, results from the North Pacific observation set
in Table 1 will be discussed. These data were collected
during the Gulf of Alaska Surface Scatter and Air–Sea
Interaction Experiment (Hanson and Erskine 1992),
which was the seventh cruise within a series of Critical
Sea Test Experiments conducted for the U.S. Navy (Tyler 1992). The observations included wind and wave
measurements obtained from 24 February through 1
March 1992 in the central Gulf of Alaska at approximately 488459N, 1508009W.

a. Measurements
Atmospheric and sea surface measurements were obtained by a MINIMET meteorological buoy (Coastal
Climate Company) deployed from R/V John P. Tully.
The instrument was outfitted with a drogue at a depth
of 165 m to minimize advection by near-surface currents
and was allowed to drift within the test site. Observations obtained at 1-Hz resolution included wind speed
and direction at 3-m height, air temperature, sea surface
temperature, and barometric pressure. MINIMET data
were processed using a marine atmospheric boundary
layer model (Smith 1988) to generate surface layer profiles, adjust meteorological measurements to common
reference elevations, and compute atmospheric stability
parameters and wind stress (Hanson and White 1991).
Output quantities were averaged to form 30-min values
that coincide with the surface wave observations. Vector-averaged wind speed estimates at 10-m height (U10 )
are used for the results reported here. These observations compared well with those obtained by a nearby
shipboard meteorological station (Hanson et al. 1993).
Continuous measurements of wave height and direction over the experimental period were taken by a Datawell WAVEC heave, pitch, and roll buoy deployed
from the John P. Tully (Farmer 1992). The instrument
was drogued at a 100-m depth and allowed to drift with
the surface currents. Although not required for this analysis, this deployment approach reduced wave Doppler
contamination by surface currents and also stabilized
the buoy against capsizing. Surface displacement and
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FIG. 4. Minimum energy threshold applied to Feb 1992 observations in the North Pacific Ocean.
Swell partitions whose total energy falls below the energy threshold A/( f p4 1 B) are discarded.
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vector slope were sampled at 1.28 Hz and transmitted
to a receiver aboard the John P. Tully. A few record
gaps, of several hours duration, occurred when the buoy
drifted out of telemetry range from the ship.
Wave statistics and a total of 236 half-hourly directional spectra were computed by Juszko et al. (1995)
using a data-adaptive eigenvector (EV) technique
(Marsden and Juszko 1987). Spectra containing 36 degrees of freedom were computed over the frequency
band 0.05 # f # 0.5 Hz to obtain estimates over the
range that the wave buoy is considered most accurate.
A particularly attractive aspect of the EV method for
this investigation is an exceptional resolution of individual peaks within multimodal spectra such as those
obtained from the Gulf of Alaska.
Typical directional (2D) and one-dimensional (1D)
wave spectra from a single 30-min wave record from
this study appear in Figs. 5a and 5b, respectively. The
directions reported are the directions from which the
waves are propagating. The directional spectrum has
two large peaks, indicating a wind sea from the northwest coexisting with a lower-frequency swell from the
west. These two events also appear as isolated peaks on
the 1D spectrum, calculated using
S( f ) 5

E

2p

S( f , u ) du.

(13)

0

The 95% confidence intervals in Fig. 5b indicate that
the wind sea and swell wave peaks are distinct wave
events (Shumway 1988).
b. Experimental conditions
The winter weather we experienced was influenced
by four separate atmospheric low pressure systems moving through the North Pacific region. Selected meteorological and sea surface records from the experiment
appear in Fig. 6. The first two lows, occurring on 24
and 26 February, passed almost directly over the test
site and had the most significant impact on meteoro-

logical conditions. Note in particular the rapid air temperature changes due to the atmospheric fronts associated with these two lows. A notable amount of local
variability in wind speed and direction existed (Fig. 6),
with high-wind events associated with each passing
storm. The most significant of these were the two approximately 12-h wind episodes associated with the 25–
26 February winter storm. The structure of this storm
as it passed northward over the test site at a speed of
approximately 12 m s21 is depicted by the National Oceanic and Atmospheric Administration (NOAA) surface
pressure map series of Fig. 7. This single low pressure
cell dominated the weather in nearly the entire gulf for
a period of approximately 36 h.
Of particular importance for this study was the effect
these meteorological events had on the wave field. The
significant wave height record of Fig. 6 indicates that
surface waves peaked at 5.3 m as a result of the 25–26
February storm. Wave heights did not develop as dramatically during the other high-wind events because the
winds were either too low, too unsteady, or too variable
in direction. However, even during times of low winds,
significant wave heights were at least 2 m because of
ocean swells propagating through the gulf. In fact, the
continual arrival of long-period swell from remote
weather events, often at considerable angles to the wind
waves, led to a ‘‘confused sea’’ visual appearance during
much of the test.
4. Results: Swell evolution in the Gulf of Alaska
The automated partitioning and tracking of wave
systems from the 236 directional wave spectra resulted in the identification of numerous distinct wind
sea and swell events that passed through the Gulf of
Alaska test site. These events were found to be a consequence of the atmospheric low pressure cyclones
that rapidly evolve across the North Pacific Ocean
during winter. We concentrate here on the swells of
nonlocal origin, which are generally superposed upon
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FIG. 5. Example Gulf of Alaska wave spectrum from 0137 UTC 28 Feb 1992. (a) Full-directional (2D)
wave spectrum, and (b) one-dimensional (1D) wave spectrum with 95% confidence intervals.
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FIG. 6. Selected meteorological and sea surface records from Gulf of Alaska experiment.

and may be obscured in visual observation by the
local wind seas.
a. Swell systems
The results of the Gulf of Alaska preliminary wave
tracking appear in the wave vector history plot of Fig.
8. Swell mean frequency f , rms height, and propagation
direction are given by vector origin, length, and azi-

muth, respectively. Preliminary groups are color coded
and numbered. Note that wind seas, isolated using the
wave age criterion [Eq. (5)], do not appear on these
figures; they are discussed briefly at the end of this
section.
The swell events depicted in Fig. 8 are essentially
tracers of local and distant storms traveling through the
North Pacific. Perhaps the most striking feature is that
at any given time, there were at least two, and often
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three, simultaneous swell systems evolving through the
Gulf of Alaska. Swells within the lower-frequency
groups (shown in red) had presumably traveled the farthest distance; their directions suggest they propagated
into the Gulf of Alaska from the wide-open Pacific basin. These groups exhibit a linear frequency increase
with time, as predicted by the wave–dispersion relationship [Eq. (1)]. It is shown later that the higher-frequency groups contain subsets that exhibit this same
behavior. Two midfrequency groups (shown in magenta

and cyan) persisted for nearly 3.5 days from the start
of observations on 24 February until a record gap just
before 1200 UTC on 27 February. The swell events in
these groups nearly always opposed each other in direction and shifted forward and back within a narrow
frequency range of approximately 0.09–0.13 Hz. The
green groups have some members at fairly high frequency for swell. These events are correlated with
abrupt changes in the wind forcing; very young, local
swells persist for a short time after the wind shifts.

FIG. 8. Wave vector plot of preliminary swell groups. Vector origin, length, and azimuth represent
swell frequency, rms wave height, and swell propagation direction, respectively. Sequential color
coding is from high frequency to low frequency and from left to right.
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FIG. 7. NOAA surface pressure maps showing a large North Pacific low pressure storm passing directly over the
test site on 25–26 Feb 1992 (UTC). Peak winds of 18 m s21 and significant wave heights of 5.3 m resulted from this
event.
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The swell tracking algorithm identified 19 original
preliminary groups. The seven groups that do not appear
in Fig. 8 were eliminated because they contained only
three partitions, each with extremely low energy levels.
It could not be determined if these observations were
poorly resolved swell events or just sampling noise.
These discarded partitions represent less than 1% of the
total amount of partitioned swell energy.
b. Storm source predictions
Specific wave tracking was performed on each preliminary group from the Gulf of Alaska observations.
A total of 44 specific swell events were identified in the
6-day wave record. These events are shown on the frequency evolution plot in Fig. 9. Here, the mean frequency of each swell partition is plotted as a function
of observation time. Specific swell groups are numbered
and depicted with enlarged symbols. A least squares
regression line is drawn through each specific group. A
very good correlation exists for each group, with r 5
0.9 being the average correlation coefficient for the entire set.
Note that in Fig. 9, not all members of each preliminary group fall into a specific swell group. The unselected partitions (identified by small dots) contain about

35% of the total swell energy that passed by the observation site during the 6-day measurement period.
These are valid swell events that do not exhibit the
dispersive characteristics predicted by linear wave theory. They may have originated with events that are not
well represented as point sources, such as fast-moving
storms or steady, continuous wind. These events will
result in a less focused dispersive signal at a distant
observation point. Furthermore, interactions between
frequency components from the same storm, interactions with wind and sea from other meteorological
events along the route, and refraction by major ocean
currents may all contribute to the attenuation and scattering of the original swell. Thus across ocean basins
only selected windows of opportunity may allow swell
systems to pass unaltered; these are represented by the
specific groups in Fig. 9.
As wave dispersion dictates, the specific groups in
Fig. 9 all display a steady increase of wave frequency
with time. Only the slope and intercept of each regression line and the mean direction of each series are required to predict the swell generation times and locations using Eqs. (2), (3), and (12). The storm parameters
of all 44 specific swell events are listed in Table 2. This
information was directly obtained from the automated
processing of the directional wave spectra. The ( f , t)
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FIG. 9. Swell partition mean frequency vs time with specific swell groups numbered and identified with
enlarged symbols and linear regressions. As dictated by wave dispersion, all specific wave groups shift upward
in frequency over time.
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TABLE 2. Specific swell system storm source parameters.

mft

b

Q

t0

d (km)

f
(1N/2S)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

0.278
0.153
0.132
0.152
0.177
0.086
0.193
0.177
0.214
0.214
0.093
0.168
0.125
0.098
0.074
0.049
0.016
0.019
0.020
0.035
0.073
0.172
0.135
0.066
0.122
0.302
0.022
0.052
0.064
0.043
0.236
0.015
0.082
0.012
0.075
0.053
0.094
0.248
0.108
0.047
0.076
0.117
0.1
0.014

26.648
23.617
23.136
23.634
24.322
22.056
24.822
24.447
25.071
25.146
22.2
24.082
23.024
22.425
21.821
21.191
20.316
20.416
20.445
20.833
21.884
24.554
23.581
21.699
22.886
27.274
20.491
21.246
21.604
21.038
26.294
20.349
22.169
20.26
22.048
21.438
22.5
26.851
23.004
21.256
22.137
23.329
22.856
20.341

229
222
234
234
224
229
226
259
155
155
165
155
146
149
154
160
146
150
165
158
160
163
145
146
2122
77
2122
214
242
233
240
2113
2102
2111
2117
2132
218
229
251
140
151
178
2164
299

23.9
23.7
23.7
23.9
24.5
24.0
24.9
25.1
23.7
24.1
23.6
24.3
24.3
24.7
24.6
24.2
20.2
21.6
22.0
24.1
25.7
26.5
26.4
25.8
23.7
24.1
22.6
23.8
25.1
24.3
26.7
22.8
26.4
21.5
27.3
27.1
26.6
27.6
27.8
27.0
27.9
28.5
28.5
25.3

243
441
509
444
382
788
349
380
316
316
724
401
542
688
913
1372
4308
3498
3338
1950
918
392
498
1025
555
224
3102
1291
1055
1577
286
4405
821
5593
899
1270
717
272
623
1448
882
577
673
4995

50.647
52.405
52.453
52.009
51.877
54.783
51.537
50.43
46.172
46.163
42.446
45.46
44.635
43.36
41.268
37.045
14.061
20.045
19.376
32.144
40.938
45.369
45.022
40.857
45.908
49.169
30.201
59.893
55.297
59.733
50.7
24.438
46.679
17.355
44.627
40.571
54.82
50.882
52.08
38.243
41.675
43.564
42.907
27.387

regression slope m ft and intercept b are listed along with
the mean wave propagation direction Q for each specific
group. The calculated swell origination time t 0 , distance
traveled d, and source geographic coordinates (f, w ) are
also provided in Table 2.
The last two columns of Table 2 provide comments
pertaining to the identification of the predicted source
storms on National Weather Service (NWS) regional
surface pressure charts. A direct detection indicates that
a storm was found at the predicted time and location
with winds oriented toward the observation site. Wind
orientations are assumed to be parallel to the isobars,
with cyclonic rotation about low pressure centers in the
Northern Hemisphere. Inferred detections suggest that
a storm occurred in the general region of the predicted
site within 612 h of the predicted observation time.

w
Weather map
(1W/2E) detection
151.671
152.433
154.254
153.635
152.223
156.021
152.246
154.599
148.235
148.267
147.661
147.833
146.196
145.604
145.207
144.62
129.038
133.941
142.308
142.483
146.199
148.513
146.362
143.265
156.052
147.005
177.487
155.649
161.212
165.551
152.604
2169.908
160.543
2161.181
160.157
161.263
153.522
151.855
157.082
139.333
144.891
149.73
152.258
2158.214

Direct
Direct
Direct
Direct
Inferred
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Inferred
Direct
Direct
Inferred
Inferred
Inferred
Inferred
Direct
Inferred
Inferred
Direct
None
Direct
Direct
None
Direct
None
Direct
Inferred
Inferred
None
Inferred
Direct
Direct
Direct
Direct
Direct
Inferred
Direct
Direct
Direct

Swell source
Local storm
Local storm
Local storm
Local storm
Local storm
Local storm
Local storm
Local storm
Stationary blocking high
Approaching storm
Stationary blocking high
Approaching storm
Approaching storm
Stationary blocking high
Stationary blocking high
Stationary blocking high
Stationary blocking high
Stationary blocking high
Stationary blocking high
Stationary blocking high
Approaching storm
Stationary block high
Stationary blocking high
Stationary blocking high
Unknown
Approaching storm
Mid-Pacific storm
Unknown
Local storm
Unknown
Local storm
Fast-moving mid-Pacific storm
Stationary mid-Pacific storm
Unknown
Stationary mid-Pacific storm
Mid-Pacific storm
Local storm
Local storm
Local storm
Approaching storm
Approaching storm
Approaching storm
Approaching storm
Western Pacific storm

This makes allowances for 1) slight modifications to the
propagating swell by the processes discussed above; 2)
inaccuracies in the weather charts, which are based on
sparsely distributed observations; and 3) noise inherent
in the collection and processing of the wave data. As
Table 2 indicates, most of the inferred sources were
either stationary features or quickly moving storms. In
a few instances, no detections were made, suggesting
that either an erroneous specific group was selected or
the storm was missed on the NWS chart. Of the total
swell energy in the 44 specific groups, 70% arrived from
directly detected sources, 16% was from inferred sources, and 14% was of unidentifiable origin. The process
of identifying swell sources using predicted parameters
and NWS charts is illustrated below, with a few examples from Table 2.
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Specific groups 1, 2, 3, 4, and 11 have t 0 that fall in
the latter part of 23 February 1992. The corresponding
source locations (f, w ) are plotted on the North Pacific
surface pressure chart for 1800 UTC 23 February 1992
in Fig. 10. The great circle paths that connect the source
locations with the wave observation site are also shown
on the chart. Note that a single low pressure storm centered directly in the Gulf of Alaska is responsible for
swell groups 1–4. The predicted source positions are
located precisely where the cyclonically rotating winds
would be expected to generate waves directed toward
the wave observation site. These are essentially young
swell events that have traveled distances of 243–509 km
(Table 2).
The predicted source for swell group 11 is 724 km
south of the observation area in a wide swath of increasing pressure to the east (Fig. 10). As with the previous groups, the source is located precisely in a region
where wave generation would be directed toward the
observation site. As this pressure ‘‘wall’’ was a semistationary feature on the weather charts from 22 February
1992 to 26 February 1992, many of the specific groups
evolving from this direction did not exhibit a clear dispersive trend.
In contrast to the swell from meteorological events
in the general region of the Gulf of Alaska, wave groups
27 and 32–36 all appear to be a result of distant storms
moving across the Pacific basin (Table 2). The swell
from these events have predicted travel distances of

1000–5000 km or more. Specific group 27 is a particularly clear example of these waves. The predicted
source location for specific group 27 appears on the 22
February 1992 (1200 UTC) weather chart reconstruction
of Fig. 11. The source is located to the southeast of a
large low-pressure system in a region of significant wind
fetch well away from the storm center.
Specific swell groups 8, 21, and 44 are all predicted
to have been generated on 25 February 1992, but at
widely separated locations (Table 2). As depicted in Fig.
9, these swell events cover a wide range of frequencies
and actually arrived at the observation site over 4 days.
This is due to the travel distance of each example swell.
Values of d were 380, 918, and 4995 km for groups 8,
21, and 44, respectively. Predicted source locations for
these three groups appear on the 25 February 1992
(0600 UTC) weather chart reconstruction in Fig. 12.
The predicted regions correspond to the locations of
three distinct atmospheric low-pressure storms scattered
throughout the North Pacific Ocean. The identified
source positions are precisely located where the cyclonically rotating winds would be expected to generate
waves: in areas of sufficient fetch with winds directed
toward the wave observation site.
Specific group 44 is especially interesting, with swell
that traveled almost 5000 km over 4 days before reaching the observation site with a strong dispersive signal.
The f , u , and h s records from group 44 appear in Fig.
13. Unlike some systems, which exhibited varying di-
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FIG. 10. National Weather Service surface pressure chart for 1800 UTC 23 Feb 1992. Predicted source
locations and great circle propagation routes are displayed for specific groups 1, 2, 3, 4, and 11.
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FIG. 12. National Weather Service surface pressure chart for 0600 UTC 25 Feb 1992. Predicted source
locations and great circle propagation routes are displayed for specific groups 8, 21, and 44.
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FIG. 11. National Weather Service surface pressure chart for 1200 UTC 22 Feb 1992. Predicted source
location and great circle propagation routes are displayed for specific group 27.
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44 waves were of such low period that they were not
visually detected at the time of the observation. Their
existence went unsuspected until post-test processing of
the buoy data was completed and the results were validated with the NWS weather charts.
5. Discussion

FIG. 13. Evolution of wave frequency, direction, and height statistics for specific group 44 swell partitions.

rections, the directions of group 44 observations have
little variance. This is attributed to the source storm’s
comparatively slow translation speed of approximately
45 km h21 to the east. Group 44 h s exhibited a rapid
increase over the first 9 h and then leveled off at approximately 2.5 m until the end of our observation period. It should be noted that the system 44 observations
end because our experiment was over and the wave buoy
was retrieved. Examination of NOAA buoy data
(#46003) at 518519N, 1558549W indicates the swell of
system 44 persisted through the following day. System

The wave identification and tracking results provide
a synoptic view of wave evolution in the North Pacific
Ocean. Casual inspection of Fig. 9 indicates that steeply
sloped ‘‘local’’ swell events tend to be at higher frequencies and that the more gradually sloped ‘‘older’’
events are biased toward lower frequencies. To elucidate
this observation, Fig. 14 compares the lowest observed
frequency f 1 of each directly detected specific group
(Table 2) with source distance d. A distinct trend, given
by f 1 5 0.68 d20.3 (r 5 0.78), indicates that swell frequency downshifts along the propagation route with the
shift rate strongest near the source. The scatter exhibited
by the observations is probably due to differences in
source strength of the various generation events. The
trend exhibited in Fig. 14 is likely an open-ocean demonstration of the energy transfers that result from weak
resonant wave–wave interactions (Phillips 1977). Such
interactions, included as a nonlinear source term in the
wave evolution model WAM (Komen et al. 1994), are
strongest for spectral components close in wavenumber.
Hence, spectral shifts occur most rapidly near the generation region before dispersion has acted to separate
these components in space. As pointed out by a reviewer, higher frequency swells are also more likely to
be attenuated through interactions with other wave fields
along their propagation paths.
The evolving wave field at the Gulf of Alaska site is
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FIG. 14. Frequency downshifting of evolving swells. The lowest
observed frequency of each directly detected specific swell system
appears as a function of source distance.
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conveniently presented in the form of an hourly wind
and wave vector history appearing in Fig. 15. The lower
panel portrays the local wind forcing history as recorded
by the MINIMET meteorological buoy. Wind vectors
indicate the direction toward which the air is moving.
The upper panel depicts the evolution of the principal
wind sea and swell wave systems over the observation
period. Each preliminary wave group exhibits a different
shading; the sources of each group (identified in the
legend of Fig. 15) were obtained from the weather map
verifications of swell source predictions discussed previously. Figure 15 provides a discernible account of the
surface roughness history during the observation period.
The evolution of up to three simultaneously occurring
swell systems in conjunction with the comparatively
rapid response of the sea surface to local wind forcing
is clearly illustrated.
A few features of Fig. 15 are of particular interest.
The build-up and decay of local wind events produces
a V-shaped wind sea vector pattern. This pattern is most
distinct when winds are steady in direction. Only the
‘‘growth’’ side of the V shape appears when winds rapidly change after a development period. This is illustrated by the wind event on 25 February, where a passing
front early on 26 February produces an abrupt wind
shift of approximately 908. The result is an immediate
transformation of an energetic wind sea into swell. Further analyses of the wind sea observations appear in
Hanson and Phillips (1999).

Swell events evolve much more slowly than the rapidly responding wind seas. For a 2.5-day period starting
late on 24 February, two series of opposing swells, one
from the continual passage of local storms through the
Gulf of Alaska and a second from the semistationary
atmospheric high pressure system to the southeast,
evolve within the same band of frequencies (;0.09–
0.13 Hz). The rapid termination of these two events on
27 February results from a gap in the wave record. As
discussed previously, the blocking high moved out of
the area during this time. After the record gap, the local
storm swell is again observed; however, the waves from
the stationary high are absent. In contrast to the occurrence of multiple wave systems within a narrow frequency band, on 29 February, three wave systems
evolved through the area with widely separated mean
frequencies. These consisted of a developing wind sea,
swell from an approaching storm to the south, and very
low frequency swells from the nearly 5000-km distant
western Pacific storm (system 44 in Table 2 and Fig.
9).
6. Conclusions
An approach for wave spectral partitioning, swell
tracking, and storm source identification was developed
to describe wave evolution in complex wave environments. Until now, identification of swell source times
and locations from directional wave spectra was a la-
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FIG. 15. Wind and wave vector history from Gulf of Alaska observations. To simplify presentation of data, observations
were subsampled at a 1-h interval. Gaps in the record apparent on 27 Feb are a result of the WAVEC buoy drifting out
of telemetry range. See text for further explanation.
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borious manual procedure (Mettlach et al. 1994). The
process is automated here, with a convenient isolation
of separate wind sea and swell system statistics from
temporally distributed directional wave spectra. The
complete set of analysis tools, developed in the Matlab
programming environment, are collectively assimilated
as the Wave Identification and Tracking System (WITS).
These tools were employed to examine the dynamic
wave field in the Gulf of Alaska during winter. The wave
conditions at a given site are a combination of wind sea
and swell from nearby storms as well as swell from
weather events from 500 to 5000 km or more distant.
At any given time, the local wind seas are accompanied
by up to three or more distinct swell events, with most
of the swell energy arriving from southerly to westerly
directions. A synthesis of results from the separate swell
and wind sea investigations, appearing in Fig. 15, provides a distinct representation of the surface wave history over the duration of the experiment.
There are several potential applications for the wave
partitioning and tracking techniques. These tools could
provide a convienient interactive display capability for
real-time wave observations and models exhibited on
the World Wide Web. The methods could be readily
extended to the spatial domain for the reduction and
display of large datasets such as those from satellite
observations and global wave evolution models. In more
recent studies, we have extended these methods by raytracing the isolated swells in a forward prediction mode.
Hence, WITS has a potentially important application in
the forecasting of storm waves for shipping routes and
populated coastal regions. Furthermore, WITS could be
an important tool in the evaluation of wave modeling
capabilities. For example, WITS can be used to locate
the source of modeling errors, such as a missed storm,
poorly specified local winds, or miscalculated swell dissipation. With the recent and planned profusion of global wave observations and simulations, more efficient
data reduction and interpretation methods, such as the
approaches described herein, will need to be implemented on grand scales.

helpful suggestions and, in particular, additional ideas
for potential applications of WITS.
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R Significant slope (Huang 1986)

APPENDIX
Statistics File Contents
Note: Deep water wave propagation is assumed.
R
R
R
R

Observation time (Julian day fraction)
Partition number
Total energy, given by (8)
Root-mean-square wave amplitude

h s 5 4Ï e

(A1)
(A2)

R Mean frequency
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S( f , u )
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f
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R Mean direction
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sinu 5

cosu 5

EE

1 cosu 2,
sinu
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R Wave age
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5
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2p f p2 h s
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(A5)

(A6)

where the peak wavelength

lp 5

g
2p f p2

(A7)

R Directional spread (Yamartino 1984)

s 5 (1 1 0.1547« 3 ) sin21«,
where
« 5 [1 2 (sinu 2 1 cosu 2 )]1/2
R Angle between wind sea and swell

(A8)
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arms 5 1.414Ïe
R Significant wave height
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us2ws 5 |u s 2 u ws|,

(A9)

where the ‘‘s’’ and ‘‘ws’’ subscripts denote swell and
wind sea, respectively. This calculation is performed
such that the result is always the minimum angle between the two wave systems.
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