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MAA, J.P.-Y. and WANG, D.W..C., 1995. Wave transformation near Virginia coast: the “Halloween”
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The “Halloween” Northeaster of October 29-31, 1991 generated severe seas; the maximum wave height
and peak wave period reached 8 m and 20 s at an offshore wave station located at the continental shelf
break about 100 km off the Virginia coast. Storm waves were also measured shoreward at a nearshore
wave station located at the Chesapeake Bay Light Tower, which is about 25 km east of the Chesapeake
Bay mouth. The wave spectra at these two stations were quite different. We split the measured offshore
wave spectra into seven or eight freq y bands and calculated the repr ive wave heights, periods,
and deepwater wave directions for each band. We then used this offshore wave information, the RCPWAVE
wave model, a numerical scheme for calculating wave height attenuation caused by bottom friction, and
the given bathymetry to evaluate the following four wave transformation processes: refraction, diffraction,
shoaling, and bottom friction. We found that bottom friction is an important factor that affects wave
transformation between the two stations. If the effects of bottom friction are excluded, the calculated
wave spectra at the nearshore station would be much larger than the measurements. Using small constant
wave friction factors (f, = 0.01 for frequency =< 0.07 Hz, £, = 0.02 for 0.07 Hz < frequency < 0.08 Hz,
and £, = 0.03 for frequency = 0.08 Hz), we can reasonably reconstruct the wave spectra at the nearshore
station. This small variation of £, for a rather large frequency band (from 0.045 to 0.115 Hz) might imply
that other processes are also responsible for the significant wave damping. The accuracy of deepwater
incident wave angles and the directional spreading are critical to reconstruct wave spectra at the nearshore
station. The Norfolk Canyon at the continental shelf break has a significant influence on the spectral
transformation of these “Halloween” storm spectra because of the long-period wave components.

ADDITIONAL INDEX WORDS: Storm waves, wave spectra, wave transformation processes, wave sta-
tion, deepwater waves.

INTRODUCTION

Northeasters, extratropical storms that occur
off the northeast coast of the United States, are
a major threat to marine navigation, offshore op-
erations, beaches, and coastal structures. Al-
though extratropical storms are generally less
powerful than hurricanes with respect to wind
strength, the longer duration of such storms over
alonger fetch can generate waves that exceed those
from hurricanes.

In late October 1991, the most powerful north-
easter (actually a combination of a low pressure
center and Hurricane Grace) in the last 50 years
developed off the Atlantic coast of North Amer-
ican (DoLAN and Davis, 1992). The location of
the low pressure centers of the two storms, iden-
tified by the solid circles at six hour intervals, are
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shown in Figure 1. Severe seas generated by the
storm pounded the east coast from Nova Scotia
to Florida for 72 hours. The maximum significant
wave height at a wave station of the National Data
Buoy Center (NDBC) in the North Atlantic Ocean
reached 12 m (WanGg and METTLACH, 1992). De-
tailed descriptions of the evolution of this storm
can be found in DorLaN and Davis (1992) and
PuscH and Avira (1992).

There are two wave stations off the Virginia
coast: A moored buoy station, 44014, located near
the continental shelf break in a water depth of 48
m (Longitude 74°50'01", Latitude 36°34'59"); and
a Coastal-Marine Automated Network (C-MAN)
station, CHLV2, located on a small shoal approx-
imately 25 km east of the Chesapeake Bay mouth
in a water depth of 12 m (Longitude 75°42'48",
Latitude 36°54'18”). However, the water depth
around the shoal is about 20 m. Although only
station 44014 provides directional wave infor-
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mation, both recorded the complete history of this
storm. The wave spectra at these two stations
clearly show the passing through of huge swells
generated far away from the north Atlantic Ocean.
The quite different wave spectra measured from
the two stations also mark a significant wave
damping. The valuable wave data may be used to
study wave transformation at the continental shelf
because of the unique long-period waves.

Wave transformation includes many processes,
e.g., wave shoaling, refraction, diffraction, reflec-
tion, nonlinear interaction, bottom friction, per-
colation losses, wind energy input, wave irregu-
larity, wave directional spreading, wave-wave
interaction, white capping, wave breaking, and
wave-current interaction. It is difficult to simulate
all these processes using a single computer pro-
gram. Although wave transformation is a com-
bination of the above mentioned processes, not
all processes are equally important for all cases.
In general, the most important processes are wave
refraction, diffraction, and shoaling. In the past
two decades, numerical models that simulate the
three major processes for wave transformation
have been attempted extensively (BERKHOFF et
al., 1982; Liu and Tsay, 1985; Liu et al., 1986;
KirBY, 1986a, 1986b, 1988; EBERSOLE et al., 1986;
PaNcHANG et al., 1988; Sun and DALRYMPLE,
1993). Spectral wave transformation models that
tried to include all major processes, e.g., the model
given by CHEN and WaNg (1983), Izumiva and
Horixawa (1987), Bricas et al. (1989), CHIAIA et
al. (1990), or ABREU et al. (1992), have also been
developed to mimic the wave spectrum transfor-
mation. Ideally a spectral wave transformation
model should have been used to study the causes
of the drastic difference of wave spectra between
station 44014 and CHLV2. These models, how-
ever, are fairly complicated and not available.
Thus, we used the RCPWAVE model developed
by the U.S. Army Corps of Engineers (EBERSOLE
et al., 1986) to study the wave refraction, diffrac-
tion, and shoaling.

We were also interested in the effect of wave
energy loss caused by sandy bottom on the wave
transformation because of the long wave travel
distance, 87 km. The procedure presented by Maa
and KiMm (1992) to calculate wave energy loss
caused by bottom friction was simplified and used
in this study. Wave energy loss caused by per-
colation (RED and KaJiura, 1957; summarized in
DEeAN and DALRYMPLE, 1992) was also examined.
Because of the extraordinary long-period waves,
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Figure 1. Locations of NDBC Wave Stations and central tra-
jectories of the “Halloween” Northeaster and the Hurricane
Grace.

the influence of wind energy input (mainly in the
high frequency domain) on the wave transfor-
mation may be neglected.

Field data for wave transformation, especially
for extreme events, are scarce. Thus, we would
like to present the records and study the possible
reasons that cause the significant differences in
wave spectra between these two stations.

WAVE STATIONS AND MEASUREMENT
DEVICES

The National Data Buoy Center has 16 stations
located along the eastern coasts of the United
States (WanG and METTLACH, 1992), both moored
buoys and C-MAN stations. Figure 1 shows the
locations of these stations.

The wave measurement system on the moored
buoys employs an accelerometer to record buoy
heave motion. A NDBC onboard Wave Data An-
alyzer computed the wave spectral information
from the time series of buoy motion and trans-
mitted the results to the Stennis Space Center in
Mississippi for further analysis and quality as-
surance. Among these stations, station 44014
(sponsored by the U.S. Army, Coastal Engineer-
ing Research Center) also provided wave direc-
tional information by measuring the buoy’s heave,
pitch, and roll motions based on the approach
proposed by LoNgUET-HigGINS et al. (1963).

Wave measurements at the C-MAN stations
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Figure 2. The study area (depth contours in fathom) and the
grids for study wave transformation. Wave stations ares marked
by ‘+°.

were carried out with the Infrared Laser Wave
Height Sensor, which measured the surface dis-
placement. The overall accuracy of all systems for
significant wave height, wave period, and wave
direction is 0.2 m (or 5%), 1.0 sec, and *+5° re-
spectively (MEINDL and HaMILTON, 1992). Details
of the NDBC wave measurement system and data
processing technique can be found in STEELE et
al. (1990). For this storm, we will concentrate on
stations 44014 and CHLV2. WanGg and METT-
LAcH (1992) reported the storm wave information
for other stations.

The study site is shown in Figure 2. The upper
left corner of the study area is the Chesapeake
Bay mouth. Depth contours shown in Figure 2 are
duplicated from chart. Digital bathymetric data
for this area are available from the National Geo-
physical Data Center, NOAA, Dept. of Commerce.
These data, however, are irregularly spaced. The
density of data point is good for near shore area
(within 40 km from the coast). Further offshore,
the density decreases. To use these digital data
for the RCPWAVE model, three evenly spaced
bathymetric data matrices (with space 160 m in
the x direction and 200 m in the y direction) were
generated using the inverse distance method and
Octant search method. The enclosed areas for these
matrices are marked as Grid 1, 2, and 3 in Figure
9. For this reason, the original bathymetry has
been smoothed slightly. Other than that, no other
smoothing process has been made in this study.
More details of the grid selection will be given

later in this paper. The two stations are marked
by the signs ‘+’ in Figure 2.

WAVE RECORDS

Figure 3 shows the evolution of significant wave
height, peak wave period, and local wind speed
at the two stations. At station 44014, wave energy
reached its maximum on October 31, 03 hr. All
times used in this paper are Greenwich Mean Time
(GMT). At station CHLV2, the maximum oc-
curred 1 to 2 hr later because of the time required
for the waves to travel across the continental shelf.
In this study, we may reasonably assume that the
spatial variation of deepwater waves off the con-
tinental shelf break is small.

For most of October 28, the significant wave
height at station 44014 was about 3 m and grad-
ually increased to 4.5 m by October 29. It re-
mained at that level for the next 36 hours, then
began to increase for the next 17 hours and reached
its maximum (8.04 m) on October 31, 03 hr. Ap-
parently the severe wave conditions were due to
the arrival of long-period waves. After the peak,
the significant wave height decreased slowly to 2
m in about 45 hours.

The significant wave height at station CHLV2
was about 1.5 m at the beginning of October 28.
It increased from 1.5 m to 3.7 m during the last
12 hours of October 28 and remained at 3.7 m for
an additional 8 hours. It then decreased slowly to
3 m by the middle of October 29 and stayed at
that level until October 31 (despite the increase
in wave height at station 44014 commencing on
midday of October 30). The significant wave height
increased quickly to 3.9 m in 8 hours and re-
mained at that level for another 4 hours before a
slow decrease. Notice that the significant wave
heights at CHLV2 on the beginning of October
29 are similar to those at station 44014 (3.8 m
versus 4.2 m) because of the prevailing local wind
waves at that time (judged by the peak wave pe-
riods, 8 to 9 sec, and wind speed records at these
two stations, see Figure 3C).

Figure 4 shows the comparison of peak storm
wave spectra (Oct. 31, 03:00) between these two
stations. Because of the time required for waves
to cross the continental shelf and the different
speeds for each wave component, we compared
the spectrum at station 44014 (solid line) with the
average of three consecutive wave spectra from
station CHLV2 (dashed line). The vertical bars
indicate the range of wave energy spectrum for
the three consecutive hours. At station 44014, the
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Figure 3. The evolution of significant wave height, peak wave period, and wind speed from October 29, 0 hr to November 1, 23 hr,

1991, GMT at station 44014 and CHLV2.

spectrum is relatively narrow banded. The wave
energy is high and concentrated from 0.04 to 0.10
Hz (i.e., from 25 to 10 sec) with a peak wave
frequency of 0.06 Hz (period = 16.7 sec). The
average wave spectrum at station CHLV2, how-
ever, is relatively broad banded. The range of wave
energy variation at station CHLV2 is not signif-
icant (see the vertical bars in Figure 4). The sig-
nificant wave height is 3.9 m.

Figure 5 shows the comparison of wave spectra
at two other times: Oct. 30, 03:00 and Oct. 31,
10:00. The selected three pairs of spectra (Figures

4 and 5) represent different levels of wave energy
recorded at station 44014. Before the storm peak,
see Figure ba, wave energy at station 44014 is
relatively small and concentrated between 0.06
and 0.13 Hz. At the nearshore station, it is almost
uniformly distributed between 0.06 and 0.14 Hz
with a weak peak at 0.07 Hz. After the storm peak
(see Figure 5b), the wave energy at station 44014
is medium and mainly between 0.05 and 0.10 Hz.
Notice that the ratio of wave energy at peak fre-
quencies between station 44014 and CHLV?2 is
about 4 for the small wave height (see Figure 5a).
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Figure 4. Comparison of measured wave spectra at storm peak
(Oct. 31, 03:00, 1991 GMT) at station 44014 and station CHLV2.
The bars indicate the range of wave energy spectrum for the
three consecutive hours.

For the moderate and large wave heights, the ratio
is about 6.

Figure 6 shows the corresponding wave direc-
tions for the three selected times at station 44014
(angles are given as azimuths). We used the av-
erage of three consecutive wave direction records
(in 8 hrs) for each frequency component to obtain
a smoothed representative wave direction. The
vertical bars indicate the range of wave direction
during that three hours. For the storm peak, the
directions for each frequency band are also dis-
played as the dashed line in Figure 6b. Notice
that the variation of wave angles in the three con-
secutive hours is limited to +6° except for the
lowest frequency wave component (f = 0.04 Hz)
and some high-frequency components (f = 0.12
Hz). Thus the average wave directions given in
Figure 6 well represent the wave directions for the
gpectra displayed in Figures 4 and 5. Notice that
the wave angles for the high-frequency compo-
nents are not too far apart (46 degrees to 57 de-
grees) for the three selected storm waves. The
major difference lies in the low frequency com-
ponents. At the peak of the storm, the long-period
wave components come from 70 to 80 degrees.
Before and after the storm peak, long-period waves
come from 30 to 50 degrees. This phenomenon
demonstrates the passing through of large swells
(the destructive force of the Halloween storm)
that were generated somewhere else. The low fre-
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Figure 5. Comparison of the measured wave energy spectra at
station 44014 and station CHL V2. (a) A small storm wave before
peak; (b) A moderate storm wave after peak. The bars indicate
the range of wave energy spectrum for the three consecutive
hours.

quency waves (f < 0.05 Hz) shown in Figure 6a
are mainly locally generated waves. The drastic
change of wave direction for the low frequency
wave component (f = 0.04 Hz) shown in Figure
6c¢ further indicates the ending of these huge swells.

THE WAVE TRANSFORMATION MODEL

In this study, we used a modified version of the
RCPWAVE model to examine wave refraction,
diffraction, shoaling, and the effect of wave energy
loss caused by bottom friction and percolation.
This model solved the mild slope equation given
by BErkHOFF (1972). Although it has been widely
accepted, among others, by the coastal engineer-
ing community, it has two major limitations. (1) It
can only simulate weak diffraction. In other words,
the wave orthogonals must be roughly parallel
(within +30°) to the x coordinate of the compu-
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tational grid. (2) It is a model for monochromatic
waves. Simulation results using the significant
wave height to represent the entire wave spectrum
are poor (VINCENT and Bricas, 1988). This mod-
el, on the other hand, gives local wave angles by
solving an extra equation, the irrotational con-
dition. Thus we can calculate and plot wave rays
using the computed local wave angles to dem-
onstrate wave refraction and diffraction. The plot
of wave rays is an added-on feature for displaying
the results from the RCPWAVE model.

To compensate for the first limitation and save
computing time, we used three small grids to cal-
culate wave refraction and diffraction instead of
two large grids, see Figure 2. The x axis of the
grids were selected roughly parallel to the wave
directions. Grid 1 was used to find the possible
deepwater wave incident angles by comparing the
measured and calculated wave angles at station
44014. Grids 2 and 3 were used to find the wave
height for each wave component at station CHL V2.
The selection of using Grid 2 or Grid 3 depends
on the deepwater wave direction, with a goal of
having the calculated local wave angles roughly
parallel to the x-axis.

Tablel. Representative wave heights, periods, and directions
for the selected wave spectra at Station 44014.

Esti-
Ob- mated
served Deep-

Wave Wave water
Frequency Energy Wave Period Angle A,
Seq. Band AfS; Height T (de- (de-

No. (Hz) (M2) H; (m) (sec) gree) gree)
1 0.05-0.06 0.0389 0.54 18.2 45 29
1 0.06-0.07 0.1041 0.91 15.4 53 41
1 0.07-0.08 0.1433 1.07 13.3 51 43
1 0.08-0.09 0.1593 1.13 117 48 43
1 0.09-0.10 0.1570 1.12 10.5 47 45
1 0.10-0.11 0.1199 0.98 9.5 46 46
1 0.11-0.12 0.0965 0.88 8.7 46 46
2 0.03-0.04 0.1417 1.06 28.6 86 84
2 0.04-0.05 0.4863 1.97 22.2 78 72
2 0.05-0.06 0.7671 2.48 182 71 60
2 0.06-0.07 0.7163 2.39 154 64 58
2 0.07-0.08 0.6014 2.19 13.3 60 57
2 0.08-0.09 0.4613 1.92 11.7 57 57
2 0.09-0.10 0.2530 142 10.5 57 57
2 0.10-0.11 0.1336 1.03 9.5 57 57
3 0.04-0.05 0.1865 1.22 22.2 56 32
3  0.05-0.06 0.3893 1.76 18.2 58 38
3 0.06-0.07 0.4241 1.84 154 56 46
3 0.07-0.08 0.2951 1.54 13.3 52 46
3 0.08-0.09 0.2060 1.28 11.7 49 46
3 0.09-0.10 0.1825 1.21 10.5 49 47
3 . 0.10-0.11 0.1260 1.00 9.5 49 49
3 0.11-0.12 0.0718 0.76 8.7 50 50

Seq. 1 represents a small storm wave occurred on Oct. 30, 03:00
Seq. 2 represents the peak storm wave occurred on Oct. 31, 03:00
Seq. 3 represents a moderate storm wave occurred on Oct. 31,
10:00

To relax the second limitation, we divided the
spectra observed at station 44014 (see Figures 4
and 5) into seven or eight frequency bands. Each
band has a bandwidth of 0.01 Hz. For each band,
there is a representative wave period, T;, band
width, Af,, spectrum density, s;, and root mean
square wave height, H;, which can be calculated
as follows (DeAN and DALRYMPLE, 1992):

H, = 2(2Afs;)% (1)

Table 1 gives these representative parameters. The
selection of these frequency bands was arbitrary.
Wave components with a frequency greater than
0.12 Hz are excluded because of the small wave
energy in that domain. We then used the above
deepwater wave information to calculate wave re-
fraction, diffraction, shoaling, and bottom fric-
tion.
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Because of the limitation of computer resources
and the requirement of a large study area (141.92
km X 55.40 km, see Figure 7), we selected a large
grid size, 160 m x 200 m. Thus, the wave dif-
fraction may not be well simulated for the high
frequency wave components.

PERCOLATION

Wave energy loss caused by percolation de-
pends on the wave period, T, water depth, h, and
sediment permeability, K (REID and KAJIURa,
1957; summarized in DEAN and DALRYMPLE, 1992).
Equation 2 shows the wave amplitude decay co-
efficient k;, defined as a = a, exp (—k;x), as

Kk — 26K /m)k
! 2kh + sinh(2kh)

where a, is the wave amplitude at x = 0, and a is
the wave amplitude at x, ¢ = 27/T, k is wave
number, and » is kinematic viscosity of water.
The permeability for sandy sediments can vary
from 10-° to 102 m?. Because we do not know
the permeability at the continental shelf off the
Virginia coast, we chose a relatively large constant
permeability, K = 10~° m? for the entire domain
to examine the significance of this kind of wave
energy loss. Assuming a 14 sec wave with water
depth of 30 m (approximately the average depth
between station CHL'V2 and the continental shelf
break) and » = 10-¢ m2?/sec, k; would be about 5.8
x 10-7. Over 87 km, wave amplitude would be
decreased by about 5%. This small loss of wave
energy can not explain the big difference of wave
spectra between the two stations. Of course, if we
chose K = 10—° m2, the wave amplitude would be
decreased by about 39%, and this kind of energy
loss will be significant. At this time, however,

@)

without permeability data, we would like to stay
with K = 10~ m?, and examine the energy loss
caused by bottom friction.

BOTTOM FRICTION

Maa and Kiv (1992) adopted a procedure to
determine the wave energy loss caused by bottom
friction for a monochromatic wave. Their proce-
dure will be applied here with some modifications.
In their approach, the key parameter needed to
be determined is the wave friction factor, f,. To
estimate f,, we should consider the following three
possible bed textures: (1) grain size of a smooth,
non-movable bed, (2) ripple geometries, and (3)
a smooth, movable bed without ripples. MADSEN
et al. (1988) and MADSEN et al. (1990) suggested
an approach for calculating the f, caused by rip-
ples for wave spectra. They found that the friction
factor for random waves is smaller than that of
regular waves because of the rounding of ripple
crests by large waves in the wave spectrum. Their
findings, however, are limited to the effects of
ripple geometries. For the severe “Halloween”
storm waves, all ripples were probably wiped out
because of the large bed shear stress. Thus only
the energy dissipation caused by carrying sus-
pended sediments and skin friction is considered.

Wave friction factor is a function of bed rough-
ness and the wave semi-excursion distance (NIEL-
SEN, 1992). In this study, however, we selected
using a constant £, when the wave started “touch-
ing” the bottom (d/L < 0.5). This selection is
based on certain conditions. (1) For this severe
sea, ripples can not survive except in a small area
close to the continental shelf break where the wa-
ter depth is deep. Only the grain skin friction
(usually small) and movable bed friction contrib-
ute to the wave energy loss. Thus the wave friction
factor is reasonably constant and small (on the
order of 0.01-0.05). An example of this condition
has been demonstrated by Maa and Kim (1992).
(2) A random sea has many wave components.
The bed responses (the ripple geometry and sed-
iment mobility), however, reflect the results of
total wave energy instead of a single component.
For a given sea, there exists only one bed form
(from a statistical point of view), and different
wave components may respond differently for the
same bed form/mobility in terms of energy dis-
sipation. These characteristics make estimating
the f, for each wave component difficult. For low
amplitude, narrow banded waves, the approach
given by MADSEN et al. (1988) may be applied.

Journal of Coastal Research, Vol. 11, No. 4, 1995



Transformation of Storm Waves 1265

%0

18.00 = 2

O

{/
o,
%
\

I
|

il
i
%{

I

:
ﬁl
i

f
|

///'
|
////
|

T (km)
!

IIII?II"
b

2.2s
727

o
By
N

0 X (km) 28.64

Figure 8. Wave trajectories show the possible incident and
refracted wave direction for the 22.2 sec. Component wave at
station 44014 on October 31, 03 hr, 1991, GMT.

For a non-narrow banded spectrum, a practical
formulation has not been established. Thus, using
a constant f, is the most feasible approach.

The energy loss, E;, caused by the bottom fric-
tion in the wave propagation direction can be cal-
culated as

B, = 70088 = = of, [Uy[58s (3)
3T

where 7, is the maximum wave bed shear stress,
p is water density, As is the wave travel distance,
and U, is the maximum near-bed wave orbital
velocity for a wave component. The wave atten-
uation coeflicient, k;, can be calculated as

E. \
k = (1 - EC) 4)

B

where E = pgH?/8 is wave energy, C, is wave group
velocity, and H is local undamped wave height
(wave height before considering the bottom fric-
tion). To estimate the attenuation of wave height
caused by wave energy loss, we multiply H and
k: to obtain the attenuated wave height. It was
used to find the undamped wave height at the
next grid point and followed by the calculation of
attenuated wave height at that point. This pro-
cedure was used for the entire wave propagation
domain.

ESTIMATING DEEPWATER
WAVE DIRECTION

A wave with frequency < 0.10 Hz starts re-
fracting at a water depth greater than 70 m. Thus,
the measured wave directions at station 44014 for
frequencies < 0.10 Hz were already affected by
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Figure 9. Comparison of the calculated and observed wave
direction at station 44014 on October 31, 03 hr, 1991, GMT.

the bottom topography. We need to estimate the
deepwater wave directions to supply the bound-
ary condition for the RCPWAVE model to cal-
culate wave refraction and diffraction.

Although waves have traveled about 10 km from
deepwater to station 44014, wave energy loss
caused by the bottom friction is small because of
the great water depth. When we use the observed
wave direction information at this station to de-
termine the deepwater wave direction A,, we ne-
glected the bottom friction.

Assuming a deepwater wave direction and using
the wave information (T; and H;) given in Table
1, the bathymetry in Grid 1, and the RCPWAVE
model, we calculated the wave transformation
within Grid 1 for each frequency band. An ex-
ample of this calculation, showing the wave rays
for one of the frequency bands (T; = 22.2 sec), is
given in Figure 8. Comparing the calculated wave
directions with the observed wave directions, we
can estimate the deepwater incident wave direc-
tion off the continental shelf break. Figure 9 shows
the ‘comparison of calculated local wave angles
and observed wave angles at station 44014 for
each frequency band of the peak storm spectrum.
The estimated deepwater wave angles for all three
storm spectra are also listed in Table 1. For the
storm peak, we found the deepwater wave direc-
tion to be 57 degrees for the high-frequency wave
components (f; > 0.06 Hz). For the low-frequency
components, A; increases as the frequency de-
creases (see Table 1). Notice that the observed
wave direction for some low-frequency compo-
nents (0.03 Hz or 0.04 Hz) are not accurate be-
cause the wave energy is low (see Figures 4 and
5), and thus these components are not plotted.
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Table 2. Calculated wave heights for each component at Sta-
tion CHLV2 based on selected constant f,.

Grid
Used

Period . . _ for
Seq. T, Calculated Wave Height Using £, Simu-

No. (sec) 0 0.01 0.02 0.03 lation
1 18.2 0.22 0.18* 0.17 0.16 3
1 154 0.43 0.39* 0.35 0.31 3
1 13.3 0.74 0.66 0.57* 0.50 3
1 11.7 1.65 1.29 1.04 0.88* 3
1 10.5 1.52 1.24 1.03 0.90* 3
1 9.5 0.79 0.67 0.59 0.50* 3
1 8.7 1.03 0.90 0.79 0.72* 3
2 28.6 1.22 0.58* — — 2
2 22.2 1.13 0.46* 0.40 0.33 2
2 18.2 1.09 0.79* 0.63 0.51 2
2 15.4 143 0.99* 0.75 0.60 2
2 13.3 2.00 1.29 0.94* 0.76 2
2 11.7 1.70 1.29 0.92 0.77* 2
2 10.5 1.30 0.59 0.83 0.74* 2
2 9.5 1.04 0.86 0.78 0.72* 2
3 22.2 0.15 0.08* — — 3
3 18.2 0.81 0.62* 0.52 — 3
3 15.4 0.88 0.70* 0.57 0.49 3
3 13.3 1.11 0.88 0.73* 0.63 3
3 11.7 1.84 1.35 1.04 0.83* 3
3 10.5 1.65 1.32 1.09 0.94* 3
3 9.5 1.22 1.02 0.87 0.78* 3
3 8.7 0.65 — — 0.51* 3

*Selected to reconstruct the wave spectra at Station CHLV2

CALCULATED SPECTRA AT CHLV2
WITHOUT BOTTOM FRICTION

We then studied the wave transformation for
each wave band using the T, H;, A, given in Table
1 and the bathymetry shown in Grid 2 or Grid 3.
Our selections are given in Table 2. Bottom fric-
tion is not included at this time. Examples of
calculated wave rays for selected frequency bands
for the storm peak are given in Figure 10. This
figure reveals that the Norfolk Canyon (at water
depth from 100 to 500 m) causes low-frequency
wave components to diverge. As the wave period
decreases, the influence of the Norfolk Canyon
decreases and is eventually negligible when the
wave period is less than 14 sec. The Baltimore
Canyon (see Figure 2) has a similar effect on the
wave transformation, but the affected domain is
mostly out of the study area.

Figure 11 shows computed wave height profiles
for selected components of the peak storm spec-
trum along a transversal line that passes through

55.40

S5.40

55.40

Y

$5.40

X (km)

Figure 10. Wave rays for selected wave components on October
31, 08 hr, GMT. (a) For T = 28.6 sec; (b) For T = 22.2 sec; (c)
For T = 18.2 sec; (d) For T = 15.4 sec. The plot of wave rays
is an added-on feature for displaying RCPWAVE model results.

station CHLV2 (see Figure 7). The water depth
along this profile is displayed as the dotted line.
The location of station CHLV2 is marked as well.
We can see clearly that wave height varies along
this line because of wave shoaling, diffraction, and
refraction. The wave height at station CHLV2 for
each component can be read from these profiles,
and they are summarized in Table 2.

Using Equation 1, we calculated the wave en-
ergy for each frequency band given the calculated
wave height of that band. The resultant spectrum
for the storm peak is depicted in Figure 12. In
general, the calculated wave energy is much larger
than that recorded at station CHLV2. The only
exceptions are for the 0.045 and 0.055 Hz com-
ponent; the calculated wave ehergy is close to the
observed at these bands because of the wave di-
vergence, see Figure 10. For wave frequencies
greater than 0.075 Hz, the calculated spectrum is
almost equal to that at the offshore station. Notice
that these results do not include the effect of pos-
sible wave growth over 87 km (from offshore to
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Figure 11, Calculated wave height profiles (without bottom friction) for selected wave components and bottom profile along the

transversal line at X = 8.795 km,

station CHLV?2). If considering any contribution
from wave growth, the difference will be larger
than those displayed in Figure 12.

CALCULATED SPECTRA AT CHLV2 WITH
BOTTOM FRICTION

As we previously discussed, we use a constant
f, to study the effect of energy loss. We do not
know, however, what the f, is for each component.
Thus, we found the best fit through trial and error
(0.01 < £, < 0.05). We calculated the wave heights
at station CHLV2 for all the wave components
with a given f, and then constructed the wave
spectrum (using Eqation 1) to compare with the
measurements. The calculated wave heights are
given in Table 2 for the three selected constant
wave friction factors, f, = 0.01, 0.02, and 0.03. The
reconstructed wave spectra for all four wave fric-
tion factors of the peak storm wave are displayed
in Figure 12. It reveals that using a small f, to
calculate wave energy loss at station CHLV2 for
low-frequency wave components better matched
the observations. For high-frequency wave com-
ponents, we needed a relatively large f,,. Using the
selected wave heights (marked by * in Table 2),
we can reasonably reconstruct the wave spectra
that are close to the observed spectra. Figure 13
shows the comparison of the three reconstructed
and observed spectra at station CHLV2. In gen-
eral, the calculated wave spectra show a shift of
peak frequency. For low-frequency components,
the calculated wave energy is smaller than that

observed. For high-frequency components, how-
ever, the calculated wave energies are larger than
the measured. We could try other small f,, e.g.,
0.005, for the low-frequency components and large
f, for the high-frequency components to obtain
better results. However, because of the following
reasons, we stop at this point. (1) The point we
want to make is that without considering energy
loss caused by bottom friction (and others), the
calculated wave spectra would be much larger than
the observed. (2) The accuracy of measured deep-
water wave incident angles is very important. Cur-
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Figure 12. Comparison of measured and calculated wave spec-
tra at station CHL V2 using different f,, for the peak storm wave.
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Figure 13. Comparison of measured and calculated wave spec-
tra using selected f, at station CHLV2. (a) For the small storm
wave; (b) For the peak storm wave; (¢) For the moderate storm
wave.

rently the accuracy is limited to +5 degrees, which
may not be accurate enough for spending more
effort to find the best-fit £,. (3) The limited com-
puting resources restricted our use of a fine grid
size. (Ideally, the grid size should be less than %
of the local wave length.) Thus, the wave diffrac-
tion process may not be well simulated. (4) Even
if we can afford to use a small grid size, we are
still limited by the accuracy of bathymetric data.
We are already using the best data; however, for
far offshore areas, the survey data are widely
spaced and old. Thus, some basic uncertainties
are involved. (5) Other possible processes that
may affect the wave transformation (e.g., wave-
wave interactions, white capping, wave nonlin-
earity, etc.) should be examined first before
launching another exercise. (6) At the offshore
station, energy within a frequency band may com-
prise contributions from more than one direction.
Even if there is just one major direction, there is
some directional spreading around that major di-
rection. Thus, wave energy from other directions

should be considered to reconstruct a nearshore
wave spectrum. This leads to another affordabil-
ity problem as there are too many components to
calculate. For this particular storm, we would like
to demonstrate the importance of directional
spreading by examining the peak storm wave as
follows.

DIRECTIONAL SPREADING AND
SENSITIVITY

For the storm peak at station 44014, the direc-
tional spreading for each component is given in
Figure 14. Notice that part of the spreading shown
in this figure is due to the directional resolution
of the instrument and the analysis procedure. This
figure shows that the wave directional spreading
is not significant except for the low-frequency
components (frequency =< 0.05 Hz). Wave energy
at these frequencies came from a broad range of
directions (from 50-110 degrees). This large
spreading means that the incident wave angle (72
degrees) for the frequency band (0.04 < f; = 0.05
Hz) may not be representative.

The large directional spreading of an incoming
wave further complicates the spectral wave trans-
formation because of additional wave energy from
other directions. For this reason, the resultant
wave profile given in Figure 11 would be smoother
than that displayed. As a consequence, the re-
constructed spectra would also be smoothed. We
will show the sensitivity of this issue using the
0.045 Hz component as an example. If this wave
component has an incident angle of 67 degrees (a
5 degree difference from that given in Figure 10b),
the calculated wave height at station CHLV2
would be quite different. Figure 15 shows the com-
parison of calculated wave height profiles along
the line shown in Figure 7. The difference in wave
height at station CHLV? is quite large, 0.5 m
versus 1.13 m. This significant difference shows
the importance of having accurate information on
incident wave angle and the importance of the
smoothing effect caused by wave directional
spreading.

DISCUSSION

Field data for wave transformation, especially
for extreme events, are scarce. The “Halloween”
storm waves have been well observed along the
east coast of the states. The data demonstrate the
transformation of huge swells that cross the con-
tinental shelf, and provide excellent information
for a case study.
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Figure 14. Directional spreading of each wave component at station 44014 on October 31, 03 hr, 1991, GMT.

It is impractical to account for the effect of
bottom friction for random waves using a single
representative f, for the entire frequency range,
especially when the wave energy is composed of
a broad range of frequencies. In terms of energy
loss, each wave component responds differently
to a given bottom condition, which is controlled
by the total wave energy. In this study, we used
three small constant f,’s (0.01-0.03) for the storm
waves because of the sea severity. When ripples
do exist for small random waves, this assumption
may not be valid because f, may change signifi-
cantly along a wave trajectory. In those cases, the
approach given by MADSEN et al. (1988) may be
applied.

Most of the wave components in this study are
concentrated in one direction except the two low
frequency bands (22.2 sec and 28.6 sec). Our se-
lection of a single wave direction for these two
frequency bands may be over-simplified. Consid-
ering the energy from other directions, the re-
sulting wave spectrum would be smoother than
using a single direction. More effort is needed to
reconstruct a nearshore wave spectrum for cases
where the directional spreading is large.

We have shown that the Norfolk Canyon, lo-
cated at the continental shelf break, has a signif-

icant influence on wave refraction and diffraction
for these low-frequency components of the “Hal-
loween” storm waves.

The accuracy of deepwater incident wave di-
rection is important. Should the incident wave
direction change a little, say five degrees (at the
margin of the instrument’s accuracy), the wave at
the nearshore station would be quite different. An
example was given for the 22.2 sec wave compo-
nent where a five degrees change in deepwater
wave direction resulted in a 100% increase in the
nearshore wave height for that component.

Because of the long-period waves, the influence
of wind energy input on the calculation of wave
height is limited. In our case, the distance between
the two stations, 87 km, may not be long enough
for a significant transfer of wave energy from high-
frequency bands to low-frequency bands. Thus,
in the calculation of wave height for the long-
period wave components, the wind energy input
is neglected. If this factor was considered, the
calculated wave spectra would be even larger than
that currently calculated. In other words, we would
have to use large f,’s to reduce the calculated
spectra in order to match the observations, es-
pecially for the high frequency component. On
the other hand, since we neglected the possible
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Figure 15. Calculated wave height profiles show the sensitivity of deepwater wave incident angle.

energy loss caused by percolation, white capping,
and wave breaking, we may overestimate the f,.
The concluded weak relationship between f, and
wave frequency may indicate the necessity of con-
sidering other processes, such as those mentioned
above, to better simulate this “Halloween” wave
transformation.

As other studies have indicated, wave energy
can be transferred among each wave component
through wave-wave interactions. This process has
not been addressed in this study, but it should be
emphasized in the future.

Because of the great water depth (20-100 m)
between the two stations and low frequency waves,
the possible energy loss from wave breaking and
white capping is not considered in this study. As
we mentioned earlier, we are presenting a special
event and trying to find possible reasons for the
great difference in wave spectra between the two
stations. Because we are not able to include all
possible processes, we only discussed the effects
of wave refraction, diffraction, shoaling, and bot-
tom friction. We hope this paper will stimulate
advanced studies to scrutinize other possible pro-
cesses.

CONCLUSIONS

We presented a possible approach to study the
spectral wave transformation for severe seas gen-
erated by the 1991 “Halloween” Northeaster at
the continental shelf off the Virginia coast.

We found that the wave refraction, diffraction,
and shoaling do have significant influences on wave
transformation. For example, the low-frequency

waves diverge due to the Norfolk Canyon located
at the offshore break. However, when calculating
the wave spectra for the nearshore station without
considering energy loss caused by bottom friction,
the high-frequency (from 0.08 and 0.12 Hz) wave
energies are too large when compared to the ob-
servations.

Using a constant f, for a wave component to
calculate the wave energy loss is a practical ap-
proach for severe seas because all ripples were
wiped out by the severe storm waves. Based on
this limited study, we concluded that the wave
friction factor, f,,, for long-period waves is smaller
than that for short-period waves. The variation
of f,, however, is not significant.

Considering the effect of bottom friction, wave
spectra at the nearshore station are much closer
to the observations. Large errors (e.g., 4-6 sec
difference in peak period, and up to 50% error in
energy at peak) still exist, and thus warrant ad-
ditional studies.

This study indicates that accurate measure-
ments of wave incident angles and the directional
spreading at offshore stations are essential for a
reliable prediction of wave transformations.
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