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Dimensions are Hs  cms! and Ts  secs! .
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of Hs and Ts.

Figures Cl-C11. Monthly wind-stick plots, wind-tides and time
histories of Hs and Ts.



INTRODUCTION

The wave data presented and discussed in this report were
recorded almost continuously from January 26 to December 31,
1979 by a pressure transducer mounted 30 cm above the bottom
 in water with a mean depth of about 100 cm! and about 60 m
offshore immediately adjacent to the Fort Raleigh National
Historic Site  Figures 1 and 2!. The data were collected as
part of a shoreline stabilization project funded by the U.N.C.
Sea Grant Program and conducted through and with the close
cooperation of the Superintendent of the Fort Raleigh National
Historic Site and his staff. Correlation of wave energy data
with the success in using marine grasses to stabilize
shorelines will be the subject of a separate report.

Specific results from the wave portion of this study have
been published as a referred working paper  Knowles, 1981a!,
presented at scientific meetings  Knowles, 1979, 1980a, 1980b,
1981b, 1981c, 1981d!, and submitted for journal publication
 Knowles, 1981e, 1981f! .

This technical, summary report will deal specifically
with the monthly wave climatologies and wind tides at the Fort
Ra! eigh site for 1979; other data reports for Port Raleigh
�9'80! and for Bogue Sound and Neuse River, N.C. sites �979!
are in preparation.

THE EXPERIMENT

Data Collection and Anal sis

Data were recorded digitally by file number on a cassette
tape at a rate of five samples/sec every three hours with a
sample length of ].024 using the data logger shown in Figure 3
 see Appendix A for details of wave recording system, and
Table 1 for a summary of the dates, times and numbers of files
of collected data!. Power spectral densities, F> f!, were
obtained for each file from the pressure-data t7me series
using a FFT algorithm and convolution averaging with 34
degrees of freedom for f4 fc  where fc = fm + 16hf, fm was the
spectral peak frequency, and Af was the frequency interval!
and 50 degrees of freedom for f!f ; the 90 percent confidence
interval factors were �.57, 0 ' 70 and �.44, 0.74!,
respectively.

Surface-wave spectral densities, F f!, were estimated
from the subsurface-pressure densities using the small-
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amplitude wave theory attenuation compensation-coefficient,
cosh kh/cosh kd, modified by Grace's �978! empirical
correction factor, n f!; i.e.

cosh kh

F f! n f! Fp f!,
cosh kd

where k =2~ /L! is the local wave number, L the local
wavelength, h the local depth and d the pressure transducer
height above the bottom. The empirical correction factor,
n f!, was determined by Grace �978! from wavetank
measurements, but Knowles �980b, 1981a! showed that Grace' s
equation agrees rather satisfactorily with other data as well
 e.g. Hom-ma, et al, l966 -wavetank data; Esteva and Harris,
1970 -lower gauge field data; and Tubman and Suhayda' s, 1976
-field data! . The parameter kh was estimated from f by using
an iteration scheme  cf. Knowles, 198la! to find the root of
the modified linear-theory dispersion relation

�~ f!
�!kh tanh kh.

Wave climatology has been presented as a joint-probability
distribution of significant wave height  in cm! derived as an
integral quantity from the corrected wave spectrum, i.e.

S/2
Hs - 4E �!

where,

E fF f!df

is the wave height variance, and F f! is estimated from �!;
and significant wave period  in secs! defined by Goda �974!
as

Ts = 0.937
fm

Hourly wind data for use in the wind-tide study were
obtained from the Cape Hatteras Weather Facility. Though this
station is nearly 70 km from the Fort Raleigh site, its data



Figure 3. Datalogger and test oscilloscope rmunted
in wat ert ight enclosure .
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compares very well with data from the U.S, Coast Guard Station
at Oregon Inlet  after winds are scaled from the 19 m height
there to the 10 m height recorded at Cape Hatteras!. Singer and
Knowles �975! demonstrated also that Cape Hatteras wind data
agreed very well with data from a weather station set up near
Stumpy Point  Figure l!. It is recopnized that with the passape
of a slow moving front, for instance, there may be a several
hour lag or a lead time between these stations; this may result
in some uncertainty in the interpretation, but should not
affect the trend of the wave and wind-tide data. Water levels
at the site ranged from 60 cm to 150 cm and were estimated for
each data file by taking the mean of the sensor time series and
adding it to the transducer height d  see appendix A for sensor
calibration details that relate total pressure directly to
water depth!.

Wave-Gau e Site Characteristics

The basin .adjacent to the wave gauge is highly restricted
 radial distances from site to shoreline are unique!. The
longest fetch   40 km! is to the NW, but the waves generated
there will not be as large as they could be, piven the fetch
length, because as can be seen in Figure 2, Colington Shoal
 with a nearly constant 1.2 m depth! partially shields the site
from the deeper basin  mean of 4.5 m with max depth of 5.5 m!
to the NW. The smaller basin N and E of the site has only a
five to seven kilometer fetch and no comparable shoal shielding
it; the waves generated at this fetch generally will not be as
large as those from the NW. The smaller basin has a nearly
constant depth of 2.75-3.0 m with a rather steep �/20! slope
from that depth to the shelf break at the 1.83 m contour line;
the slope from the break to the site is about 1/950. Southerly
winds  from the lee side of Roanoke Island! usually generate
very low energy waves and do affect. significantly the water
level at the site, as will be seen later.

The presence of currents at the sensor depth and location
can affect the determination of kh  cf. Knowles, 198lf, for
details! by introducing an advective frequency component
 Doppler shift! on the left side of �!. Mo current
measurements were made during this study, but for the same
months in 1975, Singer and Knowles �975! found that currents,
when present near the shelf break adjacent to the site, were
very slow    five cm/sec!, generally parallel to the shelf
contour  which is nearly one kilometer from the site! but
otherwise erratic in direction; they therefore would not likely
influence the waves recorded at the site. The only location
where Singer and Knowles �975! measured currents that might
have altered the waves before they reached the site was in the
deep channel between Colington Shoal and Caroon Point  Figure



2! . In response to sustained NW winds, currents of near ly one
m/sec were recorded with a general direc tion toward the SE.
Since these same winds also would generate waves near that
axis, the waves could be lengthened slightly and reduced in
amplitude before reaching the site, but certainly could not
affect the estimation of kh.

According to Riggs and O' Connor �974!, the sediment near
the site consists of sand that is about three meters thick and
graded from coarse �.5 -1.0 mm! near shore to medium �.25
-0.5 mm! at midshelf  about 400 m from the site! and fine   
0.25 mm! beyond the shelf break in the deeper interior basin
and on Colington Shoal. Shemdin et al �980! demonstrated that
for finite depths, wave energy could be dissipated in course
sand by percolation with a damping coefficient of 0-10 /sec,
or by bottom friction when the mean sand diameter is in the
range 0.1 -0.4 mm and percolation is inhibited. So, it is
likely that these two mechanisms had an active role in wave
dissipation in this study.

RESULTS

The joint-distribution tables of Hs and Ts are included in
Appendix 8 for an eleven-month period  no data were collected
in August! of 1979; Table 2 has been included in this section
to summarize those results.

The monthly wave climatologies and wind-tide results were
obtained by combining the files shown in Table 1 into calendar
months for analysis and plotting. In some instances there were
time gaps between files during the month; while this would not
affect the joint-probability distributions, it could complicate
the intrepretation of the wind-tide plots. When the gap was
greater than a few hours, a vertical line was included on the
wind-tide plots to emphasize the time break and the time axis
was adjusted accordingly.

Wave Climatolo ies

Table 2 is a summary of the monthly wave climatologies of
Hs versus T included in Appendix 8, and con tains the number of
non-calm an3 calm observations  when the wave energy was sa low
that no spectral peak could be detected!, the monthly mean and
standard deviation of Hs and Ts, and the modal  largest number
of occurrences for the month! and maximum  may be only one
observat ion! Hs and Ts j oint-ranges.

The small number of observations obviously biased upward
the January data, because the winds during the six days mostly



Table 2. Summary from Appendix E of monthly mean Hs and Ts values
 and their standard deviations! for 1979 at the Fort.
Raleigh wave site. Label NC represents the number of
non-calm and C the number of calm observations  f ile
numbers! included in the means. Also included are the
modal and maximum ranges of Hs and Ts. Dimensions are Hs
 cms! and Ts  secs! .

Means/s.d.Observations Modal Maximum

Month NC C Hs s'd. Ts s.d. Hs

Jan 43 0 26.8 10. 5 2. 1 0.4 35-40 2. 25-2 .49 40-45 2. 50-274

Feb 208 16 20.0 10.8 1.8 0. 5 05-10 l.20-1.49 45+" 3. 00-3 .44

Mar 187 4 17.8 7.1 1.7 0.4 15-20 1.50-1.74 35-40* 2.75-2.99

Apr 218 3 16.2 9.0 1.8 0.4 10-15 1.50-1.74 45+* 2.75-2.99

May 209 1 14.6 7.6 1.8 0.4 05-10 1.20-1.49 35-40* 2.50-2.74

Jun 163 1 16.5 8.5 1.8 0.4 10-15 1.50-1.74 45+* 2.75-2.99

Jul 156 1 13.4 6.6 1.6 0.4 05-10 1.20-1.49 40-45~ 2.25-2.49

Aug NO DATA

*single observations

Sept 152 1 20.0 8.3 1.8 0.4 20-25 1.75-1.99 40-45* 2.50-2.74

Oct 208 2 15.5 8.8 1.8 0.4 05-10 1.20-1.49 45+* 2.75-2.99

Nov 233 8 18.3 11.5 1.8 0.4 05-10 1.20-1.49 45+* 2.75-2.99

Dec 213 13 15. 5 9. 2 1.8 0.4 05-10 1.20-1.49 40-45 2. 50-2 .74



were from the NW with speeds greater than five m/sec  i.e. the
aver ages of Hs and Ts were not reduced greatly -there were
only a few instances where southerly winds generated very low
energy lee-side waves!. The January data will be disregarded
in most of the discussion that follows.

One remarkable result evident from the monthly wave
climatologies is that the mean Ts is a nearly constant 1.8 sec,
and the standard deviation is an almost constant +0.4 sec
 about 20 percent of the mean!. The moda1 and maximum ranges
 and a close examination of the Tables in Appendix B! suggest,
however, that this finding does not describe fully the monthly
changes in Ts . The modal range is less than the mean in every
month except September, and the maximum ranges of Ts are,
except for July no smaller than 2.50cTsc'2.74; the greatest
maximum range �.00<Ts< 3.44! occurs only once  in February!.

The mean H show a more expected seasonal variation, and
the larger standard deviations   50 percent of the mean Hs!
are, in part, the result of the greater variability of the
integral properties of the spectrum; i.e., in general, fm  and
therefore, Ts! is easier than E to estimate. According to U.S.
Naval Weather Service Command �970! data, the more energetic
northerly winds are usually predominant during the late fall,
winter and early spring, so the more energtic waves  i.e. those
having a larger wave-height variance E! should be present then
also. The data in Table 2 tends to support this, with
September, November and February having the largest mean Hs and
May and July the smallest. The same seasona1 trends are
evident for the standard deviations of Hs, which suggests that
for 1979 at least, the summer months have longer periods of
southerly winds  and their associated lower-energy, lee-side
waves! and that the northerly winds not only have less speed
but also less directional variability than the fall-winter
winds. These trends are evident in the stick-plots contained
in Appendix C; the May and July northerly winds were primarily
from the shorter fetch NE direction, while November and
February had winds that included the 1ongest � fetch NW and the
shortest fetch NK directions.

Finally, the distribution of Hs and Ts in the
joint-probability intervals may be affected directly when the
water depth at the site drops below a/out 78 cm under strong NE
winds; this is evident in the wind-tide plot for February in
Appendix C, where Hs and Ts go to zero as the water depth
steadily drops to a low of about 55 cm. Knowles �981f!
demonstrated that this virtual elimination of waves at these
depths was the result of a rapid increase in non-linear
interactions as depth decreased. More will be said about the
reasons for the depth decrease in the next sections



Wind Tides

The wind-tide plots are included in Appendix C; this
section will summarize the effects that the winds have on the
water level at the Fort Raleigh site.

As can be seen in Figures 1 and 2, Fort Raleigh is
situated on the northern end of Roanoke Island, with the large
Albemarle and Pamlico Sounds immed iately north and south,
respectively, with the very shallow Roanoke Sound to the east
and the relatively deep   four meter! Croatan Sound to the
west.

In general, winds from the north to east cause the water
level to drop  water exits Albemarle Sound via Croatan Sound!
with a rate dependent on wind speed and with a lag time of
three to nine hours he wind onset to a signifi.cant drop in
depth. This effect is seen clearly in the wind-tide plots for
almost every month; e.g., some of the larger drops are on
February 6-7 and 17-18, Narch 21 and 27-28, Nay 5, June 24-26,
July 4-5, September 17 and November 3-4. The major drop
 discussed in the last section! on February 17-18 is a dramatic
example of the importance of NK winds in decreasing the water
level. The winds shifted from westerly to just a few degrees
east of north during the late morning on February 16 and the
water depth began to decrease almost immediately  within three
hours!, leveled off slightly for nine hours, then continued its
decline as the winds increased slightly until early morning on
February 18, when an increase in speed and a shift to NE caused
a dramatic drop in depth six hours later; i.e. even though the
water level already had been reduced from about 110 to 75 cm by
northerly winds the depth was further reduced by 20 cm when the
winds shifted to NE.

Winds from the NW sometimes cause a gradual rise in water
level; but then, if winds persist for > 24 hours with wind
speeds ! eight m/sec, the water level will eventually drop  see
January 28-29 plot and after a slight relaxatian in the winds,
the February 1-3 plot! probably existing via the narrow dredged
channel in Roanoke Sound. If NW winds, however, follow
directly after southerly winds  with speeds ! five m/sec! the
water level usually will drop rather than rise, because
southerly winds will have already caused the water level at the
site to rise above normal  water will have returned to
Albermarle Sound via Croatan Sound!, causing a slight pressure
head to be established in Albemarle Sound.

The increase in water level can be dramatic upon passage
of a front when southerly winds follow immediately after NZ
winds  see February 18-19 plot!; the increase is the result of
the changing wind direction, but just as importantly it is also



the result of the rebound of ~ater held in Croatan and Pamlico
Sounds by the NE winds.

SUMMARY AND CONCLUSIONS

That significant erosian occurs on the sandy banks of
northern Roanoke Island is self-evident; a sea-wall has been
constructed to protect the important outdoor theater and
historic site at Fort Raleigh. Marine grasses have been
unsuccessful in stabilizing the shoreline, at least in part
because the wave energy there is too great. It is evident from
this study, however, that wind-tides are just as important as
wave heights in causing the erosion. Most shoreline damage
wi.ll occur when northerly winds with speeds greater than eight
m/sec follow an extended period of southerly winds; the high
wind-tide will allow the higher energy waves to attack the
shoreline at a greater elevation  see the plots of Hs in
Appendix C for May 3-5, June 11, July 4-5, September 1 5-18,
October 8-11, November 1-4, and November 30 -December 3!.
Before the new seawall was built, the waves riding on these
high wind-tides would pass over the seawall and erode the
shoreline behind it. The same "drowning" of the marine grasses
reduced their effectiveness and made the establishment of a
dense protective cover impossible.

An examination of the stick-plots in Appendix C show that
for 1979 the northerly winds were primarily from the N to NE.
It was shown earlier that winds generating waves from the NE
also cause the water level to decrease, a "self-correcting
factor" that mitigates the waves erosive capability by reducing
the wave elevation on the shoreline and dissipating more of the
wave energy by shoaling. It seems likely that the most
destructive waves are those generated by N winds that arrive in
conjunction with high wind-tides; because the water level drops
more slowly than when winds are from the NE, and the waves have
more time at the higher elevations of the shore-front to do
their damage.
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Appendix A. Wave recording system .

The wave recording system consisted of a bottom-mounted,
highly sensitive, Gulton pressure-transducer that converted the
subsurface pressure-fluctuations to a frequency-modulated signal
that was transmitted to the datalogger by a three-conductor
cable.

The datalogger contained a clock  to regulate the sampling
interval, turn on the tape recorder and determine the sample
length!, a Memodyne incremental digital tape recorder, and an
electronic package that digitized the signal at a rate of five
samples/sec and wrote it serially onto the tape.

The datalogger and four 12 Vdc batteries were housed in a
watertight NENA-type enclosure and mounted on a post buried in
the ground on the shoreline adjacent to the anchored transducer;
this system and a portable oscilliscope used for ad!usting the
datalogger are shown in Figure 3. The system was calibrated
with water depth from t' he surface to a depth of 1.52m by
lowering the transducer through a graduated tube and recording
32 samples of the frequency output on a cassette tape. These
frequency samples were averaged for each depth increment of 15.2
cm � inches!, plotted versus depth and a linear calibration
line established. Atmospheric pressure at the time of
calibration was recorded and an equation for the slope of the
line derived. This method of calibration gives the frequency
output from the transducer as a direct function of depth without
having to calculate the total pressure.



Appendix B. Nonthly joint-probability distributions tables.

Wave cl imatologies f or all months of 1979  except Augue t!
at the Fort Raleigh site are included in this appendix, in the
form of eleve~ joint-probability distribution tables. The
significant heights Hs and periods Ts were calculated from the
empirically-compensated surface spectrum using  l!, �!, �! and
�! and then sorted into the intervals shown in the tables. The
calm observations  i.e. those where wave energy was so low that
a spectral-peak frequency could not be determined! were not
included in the determination of the means or standard
deviations. All numbers shown in the intervals are in
partsjthousand.
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Appendix C. Monthly wind stick-plots, wind-tides and time
histories of Hs and Ts.

Time-series plots for all months of 1979  except August! of
Cape Hatteras winds, Fort Raleigh wave-site water levels
 wind-tides!, and Hs and Ts are included in this appendix as the
next eleven figures. Vertical lines shown on some plots have
been included to emphasize gaps in the time series where data
were not collected; the time axis has been adjusted accordingly.
The stick-plot vectors represent the direction that the wind is
coming from; i.e. the tail of the vector would lie on the
hor i zon tal time 1 inc.
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