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SUMMARY

A total of 78,449 wave observations from six sources,
whiéh vary widely in format dufation, biases, and qualiéy
- are compiled in this report (Figs. 1 and 2):

a) Shipboard wave observations for a 1° Marsden Square
116-subsquare 65 (14,580 observations during 12/48-12/73).

b) .Chésapeake Lightship wave observations (3977 obser-
vations during 1/70-12/72). |

c) Coastal Engineering Research Center-Coast Guard
Cooperative Surf Observation Program (25,338 observations
during 4/54-12/65). .

d) Virginia Beach wave gage (6,354 observations during
4/64-10/69).

e) Virginia Institute of Marine Science-Coastal
Engineering Research Center Voluntary Wave Observer Program
(1882 observations during 6/74-8/76).

' f) Hindcasted wave (SMB by Saville, 1954) for Chesapeake
Light (26,260 wave computations during 1/48-12/50).

The principal descriptor of wave height used here is the
"significant wave height", which is defined as the average
height of the highest 337% of the waves occurring during a
particular sampling period.

Conclusions resulting from the thorough synthesis and

comparison of these wave data are:



1) After evaluation of the limitations and biases of a11‘
the above listed data sources, the Virginia Beach wave gage
data is determined to be the most reliable, useful and
representative source for delineating the neérshore wave
climatology for the proposed Dam Neck Ocean Outfall,

2) Only a slight seasonality of wave height and direction
is indicated by the six data sources:

a) The mean wave heights during the summer (April-
‘August) are lower than waves during the winter. (September-
March) by about 0.1 to 1.5 feet depending on the source.

b) The dominant direction of wave'approach is from
" the Southeast and East during the summer and from the
Northeast and East during the winter.

3) Wave periods are unreliable for all sources but'the
gage, because all the observed wave period data show 1arge
apparent biases towards lower wave periods and lack any
apparent trends.
4) The mean wave heights of the six data sources show a
landward decrease, which would be expected for waves traveling
across the shelf, lending credence to the data and this
synthesis.
5) The extreme wave climate constructed from the Virginia
Beach gage data (located at a depth of 20 feet) is:

a) 68% of all significant wave heights (Hg) were less

than 4.2 feet and 99.7% were less than 9.5 feet.



b) The highest significant height measured at the
gage during the period of record was Hg = 11.5 feet.

c¢) The highest significant wave height likely to
occur in the Virginia Beach, Dam Neck area, in 27 years,
extrapolated from a frequency of occurrence curve, was
determined to be Hg = 13.5 feet.
6) From previous wave refraction data, comparisons of
nearshore and offshore wave data sources, previous storm
occurrences, and gage characteristics, it is determined
that the data recorded at the Virginia Beach wave gage is
representative of wave events which are likely to occur
~adjacent to Dam Neck in 30 feet of water. Thus, monthly
summaries of these data are presented in the Appendix, as

a further aid to the engineer.
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DELINEATION OF A WAVE CLIMATE
FOR
DAM NECK, VIRGINIA BEACH, VIRGINIA
by
Andrew L. Gutman

December 1976

PREFACE

This report has been prepared at VIMS under contract
‘with Malcolm Pirnie Engineers, Inc., Newport News, Virginia,
by Andrew L. Gutman under the supervision of Dr. Victor
Goldsmith and Dr. Robert J. Byrne, in response to a request
for detailed wave information to be used by others in planning
a proposed sewage ocean outfall pipeline and diffuser to be
located off Dam Neck, Virginia. These wave data will be use-
ful for the design of the outfall structure, as well as
optimal utilization of construction vessels during the
emplacement of the outfall pipe.

The data and results presented in this report are derived
from information supplied by several sources:

1) N.O,A.A, Environmental Data Service provided ship-
board and Chesapeake Lightship wave data.

2) The U.S, Army Corps of Engineers Coastal Engineering
Research Center provided the wave data from the Virginia
Beach Gage, the Cooperative Surf Observation Progrém, and the

VIMS-CERC Voluntary Surf Observer Program.



. 3) The SMB Hindcast wave data comes from the Beach
| Erosion Board (now C.E.R.C.) T.M. #55 by Thorndike Saville
Jr., (1954). ‘

4) Storm data was provided by W,S, Richardson of the
Techniques Development Lab., U.S. Weather Service (N.0.A.A))
~and the Norfolk Station National Weather Service office.

A.E. DeWall and E. Thompson of CERC were particularly
helpful in supplying wave data. |

Robert Gregory assisted in the computations.

10.



DATA SOURCES AND METHODS

DESCRIPTION OF WAVES

If an observer is given the task of visually describing
the wave height and/or wave period on the ocean surface or
at the shoreline, the difficulties of estimation soon become
apparent. The reason the exact specification of the wave
height and period is difficult is that the sea surface, at
any given time or place,'is composed of many different wave
"trains' with different heights and periods. Furthermore,
each of these component waves is moving at a different speed
so that the faster components move through the slower ones.
The result is that the sea surface is always confused. The
problem the observer faces is to characterize the confusion
in some meaningful and internally consistent fashion.

Research on ocean waves indicates that the distribution
of wave heights passing a point do conform, more or less,
with known statistical distributions. As a result it has
been possible to estimate various characteristics of these
distributions. A schematic representation of a frequency
distribution of wave heights passing an observation point
over some short time interval is shown in Figure 1ld. Also
shown 1s some of the parameters useful in engineering work.

In particular we will make use of H and H

1/3 17100 H1/3 CHs)
is called the "significant wave height'" and it is defined as

the average of the waves in the ﬁpper 33% of the distribution.

11,



In addition to these parémeters the significant wave period,
Tg, is considered. This is generally a semi-subjective
average period\of the most prominent waves.

Of the data sources previously listed only the recording
wave gage data can be fofmally treated to obtain Hg and Tg.
The other data sources gives visually estimated values of Hg.
Experience has shown that an observer at sea, when estimating
wave heights, estimates a value close to H. These parameters

are discussed further in later sections.

- COOPERATIVE SURF OBSERVATION PROGRAM

25,338 wave observatipns were accumulated between 4/54-
12/65 at Virginia Beach in this Coast Guard-Coastal Engineering
Research Center Project. 1In this program TS was estimated by
counting the time of passage of eleven wave crests (10 compléte
breakers) and then dividing by ten. Significant wave height
(Hg) was estimated by recording the average height of the
highest third of the breakers. Wave direction was recorded
as the direction from which the most prominent waves were
coming just before they broke. Observations were taken every
four hours, recorded on coded forms and then sent to CERC.

A sample form complete with instructions for the wave observer
is included in the appendix to this report.

Table 1 outlines the many problems associated with such
an observation program. It is concluded that this data should

be only applied in the Virginia Beach area and the data should

12.



not be used to determine structural design. However, the data
is useful in that it represents an unusually long period of -
“record and caﬁ be used in conjunction with other, more seaward,
data.

VIRGINTA INSTITUTE OF MARINE SCIENCE-COASTAL ENGINEERING RESEARCH
CENTER VOLUNTARY WAVE OBSERVER PROGRAM

Some 1,882 wave observations along the coast from Virginia
Beach, Virginiabto Currituck Light, North Carolina‘were gathered,:
between January, 1975 and August, 1976 at ten locations (Fig. 1).
Estimates of significant wave height and period were determined
as deécribed for the COSOP Program (above). However, observa-
tions were not taken every four hours but on a daily basis,
usually five days/week Monday through Friday. In addition, data
was derived along the coast at 10 separate locations at highly
sporadic intervals, as opposed to one location for the COSOP
Program (Figure 2).

As indicated in Table 1, these data are of little use in
delineating a wave climate of use for engineering design and
planning. It does, however, provide some estimate of the long
shore variation of wave energy along the coast.

A sample form complete with instructions for the wave

observer is included in the appendix to this report.

SHIP WAVE OBSERVATIONS

Wave information stored on magnetic tape by N.0.A.A.

Environmental Data Service for Marsden one degree subsquare

13.



SS-65 within_Marsden 1° degree square 116 (Fig. 1) adjacent
to the study area consisted of 14,580 observations accumulated
during 12/48-12/73.

Shipﬁoard wave observers (NOAA, 1964) are instructed to
select a patch of foam or similar floating material, and
divide the elapsed time of passage of ten or fifteen wave
crests through the foam by the number of crests, to estimate
a wave period. Wave height is determined by comparison to
a known object on the ship. It is assumed that these esti-
mates represent'significant wave height and period. Shipboard
wave observers are generally untrained and often rely on
experience rather than actual time or height measurements to
estimate the wave parameters.

Thompson and Harris (1972) have discussed errors involved
with shipboard wave observations (see Table 1). As with all
observer programs, much error and bias must be assumed when
interpreting the data. Nevertheless, shipboard wave obser-
vations fill a gap by providing a deepwater wave climatology.
As will be shown here, when compared with measured waves,

these observations appear to be quite reasonable,

CHESAPEAKE LIGHTSHIP

Three years (1/70-12/72) and a total of 3917 wave obser-
vations are available on magnetic tape from N,0.A,A, Environmental
Data Service (Asheville, N.C.) for the Chesapeake Lightship. The

lightship is located in forty feet of water off the entrance to

14,



_the Chesapeake Bay. Data is collected in the same manner as
outlined above for the ship observation program and therefore
the same limitations and errors associated with this program
apply to the Chesapeake Lightship wave data (see Table 1).
The Chesapeake Lightship data is of value because it
provides a wave climatology for inﬁer shelf water depths,
between the near shore and the deep water wave observation

programs.

SMB HINDCAST_DATA FOR CHESAPEAKE BAY ENTRANCE

26,260 wave observations for Chespeake Bay Lightship
position were hindcasted with the Bretschneidér revised
Sverdrup-Munk's method using U.S. Weather Bureau maps for
the three year period 1948-1950 by Thorndike Saville, Jr.,
of the Beach Erosion board (Saﬁille, 1954). TFetch and wind _
speed and direction were determined from North America
Surface Synoptic charts at six hour intervals. Significant
wave heights and periods were computed using the SMB methéd
and compiled by height, period, and direction on a monthly
and yearly basis.

The SMB is a simple empirical model for hindcasting
deep water significant waves. Shallow water wave parameters
must be determined by using wave refraction across the shelf.
Results from such a simple model must be applied with cautibn
(see Table 1). The SMB method is useful to the coastal engi-

neer because wave parameters, especially for extreme wave

15.



events, can be determined with a minimum of time and data.
However, their results do not always agree with other data

(Goldsmith, et al., 1974).

VIRGINTA BEACH WAVE GAGE

Of all the data presented in this report those from the
wave gage should be considered the most reliable. A step
resistance gage operated by the Coastal Engineering Research
Center (U.S. Army Corps of Engineers) between 1/64-10/69 wasl
located on the 15th street fishing pier in 20 feet of water.

Due to repairs, instrument failure, and natufal and unnatural
destruction some months are missing from the 5% year record.
Summaries for the Virginia Beach Gage which indicate the months
the gage was operative, are includéd in the appendix to this |
report.

A step resistance gage uses electrical contact points along
a staff to sense water surface elevation. It appears (Esteva |
and Harris, 1970) that the SR gage estimates wave heights 20%
greater than other gage types for high waves and about one foot‘
too high for low and moderate wave conditions. Run up inside
the H-Beam that supports the gage and biological fouling appear
to account for the higher estimates of wave height from a step
resistance gage.

During the period of operation for the Virginia Beach gage
CERC changed methods for fecording and analysis of wave data.

Between 1965-1968 pen and ink records were used while since

6.



November, 1968 signals from the wave gage were sent automat-
ically over telephone lines and converted to digital records.
Only a brief outline of CERC procedures for analysis of pen
and ink and digital wave records follow. A more detailed
description can be found in Harris (1970) or Thompson and
Harris (1975).

Wave period templates were used to estimate the period
of the higher heights and more uniform waves from pen and
ink records. By dividing the length of a record by the
period, the number of waves in the record can be estimated.
From this a semi-objective procedure is used, based on the
assumption that wave heights conform to a Réyleigh distri-
bution function, to determine the rank 'n' of a wave which
theoretically will have a height equal to the significant
wave height. The height of this 'n'th highest wave is
measured and constitutes the observation of significant
wave height for that six hour period.

After November, 1968, the Virginia Beach gage wave
records were recorded digitally and analysed by computer.
This analysis procedure uses a wave spectrum to determine
the wave parameters. Since a wave record will contain
individual waves of varying height and period, a wave
spectrum better represents a field of waves. Based on the
éssumptions that the wave heights can conform to a Rayleigh

distribution and that the sea is represented by a narrow

17.



band of energy spectrum, thé significant wave height has been
defined as four times the standard deviation of the record.
The significant wave period is defined as the period of
maximum energy density for the computed energy spectrum.

A wave climatology determined from the Virginia Beach
:gage should be reliable within the limitations imposed by -
the wave gage (see Table 1) for nearshore coastal engineering

design and planning; however, wave direction is not measured.

18.



DATA PRESENTATION AND USAGE BY THE ENGINEER

This wave climate has been prepared from an unusually
large and vafied data base. Wherever possible the data
from all sources is presented in a unified format. However,
the following differences in methodology amongst the wvarious
programs hinders this effort:

a) Wave heights and periods are often grouped in
different intervals and units. For example, COSOP wave
heights are recorded in one foot intervals, the wave gage
data in % foot intervals and the ship observation data is
listed in 1% meter intervals.

b) Periods of sampling differ (Figuré 2).

¢) Methods of observation differ.

d) Virginia Beach gage lacks wave direction data.

e) Directional data is recorded in both 8 (COSOP) and
12 point (Ship Observations, Chesapeake Lightéhip, SMB
calculations) compass directions.

The reader is advised to keep these differences in mind
while reviewing the data presented in the following figures

and tables.

TABLES

Table 1 lists errors and limitations associated with
each data source.

Tables 2-5 are summaries for each directional data

source of significant wave height and direction expressed

19,



as percent of observations for the entire length of record.

Direction refers to the compass points from which the waves

approach. Héight and direction intervals vary among the
tables.

Table 6 is a summary of significant wave height and
period for forty-five months of Virginia Beach wave gage
data expressed as percent of total observations. This
éOmpilation represents a summary of both pen and ink and
digital (see methods section) data. No calm conditions
. (CERC procedure) are included in this summary.

Tables 7 and 8 list the average (Ix/n) seasonal signif-
icant wave heights (meteré) and périods (seconds) for each
season. Winter is considered Decémber-March; Spring is
considered April-May; Summer is June-September; and Fall‘
is October-November. N.O,A.A., Environmental Data Service
(which provided most of the data) uses this particular
grouping; therefore, in an effort to standardize format
of presentation, all data has been grouped this way. As
discussed later in the section on seasonality, this may
not be the best possible format for this area.

The + standard deviation of each average Hg and Tg,

a measure of the dispersion of individual observations

N

about the mean value is presented as

. =Jm2— (z)%/n__
‘ n-1

.
AN \‘5,
o

‘\,/”/




Tables 9-12 list seasonal average percentages of wave
height by direction expressed as percent of total observations.
The last row for each season lists the percent of waves from
each direction greater than, or equal to, either five feet
(SMB and COSOP data) or three meters (ship observations and
Chesapeake Light). This value is simply the sum of each
direction column for wéves above three meters or five feet.

Table 13 lists the duration in hours of waves in the
~entire Virginia Beach gage record which exceeded a signif-
icant wave height of nine feet. Only the months during which
thesé highest waves occurred aré listéd. For each of the
three significant wave heights (9.5, 10.5°, énd 11.5'), there

~are listed the computations corresponding to H (the average

1/10

of the highest 10% waves), and H o« (the highest anticipated
wave height). Most wave records are expressed in significant

wave height. Therefore, parameters such as H and Hoox

1/10 .
must be calculated based on the assumption that wave heights

conform to the Rayleigh distribution. and H___ are

11 /10
calculated according to the relations; Hl/lO = 1.28 Hy and
Hyax = 1.77 Hg, after Longuet-Higgins (1952).

For the Virginia Beach gage, each of the measurements
are made every six hours and is considered statistically
representative of a duration of six hours. 1In order‘to
determine the duration in hours for each listed wave height,

the percent of observations for the given height was multi-

plied by six and by the total number of observations.

21.



Table 14 1lists the tropical and extratropical storms
‘which occurred during the period of record for the Virginia
Beach gage. The term storm (extratropical) was defined by
Richardson (personal communication) as having a storm surge
of two feet or greater at a tidal gage, which in this area,
was at Hampton Roads, Virginia. The Virginia Beach wave gage
record is missing during only two of these storms, one of |
which occurred five days following another storm which had
destroyed the gage. Wind speeds and directions are from the
Norfolk Weather Station located at the Norfolk Regional
'Airpqrt. The speed associated with each storm represents the
highest wind (m.p.h.) that lasted for over one minute, during
- the storm. The wave heights associated with each storm from
the Virginia Beach gage are then listed. Again as in Table
are calculated values (aftef Longuet?

13, H and H_,

1/10 X

Higgins, 1952).

Tropical storm data is compiled identically as for
1extratr0pica1 storms except that storm names are also listed.
Table 15 is a compilation of wave refraction data avail-
able from the VIMS-VSWCM (Virginia Sea Wave Climate Model)
data bank.(Gdldsmith, et al., 1974). The data summarizes
changes in deep water waves (Hy = 6 feet) as they cross the -
shelf betwéen 30 and 20 feet of water for eight and ten second |
waves from the Northeast, East, and Southeast. Wave.height |

for six to ten wave rays (see Figures 14-20) refracting into

22.



o Shore‘between Dam Neck and Vifginia Beach were averaged* in
about 20 and 30 feet of water.
| In general, Dam Neck is an area of felatiﬁely low wave
tenergy.from‘the northeast waves (due to extensive refraction
: by the‘Virginia Beach Massif), and is an area of wave energy
f:jconcentration for southeast, and to a lesser extent east,
‘ Waves (see discussion in Goldsmith, et al,; 1974, p. 37).
Table 16 repfesents a compilation of the daily VIMS-
-VCERC volunteer wave observer data organized according to
“location (between Virginia Beach, Virginia and Currituck
B  Beaéh_Light, North Carolina) and by seéSon.‘ It appears that
- the greatest wave heights pécur in the sumﬁer months while
vthé‘longest wave periods seem to occur during thé fall. .
 HoWevér, the data’Vafies widely betwéen'observers~(e5pecia11y |
: Waﬁe periods); and the seasonal differences for most observers
are probably.statistically non-significant. Thus, because of
all the problems involvéd in data from uﬁfrained wavé obser-
vers and irregular data collection, little credence should‘

be given these wave data.

> *An average height is used because the depth grid (0.5 nm) -
.~ employed in the Virginian Sea Wave Climate Model is too coarse
- 'to be site specific for the proposed outfall site, and compu-
- tations from a single ray could be misleading. .

23,



. FIGURES |

' Figures la & 1b & lc are maps showing tﬁe location of: H
- data sources end the proposed sewage outfall. | '

Figure 1d is a diagram which shows the pereentIOf total
" number of Waves in each wave height range and the 1ocation10f
H (H1/3) and Hy/qq oD the distribution. -

Figure 2 compares the lengths and dates of records, and
presents the‘numberQOE observations, measurements or computa-
tions for each data source.

Figure 3 is a graphical comparison of the average signif-
-icant wave heights for each data source, by season,_which are

Alisted’in Table'7.
| "Figure 4 is e graphieal comparison of the average sigﬁif-
ieant periods for each data source, by season, which are listed'
in Table 8. . | .

Figure 5 is a repfesentetion of monthly and seasonal
éignificant wave heights (see Table 7 and Appendix) for the
Virginia Beach gage. An envelope of one standard deviation

' which represents the dispersion of individual waves about the
average monthly significant wave height is also represented

in this figure. 687 of all waves for a given month have
eccurred withih an envelope represented by + and - one étandard
deviation value.

Figure 6 is identical to Figure 5 except that it repre-

‘sents the significant wave period.
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Figure 7 represents the frequency (expressed in percent
of total observations) with which waves higher than‘a given
height have occurred during the period of record. Cumulative
frequencies, with the 1007 level set at waves greater than or
equal to zero feet, are constructed from Tables 1-6, and theﬁ
plotted on semi-log paper with these data points clearly shown.
In following the curves to extreme heights (low frequencies),
it should be remembered that the lines are visually extra-
polated and that data exists only for the points indicated.

From this Figure and Figure 2 the frequency of occurrence
in number/year of a particular significant wave height can
be estimated. For example, from the COSOP curve it is seen
that a wave height of 10 feet or greater occurred only .02% of
the time during 4/54-12/65, Therefore, there are only .0002 x
25,338 total observations or five wave observations over a
height of ten feet. Since each observation is considered to
represent four hours of record there were a total of 4 x 5
orlZO hours of waves over ten feet between 4/54-12/65. Since
this is 20/24 of a day and there are (25,338/6) days in the
record, then wave heights above ten feet for the COSOP data
occurred once in (20/24)/(25,338/6) = .83/4223 days or one
day in 14.36 years, or one observation per 2.36 years.

Figure 8 for the Virginia Beach gage is similar to
Figure 6 but it also shows a curve calculated for H from

1/10

HS. An example below demonstrates calculation in number/year

of waves with HS > 11 feet, or H > 14 feet.

1/10
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H, = 11 feet occurs = .05%
Total # of observations = 6354
# of observations = 11 feet = 3.18
Duration = 11 feet = 3.18 x 6
=419;08 hours
Number of days per year =(1%ﬁ?8>/<6324'>

il

1 day/5.4 years
3.18 obs./1558 day

Hy = 11 feet, Hl/lO > 14 feet

1 observation/1.35 years

Figures 9-14 are wave roses showing pictorially the
pércentage dcéurrence of waves of different height from
each direction. The data is listed in Tables 2-5 and 9.
Differences in rose format are necessary due to methods
and categories of data collection. All waves from between
195°-345° azimuth (0° is north) are neglected because the
shoreline of interest in this report is oriented about
. north-south. The COSOP data is further feduced to seasonal
wave roses (Table 9) to evaluate changes in nearshore direc-
tion of wave height and approach.

Figure 15-20 (from Goldsmith, et al., 1974) are wave ray
diagrams for 6 wave conditions in the VIMS-NASA-LANGLEY
Virginia Sea Wave Climate Model. Wave rays approaching the
shoreline between Dam Neck and Virginia Beach were selected

for the compilation of data in Table 15.
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DISCUSSION

'VARTATIONS ACROSS THE ADJACENT CONTINENTAL SHELF

This wave climate synthesis represents data derived from
sﬁff, shallpw water, mid-water, and deep water wave conditions.
As waves travel across this véry wide and high relief shelf
into shallow water they are;primarily affected By refractioh,
shqaling and bottom friction. Due to these effects, moni-
toring stations should detect at least two general changes
in wave characteristics for waves traveling from deep to
shallow water: 1) The angle of wave approach relative to
. the shoreline should progressively reduce (wave crests
become increasingly parallel to the coast). 2) Wave heights
will grestly decrease from frictibn, and either decrease or
increase.from refraction. Given all of the variability,
unreliability, nonuniform sampling periods, and a large error
associated with wave observers, it is completely surprising,
but very gratifying to note that comparisons of wave sburces
‘which reflect different depths along the shelf actually do
indicate these changes in wave characteristics (Tables 7, 8

and Figures 3, 7).

Wave Height

The following conclusions, regarding changes in wave
height distributions across the shelf in the Virginia Beach
Area, were arrived at from comparisons of the wvarious data

presented in this report.



1) Deep water average significant wave heights are generally
about two feet higher (SMB Hindcast, Chesapeake Lightship and
Ship Observations) than the averages for shallow water condi-
tions (COSOP and Virginia Beach Gage).

2) The largest average significant wave (see Figure 3) heights
are associated with the hindcast data. Note also (see Tables
255) that the percent greater than or equal to 10 feet (~ 3
meters) is 6.8 for SMB hindcast while only 2.1% for ship and
1.47 for the Chesapeake Lightship observations. These higher
averages would be expected because of the simple assumptions

of the SMB computations, the avoidance of extreme conditions
by. ships, and the evacuation of the lightship during extreme
wave events, and the fact that only the SMB hindcasted wave
observations are for strictly deep water conditions, siﬁce the
Ship Wave Observations encompassed within the 1° square contain
an unknown amount of wave data taken in depths less than ''deep"
water for the longer period waves.

3)' Ship observations in MS 116, SS-65 do not represent only
deep water conditions, but instead a range of depths from deep
to shallow. Due to 'this range, the average wave heights from
ship data might be expected to conform to more mid-shelf
conditions. The Chesapeake Lightship is anchored in tﬁe inner-
shelf (40 feet) and it is interesting to note that average
significant wave heights for both sources are essentially the

same, though winter values are higher and summer values lower

for the ship observations.
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4) Since larger wave héights are assoclated with breaking waves
(which are monitored by the shoreline COSOP program) than with
nonbreaking Wéves, it is not surprising that average signifi-k
cant wave heights are slightly higher for the COSOPVdata than
the wave gage, even though the gage is located in 20 foot water
depths. | |
5)‘ The frequéncy of occurrence of waves greater than a given
o height is, as would be expected, higher on the shelf than in

'hearshorevwater (sée Figure 7). For example, waves greater

" than or equal to 10 feet had a frequency occurrence of only

.2% in 20 feet of water (Virginia Beach gage), but 2% in 40 '
feet of water (Chesapeake Lightship) and 7% in deep water (SMB
hindcast). The frequency occurrence of waves greater thank
about five feet is slightly highér for the Virginia Beach gage
than COSOP data,. This difference is likely due to unequal
sémpling periods, that is the five years of gage record was
.unusually stormy compared to the 20 years of COSOP record.

In addition, COSOP observations often do not include extreme
bwavé events while the gage does. Also, note the high standard

~deviations of both data sets in Table 7.

Wave Period

Analysis of wave period data receives little emphasis in.
this report because large differences in average wave periods
exist between the data sources, differences which are not

induced by waves traveling across the shelf but due to differ-
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ences in methodology and observer errors. For example, over
997% of all observations from the Chesapeake Lightship reéorded
wave periods éf five seconds and less, which probably indicates
bias and error due to the observers and recording procedure,
and not a dominance of 5 second waves, From Table 8, it is
seen that the average significant wave periods range from five
to ten seconds with no relation to depth inducedrqhanges. The
only objective wave period information of use to the coastal
engineer is availablé from wave gage records. This information
is supplied in Table 6.

There is, however, one trend apparent in Table 8, which
explains the weaknesses in these data. The measured (Virginia
Beach Gage) and computed waves (SMB) have the highest wave
periods, approximately 8 to 10 seconds, respectively, for all
seasons: whereas all other data (observed) is about 5 seconds.
This is because when two superimposed wave trains occur, even
the trained observer generally sees only the shorter period
waves. In this area it is ver& common to have a local '"'sea"
combined with a longer period swell produced by a distant
storm. Evidently, most observers see only the local sea. Thus,
only data measured by instruments, and statistically processed,

will show the correct percentage of longer period waves.

Wave Direction

The anticipated changes in direction of approach of waves
traveling across the shelf are well documented in this report.

The dominant angle of approach relative to the shoreline,
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decreases for monitoring stations in increasingly shallow water.
Comparison of COSOP, Ship, and Chesapeake Lightship Observations
show for incréasingly nearshore conditions diminishing northerly
and southerly components (wave crests perpendicular to shore) ané

increasing easterly components (wave crests parallel to shore).

SEASONALITY

Information regarding seasonal changes in wave character-
istics is important to coastal engineers trying to most
efficiently and safely plan the use of construction vessels.
The data presented in this report indicates changes, though
'small, in seasonal wave characteristics. According to Hayden |
(1975) annual cycles of wave climate exist along the east
coast of the United States. For the Virginia Beach area,

Hayden (1975) found a winter to summer transition data of April
10, and a summer to winter transition at August 17, based bn

the same COSOP data presented in this report.

Wave Height

Figure 3 examines the seasonality of significant wave height
for all wave sources. It is evident that these seasonal height
averages are greater during the winter and fall, and lower during
the spring and summer. The differences between summer and winter
averages range from as little as .l foot for the COSOP data to
1.4 feet for the ship data. 1In ény case, considering the large
standard deviations, (Table 7) most differencés are probably

not important.
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Figure 4 is an analysis of monthly data for the Virginia
Beach gage, which is of most use, and the most reliable for
nearshore coaStal engineering. It is evident that the highest
significént average heights occur between September-October and
December-March with the lowest between April-August. Given a
standard deviation (dashed line) of about 1.5 feet, this average -
seasonal difference of .4 feet between summer and winter should
be regarded as being unimportant. Although there is a slightly
higher pfobability of 4 foot waves during the winter than
summer at Virginia Beach, it should be noted that 68% (* lst
deviation) of all waves during all months had significant waﬁe

heights less than 4.2 feet (H = 5.1 foot). From Table 13

1
it is seen that 99.7% of all nggs during all months were less
than H, of 9.5 feet (Hl/lo of 12.2 foot). If H, = 9.5 f?et is
of no concern to the coastal engineer, than seasonality should
~be of no concern. However, twice as many waves over 5 feeﬁ
occurred between December and March (5.4%) than between April-
August (2.27), though in either case, the total number was
small.

Figure 3 also compares seasonal and monthly average signif-
icant wave heights. The data clearly shows that the use by NOAA
(see discussion of Tables 7 & 8) of seasonal groupings which
include September as a summer month is not a good practice for
this area. September average significant wave heights are as

large as those for the winter months. This conclusion confirms

Hayden's data of winter to summer transition during August.
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Wave Direction

The direction of wave approach changes between winter and
summeir mbnthé. Figures 10 & 11, depicting data presented in
Table 9, show the predominance of Southeast and Easterly compo-
nents during the summer, and Northeast and Easterly components

during the winter for nearshore wave conditions (COSOP data).

REPRESENTATIVENESS OF VIRGINIA BEACH GAGE WAVE DATA

For nearshore coastal engineering design and planning, a

wave gage supplies the most reliable and objective wave clima-

tology available, However, application of these gage data is

limited by two critical issues: 1) The period of record for

the gage (4/64-10/69) may not represent typical wave conditions,

.~ but instead abnormally calm or stormy periods; 2) The location

and depth of the gage may not reflect conditions at the exact
location of the proposed structure. These problems are dis-
cussed below.

1) As noted in the first section describing the design
of the Virginia Beach gage, data from a step resistant gage
is a conservative estimate of wave height distributions.

2) Data collected by W.S, Richardson at Techniques
Development Lab of the U.,S., Weather Service between 1957-
1969 indicate that there were an average of three extratropicali
storms per year. Table 14 lists the occurrence of tropical |

and extratropical storms during the period of operation of the

Virginia Beach gage. There were 16 extratropical storms over

33.
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a five year period, or an average of 3 storms/year. There
were also a number of intense storms during the same period
(e.g., 1/16/65, 11/9/68, 3/1/69).

3) Table 14 also lists tfopical storms during the period
of record of the gage from data compiled by the Norfolk Weather
Station. The storms listed do not represent the most intensé
hurricanes of the century, but only extratropicai events of
average intensity.

4) Comparisons such as Figures 3 & 7 demonstrate that
the average significant wave heights from the wave gage data
fit well into the range of'vglues expected due to waves cross-
ing the shelf,

5) a. Table 15 summarizes the data available in the VIMS
Virginian Sea Wave Climate Model Data Bank (Goldsmith, et al.,
| 1974) of the changes in wave height due to refraction, shoaling
and friction between deep water and depths of 30 to 20 feet
for a variety of wave directions and periods. The data presented
is for an average of 6 to 10 rays reaching the Virginia Beach
to Dam Neck area. From Table 15 it is seen that these wave
heights change an average of only .1 foot between a depth of
20 and 30 feet while passing over this shelf area.

b. The alongshore variation in wave heights between
6 to 10 wave rays is negligible.
| 6) Except for a very limited number of waves the gage
located in 20 feet of water measures only nonbreéking waves

~ (see following section).
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Frbm the above discussion it can be concluded that forﬁy—
five months of data recorded by a gage located in 20 feet 6f
. water at Virginia Beach is directly applicable to conditions
at Dam Neck in 30 feet of water at the proposed depth of the

diffuser sectioﬁ, subject to detailed wave refraction studies.

EXTREME WAVE CLIMATE

The magnitude and frequency of occurrence of extreme wave
events determine the desigﬁ of many mafine structures. Near-
~shore wave gages provide the most reliable recorded data for
construction of extreme wave climates. Tables 13 & 14, and
Figure 7 & 8 summarize the mést pertinent extreme wavevdata.

The highest significant wave height (HS) which occurred
during the entire period‘of_fecord of the Virginia Beach wés
11.5 feet. However, given the definition of HS we know that
waves above 11.5 feet occurred. During the 19 hours of meas-
ured H, = 11.5 feet a number of waves up to 14.7 feet (Hl/lo)
and a very small number of waves up to 20.4 feet (Hmax) could
be expected. During the entire record of the gage the highést
wave likely to have occurred was 20.4 feet, but only very few
(1éss than ten) isolated waves would reach this height.

It is of interest to the coastal engineer‘whether or not

waves will be breaking over the proposed structure. Munk (1949)

established the relation:

D
b 2 1.28
H
b
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~where Db = water depth at breaklng

where Hb‘= water helght at breaking
bThis reletioh provides a rough idea of the limiting heightv
or depth of breaklng Waves No recorded HS or Hl/lO would have
. ‘broken at the gage while the H ax Tecorded was probably just
‘.beglnnlng to break. A storm condition with 20 foot waves might
be expeeted te be accompanied by a storm surge of several feet
'which at'highAtide could increase the Water_depth at the gage

" to 26 feet. Thus, the rare H of'20.4 feet would just break

max
-‘at this 26 foot depth. Therefore, the Virginia Beach gage
;u,reeorded‘exclusively nonbreaking waves, with,only a few excepf
.tlons (1ess than 10). » | .
on. the. other hand in 30 feet of water, the depth of the

proposed dlffuser (or 36 feet in a severe storm) no waves

‘ fwhlch were recorded by the Vlrglnla Beach gage would have been

breaklng waves.

The extreme wave climate presented in this report is lim-
ited b? the length of record. Between 1964 and 1969 no Qaves
of H_ overbll,S feet were observed, This does not neceseerily
mean that no waves with higher significant wave heights will
‘1Qccur at the proposed site. For example, a significant wave
'height greater than 11.5 feet might have occurred during the
’1962 Ash Wednesday storm, “the 100 year storm. Ant1c1pated
wave helghts for such a storm could be estimated using wave.

hindcasting and refraction techniques,"
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waever, extrapqlatiénvof‘Figure 8 to low frequencies of' 
occurrence seems justifiable from the comparison of;the-Virginié
 Beach gage curve with longer record curves such as the ship
data. Extrapolated tO’ﬁhe .01 percent 1eve1, a wa&e height‘HS‘=
13.5, By ;0 = 17.28 and a H,,_ = 23.9 feet might be expected to
occur one day in 27 years. Therefore this extrapolated wave
height distribution might be a better estimate of the extreme
wave height that is likely to occur in the Virginia Beach Dam
Neck area than the shorter périod measured waves. The fact’thét“
 the gage deéign itself promotes conservative height estimates

supports this conclusion.
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TABLE 1.

'WAVE_SOURCES | ERRORS & LIMITATIONS

COAST GUARD-CERC GOOPERAT IVE 1) Surf zone conditions only
SURF OBSERVATION PROGRAM at 2) Waves fully affected by:
Virginia Beach C. G. Station a. Refraction

b. Bottom friction
c. Wave breaking

3) Site specific with respect
to longshore variations of
wave energy

4) Data often lacking for

extreme events (CERC,
1973) (

5) Observer bias and errors
6) Observations at unknown
tidal stage
APPLICATION SITE SPECIFIC AND SHOULD NOT
BE USED FOR SPECIFIC STRUCTURAL DESIGN

VIMS-CERC VOLUNTARY WAVE 1) Surf zone conditions only
OBSERVER PROGRAM at 10 2) Waves fully affected by:
Locations along the Coast : a. Refraction

b. Bottom friction
c. Wave breaking
3) Data usually lacking for
extreme events '
4) Observer bias and errors
5) Short duration of record
6) One observation per day
and 5/week
7) Untrained observers
8) Many sites along coast
9) Observations at unknown
tidal stage
APPLICATION ONLY TO ESTIMATE LONGSHORE
VARIATTION OF WAVE ENERGY

VIRGINIA BEACH WAVE GAGE 1) Nearshore conditions
2) Wave affected by:
a. Refraction
b. Bottom friction
3) Non-directional record
4) Overestimate of height due
to gage type
5) 1Incomplete record
6) Two methods of recording and
analyses
_ 7) Site specific
MOST RELIABLE AND PRECISE INFORMATION SEA-
WARD OF BREAKERS UNDER ALL CONDITIONS FOR
NEARSHORE DESIGN AND PLANNING PROBLEMS



WAVE SOURCES

CHESAPEAKE LIGHTSHIP
OBSERVATIONS

" SHIPBOARD WAVE OBSERVATIONS

SMB HINDCAST COMPUTATIONS

Table 1.

(cont.)

ERRORS & LIMITATIONS

1)
2)

3)
4)

5)

Inner shelf (40 ft. depths)
conditions

Ambiguity and errors with
coding of data |
Unreliable wave observers |
Evacuated during extreme
events

Short duration of record

PROVIDES A WAVE CLIMATOLOGY, ALTHOUGH NOT
PRECISE FOR MIDDEPTH CONDITIONS (

1
2)

3)
4)
5)

Deep water conditions

Data grouped from many
locations and depths
Ambiguity and errors due to
coding of data

Unreliable, untrained wave
observers

Ships avoid extreme wave
events

PROVIDES A WAVE CLIMATOLOGY, ALTHOUGH NOT -
PRECISE FOR DEEP WATER CONDITIONS

L)
2)
3)
4)

5)

Assume deep water conditions
360° around site

Simple model used to generate
the wave parameters

Short period of record
Changing metereological
conditions since sample
period (1948-1950)

Appears to give highest % of
larger wave heights, and
therefore may be biased towards
extreme events ‘

PROVIDES A SIMPLE, ALTHOUGH NOT PRECISE
ESTIMATE OF WAVE CONDITIONS FOR DEEP WATER



0-1
1-2
2-3
3-4
4-5.
5-6
6-7
7-8
8-9
9-10

Lo+

Total

% =5
feet

North

.02
.01

.00
.00
.01
.00
.00

.00

.04
.01

NE

—

N Oy 0 W

24,
.30

.02
.04

.80
.34
.51
.91
.34
.03
.02
.00
.00

00

Average Percentages‘for Significant .
Wave Heights (rows) by Direction (columms)

‘East
.16
18.72
17.70
5.77
1.26
41
.18
.02
.00
.00
.01

44,23

.61

‘Table 2.

COSOP _ 4/54-12/65

12.

13

3.

31.

SE

o

.06
79

.99
98
.64
.09
.08

.03

.02
.00
.00

68
.22

South
.00
.00
.03
.00
.00
.00
.00
.00
.00
.00
.00

. 04

SW

.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00

.01

West

.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00

.00

e

.00
.00
.00
.00
.00
.00
.00

.00

.00
.00

.00

Total
.24
36.58
40.53
16.10

1.41
.60
.07
.04
.00
.02

100.00
100.00

2.14



<1
1-1.
2-2,
3-3.
4-5,
6-7.
8-9.
> 9.

Total

% = 3 meters

Table 3.

CHESAPEAKE LIGHTSHIP _1/70-12/72

. Average Percentages for Significant
Wave Heights (rows) by Direction (columns)

BT, T, BT S Y S S

15°-45°  45°-75°  75°-105° 105°-135° 135°-165°

.58 .15 .36 .06 .05

345°-15° 165°-195°  Total
2.18 4.23 3.25 3.73 5.2 5,93  4.85 29.37
3,85 7.7 6.38 7.93 6.78 7.58 3,95 44,17
.31 1.3 . 1.28 .75 .6 .38 .38 5.0
.1 .58 15 .33 .03 .05 .05 1.29
.05 0 0 .03 .03 0 0 .11
0 0 0o 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
6.485 13.08  11.05 12.75  12.63 13.93 9.23 79.94
.15 ‘ .05

1.40



<1
1-1.5
2-2.5
3-3.5
4-5.5
6-7.5
8-9.5
> 9.5

Total

% = 3 meters

SHIP OBSERVATIONS 12/48-12/72

Table 4.

Average Percentages for Significant

Wave Heights (rows) by Direction (columns)

345°-15°  15°-45°  45°-75°  75°-105° 105°-135° = 135°-165° 165°-195° Total
2.78 2.98 3.25 3.03 2.48 4,23 4.48 23.23
4.7 3.8 4,95 4,03 2.48 4,03 3.83 27.83
1.23 1.2 1.2 .5 .35 .43 .53 5.44
.35 A .33 .18 .04 .13 .1 1.53
.06 .1 .21 .06 .03 0 .05 .5

0 .06 .01 0 0 0 0 .07

0 .01 .01 0 0 0 0 .02

0 0 0 0 0 0 0 0.

9.12 8.55 9.97 7.8 5.38 8.82 8.99 58.62
41 .5 .54 .24 .07 .13 .15 2.1



2
2- 4
6
8

- 8-10
10-12
12-14
14-16
16-18
18-20
20-25
25-30

" Total
% = 10 feet

North NNE
0 0
0o .03
0 .12

.01 0
o .13
0 0
0o .12
0 0
o .ol
0 0
o .02
o .ol

01 L4k
0 .16

Table 5.

SMB HINDCAST 1/48-12/50

Average Percentages for Significant
Wave Heights (rows) by Direction (columns)

NE
'8.16
5.83
2.86
2.05
1.12
.62
.62

.37

.20
.14
.15
.04

21.16
2.4

ENE
17.66
12,94
7.28
3.50
1.40

.73

43

.34

.11
.11
.15
.09

4h .74
5.8

East
8.57
5.10
2.34
1.11

.72
.40
.15
.05
.03
.05
.05

18.53
.69

ESE
1.93
1.71
1.03
A
.35
.08
.18
.06
.03
.02
0
0

5.83
.37

SE
1.31
1,23
.73
.34
.34
.20
11
.05
.02
.02

.02

4.37

42

SSE

.65
.70
.35
.23
.11
.11

.02

.05

.18

South Total
46 38.74
.62 A28,16
14 14,85
.14 7.91
.09 4.26
.10 2.24
.03 1.64

0 .89
.02 42
0 .32
0 44
0 14
1.6 100.01
.15 10.

17



TdﬂeG.

VIRGINIA BEACH GAGE 4/64-10/69

Average Percentages of Significant Height
(columns) versus Period (rows)

0-1 1-2 2-3  3-4 45 5-6 6-7 7-8  8-9 9-10 10-11 11-12 Total

0- 1.0 0 0 0 0 0 0 0 0 0 0 0 0 0
2.0- 2.9 .03 .15 .08 0 0 0 0 o o 0 0 0 .21
3.0- 3.9 .53 2,68 .94 13 0 0 0 0 0 0 0 0 3.92
4.0- 4.9 .30 2.10 2.35 .83 .25 .11 0 0 0 0 0 0 5.63
5.0- 5.9 .38 3.21 3.66 1.61 .58 .38 .03 0 0 0 0 0 9.47
6.0- 6.9 .53  4.22- 2.38 1.09 .81 .56 .28 .08 0 0 0 0 9.42
7.0- 7.9 1.06  5.64  2.43 78 .48 .38 .28 .18 .11 0 0 0  10.28
8.0- 8.9 1.97 10.56 5.38 .73 .45 .23 117 11 .13 .15 .08 10 18.03
9.0- 9.9 1.06 9.88 2.68 .58 .20 .15 .11 0 .15 0 0 0 13.75
10.0-10.9 1.21  5.33  2.27 .56 .28 .0L .15 .03 .03 .03 0 0 8.79
11.0-11.9 .53  2.58 .99 .30 .08 0 0 0 0 0 0 0 3.95
12.0-12.9 .51 2,30 1.04 .91 .28 .13 .13 0 0 0 0 0 4.79
13.0-13.9 .15 .76 .30~ .15 .08 .08 0 0 0 0 0 0 1.37
14.0-14.9 .18 .71 .58 .25 .18 .18 .03 .03 0 0 0 0 1.96
15.0-15.9 .08 .08 0 o 0 .0 0 o 0 0 0 0 .08
16.0-16.9 0 .11 .05 0 0 o 0 - 0] 0 0 0 0 .16
Total §.52 50.30 26.15 7.98 3.67 2.29 1.11 1.09 .41  .1g 08 10 100.00



Source

SR —

Ship}Obser.
Ches. Light
SMB Hindcast
Ccosop

Va. Beach Gage

Source
Ship Obser.
Ches. Light
SMB Hindcast
COsopP
Va. Beach Gage

Table 7.

SEASONAL AVERAGE SIGNIFICANT WAVE HEIGHT (Hg)
~— IN MEIERS AND STANDARD DEVIATION (o)

Hg o Hg o Hg o Hg_ c
Winter Winter Spring Spring  Summer Summer Fall Fall Years
1.23 .85 1.12 T7 .80 .57 1.15 .76 12/48-12/73
1.10 .63 1.02 .57 .99 .54 1,24 .66 1/70-12/72
1.28 1.10 1.09 .90 1.11 .93 1.07 J9% 1/48- 1/50‘
.76 .93 .71 .85 .73 .94 .79 1.03 4/54-12/65
.70 1.43 .61 1.08 .58 1.15 74 1.23 4/64-10/69
Table 8.
SEASONAL AVERAGE SIGNIFICANT WAVE PERIOD (Tg)
~ AND STANDARD DEVIATION (o)
Ts & Tg . o Ts o Ts o
Winter Winter Spring Spring Summer Summer  Fall Fall Years
5.37 1.7 5.20  1.87  5.18 1.4k  5.43 1.71 12/48-12/73
4,54 .51 4,52 .3 4.56 .54 4,50 .17 1/70-12/72
10.44 2.92 10.0 2.41 9.56 2,84 9.89 2.96 1/48- 1/50
5.9 77 5,98 .64 6.01 .70 5.93 .78  4/54-10/65
8.2

2.71 7.93 2.39 8.49 12.10 8.80 2.48 4/64-10/69



Table 9.

CERC-COAST GUARD COOPERATIVE SURF OBSERVATION PROGRAM 4/54-12/65

oUW NFO
]
oo RN N RO, B JULEY

1
e
=

10+

Total
% = 5 feet

PONRUNEWN O
t 1
RO~ UTEWN R

10+
'Total
% = 5 feet

Average Percentagés for Wave
Heights (rows) by Direction (columns)

North N. East
0 .1
.1 7.5
.06 13.4
0 8.2
.05 3.0
0 .8
0 iy
0 .2
0 0
0 0
0 0
.2 33.6
0 1.4
0 .10
0 3.31
0 6.43
0 4,69
0 1.88
0 .53
0 .14
0 0
0 0 -
0 0
0 0
0 17.08
0 .67

December-March

East S, East
.3 .1
20.9 7.4
17.0 10.0
5.0 2.7
1.2 .6
.3 .1
iy .2
.1 0
.2 0
0 0
0 0
45 .4 21.1 -
1.0 .3
April-May
.16 .04
18.57 15,69
18.8 17.74
5.41 4,96
1.14 .30
.10 .19
0 0
0 0
0 0
0 0-
0 0
44,18 38.8
.1 .19

South S. West
0 0
0 -0
.2 0
.1 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
.3 0
0 0
0 0
0 0
0 0
0 0
0 0
0 -0
0 0
0 0
0 0
0 0
0 -0

-0 0
0 0

Total

35.
40,
16,
4,
1.
1.

100.

.235

37.
42,
15.

99.

595
955
055



Table 9. (cont.)

CERC-COAST GUARD COOPERATIVE SURF OBSERVATION PROGRAM 4/54-12/65

Average Percentages for Wave
Heights (rows) by Direction (columms)
June-September

North N. East East S. East South S. West Total
0-1 0 0 0 .12 0 0 .18
1-2 0 2.66 17.30 19.18 0 0 39.15
2=3 0 4.00 16.87 17.92 .03 0 38.81
3-4 .05 4,07 5.92 5.13 0 0 15.13
4-5 0 2.11 1.31 .14 0 0 4,16
5-6 0 1.13 .62 .16 0 0 1.82
6-7 0 .89 .19 17 - 0 0 .54
7-8 0 0 .05 .10 0 0 .12
8-9 0 0 0 .05 0 0 . 06
9-10 0 0 0 0 0 0 0
10+ 0 0 0 0 0 0 0
Total .05 14.2 42,32 43,43 .03 0 100,03
% = 5 feet 0 2,02 .86 .49 0 0 2.6
October-November
0-1 0 0 .02 .24 .11 0 .38
1-2 0 .05 6.83 17.56 7.19 0 31.63
2-3 0 .02 12.11 19.01 9.53 .03 40,71
3-4 0 0 9.13 6.79 3.05 0 18,98
4-5 0 0 3.07 1.48 .9 0 5.45
5-6 0 0 1.04 .67 .12 0 1.83
- 6-7 0 .05 .31 .14 0 0 .99
7-8 0 0 0 .02 0 0 .03
8-9 0 0 .03 0 0 0 .02
9-10 0 0 0 » 0 0 0 0
10+ 0 0 0 0 0 0 0
Total 0 .12 33.03 45,91 20.91 .03 100.0
% = 5 feet 0 .05 1 .12 0 2.87

.88 .83



135°-165° 165°-195° Total

1/70-12/72
105°-135°

75°-105°

Table 10.
December~March

45°-75°

CHESAPEAKE TLIGHTSHIP

Seasonal Average Percentages for Significant
Wave Heights (rows) by Direction (columns)

15°-45°

345°-15°

18091000

654
N

AN N-OOOO
-

OIFIINOCOOOO
™mm

~NN~OOOO
aaky

29/.._.20000
23

CORNOOOO
(3 A\e

60220000
5_/1

SN0~ OO O

ooooo

<1;?:J:J7A901
i
123468>

O
O

11.0
2

13.9
2

Total

% = 3 meters

April-May

NANANOOOOO

*
O N
o

NN NOOOOO
O o

T E-NOOOOO

B~ e
i

O-INOOOOO
LS o]

NOMNOOOOO
~F O

Ne-HINOOOOO
N

./41330000
2_/ 1._

N~ ONOOOO
oo

L RTaRTa R TaRTaRToRTo BT}
<4235J99
| IO T R B SR
NGO A

N \O
! =l

10.5
0

i N
i e

7.6
3

- Total

% = 3 meters



(cont.)

Table 10,

1/70-12/72

CHESAPEAKE LIGHTSHIP

Seasonal Average Percentages for Significant
Wave Heights (rows) by Direction  (columns)

June-September

45°-75°

Total'

105°-135°  135°-165° 165°-195°

75°-105°

15°-45°

345°-15°

NVITONOOO

aaaaa

VNINHOO OO
1N

NN OO OO
o0 O

NO-HOOOO
* . - -
[e 2 e )

ANAOININOOOO
N O

10/4.10000
/-_./._._l_

89110000
361.._

NONO-OOO
=

15555555

<.L04Q1371029
i
1QLQJA;OQU>

~F
O

5.1
1

Total

% = 3 meters

October-November

NOWVWOFHOOO

-----

21600000
22

06310000
Af4

65/..—.00000
3_/1

OWNOOW-OOO

VOINNOOOO
NN

18680000
592

FOFOOOOO
v o

~ NN NN NN

ccccccc

<1u04Q:Dv/q:9

=Nt wwoo A

82.2
1.9

12.4
0

15.4
7

15.4
3

18.4
8

6.8
0

Total

% = 3 meters



Total

165°-195°

135°-165°

105°-135°

75°-105°

Table 11.
December-March

45°-75°

SHIP OBSERVATIONS 12/48-12/72
Seasonal Average Percentages for Significant
Wave Heights (rows) by Direction (columns)

15°-45°

345°-15°

2166./4.110
9 -4 9 8
WY r

- N

[Ig]
WINONOOOO
- . ° L o
N M

5—/520000
22

67300000
11

. N
OGO OOO

L JE T T S

NN

7/-..00/4.2000

ooooo

l._.ooz 31100
3/...1._

/41._00[..4.0000

* ] 9 L

MOl

15555555
<1235799
123468>

5.8
2

3.6
.05

.65
April-May

9.5

9.8
.55

11.7

Total

% = 3 meters

9/.._./412000
/.-.1/-_.1

76_/01000
5/._.

NOGFr-IOOOO
~F

61300000
22

N
FNIN-OOOO
o ° - - -

o N

FOO-IOOO0O
ot

[ty
NNOGTOOoOOO

[a\R1a)]

/4.0030000
2/41._

15555555

<1235799
| I O B |
123468>

62.14
1.35

11.1
‘15

Total

% = 3 meters



(cont.)

Table 11.

- SHIP OBSERVATIONS 12/48-12/72

Seasonal Average Percentages for Significant

Wave Heights (rows) by Direction (columms)

105°-135°

June-September

45°-75°

Total

165°-195° -

135°-165°

75°-105°

15°-45°

345°-15°

wy
300113000

900/4.1
NN

i
ROJOOOOO
NeRla}

NANG-OOOO
(oRTp}

N
O OOOOO

vvvvv

1]
AN NOOOO

ooooo

ooooo

-----

15555555
<1235799
123468>

63.65
1.45

12.3
.05

8.3
.25

10.6
.35

7.9

5.6
2

Total

"% = 3 meters

October-November

nnnnn

NOIGr-IOOOO
NN

-HOGJOOOOO
N

VN N-HOOO

00000

nnnnnn

oooooo

<1235799
1i203A;02u>

11.4

.65

11.1 10.6

) . 7

Total

% = 3 meters



North

ololololofoleolol  lolole

)
ny

O O OOO0OO0OOOOOOOOO0O

COO0OOO0OOOOOOOOO

N
o O

Seasonal Average Percentages for Significant
Wave Heights (rows) by Direction (columns)

B0 00 W

25.

=N B

18.
.46

.07
.61
.15
.13
.02
.92
.72
.72
.10

4

SMB HINDCAST 1/48-12/50

Table 12.

December-March

ENE

13.83
14.63
5.42
5.05
2.46

24,08
19.26
9.02
3.59
1.43
1,22

East

10.48
3.08
1.35

.92
.49
.33
.08
.08
.04
.12
.04

0

17.01
.69
April-May

5.33
6.15
1.64
.82
.40
.20

QOOOO0

14.54
.20

ESE

2.34

90
27
.20
0
0
0
0
0
0
0

5.31
0

H
oo
£ =

N
OCOO0COCOOOOO0O

- 1.93 .

1.33

COOOOOOO

2.35

South

.37

.20

.08
.12
0
.29
0

0 .

.04

COO0COO0OO0O0O

1,12

OO

38.
34.
.31
.74
.35
.34
.54
.54
.10

[l e NCAVE RS |

100.
.52

Total

.31
.29
.62
.95
.56
.12
.61
.22
.49
.61
.57
.33

- 99.
.66

68 .

11
31

21



North NNE
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 .06
0 .06
0 .06
0 0
0 0
0 .20
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0.
0. .20
0 0

Seasonal Average Percentages for Significant
Wave Heights (rows) by Direction (columns)

NE

13.
4,
3
1.

07
86

42

20

.84
.54
.24
.06
.30
.24
.24
.06

25

Ui

.19,

.07
.68

SMB HINDCAST 1/48-12/50

Table 12.

(cont.

)

ENE East
14.45 4,92
8.96 5.65
5.03 2.57
2.28 - 1.86
.48 1.08
.60 .54
.54 .18
24 .06
.12 .06
.18 .12
.06 .06
.06 0
33.00 17.05 7.
1.8 1.02 1.
October-November
18.28 10.15 2.
9.94 7.00 2.
8.26 4,23 1.
4,57 1.41
.67 .74
.27 .33
.40 .20
40 ' 0
.07 0
0 0
0 0
.20 0
43.06 . 24,06 6.
1

June-September

14 .53

s

Nl el

COOOOCOOOO0

, ~
o o

.88
.07

101.

99.
.97

.46
.53
.74
.60
.51
.20
.34
.54
.20

42
.40

94



Table 13.

VIRGINTIA BEACH GAGE

Duration (hours) of the Highest .37% Waves

(calculated) (calculated) (calcula;ed)

9.5 feet - Hg 10.5 feet Hg 11.5 feet

12.2° Hy o 13.47 B 1407

16.82° Hooo 18.6' L S 20.4°

Total

December 0 hours 7.3 hours 0 hours 7.3 hours
January 24.8 19.3 19.3. - 63.4
March 6.0 6.0 o 12,0
May 12.5 0 0 12.5
October 5.5 | 0 . 0 5.5
Total 48.8 32.6 19.3 100.7

Total of 100.7 hours of waves>between

9-12 feet Hg out of 32,338 hours of

record, or .3%.



Name

Cleo
Dora
Gladys
Isabell
Alma
Doria
Gladys

Date of
Storm

1/04/64
1/12/64
2/12/64
1/16/65
1/22/65
1/29/66
12/24/66
2/07/67
12/12/67
12/29/67
1/14/68
2/08/68
11/10/68
11/12/68
3/02/69
11/02/69

9/01/64
9/13/64
9/23/64
10/16/64
6/13/66
9/16/67
10/20/68

Surge

2,07

NONSNNNNNNNWO SN
(@)
~

B NN W

Table 14.

VIRGINIA BEACH GAGE

Occurence of Extratropical Storms
During Period of Operation

Speed (mph) Direction

28
42
32

35

36
37
31
33
30
31
33
30
34
47
40
36

WIND

W
E
E

NE

NE
N
NE

WAVE HEIGHT

'H1/10
14.1
12.8
15.5

ot

o & e

VW NOO PN~
PLUMOOYH OOV

e o o

Occurence of Tropical Storms
During Period of Operation

42
61
44
50
40
55
46

*Gage was operating but record not available to

ESE
NE
N
NE
N
N
NE

author at this time

L OOWWOWOooN

bLitoouiunnn

- 16.0
10.9
12.2
10.2
10.2
10.9

Hyax

19.5
17.7
21’5

20.4
11.9
10.7

2.7
10,7
19.6
15.1
15.1
17.1
18.5
21.2

22,1
15,1
16.8
14.2
14,2
15.1

Va. Beach Gage
Operating (?)

S

5SS SIC SIS SIS S SIS B S

RGO SIC S SE S S



Table 15.

_DECREASE OF COMPUTED WAVE HEIGHTS DUE TO REFRACTION, FRICTION AND SHOALING AT DAM‘NECK-VIRGINIA BEACH

(Average of 6-10 Wave Rays from Goldsmith, et al., 1974)

T = 8 seconds
Hy = 6 feet
Tide = 0 '
Water Depths Northeast = East A Southeasti
20 feet 1.19' - 1.577 - 2.18¢
30 feet _ 1.14' 1.59/ 2.33'
150 feet (''deep' water) 6.0’ 6.0 6.0/
T = 10 seconds
Hy = 6 feet
Tide = 0
Water Depths Northeast East Southeast
20 feet _ 0.98’ 1.9/ 1.15'
30 feet 0.97° 2.0' 1.18'

250 feet ("'deep" water) 6.0 6.0’ ~6.0'



39th Street

" 73rd Streét

Beach

‘Howard
.Johnson

inia

P Hilton Inn

Vi

7th St. 1
Dam Neck |
Sandbridge
Beacon Rest.
Back Bay -
“Currituck

Beach Lt.
- North Carolina

Table 16.

DATILY VOLUNTEER WAVE OBSERVATIONS AVERAGED BY SEASON
July 1974-Aug. 1976 '

Winter
T H
8.09 1.97
6.54 1.68
0.84 1.93
8.66 1.52
9.44 1.91
7.05 1.68
7.89 1.32

DO
83.44
94.54

91.08
91.33
93.33
38.56
34.

N 0 00 W0

Spring

T

.66
.71

.68

.26
.90
.53

11

1.

N e N

H

72

.30
.32

.68>
42
.24

: iy

1

Summer

D° T H
89.06
00.78

6.54 1.9
91.40 10.76 2.02
91.4 10.50 1.97
87.13
36.27  8.37 2.52
48.88 7.87 3.5
87.78 7.72 2.

.25

Time (seconds)

Wave Height (feet)

Direction (degrees:;

22

Fall

D° T H
90.42 5.34 1,15
98.04 10.86 2.60
97.52 10.32 2.13
93.43 9.86 1.86
84.96 4.36 1,62
68.05

(1 £t. - 0.305 m)

90° = due east)

Total
~ # obs.
Do

28

168

90.94 306

91.68 341

8.55 529
39

9.5 268
27.08 120
| A

(Total) 1882
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DAM NECK WAVE CLIMATE SOURCES

CHESAPEAKE

11111

j%%%m

55555

DATES 4/54-12/65 4/64-10/69 12/48-12/73 1/70-12/72  1/75-7/76 ~  1/48-12/50



H, IN FEET

Figure 3. 2
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AVERAGE SIGNIFICANT WAVE HEIGHT (H.)
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Figure 4.
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APPENDIX A,

COSOP Sample Wave Observer Form



¥

= SYRF OBSERVATION FORM

(Instructions on Reverse Side)

Sheet Number

Cooperative Surf Observation Program Station —
Coastal Engineering Research Center
Da'te Tige Pegod Heici;ht DSir 3;9 Refr;orks Obsgve,
Year 0400
0800
Month 1200
| 600
Day 2000 *
2400/
Month 0400
0800
11200
Day 1 600
2000
, 2400
Month 0400
0800
1200
Day 1600
: 2000
2400
CERC 69
21 April 70 Signature:

Commanding Officer




APPENDIX B.

- VIMS-CERC Sample Wave Observer Form



Return to V. Goldsmith ] WAVE OBSERVAT!ON REPORT

VIMS SITE NAME

Gloucester Pt., Va. 23062
RECORD ALL DATA CAREFULLY AND LEGIBLY
OBSERVER
YEAR MONTH DAY TIME , WAVE PERIOD BREAKER HEIGHT WAVE ANGLE AT BREAKER WAVE TYPE
sRt'elcm'd fime Recur{i the time in seconds for Record the best estimate of the signifi- -r_Record to the nearest degree the gsirec‘- O-Cuimv
RIS SO B G i fecs B 0 1 G e Moo e s o e e s a9 "1 - Swling
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5 - Collapsing
I Y 2 =, " r: . -
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SPILLING

80 90 100 .
70 110

20 160

170

180

S~~SHORELINE SHORELINE—

e
OBSERVER - )
NOTE: If a pier is used for an observation platform: place O~ 180 line on the

cail parallet to the centerline of the pier, site along the crest of the
breaking waves and record the angle observed.



~If no waves

fill in zero 60°

y

-

4
Shoreline Observer

Figure L WAVE DIRECTION CODE FOR WAVES AT BREAKING !

0 —com 38—

_ : Plunge — Spilling

2 /Collapsing - 5 —
: ' Spilling

Figure 2. BREAKER TYPE NUMBERS



APPENDIX C,

Time of Operation of Virginia Beach Gage



e

A

-

¢ orm 174=74

18 Mar 74

ST

COASTAL ENGINEERING R 7,&H CENTER HAVE GAGE HISTORY

COORDINATES: N 36° 51' w 75° 58"

.

LOCATION:15th St. Fishing Pier, Virginia Beach, Virginia

not replaced -

Beginning End of Gage Gage Water Distance

of Proper Proper : : Length Range Depth | from seaward |Le
Type of Gage Operation Operation Explanation (feet)| (ft MSL) |(ft MSL)| end of pier |[(f
Step Resistance [13 Oct 62 26 Nov 02 |[Gage and part of pier 25 18 60 (on N. side '86
(SR) Staff - destroyed by storm of pier)
Parallel Type
SR Staff - Relay|2 Mar 63 |17 Jan 65 |Gage and part of pier 25 18 " 80!
Tvpe : . destroyed by storm
SR Staff - Relay |29 Nov 65 20 Sep 66 ' |Gage temporarily removed |25 20 12 (on N. side [90f
Type . ' during pier repair of pier) :
SR Staff - Relay 3 Nov 66 31 Mar 70 |Recorder house vandalized|25 20 " 90t
Type , )

22 Apr 70 26 Mar 71 Gage<destroyed by storm-




APPENDIX D,

Virginia Beach Gage-Monthly Summaries
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aAVE CLIMATOLOGY FOR  VIRGINIA REACHMs YIRGINIA
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6,0 w 8,9 2 22 1" 1 Q 1 87 92y 3,03
7.0 » 7,9 16 73 u2 7 2 7 L 151 ESE 2,13
Ry = A,C 40 187 33 7 9 L} 295 T6T 1,69
90 = 9,9 33 yR2 38 [ 2 2 257 w2 1,1
10,0 ~10,9 1 62 18 2 89 455 1,457
11,0 1,9 H 1 [ 18 87 §462
1240 12,9 ] Y H 13 Q% 1,33
13,0 =13,9 2 11 18 1S 1,33
18,0 «14,9 2 9 2 20 22 2,04
15,0 15,9 2 W00
1640 n16,9 2 2 2 1,50
TOTay 113 685 188 ap 24 22 a 2 1.4
Cud, T0TaL 1000  ERT  2B2 9y 53 29 7 e
Lot Arhe Ra2he 8,81, 8,20 1,81 7.5%0 T,20 T.50 9,50 8,69
AVERAGE ST, MEIGHT 3 1,85 7 JVERAGE wWAVE PERIDD = 8,69 SECS )
VARYIanCE OF 816, MEIGRT & 1,11 P7 SOQ VARTANUE OF wAVE PERIOD = 3,81 8LC §35s

STAnDARD DEVIATION CF WEIGWY 3 §,0% FT STANDARD OEVIATION OF PERIND 5 1,90

cE-g

b3

RESULYS CBTAINED FHOM TJomIWUTE PEN anD INK QLCOWDS Yakph =1Te o STEP RESISTANCE RE_avY

wAVE GaGE LOUCATED AT  15Tm STREEY PIER ®
O CALWS ARE QMITTED,



wAVE CLIMATOLAGY FOR  VIRGINIA REACHM. VIRGINIA
pIsTRIBUTION CF SIGNIFICANT wEIGMY VS PERION (1IN DUSLRVATIONS PER (000 ORSS

6a8 NASERVATICNS SUMMARY FCOH aUG b4 AUG 66 ALG 67
PER10D MEIGHY (FT)
(SFCS)
Cum, RO«
el o2 293 - 3a4  UeS  TDT.® YOT,% AVG,e
00 o 1,9 10 . : 1000 ,00
200 v 2.8 : 1000 400
2,5 ®» 2,9 1000 L00
3.0 « 3,08 ] e 7 1000 1.63
3,5 = 3,9 a s 953 2,50
8,0 ¢ 4,9 2 11 9 7 29 989 2,19
5,0 ¢ 5,9 9 22 13 9 2 51 959 2,02
by o 8,9 ?% S8 13 ? 10d 902 1,%2
IN RN s &3 1 11 161 798 1,437
8,0 » 8,9 87 129 27 [ 2 234 637 1.39
9.0 » 9,9 18 107 33 161 aou 1,60
100 ©10,9 18 62 31 11 2 107 243 1,90
11,0 01,9 ? 20 22 2 2 S5¢ 136 2,00
1200 =§2,9 e 1 7 2 U 14 B2 2,50
13,0 =13,9 4 11 a 23 g 1,80
16,0 @i 9 2 16 [ 2 25 2% 1,77
TOTAL 225 516 184 60 18 1483
CUH, 10TaL 1050 7715 2%9 78 1
COL, AVG, Re@56 B,72 B.95 A3 10,75 8,72
AVERAGE 816G, MEIGMY 3 .63 Y AVERAGE waAVE PERIOD ®= 8,72 SECE
VARIANCE OF S16, HEIGRY ® ~ 479 FT §G VARIANCE OF »avE PEHIOD 2 4,89 SLC Ste
SYANDARD DEVIATIZN UF mpIGHY B 89 F1 STaAnDLRD OEVIATION OF PHRICD & 2,21 SECH
281 ORSERVATIONS SUMMARY FOR SEP &6 8EF 67
PLRIOD rEIGHT (3 T)
(SECS)
CUuK, ROA
(281 jeg Fi ] 3ol 4o St b7 T=8 Be9 TOT.® TOY 8 AVG,.Y
2 © 1,9 11 Q . 4 1000 3,50
2,0 o 2,8 §66 ,0C
2.8 0 2,9 99 00
3,0 o 3,0 8 11 7 22 99 1,07
3:5 « 3,9 7 7 18 915 2,00
8,0 o 0,9 ?8 11 b a 50 960 2441
3,0 v 5,9 38 14 25 11 4 90§10 2,74
6.0 v 5,9 & 24 7 21 18 11 7 0 beo 3,50
7.0 @ 7,8 28 21 18 1a 14 1 a a 119 Y30 3,83
840 o 8,9 11 [T 18 25 11 [ [ 168 832 2,27
9.6 ¢ 9,9 25 12% 7 18 4 [ [ 183 Gu2 1,79
10,0 o160, 18 &8 1 [ ) 101 259 1,5C
11,0 »11,9 18 36 14 18 17 Q0 158 2,92
12,0 o12,9 a 18 7 [ [ E1Y b 2,00
13,0 o13,9 1 11 11 32 32 1450
VTR doed L2 8 128 135 i8] 36 28 [} 7 2edb
CUry TOTAL 5000 [XE; 80Q EL 148 15 39 11 7
CoL, avs, 1001ES BobT 7,97 7,97 7,70 71,30 Adl3 7,% B.00 2,08
BVERAGE 81G, WEIS®T 3 2,36 §7 AVERAGE wAVE PERICH = £,51 StCe
YARLaNECE OF 516, MEIGMT & 2,42 MY 50 VARIANCE CF waAvVE PERIOD 3 5,Bf SEC 57s

SYanpakp DEVIATION OF MEIGHT &  §,58 FT STANDARD CEVIATION CF PERICD 5 2,41 SECY

RESULTS DaYAINED FPOM 7oMINUTE PEN AND INK RECONDS YAKEN WITw &  STEP RESISTANCE RELAY

4AVE GAGE LCUCATED a7  15TH STHERT PIER s
® COLmS arf GWITTED,



wAVE CLIXATOLAGY POR VIRGINIA REACH, VIRGIVIA
DYSTRIBUTION OF SIGNIFICANT WEIGHT VS PERIOD (1M CUSERVATIONS PER 000 08S)

309 CRSEAVATIONS SUMMARY FOR nLY 64 OCT 67
PLRI0D KEIGHT LFT)
(SECS)
cuk, ROw
0o} o2 293 Iult 13 Yeb bu?t 708 B=9 Qel0 YNY,? YOT,s8 8VG,®
a0 = 1,9 3 : 1000 ,00
2.0 8 2,9 1000 400
249 @ 2,9 . 1000 00
3,0 = 3,4 3 3 1000 f.50
3,5 o 3,9 : %9  L00
G,0 © 4,9 ? 7 13 997 2,00
5,0 o 5,9 23 27 10 7 67 983 2,50
" Be0 o 5,9 27 37 10 RY:] 10 13¢ 916 3,20
Ted o 7,9 &7 23 10 7 3 3 3 117 783 2,56
8,0 o 8,9 10 87 “3 3 10 3 H 161 666 2412
9.0 ¢ 9,9 50 100 20 ie 7 167 SUS 1,08
10,0 10,9 &3 20 7 13 3 114 338 2,2¢
11,0 @119 17 50 13 3 3 3 90 224 1491
120 =12.9 7 37 17 7 3 70 134 2,02
13,0 «13,9 13 7 3 23 bl 2,07
18,0 ©14,9 3 30 3 37 eq §.5¢
15,0 «15,8% 3 3 3 1,50
M AXIN 17 510 217 2] 77 20 7 3 3 3 2,22
CuM, TOoTAL 1000 923 4il 197 113 37 17 10 7 3
COLs 2VG, 10,018 9,60 B,%8 8,22 T,93 8,00 9,50 7450 11450 7,%0 8,15

AVERAGE S1G, wtIGHT B 2,22 FY AVERAGE WAVE PERICD 5 G 1S SECe
VARTAINCE OF §156, MEIGWT & 1278 F1 80 VARIANCE OF wavi FEPIDO = 5,77 SEC S0e
STANDARD OFVIATION BF wPIGRY &  §,33 FT STANDARD DEVIATION OF PeRICD & 2,00 CELE

524 ORSERVATIONS SUnMARY FOR A0V b4 KoY 66 MOV 67
PERIOD HEIGHNT (FT)
(SECS) '
CuM, ROw
(L3 ] 1e2 2el el te$ Yeb te} Te8 8e9 TOT,% YOV ¢ AVG,®
20 o 1,9 17 1000 22
240 ®» 2,6 to60 00
245 v 2,4 §000 W00
3,0 » 3,40 8 2 & 10co L83
3,5 = §,9 2 ] 2 12 990 1450
Q.0 o 4,9 10 36 2} 11 2 3] 983 2,02
5:5 = 85,9 13 38 30 L] ’ 122 90y 2,38
6,0 & 6,9 1 L] 23 1 13 10 2 . 112 7719 2,00
740 & 7,0 8 32 32 10 [ 4 2 95 667 2,50
£,0 o By9 17 &7 27 [} . 118 573 1,73
9,0 @ 9,9 32 Qg 30 2 . 166 G55 1,%2
10,0 «11,9 17 22 30 H [} 1e8 88 1,73
11,0 ={1,9 55 {9 q [ 83 361 1,97
12,0 «12,9 8 25 13 2 a4 77 1,480
13,0 =13,9 [ 2 2 [ 14 15 2,7%
14,0 a14,9 2 13 2 2 . Y 19 1,70
T07AL 137 a9y 232 78 v 11 [} 2 §o9¢8
Cus, TOTAL 1000 £s3 n 139 (3} 19 8 e 2
COiLa 4VG, 8013% 8,90 8,33 6,70 B, 6,17 7,17 W00 7480 p,a4
AVERAGE SIG, WEIGWY 2 1,586 FT AVERAGE wavEk PERIOD w 3, uy SECS

Viw DaRUL CF T oy oy s 126 FT S0 VARIANMCE OF mavh FERICD = 6,53 ELC £G=
STANDARD DEVIATION OF wmEIGMY 8 1,12 BT STANDARD DEVIATION OF PERIDD & &,5b SEC»

RESULTS OBYAINED FROM 7emINUTE pha AND INK QECORDS TAKEN wJvn & STEP RESISTANIE FELSMY
HAVE GAGL LCCATED aY 157w BTREET PILR M
8 CALMS ARE CHITTLD, .



oAvE CLIMATOLOGY FOW  vIUGINIA BRACH, VIKGINIA
plsYRIAUTIDY 0F SIGNIFICanT wEIGHT VS PEUICA [IN CuSLRVATIONS PE¥ fo0n 0RS)

606 0BSERVATIONS Sum~aRY BCR pEC & DEC 65 DEC bo DEC 67
ppRIND . NEIGHTY (PY)
¢SECS)
Cu=, ROw
13} fo2 2%3 S aed Seb [T} 708 809 6§10 3001l TOT,® TUT,9 AV,
W0 1,9 P4 2 2 1660 3,%0
2,0 o 28 088,00
2,5 0 2,9 een 00
3,0 o 3,4 2 13 1% Q98 3,39
3.5 = 3,9 3 21 ? 3 983 3,08
Ta0 @ 4,9 5 18 13 3 8 ['1.] 952 2,43
5,0 = 5,5 7 33 28 30 15 3 117 8hu 2,
8.0 = 5,9 8 35 28 17 15 ? $ 11e ey 2,73
T¢0 = 7, 12 b 2} 5 3 ) £ 1 673 2,48
L0« 8,9 10 58 2% 8 2 3 L 2 (T Ly 2L 1Y
Q0 » 9,9 20 161 &0 19 e 4 e fLrd ake §,7)
10,0 =10,9 1] 3] 26 7 3 2 300 }.7Y
11,0 11,9 13 s 20 3 [X) 180 1,L0
12,0 012,° '3 28 18 3 13} r 1,9
13,0 13,9 13 19 s 2 2t as 2,26
JU 0 oli,9 2 2 13 17 18 2,20
15,0 015,9 2 e
j0,0 wlbe? 2 4 2 &,.5¢
194 109 es5 251 .0 50 20 ? i} ; 2 2,13
cLr, T0TAL 1230 2oy c2s 175 81 3 12 . S LY 2 2
Cube B¥5, Bo75% B,7T 8,92 T,51 bL.83 7,00 7,7% +00 8,80 W00 8,50 g gy
EVERAGY SIG, “EISWYT 3 2,13 §Y AVPRAGE wavE PIRIOD » 8 ,Sp 3ECe
VERIANZE Cp 810, =Elumt = 1.58 #1 5C VARTANIE GF wivi FLRICN 7613 SIC L3

8TanpaRD DEVIATION CF Wi IGHT & 1,25 81 SYanDakD CLVIATION CF PEpIDD B 2,47 SEQ
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