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estimates provided by the US Army Corps of Engineers' Wave Information Studies (WIS). This 
report compares summaries of the 1956-1975 Atlantic coast Phase II shallow-water WIS esti- 
mates with two measured data sets from the Coastal Engineering Research Center's Field 
Research Facility (FRF) at Duck, NC. The first consists of 5 years of energy spectra from a 
Waverider buoy, while the second is 1 year of directional spectra from a high-resolution 
linear array. Results of the study provide the engineer with a clear understanding of the 
differences between the WIS estimates and the FRF measurements that will help ensure the 
appropriate application of the WIS wave information. 
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Following a description of the WIS estimates and the ERE measurements, wave period, 
height, and direction summaries are compared. The wave periods did not compare well, 
whereas wave heights did. The wave direction comparison is less conclusive; however, net 
longshore sediment transport estimates made using the WIS estimates are very close to that 
using, the ERE measurements. 

An attempt is made to reconcile the differences in the wave periods with only limited 
success. In addition to the use of different definitions of period, it is suggested that 
questions about wave generation and propagation will have to be answered before close agree- 
ment can be expected. 

Wave height distributions agree well for waves over 2 m. However, only 44 percent of 
the hetghts exceed 0.5 m for the WIS estimates, compared with 76 percent for the ERE mea- 
surements. This difference is attributed, in part, to the coastal orientation, which 
greatly reduces the fetch for winds blowing near shore-parallel at the gage site. Also, the 
Phase I11 hindcast method does not consider additional wind-wave growth from the input 
Phase I1 points. 

Both the WIS and ERF directions tend to be primarily shore-normal. A clear difference 
between the distributions is that the WIS estimates have many more shore-parallel low waves. 
This difference arises because the hindcast method allows for the transformation of wind-sea 
energy derived from wave conditions propagating in all directions. 

Longshore sediment transport rate estimates are computed to investigate the consis- 
tency between using the WIS estimates versus the ERE measurements for engineering applica- 
tions. Although the gross northward and southward values differed by as much as a factor of 
2, the net values are very similar. When annual gross northerly and southerly values for 
each of the 20 years of WIS estimates are compared with the ERF measurements, the ERE trans- 
port rates fall well within the variation of the WIS estimates. The consistency in the WIS 
estimates is due in part to the transport rate computation being more sensitive to wave 
height and direction, for which WIS estimates and FRF measurements generally agree, versus 
wave period for which the WIS estimates are low. 
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COMPARISON OF ATLANTIC COAST WAVE INFORMATION STUDY HINDCASTS 

WITH FIELD RESEARCH FACILITY GAGE MEASUREMENTS 

PART I: INTRODUCTION 

Background 

1. According to Wang and L;? ~ehaut;? (1983) , " . . . short-term wave mea- 
surements of a few years are not sufficient for engineering accuracy, and can 

be used only to verify or complement wave height estimation given by other 

methods such as hindcasting." Their study shows statistically that the uncer- 

tainties in extrapolations of wave information to large return intervals 

decrease as the number of years of data increases. Historically, wave mea- 

surements have been for short times in comparison to the 20 to 30 years 

required for reasonable confidence in extrapolations to 50- or 75-year return 

intervals. Also, in the past, wave measurements have been available from only 

a few selected locations along the US coasts (Thompson 1977). Although wave 

measurements have been made at many more locations during the past decade and 

new gage locations are being added each year as part of a national Coastal 

Field Data Collection (Hemsley 1986), the long-term measurements necessary for 

accurate engineering design are decades away. 

2. Until then, the engineer must rely on other sources of wave data. 

One of the most comprehensive compilations of wave information is the hindcast 

wave estimates provided by the US Army Corps of Engineers' Wave Information 

Studies (WIS). In a series of 19 reports to date, 20 years of deep-, 

intermediate-, and shallow-water wave height, period, and direction estimates 

for the Atlantic, Gulf of Mexico, Pacific, and Great Lakes coasts of the 

United States are provided. 

3. Although the shallow-water hindcasts, which are computed for approx- 

imately 16-km (10 nautical mile) intervals, are much less expensive (and about 

19 years quicker to obtain) than a 20-year measurement program, both the com- 

putational procedures and the parameters selected for dissemination were opti- 

mized to minimize the cost of obtaining long-term wave height, period, and 

direction information along the US coastline (Jensen 1983a). Extensive 

efforts have been made to use state-of-the-art methodology for the problem of 

accurately computing winds and waves over large ocean areas from historical 



meteorological records and subsequently transforming this information into 

shallow water. However, since many questions regarding the generation and 

propagation of wave energy remain unanswered, any model that is used will not 

reproduce all the natural conditions exactly. 

4. The engineer is therefore faced with a decision because both sources 

of wave information have trade-offs. On the one hand, the WIS estimates pro- 

vide the largest number of years of wave information. This should increase 

the confidence in any extrapolations that are required. The data are also 

available along the entire coastline. However, are the hindcasting methods 

sufficiently accurate to reproduce the wave conditions? On the other hand, 

does the accuracy of the gage measurements justify the statistical inaccuracy 

possible from using a much shorter data set at only selected sites? It is 

difficult to answer these questions due to insufficient measurements of actual 

conditions to compare with the hindcasts. The best that can be done is to 

compare the hindcasts and measurements for the few locations where measure- 

ments are available to see how well they agree and then to use "engineering 

j udgment . " 

Scope and Pur~ose of Study 

5. Corson and Resio (1981) and Jensen (1983b) compared wave height and 

period values for the Atlantic coast hindcasts on a case-by-case basis with 

data from the few available gage locations and determined that they were quite 

similar to the measured data. Unfortunately, directional wave measurements 

were not available for the gage locations used for the comparisons. This 

report presents a hindcast evaluation that includes shallow-water directional 

wave information. Since the measurements do not overlap the dates of the 

hindcasts, a case-by-case comparison is not possible. However, the long-term, 

comprehensive measurement program at the US Army Engineer Waterways Experiment 

Station (WES), Coastal Engineering Research Center's Field Research Facility 

(FRF) located on the Outer Banks of North Carolina near Duck, NC (Figure I), 

provides an opportunity to compare wave climate characteristics, including 

wave direction. The results provided will give the engineer a clear under- 

standing of the differences between the shallow-water, Atlantic coast summary 

statistics provided in WIS Report 9 and the gage measurements from the FRF 

(Miller et al. 1988; and Long and Oltman-Shay, in preparation). 





6. The FRF has a typical marine climate. Winds are generally from the 

southwest during the spring and summer switching to predominantly northerly 

during autumn and winter. The annual mean wave height and period at the sea- 

ward end of the FRF pier (depth 8 m) are 1 m (0.6-m standard deviation) and 

8 sec (2-sec standard deviation), respectively. Tide range is 1 m, and the 

nearshore bathymetry is characterized by regular shore-parallel contours, a 

moderate slope, and a barred surf zone (usually an outer bar in water depths 

of about 4.5 m and an inner bar in water depths between 1.0 and 2.0 m). 

7. This report is organized such that a description of the WIS esti- 

mates and FRF measured wave statistics follows in Part 11. Next, the wave 

height, period, and direction distributions are compared for the 20-year hind- 

casts and measured data (Part 111). Following the wave statistics comparison, 

the reader will find an example of how the results of estimating longshore 

sediment transport rates using the hindcast wave information compares with the 

same computation using measured wave data (Part IV). Conclusions of the 

report findings are provided in Part V. 



PART 11: WAVE HINDCASTS AND MEASUREMENTS 

WIS Hindcasts 

8. The Atlantic coast WIS hindcasts are generated in three phases as 

shown in Figure 2. The phase approach was used for economy as well as resolv- 

ing the atmospheric pressure fields. In the Phase I region, large-scale 

synoptic features measuring hundreds of kilometers in radius, such as an 

entire low-pressure center and its accompanying wind fields, dominate. These 

systems have been modeled quite accurately over a 2-deg grid (Corson et al. 

1981). However, this grid is too coarse to depict subscale meteorological 

conditions nearshore and the shoreline geometry of the Atlantic coast. Hence, 

the Phase I1 hindcasts were generated over a 0.5-deg grid nearshore which 

includes both the net effect from Phase I (swell propagating into the region 

from distant storms) and the mesoscale weather patterns that commonly occur in 

regions near the coastline. 

NEARSHORE ZONE 

MESOSCALE AND SYNOPTIC 

WAVE-WAVE INTERACTION 
WAVE BREAKING 

WAVE TRANSFORMATION RlMARY ENERGY SOURC 

Figure 2. Conceptual diagram of the three phases of WIS 
(after Jensen 1983a) 



9. Phases I and I1 were generated in a time-dependent mode. A discrete 

spectral wave model was employed (Resio 1981) where wind-wave growth, non- 

linear wave-wave interactions, and propagation were the main mechanisms 

modeled. This method propagated two-dimensional (2-D) (frequency and direc- 

tion space) spectral estimates over the gridded system in time. 

10. In the deepwater wave hindcasts, 20 discrete frequency increments 

and 16 discrete angle increments were used to approximate continuous 2-D wave 

spectra (Resio 1981). If all 320 elements in the 16 by 20 array were treated 

as independent, the number of calculations for each wave transformation into 

shallow water would become ridiculously large for the computer resources at 

that time. If the spectra were reduced to simple monochromatic wave trains, 

significant information pertaining to the randomness of the ocean surface 

characterized by a spectrum would be lost. 

11. Thus, a totally different approach from Phases I and I1 was used in 

the generation of wave information in the nearshore region of Phase 111. 

Using Phase I1 results as input, spectral refraction and shoaling were intro- 

duced in the Phase I11 method (Jensen 1983b). This method assumes that the 

bottom contours are straight and parallel and that no additional source is 

present, which also implies that the wave period is held fixed. By assuming 

plane beach conditions and the transformation from deep to a predetermined 

water depth of 10-m, a spatial or time marching solution method was not 

needed. All shoaling and refraction processes could be determined in a single 

step, without a loss in accuracy. It was also determined that nonlinear wave- 

wave interactions control the relative amount of energy losses when the spec- 

trum approached shallow water and thus bottom frictional effects were not 

introduced. This method retained the organized structure of the spectrum and 

included it in the nearshore wave transformations by using a parametric repre- 

sentation of the offshore wave climate. Hasselmann et al. (1973, 1976) give 

good descriptions of the use of parametric models for wave generation and 

propagation. The principles in this case were quite similar. 

12. The separation of the deepwater wave records into swell and wind- 

sea permits distinctly different approaches to the treatment of the frequency 

and directional characteristics of these wave populations. Swell that has 

propagated beyond its area of generation usually contains almost all of its 

energy in a narrow frequency and direction band. Thus, swell can be ade- 

quately described as a unidirectional, monochromatic wave train impinging on a 

coast. On the other hand, the local wind-sea tends to have a distinct shape 



in frequency and is quite broad banded in direction space. Therefore, two 

formulations are imposed on the description of the deepwater wind-sea energy 

levels. The frequency spectrum is characterized by the form given by 
- 

Kitaigorodskii (1962), and a cosine4 (8 - 8) distribution of energy for deep- 
- 

water input conditions to the Phase I11 parametric spectral form where 8 is 

the central angle of the spectrum. 

13. Both populations of wave energy can be represented by three param- 

eters: wave height H , wave period T , and wave direction 8 for the uni- 

directional monochromatic swell and a,,, (Kitaigorodskii's equilibrium range 

constant) f,,, and e,,, for the local wind-sea where f,,, is a character- 

istic frequency associated with the spectrum. For consistency, if a period is 

defined as T e a  = f a  and the integral form of the energy density spectrum 

is used to obtain a wave height H,,, , as a function of a,,, and f,,, , then 
both the swell and wind-sea can be described by comparable parameters, namely 

H,, , T , and 8 . It should be recognized that this by no means restricts 

the local wind-sea to unidirectional monochromatic waves, but rather only to a 

fixed deepwater spectral shape. A 2-D spectrum describing the deepwater wind- 

sea contribution from the Phase I1 estimates was constructed (from a,,, , 

f,,, , and 8) and transformed by frequency and directional components to a 

10-m water depth. Changes in the spectral form were based on shoaling, 

refraction, nonlinear wave-wave interactions, and surf-zone breaking. The 

swell component was transformed as a single frequency and direction using 

similar mechanisms. 

14. One of the primary motivations for performing the Phase I1 calcula- 

tions as an intermediate step between the Phase I hindcast and the Phase I11 

nearshore wave transformations was to provide a better representation of the 

effects of the geometry of the coastline on wave generation near the Atlantic 

coast. This was carried through in more detail during the Phase I11 process, 

where nearshore sheltering was employed. The amount of wave sheltering (or 

the selection of the sheltering angle) depends upon the location of the input 

Phase I1 station, relative to the given Phase I11 station being considered, 

and the shoreline. Since the WIS Phase I11 reports are intended only to serve 

as general summaries of the wave conditions along the entire length of a 16-km 

shoreline segment, only first-order shoreline orientations were considered, 

namely the shoreline angle along the 16-km reach (Jensen 1983a). 

15. The Phase I11 hindcasts were generated every 3 hr for the entire 

20-year record. The information included significant heights, mean periods, 



and mean directions for sea and swell. A combined height, period, and direc- 

tion are also calculated. The combined wave height is equal to the square 

root of the sum of the squares of the wind-sea and swell heights. If the 

transformed wind-sea height is greater than the swell height, then the period 

and direction from the wind-sea component are selected rather than that for 

the swell, and vice versa. 

16. The wave period determined for the WIS estimates is a weighted 
- 

average wave period TwIS determined from the spectrum as: 

and 

where 
- 
f = weighted average frequency 

f = frequency 

E ( f )  = spectral density function 

17. For this investigation, Phase I11 Station 81 (36.25O N, 75.71' W) 

was used. The beach was considered oriented parallel to a line 20 deg west of 

north. 

FRF Measurements 

18. The measurement program at the FRF provides two data sets that can 

be compared with the hindcasted wave estimates for the adjacent coast. The 

first consists of 5 years of energy spectra from a Waverider buoy located in a 

depth of 8.5 m. 

10 



19. The Waverider gage measures the vertical acceleration produced by 

the passage of a wave. The acceleration signal is doubly integrated to pro- 

duce a displacement signal, which is transmitted by radio to an onshore 

receiver. Wave amplitudes, according to the manufacturer's specifications, 

are correct to within 3 percent of their actual value for wave frequencies 

between 0.065 and 0.500 Hz (corresponding to 15- to 2-sec wave periods). The 

buoys were calibrated semiannually to ensure that the integrity of the measur- 

ing device adhered to the manufacturer's specification. 

20. Data were routinely collected every 6 hr except during storms, when 

hourly data were obtained. However, to ensure that the data collected more 

often during high wave conditions did not bias the statistics, a subset of the 

available data was selected every 6 hr near 0100, 0700, 1300, and 1900 Eastern 

Standard Time. The 6-hr measurement interval provides an unbiased representa- 

tion of the variation of the wave climate throughout the day, as do the hind- 

casts made every 3 hr. A data record consisted of 4,096 points recorded at 

0.5 Hz for approximately 34 min. The time series were quality controlled, and 

erroneous values, although uncommon, were edited. After application of a 

10-percent cosine bell data window, an ensemble-band-averaged variance 

(energy) spectrum was computed using a Fast Fourier Transform with a 0.0117 Hz 

(3/256 sec) band width and 64 deg of freedom. 

21. The wave height Hm, determined from the free-surface measurements 

was defined as four times the square root of the total variance of the free 

surface, where the total variance a2 is: 

where 

H(f i )  = discrete spectral density function 

f i  = component frequency 

n = number of bands 

A f  = frequency band width 

The peak spectral wave period Tp is the inverse of fm where fm is the 

center frequency of the spectral band that contained the maximum spectral 

density . 



22. The second data set was obtained from a directional gage consisting 

of a 250-m-long linear array of pressure transducers installed in 1986 1 km 

from shore in a depth of 8.5 m. Details of the gage components and analysis 

technique are presented by Long and Oltman-Shay (in preparation). One year of 

measured wave directions obtained from the linear array was compared with the 

WIS direction estimates. The direction associated with the peak of the mea- 

sured directional spectrum was used for comparison with the WIS dominant 

direction. 



PART 111: COMPARISON OF WIS TO FRF 

Percent Occurrence Tables 

23. Included in the WIS Phase I11 Atlantic coast hindcasts (Jensen 

1983a) are 20-year azimuth and 20-year all-direction tables. The azimuth 

tables give the percent occurrence of waves in height and period ranges for 

30-deg direction intervals. Only wave directions with a component toward 

shore are considered. The all-direction tables present the distribution of 

heights and periods independently of direction. For the discussion that fol- 

lows, the table for all directions will be used; use of the azimuth tables is 

demonstrated in Part IV to estimate a longshore sediment transport rate. 

24. The wave period ranges are in 1-sec intervals (except for the first 

increment where the range is from 0 to 2.9 sec and the last increment where 

the range is all periods greater than 19.0 sec). The height ranges are in 

0.5-m increments. The percent occurrence values have been multiplied by 100 

to allow more accuracy with less printing space. Summations across rows and 

columns are provided in the last row and column of each table. 

25. As can be seen in Table 1 for the WIS estimates and Table 2 for the 

FRF measured data, the two distributions are quite different. Table 3 shows 

the difference between the actual percent occurrence values when the measured 

distribution is subtracted from the WIS distribution. Upon comparison, it is 

clear that not only are the distributions different for long periods, but that 

there is a concentration of WIS values with heights under 0.5 m and periods 

less than 7 sec which does not appear in the measured data. To investigate 

the details of these differences, the summations in the last rows and columns 

in Tables 1 and 2 were compared. 

Wave Period 

26. The summations in Tables 1 and 2 provide a convenient way to summa- 

rize the wave periods when used in the form of wave period histograms. Fig- 

ure 3 shows a histogram of the WIS estimates versus FRF measured wave periods. 

Although the shape of the WIS distribution is similar to the distribution of 

the measured data, the WIS estimates have a maximum at 3 to 5 sec (with a 

secondary peak at 7 sec), as compared with the peak at 8 to 9 sec for the gage 

measurements. These distributions vary because the wave period used to 

13 



Table 1 

Percent Occurrence of Wave Heights and Periods for  WIS Estimates 

ANNUAL 
PERCENT OCWRREWCE(X100) OF HEIGHT AMD PERIOO 

HEIGHT,# PERIOO,SEC TOTAL 

1.0- 3.0- 4.0- 5.0- 6.0- 7.0- 8.0- 9.0- 10.0- 11.0- 12.0- 13.0- 14.0- 15.0- 16.0- 17.0- 18.0- 19.0- 
2.9 3.9 4.9 5.9 6.9 7.9 8.9 9.9 10.9 11.9 12.9 13.9 14.9 15.9 16.9 17.9 18.9 LONGER 

0.00 - 0.49 
0.50 - 0.99 
1.00 - 1.49 
1.50 - 1.99 
2.00 - 2.49 
2.50 - 2.99 
3.00 - 3.49 
3.50 - 3.99 
4.00 - 4.49 
4.50 - 4.99 
5.00 - 5.49 
5.50 - 5.99 
6.00 - 6.49 
6.50 - GREATER 

TOTAL 

Table 2 

Percent Occurrence of Wave Heights and Periods for  FRF Measured Data 

0.00 - 0.49 
0.50 - 0.99 
1.00 - 1.49 
1.50 - 1.99 
2.00 - 2.49 
2.50 - 2.99 
3.00 - 3.49 
3.50 - 3.99 
4.00 - 4.49 
4.50 - 4.99 
5.00 - 5.49 
5.50 - 5.99 
6.00 - 6.49 
6.50 - GREATER 

TOTAL 

AMNUAL 
PERCENT OCCURRENCE(X100) OF HEIGHT AND PERItO 

1.0- 3.0- 4.0- 5.0- 6.0- 7.0- 8.0- 9.0- 10.0- 11.0- 12.0- 13.0- 14.0- 15.0- 16.0- 17.0- 18.0- 19.0- 
2.9 3.9 4.9 5.9 6.9 7.9 8.9 9.9 10.9 11.9 12.9 13.9 14.9 15.9 16.9 17.9 18.9 LONGER 

TOTAL 



Table 3 

Difference Between WIS Estimates and FRF Measured 

Percent Occurrence Tables 

ANNUAL 
DIFFERENCE (PERCENT X100) LUIS - FRFI 

HEIGHT,R PERIO, SEC TOTAL 

1.0- 3.0- 4.0- 5.0- 6.0- 7.0- 8.0- 9.0- 10.0- 11.0- 12.0- 13.0- 14.0- 15.0- 16.0- 17.0- 18.0- 19.0- 
2.9 3.9 4.9 5.9 6.9 7.9 8.9 9.9 10.9 11.9 12.9 13.9 14.9 15.9 16.9 17.9 18.9 LONGER 

0.00 - 0.49 
0.50 - 0.99 
1.00 - 1.49 
1.50 - 1.99 
2.00 - 2.49 
2.50 - 2.99 
3.00 - 3.49 
3.50 - 3.99 
4.00 - 4.49 
4.50 - 4.99 
5.00 - 5.49 
5.50 - 5.99 
6.00 - 6.49 
6.50 - GREATER 

TOTAL 

W I S  10 m 2 0  y e a r  57,594 o b s e r v a t i o n s  
FRF 8 . 5  rn 5 y e a r  5.551 o b s e r v a t i o n s  

9+2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 194 
PERIOD, sec 

Figure 3. Histograms comparing WIS weighted average 
and FRF measured peak spectral wave periods 



summarize the WIS estimates is not the same wave period that is computed for 

the measured data. An understanding of these differences is essential before 

the WIS estimates can be used with confidence. 

27. The WIS definition (Equation 1) of peak wave period, as it is 

referred to in the Atlantic coast WIS Report 9 (Jensen 1983a), is not the same 

as the peak spectral wave period computed for the measured wave records. The 
- 

WIS period TwIs more appropriately should be referred to as the weighted 

average wave period because of its inverse relationship to the weighted aver- 
- 

age frequency f . Only if similar wave parameters are compared can an 

assessment be made of how consistent WIS estimates are with actual wave cli- 

mate measurements. 
- 

28. In an effort to resolve this problem, a transformation between f 

and fm was derived as follows. The local sea portion of the spectrum under 

active growth G(f) was defined by Kitaigorodskii's (1962) parametric 

representation: 

where 

a = constant of spectrum 

g = gravitational acceleration 
- 

In a discrete spectrum, f (Equation 1) is determined by summing over all the 

frequency bands. After a variable transformation to fi/fm (i = 1,2, . . .  n; 
n = number of spectral bands), substituting Equation 3 into Equation 1; 

summing the discrete form of Equation 1 piecewise from 0.0 5 fi/fm < 1.0 and 
1.0 5 fi/fm < 10.0 , and reducing, the following relationship results: 

- 
where X = 1.14 . To transform the distribution of T wIs to a TwIs peak 

wave period distribution, each ? was multiplied by 1/X = 0.88 and 



inverted. Although this 12-percent correction could not be applied to the 

cases in Figure 3 where the swell wave period was selected, application to the 

81 percent of the WIS estimates in which the sea was dominant improved the 

agreement as seen in Figure 4. The gap in the distribution at 4-sec periods 

in Figure 4 is artificial and due to transforming the periods that were saved 

only to whole numbers. 

W I S  10 m 20  y e a r  57,594 o b s e r v a t i o n s  
FRF 8 .5  rn 5 y e a r  5 ,551  o b s e r v a t i o n s  

1+2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19+ 
PERIOD, see 

Figure 4. Histogram comparing peak spectral WIS 
and FRF measured periods 

29. It is clear that the differences between the wave period distribu- 

tions are not completely due to the different ways the wave periods values 

were determined. In fact, it would appear from Figures 3 and 4 that the 

improvement was small in comparison with the magnitude of differences that 

remain. The differences remain unexplained; however, most of the explanations 

are areas of active research where the questions about wave generation and 

propagation are as yet unresolved. Some considerations are as follows (Jensen 

1983a). 

. . . the Phase I11 wave characteristics were gener- 
ated from a different type of procedure common to the 
Phase I and I1 computations. Phase I and I1 wave 
characteristics were generated from a numerical wave 
model which simultaneously propagated and transformed 
the data over a discrete grid. This approach could 
not be employed for the evaluation of the nearshore 



wave characteristics because of its relative computa- 
tional costs; but more importantly, the transforming 
mechanisms [refraction, shoaling, wave-wave interac- 
tions, bottom friction, high frequency dissipation, 
percolation, etc.] within finite water depths have not 
been clearly defined in terms of their importance to 
the changes in wave conditions. 

In fact, no additional wave growth is permitted over the 50-km distance from 

the Phase I1 to Phase I11 stations. Wave generation does occur in finite 

water depths, and nonlinear wave-wave interactions tend to move the spectral 

peak toward lower frequencies during active wave growth. Consequently, the 

WIS estimates are biased toward shorter periods. 

30. The WIS technique also propagates the two wave populations, swell 

and sea, to shore independently. However, the present understanding of the 

depth-controlled breaking mechanisms between two independent wave populations 

is still as yet an unresolved topic of research. Recent work by Vincent and 

Smith (in press) has shown that the dissipation of a higher frequency wave 

train in the presence of a lower frequency wave train is much more rapid than 

the dissipation without the lower frequency wave train present. This 

phenomenon, if taken into account, would also tend to influence the distribu- 

tion of wave periods in such a way to make periods longer, which would improve 

the agreement with the measured distribution of wave periods. 

31. Finally, it is important to remember that WIS estimates synoptic- 

scale climatological conditions for a range of coastline 16 km long. A gage 

provides wave characteristics for the specific location where the measurements 

are made. Idiosyncracies of the gage location, although not considered to 

have a large effect, could produce variations from the WIS estimates. 

32. If a spectrum from gage measurements or a model estimation, is 

available, either the average or peak wave period can be readily calculated. 

One drawback with using the weighted average period is that it can fall 

between the dominant periods in a multiple peak spectrum and thus not be asso- 

ciated with any wave population present. In addition, engineering guidance 

such as that found in the Shore Protection Manual (SPM) (1984), generally uses 

the peak wave period (or something closely related) as opposed to an average 

period 

33. Computations were performed to see how well the WIS estimates com- 

pared with a weighted average wave period computed from the measured data 
- - 
TFRF . Figure 5 shows that the TwIs and TFm distributions agree quite 
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Figure 5. Histogram comparing weighted average 
WIS and FRF measured periods 

well. Although the agreement is good, it is not conclusive because the con- 

straints on the measured data necessary to compute a reasonable weighted aver- 

age period that could be associated with the wind sea or the swell in a mea- 

sured spectrum greatly reduced the number of cases. The best that could be 

expected was to model the wind sea, which resulted in the following 

constraints: 

a. The sea portion of the spectrum was selected by specifying a - 
low-frequency cutoff corresponding to the component celerity 
that was less than the wind speed; i.e. active wave growth 
conditions were required. 

b. The sea portion of the spectrum (below f,) was differentiated - 
from the swell by modeling that portion using the FRF spectral 
model (Miller and Vincent 1990). 

c. Only cases were considered that had a sufficient number of fre- - 
quencies above the low-frequency cutoff to fit the model. 

34. To this point, it has been shown that because of the use of differ- 

ent definitions, the WIS wave period estimates do not agree well with the mea- 

sured wave period distributions. In addition, there does not appear to be an 

easy way to transform the WIS summaries to peak spectral wave period summa- 

ries. However, the utility of the WIS estimates is still very large, as 

demonstrated in the following section on wave height. 



Wave Height 

35 .  Figure 6 shows the WIS estimated and FRF measured wave height dis- 

tributions displayed in cumulative form. The intersection of any point on the 

W I S  10 m 20 y e a r  57,594 observations 
- - - - - - - FRF 8.5 m 5 y e a r  5,551 observations 

Percent Greater Than Indicated 

Figure 6. Comparison of WIS estimates and FRF measured 
cumulative wave height distributions 

curve with the abscissa represents the percentage of the total number of 

observations that exceed the given height value on the ordinate. Although 

similar, there are some differences. The primary difference is that there are 

more low waves for the WIS estimates; for example, 44 percent of the heights 

exceed 0.5 m for the WIS distribution versus 76 percent for the FRF data. 

Likewise, 21 percent exceed 1 m for WIS, while 31 percent for the FRF. For 

waves heights over 2.0 m, on the other hand, the distributions are similar 

with a slight tendency for the WIS estimates to be higher. 

36.  The differences in depth between the 10-m WIS estimates and the 

measurements in 8.5 m have only a small effect. Considering linear shoaling 

of a monochromatic 10-sec wave, for example, the height could be expected to 

be 2.4 percent greater at the gage site located in 8 . 5  m of water versus at 

the 10-m depth for the WIS estimates. This amounts to only a 10-cm difference 

in a 4-m wave height. 



37. Use of the 5-year measurement data set allows the height distribu- 

tion to be determined to a probability of only 0.1 to 0.01 percent. Using the 

20-year WIS estimates, the wave height distribution can be reasonably well 

determined to a probability level of 0.01 to 0.001 percent. Unfortunately, 

for most engineering designs, the probability level of interest is usually in 

the range of to Such a range corresponds to a risk of 5 to 10 per- 

cent that the selected wave height will not be exceeded within a 40- to 

50-year period (Wang and L& ~ehaut& 1983). Although there are different 

methods for extrapolating a given probability distribution to low probability 

levels, it is sufficient to say that the engineer must use any such estimate 

with caution. The similarity of the distributions is encouraging and suggests 

that the WIS estimates provide a very useful tool for design purposes. In 

this case, the engineer may be more comfortable using the longer term WIS 

estimates since they can be used with some confidence to extrapolate to lower 

probability levels and are more conservative. 

Wave Direction 

38. In this section, the directional distributions of wave data are 

presented as wave roses such as those in Figure 7. These wave roses include 

the 30-deg resolution used in the azimuth tables, which differs from the 

45-deg roses presented in WIS Report 9 (Jensen 1983a). The petal angle is the 

mean angle of the direction interval; the length of each segment of the petal 

is proportional to the occurrence frequency of the waves; and the width is 

proportional to the wave height. 

39. The difference in the cumulative height distributions is due to the 

high percentage of low waves from the south near shore-parallel, shown in 

Figure 7 for the WIS estimates. In general, however, the WIS directions were 

distributed over all of the eight-onshore compass directions with a tendency 

for waves over 2 m being directed more shore-normal. 

40. In comparison, the 1-year measurement (beginning September 1986 and 

ending August 1987) shows the measured directions to be more shore-normal, 

with few shore-parallel measurements. However, for wave heights over 2 m, 

both the WIS estimated and FRF measured distributions tend to show that the 

waves are directed near shore-normal. 

41. Again insight is possible when the differences in the WIS estimates 

and the FRF measured data are examined. Swell, with longer wave lengths than 
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wind sea, is more likely to be shore-normal due to refraction. The WIS esti- 

mates tend to be distributed more evenly across all directions than the mea- 

sured data. This may be due to how the WIS hindcast represents the swell as a 

single spectral line and the choice between two directions based on whether 

the sea or swell contain the dominate amount of spectral energy. Thus, the 

direction of the sea portion of the spectrum, which generally contains more 

energy even shortly after wave generation begins and tends not to be shore- 

normal, is chosen more often. 

42. Another reason for the difference is that WIS neglects coastal fea- 

tures, such as shoreline variation, smaller than the 16-km reach used in Phase 

111 calculations. The difference arises because wave generation in very shal- 

low water within 1 km of shore at the wave gage site (particularly for winds 

blowing parallel with the shoreline) is very different from wave generation 50 

km from shore at the Phase I1 location. 

Summary 

43. The mean wave periods computed for the WIS estimates should not be 

considered interchangeable with the peak spectral wave periods computed for 

the FRF measured data. After transforming the WIS mean wave periods to peak 

wave periods, for the active growth cases, it appears there may have been a 

problem with the hindcast technique that results in the periods being under- 

estimated. The wave height values are in close agreement for wave heights 

above 1 m. The WIS wave directions are more evenly distributed in comparison 

with the 1 year of measurements. To ascertain whether the long-term WIS esti- 

mates or short-term FRF measurements will provide the engineer the better 

results is difficult as long as there are not sufficiently long measurement 

programs along the US coastline. 



PART IV: LONGSHORE SEDIMENT TRANSPORT ESTIMATE 

44. For many coastal engineering problems, an estimate of the longshore 

sediment transport rate is desired. In this section, the WIS estimates and 

the linear array measurements are used to compute a transport rate for the 

FRF. Estimating the longshore sediment transport rate is simply an example of 

the type of uses for the WIS wave information. The important thing is to see 

how consistent the estimated values are despite the differences between the 

WIS estimates and FRF measurements. Confidence in using the WIS summaries 

should be reinforced where the results are consistent. 

45. Gravens (1988) presents a procedure for using the 20-year percent 

occurrence azimuth tables. This procedure is used to estimate longshore sedi- 

ment transport rates under the assumptions of straight and parallel bottom 

contours. Refraction and shoaling of linear waves are calculated using 

Snell's law for wave direction and the equation of conservation of wave energy 

flux for wave height. A shallow-water wave breaking criterion defines wave 

properties at the break point, and longshore sediment transport rates are 

calculated by means of the energy flux method of the SPM (1984). The 

volumetric longshore sediment transport rate Q (m3 per year) is given by 

where 

K = nondimensional empirical coefficient, K = 0.77 

PI, = longshore wave energy flux factor at breaking 

p ,  = density of sediment (quartz sand) 

p = density of water 

g = acceleration of gravity 

a = porosity of beach sediment, a = 0.4 

Replacing PI, in Equation 5 with its analytical equivalent from linear wave 

theory (SPM 1984, Equation 4-39) yields 



Q = 
K 6 ~ 2 ' ~  

-2.386 
sin (2ab) 

16(P,/P - 1)(1 - a) J;J 

where 

Hb = breaking wave height 

y = 0.78 is the breaker index 

ab = breaking wave angle 

The factor 2.386 converts the input significant wave height to root mean 

square wave height for compatibility with the K = 0.77 design value. 

46. The computation procedure consisted of first estimating a period 

value for each height band of each of the direction bands. These average 

period values are determined using a weighting function that tends to empha- 

size the periods that occur most often. The center of the 0.5-m height bands 

and the 30-deg direction bands was chosen as the representative values. With 

the average height, period and direction, water depth (10 m for Phase 111), 

and percent occurrence, Q is estimated. The total annual rate, determined 

by summing the contribution for all heights within all angle bands, is given 

in Table 4. 

Table 4 

Estimated Lonzshore Sediment Trans~ort 

Rate, m3/year 

Transport Rate 
Direction WIS Estimate FRF Measurements 

Southward 980,000 1,280,000 

Northward - 380,000 -730,000 

Net 600,000 550,000 

47. Percent occurrence tables for the linear array data were generated 

using the same height, period, and direction bands. The resulting estimated 

longshore sediment transport rate is also given in Table 4. In comparison 

with the WIS estimates, the gross southward and northward values were 23 and 

48 percent larger, respectively. However, the estimated net longshore sedi- 

ment transport rate differs by only 8 percent. 

2 5 



48. Because the linear array data are only from 1 year, annual WIS 

sediment transport rate estimates are presented in Table 5 along with the mean 

and standard deviation of the gross southward, northward, and net values for 

comparison. The measured southward transport value is within 1 standard devi- 

ation of the annual mean WIS value. The measured northward value is not; 

however, it is well within the range of annual values estimated for the 

20-year interval. 

Table 5 

Annual Sediment Transport Rates 

Using WIS Estimates (m3/year) 

Year 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

Mean 

Standard 
Deviation 

Southward Northward 

1,284,000 - 648,000 

820,000 - 301,000 

866,000 - 853,000 

803,000 -175,000 

1,072,000 - 304,000 

875,000 -409,000 

1,942,000 -400,000 

903,000 - 329,000 

860,000 - 820,000 

713,000 -281,000 

758,000 -430,000 

976,000 - 217,000 

725,000 -171,000 

1,298,000 -290,000 

780,000 -474,000 

835,000 -553,000 

1,371,000 -371,000 

1,076,000 - 301,000 

649,000 -154,000 

1,109,000 - 250,000 

986,000 - 386,000 

305,000 199,000 

Net 

636,000 

519,000 

13,000 

628,000 

768,000 

466,000 

1,542,000 

574,000 

40,000 

432,000 

328,000 

759,000 

554,000 

1,008,000 

306,000 

282,000 

1,000,000 

775,000 

495,000 

859,000 

599,000 

352,000 



49. Despite the differences between the WIS hindcasts and FRF measure- 

ments, for this application the 20-year WIS estimated longshore sediment 

transport rate seems reasonable and may provide better engineering guidance 

than a single-year estimate based on wave measurements. However, the reason 

foe this is that the sediment transport Equation 6 is not particularly sensi- 

tive to wave period. Differences in wave height and wave direction, for which 

the WIS hindcasts and FRF measurements generally agree for all but the lowest 

waves, have a much larger effect on the estimated sediment transport rate. A 

comparison of the effect of each parameter on the estimated transport rate is 

shown below: 

Height Period Direction Depth Frequency of Variable Rate Q 
m sec de g m Occurrence. % Diff.. % m3/vr Diff., % 

The first row was selected at random from the computations used to produce 

Table 4. It should be noted that: 

a. The direction is the direction from shore-normal where smaller - 
values are closer to shore-normal. 

h.  The percent occurrence is related to the proportion of time 
that these conditions were expected to occur during any given 
year. 

c. Variable-difference was determined as the ratio of the value - 
underlined to the value in row 1. 

d. The Q-difference is the computed annual rate divided by the - 
annual rate in the first row. 

e. Values underlined are intended simply to emphasize the variable - 
for which the difference is attributed. 

Clearly wave height and direction have a larger effect on the rate than wave 

period. Wave period does have a 16-percent effect, however, primarily because 

of its importance in refracting and shoaling the wave information into the 

breaking depth. 

50. Comparing the transport rates computed from the WIS estimates with 

the measured data highlights the trade-off the engineer faces. The WIS esti- 

mates provide an advantage insofar as the 20 years of wave information reduce 

the chance that the sample is atypical of the wave climate at a given 



location. However, while the gage measurements may provide more accurate wave 

information, these short-term measurements may not represent the true wave 

climate. For estimating longshore sediment transport rate, it appears that 

the 20 years of height and direction information provide a reasonable esti- 

mate, even though the period values are suspect. It should be noted that this 

is but one example at one site. Other applications may compare more or less 

favorably depending upon the sensitivity of the computations to the various 

wave parameters. 



PART V: SUMMARY 

51. After a description of the Atlantic coast Phase I11 WIS estimates 

and the FRF measurements data, wave period, height, and direction summaries 

were compared. The wave periods did not compare well, whereas the wave 

heights did. Comparison of wave directions was less conclusive; however, net 

longshore sediment transport estimates were very nearly the same. The utility 

of this study is in the belief that a better understanding of the Atlantic 

coast WIS hindcasts will help ensure the appropriate application of the WIS 

wave information. 

52. In an attempt to reconcile differences in the wave period distribu- 

tions, it was shown that the WIS weighted average period is different from the 

peak spectral period determined for the measured data. One disadvantage of 

using a weighted average period is that the period may not be associated with 

any wave train present. A variable transformation from weighted average to 

peak period was unsuccessful in resolving the majority of the differences. 

Other reasons were presented for the differences, suggesting that the problem 

is in the fundamental understanding of wave generation and transformation 

toward shore. 

53. Wave height distributions compared well for values greater than 

1 m. However, there was a difference for wave heights below 0.5 m. The per- 

centage of WIS estimates was approximately twice as large as for the FRF mea- 

surements. Most of the 56 percent of WIS estimated wave heights below 0.5 m 

were directed near shore-parallel. This was in contrast with the linear array 

data, which were predominantly shore-normal because of small-scale coastal 

features that effectively reduced the fetch for shore-parallel winds. 

54. Longshore sediment transport rate estimates were computed to inves- 

tigate the consistency between using the WIS estimates versus the FRF measure- 

ments for engineering applications. Comparing an annual rate based on the 

20-year WIS estimates with the rate estimated from 1 year of FRF measurements 

showed the net values to be very similar, whereas the gross northward and 

southward values differed by as much as a factor of 2. However, when annual 

values were computed for each of the 20 years of WIS hindcasts, the estimated 

gross transport rates based on FRF measured data fell well within the range of 

WIS values. The consistency in the WIS estimates was due in part to the tran- 

sport rate computation being more sensitive to wave height and angle, for 



which WIS estimates and ERE measurements generally agree for all but the low- 

est wave conditions, versus wave period for which the WIS estimates appear to 

be approximately 2 sec low. 

55. It is recommended that the WIS hindcasts be used when long-term 

wave height and direction information is required. Wave period information 

may be misleading. However, as demonstrated for sediment transport rate, 

which is not highly sensitive to wave period, the WIS information appears 

quite useful. Other applications of the WIS hindcasts should include a sensi- 

tivity analysis and checks with measurements if possible. 

5 6 .  It is important to note that the Atlantic coast WIS hindcasts were 

the first in the series of WIS hindcasts that now include all the US coasts. 

At present, the WIS hindcasts use a definition of wave period more consistent 

with the peak spectral wave period. As the understanding of wave generation 

and transformation has advanced, improvements have been incorporated into the 

hindcast model. In addition, considerable emphasis is being placed on compar- 

ison and verification of the WIS hindcasts with measurements. All of the 

Atlantic coast stations were hindcasted using the most up-to-date WIS tech- 

niques. This 1-year, 1988, hindcast was compared on a case-by-case basis with 

offshore and inshore gage measurements from New England to Florida. The re- 

sults, which will be published in 1991, show very good agreement. 

5 7 .  Until long-term directional wave measurements are available for 

shallow-water locations along all of the US coasts, the WIS hindcast results 

remain one of the most valuable resources available to the coastal engineer. 

Where the luxury of both WIS and nearshore wave measurements are available, 

the engineer should use both to take advantage of the statistical stability of 

the 20-year hindcasts and the accuracy of the measurements. 
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