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SYMBOLS

d, - water depth at breaking (ft)}

d_ - maximum water depth of slope segment intersected by stillwater
level

Hb - breaking wave height (ft)

Hi - various deepwater wave heights used for wave runup computations
(£t)

H . =~ minimom wave height of H.
min i
H or H' - deepwater significant wave height, or design wave height
(£t
m = beach slicpe
Ri -~ wave runups corresponding to Hi (ft)
r = roughness coefficient

TS or T - significant wave period, or design wave period (sec)

Lb - wave length at breaking (ft)
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SECTION 1

INTRODUCTION

The coast of the northern Atlantic Ocean is subject to intense wave action
during the hurricane and nbrtheaster storm seasons. High astronomical
tide and storm surge individually are not sufficient to inflict the types
and degrees of damage observed on the coast. However, together these
events combine to raise the stillwater level and allow accompanying waves
to penetrate farther dinland than permitted by normal water levels.
Structures which in the absence Qf waves might experience little or no
damage can be damaged when wave action is superimposed on elevated
stillwater levels. The need exists to devise 3 method to account for this

effect.

This maoual describes a method developed by Stone & Webster Engineering
Corporation (S&W) to determine wave crest elevations due to wave breaking
and wave runup for use in Federal Emergency Management Agency (FEMA)
coastal flood imsurance studies. The scope of work (S&W 1979) calls for
an analysis which will complement the Hational Academv of Sciences (HAS)
wave height analysis method (NAS 1577, FEMA 1581). YNAS's method had been
developed for FEMA to zpalvze wave crest elevations seaward of the
stillwater line. The wave height di%inishes toward the stillwater line
according to the NAS methed. The S&W method determines wave crest
elevations landward of the stillwater lime and to a certain distance

seaward of the stillwater line where it matches the NAS method. This

manual has been prepared under FEMA contract No. H-4092.
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The variation of wave height from initial breaking point to highest runup
along a beach transect cannot be exactly specified. Existing coastal
engineering literature, however, does provide a variety of graphs,
reports, and laboratory and field measurements for breaking and broken
wave crest analysis. The S&W method represents a simple and yet realistic
wave crest profile consistent with existing state-of-the-art technology
to describe wave height wvariation in the surf and runup zone. The
references and bibliography section cites the results of a literature

search initiated as part of the scope of work.



SECTION 2

BASIC CONCEPTS

Figure 2-1, Wave Crest Profile, presents a schematic of the wave crest
envelope along 2 beach profile. The S&W method has been formulated to
determine the maximum wzve rupup point and the wave profile between the runup

point and NAS wave profile.

2.1 MAXIMUM RUNUP POINT

Runup curves (Stoa 1978b) are used in a computer program (Appendix A) to
determine the maximum runup. Runup is a function of beach slope, n,
deepwater wave height Hi’ and ‘wave period, Es; Hi’s are a series of wave
heights ranging from a minimum wave height, Hmin to the sigmificant wave
height, HS for wave runup calculations. Hmia is a small wave height with a

probability of 5 percent or less in a wave spectrum. For example, Hmin is 3

£t for ll-second period waves and 5 ft for lb-second period waves. Ia

general, the maximum wave runup for a given wave specirum is produced by

waves of moderate height and long period (low wave steepness).

The wave runup computer program is operated with an ensemble of deepwater

wave heights, H., a wave period, T_, and the beach profile. The program
- ]

yields corresponding wave runups, Ri, from wnich the maximum wave runup is

ocbtained to define the point of maximum runup.



2.2 WAVE CREST PROFILE

The wave crest profile is constructed as follows. The profile based on
the NAS methodology is drawn first. The NAS wave profile is characterized
e A
by having a wave crest which is@’of its local depth above the
stillwater level for open coastal ”éreas without the presence of
obstructions. A horizontal line parallel to the stillwater level is drawn
from the maximum runup point toward offshore intersecting the NAS profile
at a point that has the same elevation as the maximum runup point. This

horizontal profile and the NAS profile seaward of the point of

intersection constitute the wave crest profile along a beach tramsect.
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SECTION 3

APPLICATION

The S&W methodolegy is applicable to all coastal areas subject to wind
wave activities. The methodology was developed and verified for the
southern Maine coastal areas which have relatively steep slopes. However,
in many areas including some sections of New England coastline, the beach

slopes are mild and the methodology need not be applied.

The calculated runup values on mild slopes are small and the ability of
the runup to do damage 1is minimal. A criterion has been adopted which
states that a runmup value of less than 2 ft is incapable of causic
significant damage. Based on the results of the Maine Flood Imsurance
Study, any slope less than 1 on 30 with a design wave period of 11 seconds
or less, or any slope less-than 1 on 35 with a design wave period of 146
seconds or less, prodﬁcas less than 2 ft of runup. 3Since little damage
sccurs under these conditions, the runup calculatiocn nesd not be applied
when they are met. The slope cited above is defined as a straight line
between two points on the ground profile; cae point is 10 It below a3ad th

ather is 5 £t azbove the stillwater level, The slope criterion is given
M

with the stipulation that the profile seaward of 10 ft below stillwater

defined slope. If this is not the case the 2 ft

level is milder than the ned sl

e

runup slope critericn is not yalid and. the-runup.calculation should be

performed.



SECTION &

METHCDCOLOGY

The wave crest analysis methodology has three components, i.e., data
acquisition, data  reduction/analyses, and wave crest profile

computations.

These three components are described belew in chronological order. An

example application is presented under Section 6.
4.1 DATA ACQUISITICN
4,1.1 Beach Profiles

Beach profiles are required to determine breaking wave height, wave runup,
and A and V zomes. The user should select beach profile locations by
field inspection and inspection of United States Geolagic Survey (USGS)
quadrangle sheets, JNaticnmal Ocean Sﬁrvey {NOS} charts, aerial
photography, a2and Flood Insurance Study work maps. Durding the inspection
of these items, the user should select representative profiles for regions
with similar coastal geomorpholegic forms.

Coastal geomorphologic forms such as barrier beaches, headlands,
tombolos, offshore islands, coves, bays, and bluffs can be identified. In
addition, regiocns can be specified as having beach profiles of similar
shape and slope. The wave crest elevations obtained from the methodology
are sensitive to beach slopes and, as a consequence, care is required o
assure that a represeantative beach profile has been selected for a given
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region. Generally, profile spacing should be less than 1 mile.

After the user has selected beach profiles, a field trip is required to
determine beach characteristics along the profiles. Characteristics such

as sediment type and structure location should be noted.

Beach profiles will change seasonally. Summer beaches generally are mildl,
sloped and have wide berms, while winter beaches generally are steep’,
sloped and have narrow berms. A winter beach profile will have higher

wave crest elevations than a summer beach profile for identical stillwater

level and design wave conditions.

Since most hurriéanes cccur during the summer and most northeasters during
the winter, a selection of two beach profile/design wave pairs might be
needed; one for northeasters and one for hurricanes. In certain regions
of the country, these data pairs are not needed since one storm type
generally dominates, e.g., in New Englaond northeasters predominate, thus
the wave crest methodology requires winter beach profile data; in the
South hurricanes predominate, thus the wave crest methodology reguirss
summer beach profile data; while in the New York region, a mix of
northeasters and hurricanes occurs, thus requiring both winter and summer

beach profiles for the wave crest analysis.

Unfortunately, the profile data are generally limited to NOS charts
seaward of mean low water, which presents beach profile data soundings on

& given chart from numercus hydrographic survays. These surveys might



have been performed at various times over the year. Therefere, it is not
always possible to obtain typical winter/summer profiles. The user is
advised to utilize NOS charts tied in with the FEMA work maps if no other

profile data are available.

The beach profile data should be referenced to National Geodetic Vertical
Datum (NGVD), which is mean sea level of 1929. The profiles should extend
approximately from 40 ft below to 20 ft above stillwater level or to the

highest elevation available.
Possible sources for beach profile data include:

a. National Ocean Survey (NOS) Charts

b. U.S. Geologic Survey (USGS) Quadrangle Sheets

c. FEMA Work Maps

d. Regional Coastal Information Center

e, Others: U.38. Army Coastal Enginsering Research (enter, U.3.
Army QCorps of Eagineers, 3State Offices of Coastal Zone

Management, Local Universities, communities, and surveyors
4.1.2 Stiliwater Level

The stillwater level is made up of astronomical tide and storm surge

components. During the duraticn of a storm, the storm tide will vary as a



function of time. Generally, the storm tide will behave like a normal
tide except that it will have higher high tide and higher low tide

elevations.

The maximum water surface elevation is selected as the stillwater level
for that storm. This selacted stillwater level has an assigned frequency.
The user may determine this level via mathematical model, freguency

analysis, or literature search.

Possible data sources for stillwater level data include:

d e
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a. Federal ;gg;gééééiéggiais%%atﬁﬂn,waﬂéw

b. U.S. Army Corps of Engineers

¢, U.S. Army Coastal Engineering Research Center
d. Natiomal Cceanic and Atmospheric Administration
e. Regional Coastal Information Center

f. State Agencies
$.31.3 Wave Helght and Pergiod
For wave runup calculations, wawve heights and cerresponding wave periods

shall be obtained. The spectrum of waves at a given location is dependent

on the available fetches, bottom topography, and prevailing storm type.



Possible wave data sources include:

a. Environmental Data Service, NOAA
b. National Climatic Center, NOAA

c. U.S. Army Corps of Engineers

d. U.S. Army Coastal Engineering Research Center
e. National Oceanographic Data Center

f. Regional Coastal Information Center
4.2 DATA REDUCTION/ANALYSES

4.2.1 Beach Profile

The beach profile data are plotted referenced to NGVD. Summer and winter
profiles, if available or needed, should be plotted on separate profile
paper. A sample beach profile data tabulation sheet and a beach profile

figure are presented under Secticn 6, Example Problem.

4.2.2 SBtillwater Level

The 100-year stillwater storm tide elevation is used for determiniczg A and
V zones, while the 10-year stillwater elevation is required for numbering
the A and V zones. The user should determine the variation of stillwater

level along the study area. The stillwater levels are plotted with tiae

beach profile,



4.2.3 Wave Height and Period

The range of wave heights which should be used for runup calculatioms in
order to determine the maximum runup is generally between a minimum of
3 ft to the significant wave height, Hs, based on the wave spectrum
information at a given location. The significant wave period, TS, may be
used as the corresponding wave period for all wave heights in the wave

runup calculation.
4.3 WAVE CREST PROFILE COMPUTATIONS
4.3.1 Beach Profiles

The beach profile is generated _by plotting ground elevations versus
horizontal distances. Beach slopes must be calculated between ground
elevation points and a roughngss cecefficient must be supplied. Typical
roughness coefficients are given on Table 4-1. A roughness coefficient of

1 is suggested when oo direct beach observations are available.

In addition, for =ach slope segment the user should compute 2 breaker
height, Hb’ for each wave height, Hi’ and wave period, Ts. Figure 7-3 in
the Shore Protection Manual should be used to compute Hb and is reproduced

in Section 6 as Figure 6«4. This informatiom is to be used for runup

calculations.



Slope Surface
Characteristics

TABLE 4-1

ROUGHNESS CCEFFICIENTS
(SPM after Battjes 1974)

Smocth
Impermeable

Concrete
Blocks

Basalt
Blocks

Gobi
Blocks

Grass

One Layer Quarrystone

Placement

Fitted

Fitted

Fitted

Random

(Impermeable Foundation)

Quarrystone

Rounded
Quarrystong

Three Lavers of Quarry-
stone (Impermeazble

Foundaticen)

Quarrystone

Concrete Armor Units
{50% Void Ratio)

Fitted

Random

Random

Random

Random

Roughness Coef.
r

0.90
0.85-0.90

0.85-0.50
0.85-0.90

0.80
0.75-0.89
0.60-0.65

0.60-0.65

£.50-0.53




4.3.2 Wave Crest Elevations

The maximum runup point is obtained from operating the wave runup computer
program. The program incorporates laboratory runup data {Stoa 1978b) and uses
the composite beach slope method developed by Saville (1958). An ensemble of
deepwater wave heights, Hi and wave period, Ts, is used as input to the
program. The wave runup program calculates an array of wave runups, Ri,
corresponding to the input wave characteristics Hi’ and Ts. The user selects
the maximum computed runup from the vglues Ri and defines the maximum runup
point, Rmax'
A detailed description of the program and operating instructions are presented
in Appendix A - Wave Runup Program.

in addition, the Rma will require correction if a beach berm is present along

X

the profile. The correcticn is given by:

3/4

R s
corrected ., | Berm width.
= 1 o (BEIE WA

e i

L J
Rmax Lb
4

whers Lb (wave length at breaking) can be obtained from Table 4~21, Wave Length

at Breaker Depth, via log/log interpolation-{Dean 1974).



TABLE 4-2

WAVE LENGTH AT BREAKER DEPTH

/T, L/,

Notes:
0.02 0.422461 Lb - wave length at breaking
0.05 0.627344 L - deepwater wave,
length = 5.12 T
0.10 0.824424 . db - breaker depth

Refer to the references of NAS 1977 and FEMA 1981 for the delineation of the

NAS wave crest profile.
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SECTICN 5

SPECIAL SITUATIONS

The method described above has limitations for certain beach and structural

sections.

Special attention is needed when the following situations are

encountered:

Convex Profile Runup Oscillation - For a convex beach profile, the
runup computed by the composite slope method will oscillate between
two runup values. When this occurs, the runup program prints the
two runup values from the last twe iterations. [Eagineering
judgement should be exercised to select a reasonable value between

thege two runups.

Wav% Overtops Profile - If the runup wvalue overtops the profile,
consult Shore Praﬁection Manual and Coastal Eagineering Technical
Aid (CETA) 77-7 for methodology to estimate overtopping flow rate.
A special problem report should be issued indicatiﬁg the site-

specific methodology to estimate overtop flooding.

Stillwater Level Intersects Vertical Sea Wall - User should consult
Shore Protectionm Manual and CERC TP-78-2 for aoalysis of vertical
runup. If this analysis shows that overtopping occurs, the user
should use CETA 77-7, cited above, for determining overtopping flow
rate and issue a Special Problem Report indicating the site-specific

methodology used to estimate overtop floocding.
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SECTION 6

EXAMPLE PROBLEM

The problem presents a wave crest analysis for a transect located in 01d

Orchard Beach for the coastal flood insurance study in Maine.
6.1 DATA ACQUISITION
6.1.1 Beach Profiles

The NOS Chart and Flood Insurance Work Maps needed for this apalysis were
obtained. Figures 6-1 and 6-2 present segments of these maps and charts. The
transect of interest (Tramsect 71) is marked on both maps. Notice that the
Maine State Coordinate Grid System is drawn on both figures. This is to
ensure the transect 1is accuratel? presented on the twe figures. The tranpsect

elevation data are presented on Table 6-1, Profile Data.
6.1.2 Stillwater Level

Storm tide elevations (stillwater lavels) for the 10-, 5C-, 100-, and 500-yeax
events were determined for nine c¢oastal communities in York County, Maine.
The major tasks included the siﬁulatioh of wind and pressure fields of
northeasters and hurricanes, the determination of c¢oastal storm surge and

storm tide elevations, and the statistical analysis of storm tide elevations

(S&W 1978a).
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TABLE 6-1

PROFILE DATA
(TRANSECT 71, MAINE FLOOD INSURANCE STUDY)

Elevation (ft) Distance (ft) Roughness Profile
relative to from waterline Slope Coefficient Section
MLW NGVD MHW NGVD m r Number
-18 -22.3 2460 -2420
.005 1.0 1
-12 -16.3 1170 -1130
.011 1.0 2
-6 -10.3 630 -590‘
.014 1.0 3
(MLW) © -4.3 210 -170
.025 1.0 4
(NGVD) 4.3 0. 38 0
(MHW) 9.0 + 4.7 0 .125 1.0 5
+ 5. 2 40
L0863 1.9 H
+ 10 82 120
.028 1.0 7
+ 15. 262 360
CNGVD - MLW = 4.3 ft. Mean Tide‘Range =.9.0 ft.

MW - NGVD = 4.7 ft.
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TABLE 6-2

COASTAL FLOOD LEVELS MEASURED FROM NGVD
IN THE STUDY AREA
(S&W, 1978a)

Coastal Flood Stillwater Level Measured from NGVD at
Given Return Intervals (in feet)

Location 10-Year 50-Year 100-Year 560-Year
Portland 8.51 g.15 9.41 10.01
Cape Elizabeth 8.28 8.93 9.19 9.7%
01d Orchard Beach 8.21 8.83 9.09 9.67
Sacco
Biddeford 8.09 8.73 8.99 9.59
Kennebunkport
Keonebunk 8.22 8.82 9.07 9.63
Wells 7.98 8.36 : 8.79 9.31
Ogunquit 7.95 _ 8.52 - 8.75 9.27
York 7.85 .42 8.65 9.17
Kittery
Portsmouth 7.86 &.45 3.68 .21
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The 100-year and 10-year elevations for Transect 71, which is located in the
town of O0ld Orchard Beach, are, respectively, 9.1 ft and 8.2 ft (see

Table 6-2).

6.1.3 Wave Height and Period

The significant wave height and period in this study area are determined to be
30 ft and 14 seconds, respectively. See Appendix B for details of significant
wave height and period determipations. The range of wave heights, Hi’ to be
used for wave runup calculation is, therefore, from 5 to 30 ft. The
associated wave perioed is 14 seconds for all wave heights.

6.2 DATA REDUCTICN/ANALYSIS

§.2.1 Beach Profile

Figure 6-3 prasents the beach profile data plotted on section paper.

The 16C-year and 10-year stillwater levels are indicated on Figure 6-3.

f=4



6.3 WAVE CREST PROFILE COMPUTATIONS
6.3.1 Maximum Runup Point
Maximum runup values are obtained from the Wave Runup Computer Program.

Wave runups values are computed for each of the deepwater {(umbroken)} wave
heights of 5, 7, 9, 11, and 13 ft with 14 second wave period for both 10- and
100~ year storm tide levels. TFor the 10-year level a maximum runup value of
3.9 ft resulted from a deepwater wave height of 5 ft. The maximum runup of
3.7 ft for the 100-vear level resulted from a 7 ft deepwater wave height.
When added to the stillwater levels these runup values yield 12.1 ft and
12.8 f+ NGVD runup elevations respectively for the 10- and 100-year storm

levels.

The following breaker heights for those profile sections under the stillwater
level and five deepwater wave heights are used as input to the Wave Runup

Computer Program (see A.5.2, Appendix A).



Profile Breaker Height, Hb

Section for T = 14 seconds

No. m Ho(ft): 5 7 9 11 13
L .005 7.2 9.7 11.3 13.4 i5.1
2 011 8.0 10.5 12.5 14.7 16.6
3 .014 8.3 10.8 12.8 15.0 17.0
4 .025 8.9 11.5% 13.7 16.0 18.0
3 <125 10.8 13.8 16.4 19.0 21.3
6 .063 10.0 12.8 15.2 i17.9 20.0

# HG/gTz = 7/(32.2 x 196) = 0.0011. From Figure 6-4, Hb/ﬁo = 1,64 is obtained.

Hence, Hb

= 1,66 x 7 = 11.5



6.3.2 Wave Crest Profile

The NAS profile having a wave crest above the stillwater level of Q.33 of its
local depth is calculated and plotted on the tramsect (Figure 6-3). The NAS
wave crest profile approaches the stillwater level at the point where the
stillwater intersects the ground profile. A horizontal line parallel to the
stillwater level is drawn from the maximum runup peint, 12.8 ft NGVD for the
100-year flood and 12;1 ft NGVD for the 10~year flood, toward offshore
intersecting the NAS profile. The combination of the horizontal line and the
NAS profile offshore beyond the point of intersection conmstitutes the final

wave crest profile,

A and V zone determinations are made. The transect has been drawn previously

on the work maps; and A and V zomes are then transferred from the figures to

the work map.
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SECTION 7

VERIFICATION

The wave crest profile, as determined by the method outlined in this report,

has been verified with laboratory observations and actual wave damage

information.
7.1 LARBORATORY AND FIELD CBSERVATIONS

Deepwater waves are formed offshore of coastal areas due to storm activities.
These storm waves have a significant wave height, HS, and period, TS, which

represent the spectrum of wave heights and periods generated by the storm.

As the significant wave propagates toward éhore, shoaling and refraction
occur., Eventually it reaches a depth of water wﬁere it breaks. At this
depth, db, the original wave height, Hs, i3 transformed into z breaker height,
Hb’ with 90 percent of the wave height above the stillwater level (U.S3. CERC
Shore Protection Manual, 1977). The breaking wave travels up to a distance
without reducing its crest elevation and then decays to a residual wave height
aezy the shore in a manner which can best be described by laboratory test
results. The residual wave height near the shore is defined from laboratory
work (Horikawa and Kuo, 1966, Nakamura et al, 1964, and Van Dorn, 1978) as
occurring at a water depth of §.3 db with a wave crest elevation of 0.25 Hb

above the stillwater level.



The wave crest profile based on the above scenaries connecting the maximum
wave runup point is compared with the S&W profile for the sample problem
transect. As shown in Figure 7-~1, the two 100-year wave profiles are in good

agreement.
7.2 HISTORICAL DAMAGE INFORMATION

More than twenty (20) transects were taken across the reported damage arsas
for wverification purposes. Most of the damage which occurred during the
February 1978 storm in southern Maine coastal areas was above the storm tide
stillwater level. The wave damaged areas are identified on the predicted
100~year wave envelope as shown in Figure 7-2 which is typical of the damaged
transects. As can be seen from the figure the maximum wave runup points are

above the reported damage locations.

7-2
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APPENDIX A: WAVE RUNUP PROGRAM USER'S MANUAL

A.l Program Summary
A.2 Computer Requirements
A.3 Functionai Description
A.3.1 Technical Algorithm
A.3.2 Block Diagram
4.3.3 Program Description
A4 Operating Instructions
A.4.1 Program Input
A.L,2 Program Output
A.4.2 Error Messages
A.L.4 Sample IBM Job Control Language
A.5 Sample Problem
A.5.1 Problem Description ’
A.5.2 Sample Input
A.5.3 Sample CQutput
A6 Program Listing
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APPENDIX A

Wave Runup Program

Program Summary

Purpose:

Scope:

Input:

To calculate the wave runup on both single and composite

slopes.

The program takes input values of the beach profile and wave
characteristics to compute wave runup above the stillwater
level., The computer program's data base is a discretization
of Stoa's (1978b) runup curves which are derived from
laboratory experiments. The program uses a single .slope
technigue for waves that do not runup past the first slope
landward of the stillwater level. The principle of Saville's
(1938) Composite Slope Method is used for waves that do runup
past the first landward slope. In additionm, the program
adjusts the computed runup for laboratory model to prototype
scale differences and for roughness along the prefile

surface.

pd

Profile points that define the shape of the beach or

structure

2. Roughness correction factors for each slope section

between profile points



Qutput:

3.

4,

'a\

Stillwater level

Deepwater wave height

Wave period

A breaking wave height for each slope secticn below the

stillwater level
Wave and water level input parameters
Cotangent of each slope section

Slope sequence number that identifies which

section ths wave breaks on

Slope sequence number that identifies which

section the runup limit reaches

The runup above the stillwater level

A-2
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A.2 Computer Requirements

The wave runup program was developed on an IBM 370/3033, in the
FORTRAN IV programming language. The IBM FORTRAN H-EXTENDED compiler

was selected for the program development and for production runs.

Compilation requires approximately 3 seconds of computer time.
Computer execution time requires approximately 0.2 seconds for one
profile, but varies according to the number of wave conditions input
and the number of iterations required for convergence. Core

requirements are in the 250-300K range.



A.3 Functiecnal Description

A.3.1

Technical Algorithm

Wave runup on a composite slope is determined by using laboratory
derived curves for single slopes. The method is one of successive
approximations, involving the replacement of the actual composite
profile with a hypothetical single slope extending from the wave
breaking point to the previocusly estimated runup value. A final
runup is found when two successive iterations yield the same runup

value.

The program input parameters are discretized (depth and length)
points describing the profile, the deepwater wave height and
period, and the roughnéss factor and breaking wave height for each
slope section. fhe breaking wave height, H, , is found by entering
Figure 7-3 in the Shore Protection Manual {(1977) with beach slope
and deepwater wave steepness. The first task performed by the

computer program is to find the depth, db’ at which the incoming

wave breaks. The focllowing iterative procedure determines éb:

1. Start at the most seaward slope section on the composite
profile.

2. Calculate the breaking depth from the following Shore

Protecticn Manual (1977) equations {(2-91, 2-82, 2-G63);



4 = L (A-1)

® b - (a H/eT?)
where, a = 43,75 (1_e~19m)’ (a-2)
(1 + e-lQ.Sm)

m is the slope for the given slope secticn and T is the wave

period.

3. Check to see if the computed breaking depth, db’ can
physically exist on the current slope section given the
stillwater depth azbove the section. If the computed db
is not large enough, consider the next slope section

landward and repeat step 2.

The proper breaking depth is found when it can exist in the water
over the given slope section. If the breaking depth for a slope
section i1s deeper than any point on the slope section, then the
wave is assumed to break at the point between the current slope

section and the section immediately scaward.

Once the breaking depth is found, an iterative algorithm to find
the runup, R, is started. The ratio of structure depth to deep-
water wave height, dS/HO’, and the slope of the profile section
immediately seaward of ds (slope section 3 in Figure A-1) are the
parameters used to determine which family of curves is used and
Ho'/Ta is computed to determine which curves within that family

are used. A family of curves is defined as being cne of Stoa’s



(1978b) runup charts. One family is unique from other families of

H

curves because of the structure approach slope and the ds/}lO

ratio.

G FT.

DCINT]}

BREBKING PCINT

»

Once the correct curves are found, the slope of the profile section whers

the water level intersects {slope section 4 in Figure A-1} is entered into

" curve values. Interpolations

the curves to find the surrounding R/HO
between the curves vyields a specific R/HO’ value. Multiply this ratic by
Hg‘ to find the runup, R, 2bove the stillwater line. If R does not exceed

the slope section that the water level intersects (slope section 4}, then

(REFERENCE



this computed runup is taken as the final answer. If the runup does exceed

slope section 4, then the program enters the composite slope algorithm. In

the composite slope method, the parameter dS/Ho’ is replaced by db/HO’

(Saville,

1958). The ranges for both db/Ho' and dS/HO’ that indicate which

family of curves to use are in Table A-1. Families of curves 1-7 are in

order, Figures 8, 9, 10, 11, 2, 3, and 4 from Stoa (1978b).

TABLE A-1
Family of Curves Approach Slope (éota) Range of dnigo’ or dbigoi

1 ANY 0 £d/Ho' £ .8

2 ANY 0.8 <d/Ho" £ 1.3

3 ANY 1.3 <d/Ho' = 2.5

4 €3¢ 2.5 < d/Ho'

) >30 2.5 < d/Ho' = 4.0

6 =30 4.0 < d/Ho' = 6.5

7 >30 6.5 < d/Ho'

The program procedure from the second iteration cn is as fellows:

Determine which family of curves will be entered based on the
db/Ho‘ ratio and the slope directly seaward of the breaking point

{siope section 2 in Figure A-1).

Determine which curves will be utilized according to the HO’/’E2

-~

ratio.

Compute the cotangent o¢f the hypethetical slope which 1is a
straight line from the breaking point to the runup limit computed
in the last iteration. The bypothetical slope is shown in

Figure A-1.

A-7



4. Enter the curve found in Step 2 with the slope found in Step 3 to

determine the relative runup values of R/HO

5. Interpolate between curves to find the unique RfHO' for computed

Ho’/T2 and hypothetical slope.

- T '
6. The runup R = Ho R/Ho

7. Correct for surface roughness on the slopes above the stillwater
line.
8. 1f the roughness correction factor is 1.00, then the runup must be

corrected for scale-effect between medel and prototype. The scale

effect factor, X, is a function of the hvpothetical slope.
9. If the «calculated runup minws the runup £from the previcus
iteration is greater than 0.1 ft., then return to Step 3 with the

newly <calculated runup. Otherwise the iterative process is

finishad.

A 3.2 Bloeck Diagram

A summary illustration of the program’s major steps is presented in 2

block diagram on the next page.
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A.3.3 Program Description

The wave runup program consists of a main program that controls
the activities of eight task orientated subroutines. The
components of the program are described in a logical segquence

below.

-

MAIN - The mainline controls the program activities. It first calls
subroutine INPUT to read in the profile information. Upon
returning from INPUT, MAIN reads the first set of wave and still-
water level parameters and adjusts the profile elevations so that
the zero line is at the stillwater 1line. Then MAIN calls
subroutine RUN to compute the . runup. When the runup 1is
calculated, MAIN oprints it out along with the wave .ipput
information. MAIN théh begins again by reading a new set of
waves. As many wave and water level conditions as needed can be
executed for a given profile. When all the waves for one profile
have been executed, the next profile is read and its associated

waves are used Lo compute runup values. The program stops when it

i

P

runs out of wave parameter cards at the end of the last profile.
Several profiles may be executed in one rin provided sufficient

computation time is allocated in the job control language.

INPUT - Subroutine INPUT reads the discretized profile information which
consists of depth, length, and roughness values. A maximum of
fifteen profile points can be read into the program. The profile

is read starting at the most ¢ award poi:t and proceeds landward.
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BLOCK

DATA

The cotangent of each slope section between profile points 1is
computed. A last landward slope extending inland from the most
landward point is also read in as a safety factor so that a
computed runup will not overtop the profile causing numerical
mistakes. Before retﬁrning to the MAIN program, subroutine INPUT

prints out the profile points, roughness factors, and slopes.

Subroutine BLOCK DATA contains the data which has been discretized
from Stoa's {(1978b} runup charts. The data base is contained in

two common blocks; SY and SZ.

Common/SY/ contains three one~dimensional arrays consisting of
table entry wvalues, The runup charts require that three
variables, cotangent of the slope, Ho'/T? and d/Ho', must be known
in order to find a particular R/Ho' value. The three arrays PDE,
PDB1, and PCH in SY store the table values for the thres

variables:; sliope, Ho'/T? and d/Ho'.

Commen/S8Z/ contains a seriss of one-dimensional arrays that
contain the R/Ho' wvalues for all seven of Stoa's (1978b) runup
charts used in the program. ‘Th& data in this common biock is
accessed from subroutine RUN by using a three-dimensional array,
DB{PDB, PDB1, PCH). Each 1-D arrav is titled with a D followed by
a three-digit number. The first digit represents the family of
curves and the second two digits indicate the curve number within

the family in ascending order of HG'ETE. For example, D211 is the



RUN -

eleventh curve in the second family of curves. A " - 999" in the

chart indicates no data is available for that particular slope.

Subroutine RUN calculates the runup of a wave on a given profile
based upon the wave characteristics and the profile coafiguration.
The parameters needed for the runup computations are described

below.

The breaking depth, DC, is computed based on Weggel's (1972} wave
breaking analysis. The distance from the breaking point to the
origin (0.0 ft.) is also found. This distance, called DLE, is
found by a linear interpolation using the two endpoints of the

slope that contain the wave breaking point.
Wave steepness (HOT2) is computed by;

HCT2 = HO/T*T

The walue of ﬁﬁfﬁef ig sorted agsinst bounds contained in PCH from
which the applicable family of curves is chosen. The distance
from the reference peint to the runup limit, DSL, is calculated
and is used along with variables DLE, DC, and R to compute the
hypothetical slope, DCS. [Using the computed hypothetical slope,
the slope table, PDB, is entered to come out with pointers into
the R!HO' table, DB. Four pointers‘ are found for each <case

because there are twe table wvalues of slope surrounding the

hypothetical slope and two HO’/?E table wvalues surrounding the
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computed HO’/TZ for each slope value. In effect, a parallelogram
surrounds the sought after R/HO' value as shown in Figure A-2. In
order to find R/HO' a log-log interpolation is done between
points 1 and 2 to get point 5 and between points 3 and 4 to get
point 6. A third interpolation between points 5 and 6 gives the’

R/H ' answer.
o

R/Ho.
(ANSYWER)

-

COMPUTED

i+l
COMPUTED

2 R

&

oG (8LOF

Figure A-2. R/HO’ vs Slope

At times the hypothetical slope is beyond the range cof the curve,
in which case a log-log extrapolation finds R/Ho'. Referring to
Figure A-3, an extrapolation is performed {from the last known

point and the third point before the last known point. For
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.LOG(R/H&)_

example, points 1 and 2 are extrapolated out to point 3 and

points &4 and 5 are extrapolated to point 6.

DCs BCs DCS COMBUTED

LCG (DCs)

Figure A-3. Extrapolation Example
A final interpolation between peints 3 and 6 finds the answer.
Once an R/Ho' wvalue is calculated, it is multipiied by Ho' to find

the runup, R. Subroutine RRUFF 1is then called to calculate a

o

roughness correction that is multiplied by R. If the slepe is

i

o

H

smooth, i.e., the roughness correction factor 1.0, then the
runup, R, is multiplied by a model to prototype scale corrsction

factor. The scale effect is a function of the hypothetical slope

and varies from 1.00C to 1.140 (Stoa, 1978b}.

If after the first iteration the runup does not overtcp the first
slope, then the final runup has been fcund, If the first slope is

overtopped, run uses the composite slope methc' and iterates until



LOCK -

RINT -

LOGLOG -

LOGLIN ~

an R is converged on. If after ten iterations the computed runup
has not converged, an error flag is tripped and an error message

alerting the user to the problem is printed.

Subroutine LOOK is a general purpose subroutine designed to locate
an input variable between two elements of a table of elements.
Input to the subroutine consists of a table of walues ia an array,
the number of elements in the array, and the value to be placed in
the table. The output consists of a pointer to the table values
above and below the input value. A flag is provided that signals

when the input value is out of the range of the table.

Subroutine RINT executes a linear interpolaticn given two known
values and a third independeat value. RINT is used to find the
horizental distance from the reference point to the breaking point

and from the reference point to the runup limit.

Subroutine LOGLOG performs a log~lcg interpolaticn given twe known

r-«:

values and & third independent value. LOGLOG is used o

interpolations on the RfHO’ vs. DCS charts.

-

Subroutine LOGLIN executes a log-linear interpolatioen for cases

where the functional relationship has a logarithmic abscissa and a

linear ordinate. LOGLIN is used for interpolations on the scale

effect factor vs. slope chart.
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RRUFF -

Each slope section on the profile has a corresponding roughness
factor. Subroutine RRUFF computes a weighted average of these
roughness factors based on slope section length. The weighted
average is evaluated from the stillwater line up to the estimated
runup limit only. When the profile data points are ingput to the

program, a roughness factor is also input with the data points.
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A.4 Operating Instructions

A1

Program Input

There are several input «cards, the first two containing
information about the client, engineer, and project followed by a
card containing the Last Slope, and cards centaining the Profile,

Water Levels, and Wave Parameters as follows:

Name Card (A Format)
Col. 1-2 blank
Col. 3-28 contain client’s npame
Col. 29-80 blank
Col. 61-70 contain engineer’é name

Col. 71-80 job number

Job Description Card (A Format)
Cel. 1-2 blank
Col. 3-76 describe the project or identify the run

Col. 77-80 contain the run number

Note: The Name Card and the Job Description Card must appear

before each profile.
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Last Slope Card
Col. 1-4 contain the slope {cotangent)} of the precfile

landward of the most landward point read inte

the program. (F4.1)
Profile Cards {not more than 15)
Each card contains one point of the beach profile and

one slope section roughness factor. The profile points

must appear 1in . consecutive order from seaward to

landward.

Col. 1 £flag IC. Thg last point on the profile
{most landward) is indicated by a 1. (I1)
If not the last point leave blank.

Col. 2 blank

Col. 3-7 depth with respect te a vertical datum
(usually NGVD) in feet. (F3.1)

Col. & blank

Col, 9-13  horizontal distance from the 0.0 point of
the vertical datum to the point of interest
in feet, positive for distance landward and

negative for distancs seaward. (F5.0)

*The reference point is usually taken as the most landward point on the
profile but it may be zany peint on the profile.

A-18



Col. 15-19 The roughness factor on the first profile

card is the roughness for the slope between
the first two sets of profile points. The
roughness factor on the second card is the
roughness for the slope section between the
second and third sets of profile points read
into the program. The same logic continues
to the last profile card which contains the
'
roughness for the most landward sleope sec-

tion which was read on the Last Slope

card. (F5.3)

Water Level and Wave Parameter Cards

There may be as many waves run as desired.

Col. 1
Cal, 2-5
Col. 7

The last parameter card for a given profile is
indicated by a 1. This flag notifies the
program that another profile 1s fLollowing.
Therefore, Col. 1 of the last parameter card
of the last profile iz left blank (I1).

stillwater level above vertical datum or NGVD,

in feet. (F5.2)

blank
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A.4.2

Col. 8-12 Deepwater wave height in feet. (¥5.2)

Col. 13 blank

Col. 14-18 wave period in seconds. (F5.2)

In columns 20-24, 26-30, 32-36, 38-42, 44-48, 50-54, 56-60,
62-66, 68-72, and 74-78 a vélue of breaker height is entered
for each slope section (¥5.2). Breaker heights are entered
starting at the most ssaward slope section and proceeding
landward. A maximum of ten breaker heights may be input for
each deepwater wave. fhexefore, only ten slope sections may

be below the stillwater level on one profile.

Program Qutput

Qutput from the program cousists of a printout of the profile, the
input wave parameters and runup information. The profile is
listed as a set of profile points, cotangents of the slope

sections, and the roughness factors for the slopes. The wave

he stillwater level, the deepwater wave

P

parameters printed are U

L

height and the associated period. The runup output lists the
sequence number of the slope secticn on which the incoming wave
breaks, the sequence number o; the slope section that the runup
limit reaches and the value of runup itself. The sequence number
of the slope sections as shown in Figure A-1, starts as 1 at the
most seaward slope section and is increased by 1 working landward.

The above output is repeated for each profile ipput to the

program.
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A.4.3

AL

Error Messages

There are four error messages that alert the user to the most

common problems encountered in the program.

SOLUTION DOES NOT CONVERGE - After ten iterations the generated

runup and the previously generated runup differ by more than
0.1 ft. The two runups are printed aleong with the error message.
The program is usually oscillating between these two runups when

the solutien does not converge.

DATA EXCEEDED TABLE - An entrv into subroutine LOOK is not within

the bounds of the table in which the value is to be placed.

-

NEGATIVE RUN PARAMETER, PROGRAM STOPS - An  input value of deep

water wave height or wave period is negative or zero.

MORE THAN 15 POINTS IN PROFILE PROGRAM STCOPS -« The  program can

handls & maximum of fifteen discrete profile peints only. The

program terminates if more than 15 points are input.

-

Sample IBM Job Control Language
1 (Job Card)

1 // MSGLEVEL=(1,1}, MSGCLASS=4

1 /*JOBPARM R=300K, T=1, MATL=YES
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//ENO57 EXEC PGM=MODS,REGION=100K, TIME=(,10)
//STEPLIB DD DSN=S0952MW.WAVE.LOAD, DISP=(SHR,KEEP}
//FT06F001 DD SYOUT=+

//SYSUDUMP DD DUMMY

//FTOSFOC1 BD =+
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A5

A.5.1

A5.2

Sample Problem
Problem Description

The sample case illustrates the input data format and the output
results. The profile used in the sample case comes from a
transect measured at Old Orchard Beach, Maine (Figure 6-1, Main
Text). This is a typical profile configuration for a natural sand
beach on an open coastline. The elevations on the prefile are
referenced to NGVD. The stillwater level represents the level
computed for the 100~yr storm surge level. The wave period is the
significant period for the 100-yr storm. Several wave heights
ranging from 5 to 13 ft. are tried to determine which wave yields

the highest runup (see Sec. 6.3, Main Text).

Sample Input

The printout below, generated by Stone & Webster's Input Data

4

)

Traceback subroutine, :illustrates the input data format for the

o

sample case.
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A.5.3 Sample Output

The sample problem output as it appears in the computer printout

is shown on the next two pages.
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A.6 Program Listing

The FORTRAN source listing of the Wave Runup Program is presented

on the following pages.
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APPENDIX B

DETERMINATION OF SIGNIFICANT WAVE HEIGHT AND PERIOD

In the absence of a particular synthetic storm to be used to generate 100-

year wave conditions, a reasonable choice of wind parameters needs to be

made and a corresponding sea state computed.

If the 1i00-year elevation can be linked to a particular storm
{e.g., February 1978), then an appropriate set of wind data
exists for modeling the ses state. Given wind speed, duration,
and fetch, the significant wave parameters (height, period) can
be computed. These waves will not be the most extreme which may
be experienced but they will be waves which the coast will be
subject to over the duration of the storm and represent the

average state of the highest waves generated.

state” will be considered appropriate for computing wave runup.

Wave information can be obtained in s number of ways:

i. Specific Storm _Reports (e.g., "The Blizzard of
1978" - Its Effects on the Ccastal Envirooments of
Southeastern New England - Conference, Boston State

College, Bosten, Massachusetts, 1978).



ii. Wave data recorded at Coast Guard stations and

available from the National Weather Service.

iii. Geperation of wave characteristics using actual or
synthesized wind data aamd the techniques commonly
adopted for wave prediction, e.g., Sverdrup~Munk-

Bretschneider (SMB) as set forth in Shore Protection

Manual.

b. If the 100-year stillgater elevation cannot be related in
approximate fashion to a specific storm, then, possibly, some
general historical perspective can be gained by a knowledge of
the <characteristics of the historical storms which have
impacted the area of interest. Using this knowledge, a
synthetic storm could be pieced together which could

subsequently be used to generate a wave field.

c. The pertinent wind parameters can be indepeadently adjusted to
procuce z given surge, However, this surge must be coupled with
an astromomical tide to result in a total stillwater elevation
equal to the 100-year elevatiocn. |

Approach (2) is the most desirable, followed by Approach (b). Thers are
obvious difficulties with Approach (c¢) as the relative magnitude of the
components of the 100-year elevation (surge, astronomical tide) is not

known nor is it unique, i.e., numerous ccmbinations are possible.

B-2



In this sample problem, Approach (a) was used to estimate the design
deepwater wave parameters, Two gaging stations at Portsmouth and Portland

represent the southern and northern limits of the study area.

Statistical analysis of tidal records for Portsmouth, New Hampshire,
yields a 100-year elevation of 8.7 ft. The February 6-7, 1978,
nertheaster produced an elevation of 8.7 ft. At Portland,_ﬂaine, the
corresponding numbers are 9.4 ft and 9.6 ft, respectively. This
demonstrates that the February 1978 storm has the characteristics of the

100~-year flood producing storm.

Wind data are readily available for the Boston area. Because of the size
of the- storm, these data are assumedl valid for the southern Maine
coastline as well. Wave hindcasting was done using the recently pub;ished
Coastal KEngineering Techniéai Notes (U.S. Coastal Engineering Research

Center, March, 1981).

Since the scuthern Maine area has a large open ocean to the ezst, it is the

magnitude, i.e., physical dimessions of the storm, which will determine

the effective fetch,

The significant wave period and height predicted for the study area wers

13.8 sec and 30 ft, respectively.



As collaboration for this computation the National Weather Service
reperted that during the February 1978 storm sess in open waters were 20-
30 ft high. Referring to the wave forecasting charts, these wave heights
yield a corresponding significant wave period from 12 to 14 sec. In

addition, & 26~foot wave was reported at a drill rig near Hampton Harbor.

For the area under consideration, no distinction is made between the 10-
vear and 100-year wave conditions. This is because comparable storms
producing comparable surge and wave magnitudes may not produce comparable
stillwater elevations due to a’ difference in the astronomical tide
component. Furthermore, the difference between the 10-year and 100-year

stillwater elevaticns is small (= 1 ft).

In summary, the above computation and observations suggests a reasonable

H =30 ft and T = 14 sec.
s s
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