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—> This report provides a simplified calculation procedure for nearshore

wvave height changes considering the energy dissipated by rough turbulemt flow
over s strongly agitated ded of quartz sand. All elementary wave relatiom-
ships are from linear monochromatic wave theory, but one effect of including
dissipation is that calculated height changes depend on the sbsolute wave
height. The general effect of appreciable energy loss is to aske field wave
height relatively constant outside the breaker zone. Example computations
and a calculator prograa are provtclotl."r"\.L
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PREFACE

This report provides a calculation procedure for nearshore shoaling of _
energetic waves outside the breaker zome, including the appreciable effects of
energy dissipation over a strongly agitated sand bed. The work reported was
conducted under the U.S. Army Coastal Engineering Research Center’'s (CERC)
Mumerical Modeling of Shoreline Response to Coastal Structures work umit, Shore
Protection and Restoration Research Program, Coastal Engineering Area of Civil
Works Research and Development.

The present treatment replaces guidance previously provided in CERC Fisld
Guidance Letter No. 79-04 and CERC Technical Paper No. 80-8 (Crosskopf, 1980).
Those publications incorrectly recommend the use of friction coefficients for
inert beds in computing nearshore wave shoaling.

The report was written by Dr. Robert J. Hallermeier, Oceanographer, under
. the general supervision of Mr. R.P. Savage, Chief, Research Division, CERC.

Technical Director of CERC was Dr. Robert W. Whalinm, P.E.

Comments on this publication are invited.
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Approved or publication in accordance with Public Law 166, 79th Congress,
approved 31 July 1945, as supplemented by Public Law 172, 88th Congress,
approved 7 November 1963.
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report cen be comverted to
setric (SI) units as follows:

L
Multiply by To obtain
inches 25.4 aillimeters
. ) 2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters
L feet 30.48 centimeters
oo . : 0.3048 meters
. square feet 0.0929 square meters
Ty cubic feet 0.0283 cubic meters
;oo
; yards 0.9144 meters
, ¢ square yards 0.836 square meters
J ’ cubic yards 0.7646 cubic meters
mniles 1.6093 kilometers
square miles 259.0 hectares
knots 1.852 kilometers per hour
acres 0.4047 hectares
foot-pounds 1.3558 newton meters
aillibars 1.0197 x 10-3 kilograms per square centimeter
ounces 28.35 grame
pounds 453.6 grame
0.4536 kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 setric tons
degrees (angle) 0.01745 radians
Fahrenheit degrees 5/9 Celsius degrees or Kelvins!

L~~~ "~~~ ")

' 170 obtein Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).
To obtgin Kelvin (K) readings, use formula:

K = (5/9) (F ~32) + 273.15.
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wave celerity

median send grain diameter

mean water depth

maxinum water depth for sand ded agitation by waves
average energy dissipation rate

energy dissipation coefficient for rough turbulent flow over
strongly agitated sand bed

acceleration due to gravity

wave height

equivalent wave height in deep water ignoring refraction
shoaling coefficient in linear wave theory
wavelength

wavelength in deep water

ratio of group velocity to wave celerity
average wave energy flux

wave period

wave propagation distance

horizontal amplitude of near-bed fluid orbit
fluid density

AMdditional subscripts

3

n
1

+/~

value at location where wave condition is to be predicted
value at geometric mean water depth for region of interest

value at location where wave condition is defined initially

case vhere dj is greater or less than d,
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CALCULATION OF WAVE SHOALING WITH DISSIPATION
OVER NEARSHORE SANDS

by
Robert J. Hallermeier

I. INTRODUCTION

As waves propagate tovard brasking in shallow water, their attributes are
transformed by effecta of water depth and bottom features. These nearshore
transformations are crucial in the interpretation of wave measurements and in
the prediction of sediment transport. Prior to vave breaking, apprecisble wave
energy can be dissipated by friction between the oscillatory water wmotion and
the nearshore bottom, especially where waves cause strong agitation of bottom
sediments. This report considers such frictional dissipation.

Ocean waves can be represented most adequately as distributions of propa-
gating energy with respect to frequency and direction. Rear the shore,
extremely energetic waves are observed to constitute a somevhat regular wave
train approaching along a shore-normal line, with a rather well-defined wave
height and period. According to the Shore Protection Manual (SPM) (U.S. Army,
Corps of Engineers, Coastal Engineering Research Center, 1977), an idealization
of demonstrated value in coastal engineering is to represent real waves by a
characteristic height and period, the significant wave condition; this wave
representation is utilized here,

This report provides a simple calculation procedure defining changes in
significant wave height due to water depth differences combined with bottom
friction at agitated sand beds. The procedure uses linear wave theory between
the two depths of interest and a computation of energy dissipation rate at an
intermediate water depth. Factors in wave transformation ignored here include:
wvave direction and complex spectra, currents, surface wave breaking, winds,
water viscosity, and bottom percolation and elasticity. The technique is meant
for application only to energetic field wave conditions in fairly shallow water
with straight, parallel depth contours and relatively fine quartz bottom sands.

Section II presents the calculation procedure for wave height changes
considering energy dissipation. Section III addresses the application of this
procedure and includes two example problems: converting nearshore wave measure-
ments into equivalent wave heights in shallower and in deeper water. The
reader is referred to Hallermeier (in preparation, 1983) for a detailed sub-
stantiation of elements incorporated in the calculation procedure; that refer-
ence revievs the empirical basis for the expression giving energy dissipation
coefficient and reports extensive calculated results in clear agreement with
sultiple wave measurements at the Cosstal Engineering Research Center's (CERC)
Field Research Facility, Duck, Nor": Carolina, and at other sites.

II. CALCULATION PROCEDURE

Waves are presumed to travel perpendicular to depth contours with propaga-
tion described by small-amplitude (linear) wave theory. Required theoretical
relations are provided in Section 2.23 of the SPM. Wave and fluid character-
istics arising in the wave description are
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d = local mean water depth

8 = acceleration due to gravity

H = local wave height
L = local wavelength

T = wave period

p = fluid demitj

Wavelength in deep water is Lo = (gT2/2x) and the di-ensionleu local wave-
length, d/L, is the solution of

2xd
— tanh - (¢))
( ) Lo .
which is presented in Table C-1 of the SPM. The average wave energy flux per
unit crest width 1is
P= %— pgH2cn (2)

where c = (L/T) 1s wave celerity and n the ratio of group velocity to wave
celerity: .

-1 4wd/L (3)
n=?2 sinh (4wd/L)

With no wave refraction, and provided no energy has been added to or removed-
from the wave train, it is convenient to express wave height changes by the
factor

Ly 1 = Ks ')
o /2n tanh (2%d/L)

vhere uo is equivalent wave height in deep water (ignoring refraction), and
Kg the shoaling coefficient. The dimensionless quantities n and K, are
provided for specific values of (d/L,) 1in Table C-1 of the SPM. In situations
considered here, a nearshore wave measurement at water depth d, 1s to be
converted into the corresponding wave condition at another relatively shallow
depth, d;. The wave period is presumed constant during propagation so that

(4,/L,) and (djlt.o) are known, and equation (4) would give the ratio of wave . '
heights as '
L
LI e

1f energy dissipation were to be ignored.
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Energy lost from the wave train due to bottom ftictlon is trested by means
of a single dissipation calculation at the geometric mean depth for the region

of interest

Average energy dissipation rate at dy, per unit crest width and per unit
length in the propagation direction, is given by

Fa = 0.235 p fem (25 Ea/D)? ¢l

Por rough turbulent flow over a strongly agitated bed of quartz sand, the energy
dissipation coefficient introduced in equation (7) is

fem ~ exp [-S.asz + 14.57 (bp/Ea)?-194] (8)

Here D, 1is median sand grain diameter at dy and &y 1s horizontal ampli-
tude of the near-bed fluid excursion arising at dp without energy dissipationm,
so that (2%En/T) in equation (7) is peak near-bed fluid velocity. According
to linear wave theory,

Hyg
% " 2 sinh (2vdg/ly)

9

wvhere Hg = (H; Kg,/Kg;) from equation (5).

Energy-conserving linear wave shoaling is combined with computed energy
dissipation rate into an expression giving a wave height at d4 equivalent to

measured wave height at d,. This expression is a revised form of equation
(2):

8(p, ¢
H2. = ( 1 %X) (10)
It sy
vhere X 1is the wave propagation distance between the two water depths (d,
and d4), and the upper [lower] sign is used when dj is greater [less] than
d;. e conversion given in equation (10) presumes that computed dissipation
rate at dg can be considered representative of the entire propagation path.

III. APPLICATIONS

Besides the explicitly ignored factors affecting nearshore wave transfor-
mations, it is important in applications to consider the requirements stated
above on the use of equation (8) for energy dissipation coefficient. The
quartz sand bed must be strongly agitated by wave action and near-bed flow
must be rough turbulent. Appropriate situations correspond to nearshore field
waves with relatively large height and period.

The strength of bed agitation may be judged using an approximate expression
(Ballermeier, 1981, eq. 10) giving maximum water depth, dg, for wave agitation

9
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of a quarts sand bed vhen viscous effects are negligible:
dg = HT (g/5000 D)0-5 : (11)

If 4, computed from H,, T,, and D, 1is much larger than the mo>imum vater
depth of interest, the requirement for strong bed agitation may be considered
satisfied.

To assess vhether flow is likely to be rough turbulent, another simple
computation can be performed. Incorporating the same approximation for £ in
intermediate water depth (27d/L near unity) as is utilized in equation (11),
fundamental results reviewed in Hallermeter (in preparation, 1983) support

HT > d {metric units} (12)

as an approximate criterion for rough turbulent flow at a strongly agitated bed
of quartz sand. If equation (12) is true according to H;, T;, and the
maximum water depth of interest, the requirement for rough turbulent near-bed
flow may be considered satisfied.

The following example problems demonstrate the use of the present procedure
in calculating nearshore wave shoaling with energy dissipation due to a strongly
agitated sand Hed.

® k k kR *h ARk hhkhk® EXAMPLE PROBLEM 1 * & & & & & & & & & & & & & &

GIVEN: At the CERC Field Research Facility, significant wave height exceeding
3.5 meters was recorded during three 1981 storms by a Waverider buoy located
in an 18-meter mean water depth. Wave periods assocliated with these ex-
tremely high waves ranged from 9.3 to 14.0 seconds. Nearshore bathymetry at
this site is regularly surveyed to the 9-meter water depth contour, and the
wave characteristics at the seaward boundary to the survey region are of
interest. The shore-normal distance between the water depths is 1800 meters,
and the representative sand size for the intervening bottom is D = 0.12
millimeter,

FIND: T.ac wave height at d% = 9 meters corresponding to H) = 3.5 meters at
d) = 18 meters for: (a) T, = 9.3 seconds and (b) T; = 14.0 seconds.

SOLUTION:

(a) For T, = 9.3 seconds and d; = 18 meters

41 _2v . (2v)(18) = 0.1333
I, 872  9.81 (9.3)2

Table C-1 in the SPM gives n; = 0.7570, (H,/HJ) = 0.9160 = K, and
di/Ly = 0.1694, so that L, = 106.3 meters. With H) = 3.5 meters and
p = 1026 kilograms per cubic meter for saltwater, equation (2) becomes

10




B, =2og8fcyn - 1 (1026)(9.81) (3.5)2 19623 (0.75m

R
K
‘ % = 1.33 « 10° kilogram-meter per second cubed
' Since dj -ﬁ;&; = V(9)(18) = 12.73 meters
dn  (21)(12.73)
| T " 9.8T (9.92 - 00947
. °
’ and Table C-1 gives (dp/Ly) = 0.1360, sinh (2ndm/Ly) = 0.9621, (Hy/Hj) =
0.9378 = Kgy, and ng = 0.8199. Thus, Hy = (H K.-/Ku) = (3.5)(0.9378)/
(0.9160) = 3.58 meters and according to equation 19),
By 3.58
£y = Ty 3009621 - 1.86 meters
2 sinh In
With Dy = 0.12 millimeter, equation (8) is
fem = exp [-5.882 + 14,57 (Dp/Ep)®-1%%)
: - exp [-5.882 + 14.57 (1.2 - 107%/1.86)%-13%] = 0.0262
X so that equation (7) becomes
: - aEg)? | 2n(1.86) |3
; E, = 0.235 p fe_(.,r_) (0.235) (1026) (0.0262) [ 35
: ? = 12.5 kilograms per second cubed
ﬁ Some conditions must also be computed at dj = 9 meters, where

4y (2m) 9

L,  (9.81)(9.3)2

= 0.06665

so that Table C-1 gives (Hjlﬁé) = 0.9779 = Kgy, 1ny = 0.8688, and (d /Lj) =
0.1108 so that L4 = 81.2 meters. Finally, because “d; < d;, the lower gign
in equation (10) is appropriate, and X = 1800 meters yields

2 B - ED 801,33 - 105 - (12.5)(1800)] _ 1) 55 square meters
37 eseyny  qoze)e.81) {3132 (0.8688)

!lj = 3,40 meters

From equation (11), maximum water depth for bed agitation is dg =
H,T,(g/5000D)0-5 = (3.5)(9.3)[9.81/(5 + 103)(0.12 + 107%)]%-5 = 131.6 meters,
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much larger than water depths in the region treated, and the numerical value
in metric units of (H;T,) = 32.6, nearly twice the maximum water depth con-
sidered in meters, so that equation (12) indicates rough turbulent flow
throughout the region. The calculation procedure is suitable for these con-
ditions, and the effect of bottom friction on wave shoaling is appreciable,
in that linear wave theory without dissipation would predict a nearshore wave
?e:ght of (H; Ksj/Ksl) = [(3.5)(0.9779)/0.9160] = 3.74 metere, using equation
5).

(b) For T, = 14.0 seconds and d; = 18 meters, (d4,/L;) = 0.05882 so that
n) = 0.8833, (H;/H}) = 0.9963 = Kg,, (d;/L;) = 0.1031 and L, = 174.6 meters
from Table C-1. Equation (2) with H; = 3.5 meters gives

s .1 (174.6
P =3 (1026) (9.81) (3.5) 2 1%.0) (0.8833)

= 1.70 - 10° kilogram-meter per second cubed

At dp, (dp/Ly) = 0.04160 so that (dp/Ly) = 0.08509, sinh (2nd,/Ly) = 0.5605,

(Hy/Hy) = 1.057 = Kgp, and n = 0.9161. Thus, Hy = (B, Kgn/Kg;) = 3.71 meters,
equation (9) is

3.1

= ——————— = 3,3] meters
2(0.5605)

tn

equation (8) is

fom = exp {-5.882 + 14.57 (1.2 + 10°%/3.31)0-19%} = 0,0207

and equation (7) is

_ 2w(3.31) |?
Ep = (0.235)(1026) (0.0207) ["“14_.0—]

= 16.36 kilograms per second cubed
At dj, (da/lo) = 0.02941 so that (Hy/H) = 1.130 = Kg§, nj = 0.9400,

(d3/L3) = 0.0706 and Ly = 127.5 meters. Again, the lower sign in equation
(10) 1is used to give

. 5.
Hf - 8[1.70 - 10 ; (16.36) (1800)] 13.05 square meters
127.5)

(1026) (9.81) (14.0)

(0.9400)

Hj = 3,61 meters

Because T 1is greater here than in part (a), the requirements for rough
turbulent flow at a strongly agitated sand bed are clearly satisfied. Although
the computation including friction results in H slightly larger than H,
in this case, energy dissipation again has an appreciable effect since linear

vave theory would predict a nearshore wave height of (H, K,jlk.l) = 3,97 meters,
from equation (5).

12




% h k k k k k h k k ok hhk k% EYAMPLE PROBLEM 2 * & & & % & & & & & & & & & &

GIVEN: A mathematical model is to be used to simulate storm wave effects for
water depths shoreward of 9 meters at Nags Head, North Carolina, with the
threshold for storm waves taken to be the wave height exceeded 10 percent of
the time. The wave climate at this site has been defined by several rela-
tively complete years of data from a pier-mounted gage located in mean water
depth of 5.2 meters (Thompson, 1977): wave height exceeded in 10 percent of
these measurements is about 1.7 meters and the typical wave period for this
wave height is about 8.5 seconds. The shore-normal distance between 5.2- and

~ 9-meter water depth is 600 meters; representative sand size for the inter-

1 vening bottom is D = 0.20 millimeter.

FIND: The wave height at dg = 9 meters corresponding to H; = 1.7 meters and
Ty = 8.5 seconds at d); = 5.2 meters.

SOLUTION: For T; = 8.5 seconds and d; = 5.2 meters,

2_1_ 21ld1 (21’) (5.2)

i Lo  gT? (9.81)(8.5)2 ~ 0-04610

! Table C-1 in SPM gives n;, = 0.9074, (H{/H3) = 1.038 = K5, and d,/L, =
i 0.09002, so that L; = 57.76 meters. With H) = 1.7 meters, equation (2) is

x‘ P -3os8ic, n, =3 1026980172 L1 (0.9074)

= 2.24 « 104 kilogram-meter per second cubed

Since d = vd;d, = V(5.2)(9) = 6.84 meters

dn _ (27)(6.84)

i, - (9.81)(8.5)2 = 0.06064

and Table C-1 gives (dm/Lm) = 0.1049, sinh (2vdn/La) = 0.7082, (Hg/H) =

0.9916 = Ky, and n, = 0.8799. Thus, H, = (H, K../Ks1) = (1.7)(0.9916)/
1.038 = 1.63& meters and according to equation (9),
- Hp o 1.624 _ 1.15 meters
o Zvdg\ - 2(0.7082)
2 sinh —f;'

With Dy = 0.20 millimeter, equation (8) is

fom = @xp {~5.882 + 14.57 (Dp/Ey)0+19*}

= exp {~5.882 + 14.57 [2 « 10-"/1.15]0-19%} « 0,0422

13




s0 that equation (7) is

-— 3
B, = 0.235 o :_(3-;-;—'-) ? - (0.235)(1026) (0.0422) [-2-!-{-1-5—1-2)-]

= 6.25 kilograms per second cubed

At dj = 9 meters,

91 - __(_21&__ = 0,0798
(9.81)(8.5)2

so that Table C-1 gives (H;/H)) = 0.9551 = Kgy, ny4 = 0.845, and (djll.j) =
0.1230 so that Lj = 73.2 meters. Finally, because d; > d; the upper
sign in equation (10) 1s appropriate, and X = 600 meters yields

i - 8 (M+EaX) _ 8 [2.24 - 104 + (6.25)(600)] _ , g6 square meters
°8C1 0 (1026)(9.81) (:352 (0.845)

Hj = 1.69 meters

To show that the calculation procedure is suitable for these conditions,
maximum water depth for bed agitation from equation (11) is

0.5 9.81 0.5
- B -
da = KTy [5000 D] 1.1@.5 [(5 . 103)(2 - 10"‘)]

= 45.3 meters

much larger than water depths in the region treated, and the mmerical value in
metric units of (H,T,) = 14.45, greater than the maximum water depth considered
in meters, so that equation (12) indicates rough turbulent flow throughout the
region considered. The effect of bottom friction is still appreciable for

this relatively low-energy case, in that linear wave theory without dissipation
would provide a wave height according to equation (5) of (H, ‘0_1/‘:1) -
[¢1.7)(0.9551)/1.038] = 1.56 meters at 9-meter water depth.

***t**ﬁt****t*t'**h**t***i***ﬁi********t

With linear wave theory, the height change between two water depths depends
on wave period. Although only linear theory wave relationships are incorpora-
ted in the present calculation procedure, energy dissipation depends both on
wave period and vave height (raised to the power of about 2.5). Thus, the
calculated results have a nonlinear dependence on wave height: the computed
height change between two water depths is affected by the actual value of wvave

height.

4




This nonlinear aspect implies that these computations are not exactly
reversible. Projecting a wave cordition offshore without dissipation from a
measurement site to d, can result in a markedly different computed dissipa-
tion rate there than if the nominally corresponding waves are projected ’
onshore to d,. However, the calculation procedure tends to cancel internally
this effect of nonlinear height dependence.

Reversing Example Problem 2, using H; = 1.69 meters at d; = 9 msters as
the initial condition, computed conditions at du include &5 = 1.24 meters,
fem = 0.0406 and Ep = 7.52 kilograms per second cubed, but at dj = 5.2 meters
the calculated wave height is 1.67 meters, only 1.8 percent less than the near-
shore wave height 6f 1.7 meters originally specified. Using computed final
wave heights in Example Problem 1 as input conditions, the reverse calculation
procedure gives wave heights in each case only .2 percent less than the specified
height of 3.5 meters.

Such slightly irreversible results do not seem too significant for potential
applications. However, the Appendix to this report provides a calculator
program quickly executing the present procedure, making it convenient to
exanine results of reverse calculations and to determine a wave condition which
appears optimally consistent with that specified.

IV. SUMMARY

The equations and procedures presented here permit calculation of nearshore
wave height changes considering the energy dissipated by rough turbulent flow
over a strongly agitated bed of quartz sand. All elementary wave relationships
are from linear (small-amplitude) wave theory, but one effect of incorporatiag
dissipation is that calculated height changes depend on the actual wave height.
Example calculations demonstrate the conversion of a nearshore wave condition
into a corresponding wave height in shallower or deeper water; the present
procedures are suitable only for field waves of relatively large height and
period in fairly shallow water. The general effect of energy dissipation is
that nearshore wave height remains more nearly constant outside the breaker
zone than linear wave theory would predtct.
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APPENDIX
CALCULATOR PROGRAM FOR WAVE SHOALING WITH DISSIPATION

The following four pages document a calculator program executing the -
procedure presented in Section II and exemplified in Section III of this report.
This program runs in about 120 seconds on a Hewlett-Packard RP-67 Programmable
Pocket Calculator, employing metric units, RPN logic, three levels of nested
subroutines, 17 address labels, 26 storage registers, and 223 program steps.
The program could be converted for use with other calculators having different
logic systems but similar features and capacities.

Equations (1) to (10) are included with an effective root-finding iteration

for wavelength., Values to be specified in metric units for a calculation are:

N P, 8, Hy, '1'1, dl’ dj, Dy» and X. The standard value of g 1is 9.81 maters per
second squared, and the value of p for seavater may be taken as 1026 kilo-
grams per cubic meter; for freshwater, o is about 1000 kilograms per cubic

) meter, but common situations might not constitute the requisite rough turbu-
lent flow over a strongly agitated bed. Satisfaction of these requirements,
related to equations (11) and (12), remaing to be considered external to the
calculator program. :
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