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WAVE REFRACTION DIAGRAMS FOR THE BALTIMORE CANYON REGION
OF THE MID-ATLANTIC CONTINENTAL SHELF COMPUTED
| BY USING THREE BOTTOM TOPOGRAPHY
APPROXIMATION TECHNIQUES

Lamont R. Poole
Langley Research Center

. SUMMARY
N
Wave nefréction diagrams were computed by applying the

Langley Research Center and Virginia Institute of Marine Science
wave refraction computéer model to the Baltimore Canyon region of
the mid-Atlantic continental shelf. Diagfams were presented for a
wide range of normally expected wave periods and directions. For
each combination of period and direction, diagrams were computed
by using each of three commonly used bottom topography approxima-
tion techniques (quadratic ieast squares, cubic least squares, and
constrained bicubic interpolation), and all these diagrams are
presented with the exception of cases in which essentially identi-
cal diagrams resulted from the three techniques. Certain features
of the compqted diagrams were discussed with respect to physical
or mathematical interpretation, but no conclusions were drawn.

INTRODUCTION

Man's increasing usevof continental shelf regions of the
world has stimulated the development of analytical models to aid
in the study of the physical processes affecting offshore and
coastal activities. One such énalytical tool is the wave refrac-
tion model, which describes the behavior of surface waves propa-
gating through areas of irregular bottom topography. The Langley



Research Center (LaRC) and the V1rg1n1a Instltute of Marlne
801ence (VIMS) have,v1n a cooperative effort developed a large-
scale refractlon model (ref 1) for appllcatlon to. the Vlrglnlan
Sea, . a reglon of the mid-Atlantic contlnental shelf from Cape
Hatteras to Cape Henlopen Computer resource requ1rements for
applylng the model to a large geographlcal reglon were 31gn1f1-
technlque for modular storage -and retrleval of bathymetry data
(ref 2) : Recently the model has been- modlfled to employ,
;optlon, three commonly used techniques for approx1mat1ng local.

ocean - bottom topography Two of these technlques are quadrat1c

least squares and cublc least squares, "both of whlch prov1de ‘sSome . .

smoothlng of the dlscrete bathymetry data but do not 1nsure con-
tlnulty 1n the depth or its derivatives. The third. technlque,J
constralned blcublc 1nterpolatlon, prov1des contlnulty w1thout
smooth1ng Incorporatlon of all three technlques stemmed from a
small-scale refraction study (ref. 3) 1n ‘which it was concluded
that the best approx1mat10n technlque for use. in future, studles
'could not be determlned without extens1ve comparlson of. computed
results w1th quantltatlve experimental data " In lieu of such a
comparlson, refractlon diagrams can be’ computed by u31ng each of
the technlques - Then more confidence can be placed in .the, com-
- puted results- 1f no significant dlscrepan01es ex1st among the '
three dlagrams - ' o ‘

. The- purpose of this paper -is to present wave refractlon
dlagrams computed by applying the LaRC-VIMS model to an area of
the mid Atlantlc shelf called the Baltlmore Canyon reglon after a
promlnent reglonal ‘submarine geological feature. Extendlng from
near. Wachapreague Inlet, Vlrglnla, to near Manasquan Inlet New
'Jersey, the reglon is of partlcular current interest with regard
to offshore petroleum deposits and is one of a series of ‘model
reglons which together provide broad- scale refractlon modellng
capablllty from Cape Hatteras to Montauk P01nt New York (ref W),
An.. 1mmed1ate appllcatlon of the: computed dlagrams 1s planned by
the Phlladelphla D1strlct and the Coastal Englneerlng Research
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Center of the U.S. Army Corps of Engineers; these results uill be
used to furnish initial conditions for a fine-scale refractlon-
study in the nearshore reglon off Ocean City, New Jersey
DATA INPUT o T

The bathymetry data array for the Baltimore Canyen'regién“was”-
developed by first constructing a spe01al transverse Mercator ‘map
prOJectlon with a central meridian at 75° west, 51m11ar to the one -
constructed for the Virginian Sea region. (See ref 1 for detalls )
The projection was then overlaid with a 0.5- nautlcal-mlle square
grid pattern extending for 150 nautical mlles from north to south
and for 127 nautical miles from west to east. Depth values at the:
76 200 nodes (300 rows by 254 columns) of the square grld pattern:
were determined by using sounding charts and other data fh”a _man-
ner analogous to that used in developlng the Vlrglnlan Sea bathym--’
etry data grid (ref. 1). A three-d1mens1onal computer-drawhfplot
of the Baltimore Canyon regioh'bathymetry data grid-(Withfa~verﬁi-7
cal exaggeration of approxiuately 300 -to’ 1) is shown in figure :1.
The regional array was then divided into a series of smaller:mbdh*f
ules for use with the random-access data storage and retrieval
technique deséribed in reference 2. The module size. was serécted“‘
as 42 rows by 32 columns to minimize computer cost, resulting in
a series of 72 overlapped bathymetry data modules.  (See reﬂr'Z'
for sequencing and overlapping details.) As a final adjustheﬁt to
the input bathymetry data, the ‘program input parameter for tide
was set so that the input depth values would correspond to mean
low water, ' ' S e T e e T

A'range of -wave direction and period was desired which would ™"
provide meaningful refraction diagrams while being realistic-from®
the standpoint of normally- occlurring real-life wave conditions. -
With these requirements in mind, the selected input wave direc-
tions ranged from 0° (from due north) through 90° (from due east) -
to 160° (from due south). Input directions from the West‘uere not-
deemed significant for this study because of the limiting fetech for

3



‘Cape May

ﬁelaware Bay

Figure 1.- Three-dimensional computer-drawn plot of the
Baltimore Canyon region bathymetry data grid. Verti-
: cal exaggeration, 300 to 1.

physiéal wave generation.. Within the selected direction range,
input.directions were chosen at 22.5° jncrements (i.e., N, NNE,

NE, etc.) as was done in the study presented in reference 1.

Input wave periods were selected ih 2-second increments from 6 sec-
onds to: 16 seconds. On-the basis of feéﬁlts-offreferencé 1, waves
of periods. less than 6 seconds were expected to undergo very little,

if-any, refraction; thus, refraction;diagrams*for these periods

b
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would be of little meaning. It was also felt that waves of peri-
ods greater than 16 seconds would occur so infrequently in nature
that their inclusion in this study was not justified. As ; final
input, the initial wave height was fixed arbitrarily at O.S.meter
for all cases since, éccording to linear wave theory, wave height
does not affect the refraction pattern for a given combination of
wave p@riod and direction.

WAVE REFRACTION DIAGRAMS

Wave refractlon diagrams: for the Baltlmore Canyon reglon were
computed for the: 1nput range of wave period and dlrectlon by u51ng
_quadratlc least squares, cubic least squares, and constralned
-bicubic- 1nterpolat10n techniques for approx1mat1ng local bottom

topography. The initial separation distance between wave rays was
| selected as 3 nautical miles to provide adequate overall resolu-
tion without cluttering the diagrams. Computations were required
to*begin‘iﬁ deep water, which, for the purposes of this papeﬁ, was
considered 'to be a water depth gréater than one-fourth the initial
wavelength for the particular wave pepiod:beihg considered. ° (See
ref. 1 for diécussion.) Tick marks were drawn.along each computed
ray at 'points equally spaced in time, with the time increment
"varied with wave period to provide relatively uniform spatial reso-
' lution'ahbng cases of different periods. By connecting correspond-
ing tick marks on ad jacent rays so that the connecting curve -is
orthogonél to each.ray,Awave crest patterns can be derived.

Computed-refraction diagrams'are presented in figures 2 to 52
in'thé‘seqqence-givén in table I. Diagrams computed for a wave
" direction of 0° and periods of 12, 14, and 16 seconds have been
omitted béeause only one or two rays met the deep-water condition
.for initiéting computations. Unless noted otherwise, each figure: .
consists of three parts: part (a) presents the diagram computed
" by using the quadratic least squares technique for approximating*
bottom topography; part (b) presents the diagram computed by using.
the cubic least squares<techniqué; and part (c) presents the dia-
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gram computed by using the constrained bicubic interpolatioﬁ tech-
nique. When essentially identical diagrams resulted from the
three techniques, only the one computed by using the quadpatic
least squares technique is presented. | | ' -

Some general comments are in order as an aid to potential
users in interpreting the various diagrams. Since the. tick marks
along each ray denote equal time spacing, an increase in the spa-
tial density of tick marks as a ray approaches the'Shoregindicapes
decreasing wave phase speed. Convergence of a group offneigh—
boring rays indicates an area of relatively high wave energy,
whereas a sparsity of rays indicates relatively low energy On
occa81on, individual rays stop abruptly in an area of pelatlvely
deep water (ray 23 in fig. 20(a), for example). Such ray termi-
nations indicate failure to converge on a proper value for. local
ray curvature or calculation of a phy51cally unreallstlc value
for wave helght and, as such, should be considered of no physical
significance. In several instances, 1nd1v1dual rays undergo '
abrupt changes in direction relative to the mean dlrectlon of
neighboring rays (ray 40 in fig. 32(c¢c), for example). These‘
abrupt changes are induced by sharp gradients in the local bottom
topography, which are influenced, in turn, by the technique
selected for approximating the topography within the finiﬁe—mesh
bathymetry grid. Since use of the constrained bicubic interpola-
tion technique results in a surface which passes directly through
the bathymetry data points, sharp topography gradients tend‘to
occur more often with this technique than with the twoaleast
squares techniques, both of which provide some smoothiug.of‘;he
data.




- . TABLE I.- SEQUENCE OF WAVE REFRACTION DIAGRAMS

Figu

re (Wave direction,

a, degrees

Wave period,
T, seconds

Figure

Wave direction,
a, degrees

Wave period,
T, seconds

9
10

12
13

15
16
17

20
21
22
23
24
25
26
27

o ~3 O =W N

11"

14

18 |
19

0

0

45
45

145
‘“5

90
90
90

90

0

22.
.22,
22,
22,
22.

22.

45
45

KGN, NN IRV BN, IS,

. 6T.
67,
- 67.

67.
' 67.
67.

g0

(62BN C EER G NN R S RS |

ag
ag
10
ag

8
10
12
14
16

6

8
10
12
14
16

6

8
10
12
14
16

6

8
10
12
14

28
29
30
S 3
32
33
34
35
36
37
38
39
40
41
42
43
4y
45
46
47
48
49
50
51
52

90
112.
112.
112.
112.
112.
112.
135
135
135
135
135
135
157.
157.
157.
157.
157.
157.
180
180
180
180,
180
180

C NG, IS, BT, NS, IS

w

(SR G RS ) B G BV )

16
6
8
10
12
14
16 .
6
_ 8
.10
12
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16
6
g -
10
IR
14
16
6
8
10
12
14
16

iy
—

aOnly‘the diagram computed by using the quadratic least squares
technique.is given because no resolvable difference existed among dia-
-grams cohputéd by using the three approximation technigues.
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least squares technique.
Figure 14.- Wave refraction diagrams. o = 450, T = 12 seconds.
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(b) Bottom topography approximated by cubic
least squares technique.
Figure 23.- Continued.
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terpolation technique.
Figure 23.- Concluded.
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(c) Bottom topography approximated by constrained
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(a) Bottom topography approximated by quadratic
least squares technique.

Figure 24.- Wave refraction diagrams.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 25.- Wave refraction diagrams. @ = 90°; T = 10 seconds.
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Figure 25.- Continued.
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bicubic interpolation technique.
Figure 25.- Concluded.
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(a) Bottom topography approximated by quadratic
' least squares technique.

Figure 26.- Wave refraction diagrams. a = 90°; T = 12 seconds.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 27.~- Wave refraction diagrams. o = 90°; T = 14 seconds.
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Figure 27.- Concluded.
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ﬂ(a) Bottom topography approximated by quadratic
least squares technique.

Figure 28.- Wave refraction diagrams. o = 90°; T = 16 seconds.
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Figure 28.- Continued.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 29.- Wave refraction diagrams. o = 112.50; T = 6 seconds.
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(b) Bottom topography approximated by cubic
least squares technique.
Figure 2?.— Continued.
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Figure 29.- Concluded.
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(a) Bottom topography approximated by duadratic
least squares technique.
Figure 30.- Wave refraction diagrams. o« = 112.59; T = 8 seconds.
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(b) Bottom topography approximated by cubic
least squares technique.
Figure 30.- Continued.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.
Figure 30.- Concluded.-
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(a) Bottom topography approximated by quadratic
least squares technique.

Figure 31.- Wave refraction diagrams. o« = 112.50; T = 10 seconds.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.

Figure 31.- Concluded.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 32.- Wave refraction diagrams. a = 112.5%; T = 12 seconds.
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(b). Bottom topography approximated by cubic
least squares technique.
Figure 32.- Continued.
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(c) Bottom topography approximated by constrained
bicubic interpolation technigque.
e Figure 32.~ Concluded.
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(a) Bottom topography approximated by quadratic
e . least squares technique. A
Figure 33.-.Wave refractlon diagrams. o = 112.59; T = 1l seconds.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.
Figure 33.- Concluded.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 34.- Wave refraction diagrams. a = 112.59; T = 16 second
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(b)'Bottom topography approximated by cubic
least squares technique.
Figure 34.- Continued.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.

Figure 34.- Concluded.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.
Figure 35.- Concluded.
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(a) Bottom topography approximated by quadratic
: least squares techniqgue.

Figure 36.- Wave refraction diagrams. a = 1359; T = 8 seéonds.
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(b) Bottom topography approximated by cubic
least squares technique.
Figure 36.- Continued.
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Kc) Bottom topography approximated by constraihedt
bicubic interpolation technique. ;
Figure 36.- Concluded.
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(a) Bottom topography approximated by quadratic'
least squares techniqgue.
Figure 37.- Wave refraction diagrams. a = 1359; T = 10 seconds.
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(b) Bottom topography approximated by cubic

least squares technique.
Figure 37.- Continued.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.

Figure 37.- Concluded.
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(a) Bottom topography approximated by quadratib

least squares technique.
Figure 38.- Wave refraction diagrams. o = 1359; T = 12 seconds.
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(b) Bottom topography approximated by cubic
least squares technique.
Figure 38.-~ Continued.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.
Figure 38.- Concluded.
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(a) Bottom topography approximated by quadratic

_ least squares technique.
Figure 39.- Wave refraction diagrams. a = 1359; T = 14 seconds.
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(c) Bottom topography approximated by constrained

bicubic interpolation technique.

Figure 39.- Concluded.
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(a) Bottom topography approximated by quadratic

least squares technique.

Figure 40.- Wave refraction.diagrams. a = 1359, T = 16 seconds.
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(b) Bottom topography approx1mated by cublc
least squares technique.
Figure 40.- Continued.
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(c) Bottom topography aﬁproximated by constrained

bicubic interpolation technique.
Figure 40.- Concluded.
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(a) Bottom topography approximated by quadratic
. ._1east squares technique.
Figure 41.- Wave refraction diagrams. a = 157.59; T = 6 seconds.
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(b) Bottom topography approximated by cubic
least squares technique.
Figure 41.- Continued.
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(c) Bottom topography approximated by con;@ﬁained
bicubic interpolation techniqué.l-';f :
Figure 41.- Concluded. S
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(a) Bottom topography approximated by quadratic

. ' least squares technique. A
Figure 42.- Wave refraction diagrams. @ = 157.59; T = 8  seconds.
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(b) Bottom topography approximated by cubie
least squares technique.
Figure 42.- Continued.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.
Figure 42.- Concluded.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 43.- Wave refraction diagrams. a« = 157.59; . T = 10 seconds.
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- 1(b) Bottom topography approximated by cubic

least squares technique.
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(c) Bottom topography approximated by constrained
' ‘bicubic interpolation technique.
: Figure 43.- Concluded.
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(a) Bottom topography approx1mated by quadratlc';

. . least -squares technique. R
Figu?e~44;- Wave refractlon diagrams. o = 157, 50 _T;:_Jg seconds.
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(b) Bottom topography épproximated by cubic
least squares technique.
Figure 44.- Continued. '
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(c) Bottom topography approximated by constrained
_ bicubic interpolation technique.
= . Figure U44.- Concluded.
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Figure 45.- Concluded.
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(c) Bottom topography approximated by constrained
bicubic interpolation technique.

Figure 46.- Concluded.
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Figure 47.- Concluded.
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(a) Bottom topography approximated by quadratic
least squares technique.
Figure 48.- Wave refraction diagrams. o = 180°; T = 8 seconds.
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least squares technique.
Figure 48.- Contirued.



- CAmEy A, b +—+ -
12— VAR = \ ——
=/ i - .- ~uwny N~ E - S oL . A
= P . T T B, . .
~_n ’ —— -4 A+ > N,
|m = | »\\ ; ~
S .!_ ﬂJ\ s — . NEEEEN
B \m.lu \.\.! e~ L@* PP W _
10 \.\L.wm\\ N S NP N N
e _\T LU e~ M/vr . »V
-y = ) —pnmy
ad L = A I NN /»
Sed e vt e Ty N A
=/ e /J,.|f .Lb_ bt - PR
= 7 m\\ W) My DR ~
2 N T
o JLVr
. TR
o ./r Ldrﬁ\ :\[.Wr/ W
4y )/ /IAMV :
|..|.|1A1|4 —— —
/N

/
{
183

o

o1

74°|00'
Y-axis, nautical miles

75°l00"

DELAWARE
BAY

S

od
2

=)
L=

c .
:::_:_::__ A :__:_:_:::___m______:C_:E_Tw:TE_::__:__:_:WF:E.::—_w_:;_:i:E_EPﬂ__E_:E
1 2 3 4 6 7 8 1 2

13 ‘ 14 15 x 10
3 &g sajiw (eanIneu ‘sixe-x &%

8

(c) Bottom topography approximated by constﬁained<

bicubic interpolation technique.

Figure 48.- Concluded.
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Figure 49.- Wave refraction diagrams. g = 18Q°;V_T = 10 seconds.
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Figure U49.- Concluded.

(c) Bottom topography approximated by constrained
bicubic interpolation technique.
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Figure 52.- Continued.
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(e) Botpom topography approximated by constrained

bicubic interpolation technique.
' Figure 52.- Concluded.
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