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Abstract

In this paper, the application of a Sinc-Collocation approach based on first derivative interpolation in
numerical oceanography is presented. The specific model of interest involves a hydrodynamic model of
wind-driven currents in coastal regions and semi-enclosed seas with depth-dependent vertical eddy viscosity.
The model is formulated in two different but equivalent systems; a complex-velocity system and a real-valued
coupled system. Even in the presence of singularities that are often present in oceanographic problems in-
volving boundary layers, the Sinc-collocation technique provides exponentially convergent approximations.
Moreover, the first derivative interpolation approach which uses Sinc-based integration to approximate the
unknown has advantages over the customary Sinc method of interpolating the unknown itself since integra-
tion has the effect of damping out numerical errors that are inherently present in numerical approximations.
Moreover, the approach presented in this paper preserves the appropriate endpoints behaviors of the Sinc
bases, resulting in a highly accurate and computationally efficient method. The accuracy and stability of
the proposed method is demonstrated through the solution of several model problems. It is further shown
that the proposed approach is more accurate and computationally less expensive than those obtained by the
Sinc-Galerkin approach reported in previous studies.
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approximate solutions of these BVPs. More Re-
cently, the Sinc-Galerkin method was employed to
the wind-driven current model that is considered in
this paper [19, 36].

1. Introduction

Since the pioneering work of Ekman in 1905,

the hydrodynamic problem of wind-driven current
systems have been receiving great attention [13].
While Ekman’s model was a one-dimensional ver-
tical model, many two and three dimensional sys-
tems were later developed [15, 16]. These mod-
els are often represented by boundary value prob-
lems (BVPs) for which analytic solutions are not
available. Therefore, numerical methods includ-
ing spectral techniques [20], B-spline approach [8],
Chebyshev and Legendre polynomials [9] and eigen-
function approach [7] have been applied to obtain
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Due to the boundary layer formed by the large
magnitude of near-surface velocity shears that
is present in these models, traditional numerical
methods such as finite-difference methods [25] are
not able to resolve the physical processes repre-
sented in the models. However, numerical methods
based on the Sinc bases are particularly well-suited
to these types of Oceanographic problems involv-
ing boundary layers since singularities are naturally
handled with the Sinc approach. Moreover, Sinc
based approximations can be used to approximate
the solutions of BVPs over infinite and semi-infinite
domains [33] which commonly arise in numerical
oceanography. More importantly, they are also
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characterized by exponentially decaying errors and
rapidly converging solutions that can provide highly
accurate solutions [5, 6, 11, 12, 17, 30]. There-
fore, Sinc-based methods have been applied to di-
verse scientific and engineering problems including
in heat conduction [22, 24, 31], fluid mechanics
[27, 28], atomic physics [10, 29], population growth
[3], inverse problems [23, 32], astrophysics problems
[14, 26], medical imaging [34], elastoplastic prob-
lems [2], and in oceanography models[19, 36].

In this paper, a Sinc-Collocation technique based
on first derivative interpolation is used to approxi-
mate the solution of a steady state model of wind-
driven currents with a depth-dependent eddy vis-
cosity in coastal regions and semi-enclosed seas.
Winter et al. [36] formulated this model in terms
of a complex-valued ordinary differential equation
and solved it using the Sinc-Galerkin approach.
Recently, Koonprasert and Bowers [19] developed
a block matrix formulation for the Sinc-Galerkin
technique and applied it to same model but formu-
lated as a coupled system of ordinary differential
equations. The Sinc-Collocation approach used in
the current paper is applied to the complex as well
as the real-value coupled systems.

Following the Sinc function preliminaries in Sec-
tion 2, we discuss how the model of interest was
formulated in Section 3. Section 4 is dedicated to
our numerical solutions for both the complex veloc-
ity system and the real-value coupled system. Af-
terwards, we portray our results in Section 5. In
closing, concluding remarks are presented in Sec-
tion 6.

2. Sinc Function Preliminaries

On the real line R the Sinc function is defined as

sin(mz) © 40
sinc(z) = T (1)
1, x=0.

If f is a function defined on R, then for a step-size
h > 0 the series

C(f,h) (@)= > fkh)S(k,h)(z),  (2)

k=—o0

where S(k,h)(x) is the scaled and translated Kth

Sinc function given by

S(k, h)(z) = sinc (x _h""h) (3)

is called the Whittaker Cardinal expansion of f
whenever the series converges. However, in prac-
tice, the infinite series defining these approxima-
tions are truncated as

N
Cn(f,h)(@)= > S(k,h)(x)f(kh),  (4)
k=—N

for a given positive integer N. Note that
Cn(f,h)(x) defines an interpolation of f(z) with
Cn(f,h)(z) = f(x) at all the Sinc grid points given
by z = kh. For a class of functions which are an-
alytic only on an infinite strip containing the real
line and allowing specific growth restrictions, the
Sinc interpolations provide approximation that ex-
hibit exponentially decaying absolute errors as es-
tablished by the theorem subsequent to the follow-
ing definition [35].

Definition Let D; denote the infinite strip of
width 2d (d > 0) in the complex plane:

Dd:{z:eriy‘ |y|<d<g}.

Then B' (D) is defined as a the class of functions
f that are analytic in Dy such that

N(f,Dy) = lim

[F(2)[ldz| < o0
e—0 6Dd(6)

where

Dy(e) = {z =1z +1iy

1
ol < £ lyl > dl1 - ).
Theorem If f(z) € B'(D;) and decays expo-
nentially for € R such that
|f(z)] < aexp(—Lexp(y |z])) for all z € R
where «, [ and 7y are positive constants, then the

error of the Sinc approximation is bounded by:

sup < CE(h)

—oco<Lx<oo

f@) = Y S(k,h)(@)f(kh)
k=—N

for some positive constant C' and where

E(h) = exp (‘”‘”N)

log(mdyN/B)
and the mesh size h is taken as:
, _ log(rdyN/8)
YN
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In order to construct the approximation over the
finite interval [a,b], we use the change of variable
transformation

€ = pla) = THog (5=

with a corresponding inverse

b+a b—a T,
= + ——tanh (gsmh(é))

and zp = ¥(kh), that transfers the interval [a, D]
onto R and apply the above Sinc approximation on
R to the transformed function f(1(£)) so that:

f@) = Y S(kh)(e(@)f($(kh)), a<a<b,

k=—N
()
where ¢(a) = —oo and ¢(b) = oo. Therefore, the
corresponding error bound theorem will be as fol-
lows:
Theorem If f((¢)) € B*(Dy) and decays expo-
nentially for £ € R such that

[F () ()] < o exp (—Bexp(y[¢])) for all § € R

where a, 8 and v are positive constants and = =
(&) is the inverse of the transformation £ = ¢(z),
then the error of the Sinc approximation is bounded
by:

N

flx) = Y Stk k) (@) f (@ (kh))

k=—N

sup < CE(h)

a<z<b

for some positive constant C' and where

E(h) = exp (”‘“N)

log(mdyN/B)
and the mesh size h is taken as:
. log(rdyN/5)
YN '

The typical strategy in using the Sinc method to
solve BVPs is to start with the Sinc interpolation
of the unknown function and to obtain its first and
higher derivatives through successive differentiation
in order to transform the BVP into discrete sys-
tems. However, this approach has a basic drawback
as it is well-known that numerical differentiation
process is highly sensitive to numerical errors [4].
Having recognized this difficulty Li and Wu pro-
posed a Sinc-method procedure based on the in-
terpolation of the highest derivative and obtaining

the lower derivatives through successive integration
[21]. While this has the advantage of averaging
and damping out the numerical errors inherently
present in the computation of the derivatives, their
approach needs to be modified since there are no
boundary conditions for the highest derivative in-
terpolation consistent with the Sinc functions which
by construction satisfy the homogeneous Dirichelet
boundary conditions. In this paper, we utilize the
recent approach of Abdella in which the first deriva-
tive is interpolated using the Sinc functions which
is then numerically integrated in order to obtain
the unknown solution [1]. The second derivative
is obtained by differentiation of the interpolated
function. Nonhomogeneous boundary conditions
are treated by making appropriate transformations
which convert them to homogeneous cases as re-
quired by the Sinc bases.
We approximate u'(x) as follows:

N
u'(x)~ D Sk h)(p(@) (zx), a<a<b

k=—N

(6)

Therefore, an approximation to the unknown vari-
able u(z) can be obtained by integration:

u(z) = /ﬂ” v (z)+u(a) = Z hi(z)u'(zr), a <z <b
@ k=—N

(7)

m@) = [ SEnea @

Similarly, an approximation to u”(z) can be ob-
tained by differentiation:

N
@)= Y gl (e, a<a<b  (9)
k=—N
where s
g () = BEN () (10)

dx

Therefore, at the Sinc points x; we have the follow-
ing approximations:

N

u'(x;) = Z 51(?/3“/(1%)7 (11)
k=—N
Y ()
wle) = 30 wENEE )



O©CoO~NOOOITA~AWNPE

N

u'(z)

w)= Y S @) (19)
=—N
where
i—k sm(rrt) .
- + s ki,
5 (14)
%7 k = ?:’
o 0, k#i,
0% = (15)
1, k=1,
(=1)'* :
ik (16)
0, k=1

3. Problem Formulation

Over the last century, physical oceanography has
evolved from a descriptive to an explanatory and
predictive science. The oceanographic model pre-
sented here was developed by Winter et al. [36]
describing wind-driven currents in coastal regions
and semi-enclosed seas.

The model is constructed in a right-handed coor-
dinate system with the vertical coordinate z* di-
rected positive downward from the free surface,
and with z* and y* directed positive northward
and eastward, respectively. It is assumed that z*
changes from 0 to Dy = 100 m, and the plane at
z* = Dg = 100 m is an impermeable boundary
at the seabed [36]. Several assumptions are made
in order to simplify this model. The ocean depth,
Dy, and ocean mass density, p, are assumed con-
stant, and the effects of tides, inertial terms, free
surface slope, and variations in atmospheric pres-
sure are neglected [36]. For a better understanding,
a schematic form of the model is provided in Figure
1. Assuming 7, as the magnitude of a tangential
surface wind stress, the currents are represented by
7(0) = 7y (cos(x)Z* +sin(x)y*) where x is the angle
between the positive x*-axis and the wind direction
and £* and ¢* are unit vectors in the positive direc-
tion of x*-axis and y*-axis, respectively. The hor-
izontal wind-drift current, ¢*(z*), is the difference
between the total velocity and the geostrophic cur-
rent and given by ¢*(z*) = U*(2*)2* + V*(2*)§*
As well, Internal frictional stresses are parameter-
ized as 7(2*) = —pA*U(z*)d L where the specified
effective vertical eddy viscosity coefficient A,*(z*)

Sea Surface

q'@)

- o : Seabed
A'y(z). Eddy Viscosity

Figure 1: A schematic description of the oceanography
model with depth-dependent eddy viscosity

is a continuously differentiable function of z* €

(0, Do) [36]. Therefore, the the wind-drift current,

q*, is given by the second order differential equa-

tion:

d dq*
A*v * 1t

a A g

)Z fZ ><Qa0<Z*<D07
(17)
subject to the boundary conditions (BCs)

oA PO - (cos(i +sin(0)i).

(18)

oA )2 kg py). 19)

The Coriolis parameter at latitude 6 is given by

f = 2Qsin(0), while Q = 7.29 x 1075 rad s~*. Since

the Coriolis force acts inversely in northern and

southern hemisphere, Winter et al. [36] assumed

that the sea is located in the northern hemisphere,

so 0 < 0 < 3. The parameter ky, is defined as the

linear slip bottom stress coefficient. Substituting
the definition of ¢*(z*) in (17), leads to

—f2xq

= —f2" X [U*(z")3" + V*(2%)

=—fU ")y = V*(")z7).
(20)

which would be separated to its parts as

(21)

and

d dV*(z*

(22)

i

)

* * ) _ K[ % *
- (A o(2 )dz*) =—fU"(z"), 0 < 2" < Dy.
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Similarly, the separated BCs at the sea surface,
and the seabed are given by

a0 s, (29
dz*
o2, 0 = rsin),
y dUu*(D .
oA (D) D) i (D), (21
. dv*(D .
o2, (D0) D) g v (),
With the help of the nondimensional variables
z= D707 A’U(Z) - A*U(O) ’ (25)
* Z* R R
o) = CE — v v,
0

and nondimensional constants, x (depth ratio) and
o (bottom friction parameter)

K= & =D L7 o= AOAv(l) = A U(DO).
Dg V 24, ktDg k¢ Do
(26)
where
2A0

AoEA*U(O), DEE —_—,
f
TwDE \/ETw

Vo= 0od) = v Ah)’

equations (21) and (22) are transferred to nondi-
mensional equations

d (Av(z)dU(z>> =2’V (2), 0<z <1,

dz dz
(27)
_diz (A”(Z)dZiZ)> =2s°U(2), 0 <z <1. (28)

Similarly, the nondimensionalizing procedure on
BCs leads to

d(ili,(zo) = —kcos(x), d‘;iO) = —ksin(x), (29)
Ua) + a%(;) —0, V(1) + ad‘;il) —0. (30)

For the purpose of transforming the nonhomoge-
nous BCs to homogeneous ones, the following linear
transformations are applied.

U(z) =u(z) + (1 4+ 0 — z) cos(x),

V(z) =v(z) + k(1 + 0 — 2)sin(x). (81)

The first derivative of the transformations are
given by

dU(z)  du(z)

p e K cos(x), (32)
dV(z)  dv(z) )
5 =g sin(y).

Hence the “reduced velocity” components u(z) and
v(z) satisfy

& (A5 Fresa) G

= —2k%0(2) — 26%(1 + 0 — 2)sin(x), 0 < z < 1,

and J J
_a av - /
= (A@F) + i) 6
= 2m2u(z) + 2&3(1 +o0—2)cos(x), 0<z<1.

where the BCs at the surface and seabed are re-
spectively given by

du(0) dv(0)
=z 0 g =Y (35)
u(1) + ad";i(zl) —0, v(1) + ad%” —0. (36)

The system defined by (33)-(36) can be written
in two formats; the coupled v and v equation sys-
tems and complex velocity system. To extract the
coupled one, it is assumed that

Lu(z) = —dilz (Av(z)jz) 7 (37)

Lo(z) = fdi‘lz (A,,(z)jz) .

Therefore, (33) and (34) will be altered to the cou-
pled u and v equation systems

Lu(2) +2x%0(2) = F1(2), 0< 2 < 1, (38)

Lo(z) — 2K%u(z) = Fa(2), 0 < 2 < 1. (39)

where

Fi(2) = —26%(1 4+ 0 — 2)sin(x) — x cos(x) AL (2),
(40)
Fy(2) = 263(1+0—2) cos(x) —ksin(x) AL (2), (41)
and BCs at the surface and seabed are respectively
given by
du(0)
dz

o dv(0)
=0, == =0, (42)
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u(l) + ad%(zl) =0, v(1)+ adzi(zl) =0. (43)

To obtain the complex velocity formulation, we
need to multiply equation (34) by the imaginary
unit ¢, and add the result to equation (33). In terms
of a complex velocity w(z) = u(z) +iv(z), we have:

Lw(z) = Lu(z)+ilo(z)
_ d du(z)
- dz (AU(Z) dz )

= 4 (Av(z) dw(z)) . (44)

Hence the complex velocity formulation is given by

Lw(z) —i26%w(z) = F(2), 0<2<1, (45)
where
F(2) = [-rA,(2) +i2:3(1 + 0 — 2)]e™X
subject to the boundary conditions given by:
w'(0) =0, (46)

w(l) + ow'(1) = 0. (47)

4. Numerical Solutions

In this section, we discuss our treatments to both
the complex velocity and coupled systems.

4.1. Solution to the Complex Velocity System

The complex velocity problem is given by equa-
tions (44)-(47).

As discussed in section 2, we first transform the
nonhomogenious BCs to homogeneous ones defin-
ing:

n(z) = w(z) — P(2), (48)

where

P(2) = w'(0)Hy +w(0)Hy + w(1)Hs + w'(1)Hy,
(49)
is the univariate Hermite interpolation with the car-
dinal functions given by:

Hy =2(z—1)2, Hy = (2 —1)%(2z + 1),

H3z = —2%(22 —3), Hy = (2 — 1)2°.

Employing (48) and considering
P(0) =w(0), P'(0)=w'(0),

P(1)=w(1), P(1)=uw'(1).
leads to a new BVP given by

a(z)n” (2)+0(2)n (2)+e(2)n(2)+A(2) = F(2), 2 € (0,1),

(50)

subject to the homogeneous boundary conditions
n(0) =n(1) =0, (51)
n'(0) =7'(1) =0, (52)

where

A(2) = w'(0)A1(2)+w(0) A2 (2)+w (1) A3(2)+w' (1) Ay(2),

in which

M (2) = a(z)HY + b(2)H; + ¢(2)Hy,

a(z) = —A,(2), b(z) = —Al(2), and c(z) = —2K%.

v

Now we substitute 1”(z), '(z), and 7(z) in equa-
tion (50) with those given in (13), (11) and (12)
respectively. Therefore, the discretized version of
equation (50) will be:

N
Z Mi,k n,(zk) + A(ZZ) = F(ZZ)7 i= _Nv 7N
k=—N
(53)
where

1 ¢’ (21) (0) 51(;@1)
M; ) = CL(Zi)(Sk,i T + b(zt)6k,z + C(Zi)h(pl(’Zk).
(54)
Note that equation (53) leads to a system of
(2N + 1) linear equations for (2N + 5) un-
knowns including w’(0), w(0), w'(1), w(l) and
7'(z),i=—N,..,N.

We define the (2N + 5) x 1 vector C by:
_ T
C=[C_N_2,...,C,...,Cny2]

= [w(()), w’(()), UI(Z—N)v "'7UI(ZN)7w/(1)7w(1)]T'
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Two of the four extra conditions required to close
the system are obtained from equations (46) and
(47):

C_n-1=0, (55)

Cniyo+0Cny1 =0, (56)

and the other two from the assumption that w van-
ishes at the N 4+ 1 and —N — 1 nodal points:

C
Z oty Lk ’@)=07 (57)

}: h5N+1k¢, )-—0. (58)

k=—N

The matrix representation of the (2N+5) x (2N +5)
system corresponding to equations (53) and (55)-
(58) is given by

AC=F (59)

where F is a (2N + 5) x 1 vector given by
F = (0,0, F(2x), . F(20), e, F(25),0,0] T
and A is a (2N +5) x (2N + 5) matrix given by

B
Bs
A=-| B |, (60)
Bs
By

in which By, By, B3 and By are 1x (2N +5) matrices
given by
By =[0,1,0,...,0],

By =[0,0,...,0,1],

—1 —1
o B WD
s Yy ¢I(Zk) PR ¢I(Zk) s Uy Ul

hé\;. o)
B4 = [0707 N+1 N+17N7070]7

¢’(Zk) T (=)
and B as a (2N + 1) x (2N + 5) matrix is given by

= [AT, AT, M, AT, AT],

where M is the (2N + 1) x (2N + 1) matrix format
of (54) and
Ai = [/\z‘(l'—N), ey /\i(aco), ceny /\Z(l'N)]

Once equation (59) is solved, the coefficients are
used to determine the unknown function 7(z) and

7'’ (z) at the Sinc nodes using equations (12) and
(13). The original unknown, w(z) is then deter-
mined from equation (48). Note that the values of
w(z) and w'(z) at the two end-points are also de-
termined directly from the system solutions. The
unknowns u(z) and v(z) are the real and imaginary
parts of w(z) respectively obtained via

u(z) = Re[w(z)],

and
v(z) = Im[w(z)].

It should be noted that by construction, the Sinc
method is able to handle BVPs involving singular-
ities. Therefore, the linear system arising from the
discretization is well posed and do not involve large
condition numbers. This was the case for the nu-
merical problems considered in this paper.

4.2. Solution to the Coupled System

The model of interest is also given by the coupled
system of differential equations given by equations
(37)-(43).

In order to apply our Sinc-Collocation approach
to the coupled system, we first transform the
boundary value problem as follows:

where P,(z) and P,(z) are defined by

P,(z) = v (0)Hy + u(0)Hz + u(1)Hz + u'(1) Hy,
and

P,(z) =v'(0)Hy +v(0)Hs + v(1)Hz + v'(1) Hy.

Employing (61), (62) and considering

Pu(0) = u(0), P(0) =1u/(0),
Pu(1) = u(1), P(1) =u'(1),
Py (0) = v(0), P,(0) ='(0),
Py(1) = (1), P)(1)=2'(1).

the BVP given by (37)-(43) is transformed into
a(2)yy (2) + b(2)y,, (2) + c1(2)yo(2) + T'(2) = Fi(2),
(63)

a(2)y,(2) + 0(2)y, (2) + c2(2)yu(2) + B(2) = Fa(2),
(64)
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subject to the homogeneous boundary conditions

[(z) = 71/ (0) + 72u(0) + y3u(1) + vau'(1)
+¢1v'(0) + ¢2v(0) + ¢3v(1) 4 (4v'(1),
®(2) = 12'(0) + 72v(0) +y3v(1) + 140'(1)
+¢1u'(0) + Gu(0) + Gu(1) + G/ (1),
in which

Hla Y2 = a(z )Hé/‘H)( )Héa

and

Approximate solutions y,(z) and y,(z) and their

derivatives at the Sinc points z; are given by

Yl (z) = Z 8y (), (65)
k=—N
al (—1) Yo (2k)

Yu(zi) = hol M Lkl 66
(21) k;N P (66)
al Ya(z)

2 sV (2 :
i () Z Rl (=) (67)
N
= 3 6 Qu(=), (68)
k=—N
S k)
ha' Y : 69)
k_z_:N k Z ) (

and

Therefore, the discretized version of equations
(63) and (64) will be given by

N

Z (Mz}k Yo (21) + Ny y:)(zk)> +T(2:) = Fi(2),
k=N
(71)
N
Z <Mi,k Yo (zk) + N7y yu(zk)> + ®(2;) = Fa(2),

k=—N
(72)

where

My = a(z)80 8 L6, (1)

’ h
2
N}y = ci(z)h—2 4
Z,k Cl(Zl)hQO/(Z]@), (7 )
5( 1)
N2, = co(z)h—2 75
i,k 02(’2 ) © (Zk) ( )

Note that equations (71) and (72) lead to a sys-
tem of (n = 4N + 2) equations for (m = 4N + 10)
unknowns.

We define the vector of unknowns C by:

c=Ccluc?,
where

T
C'=[C N 5, C iy 1y Oy ooty ONi1, O o)

= [u(a), v’ (@), gy (@—n)s ooy Y (), ' (B), u(B)] T,

and
] T

2 2 2 2 2
=[Cx_2:CNn 1, Ch, s CRry1: O o

— [0(a), ' (@), g (2N )s o (), 0 (B), 0(B)] L.

The eight more conditions required to close the sys-
tem consist of

CviNfl =0, (76)
le\1+2 + UC}\H—I =0, (77)
N 1
ST netil, ,C’f =0 (78)
= ' (k)
N 1
-y G _
ZhaNHW(’f)_Q (79)
k=N
Cszl =0, (80)
Cris+0C 1 =0, (81)
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N

C2
ST oty A =0, (82)
Ry ¢’ (21)
and
Z hé}vj{%, ¢ 5 =0. (83)

Therefore, equations (71), (72), (76)-(83) constitute
(4N + 10) equations for the (4N + 10) unknowns
and can be represented by the matrix equation

AC=F, (84)
in which F is a (4N 4+ 10) x 1 vector given by
F=F'UF?
where
= (0,0, F1 (22N ) eos F1(20), ooy Fi (25),0,0] T

= [07 07 FZ(Z_N)7 ) F2(ZO)7 ) F2(ZN)7O7 0}T7
and A is a (4N + 10) x (4N + 10) matrix given by

Al A?
A= ,
A3 A*
where
By
Bo
A'=| B (85)

Bs
By

where By, Ba, Bs and By are 1 x (2N +5) matrices
given by
B1 = [O, g, O, ceey O],

BQ = [0,0, ey O, 0],

—1 —1
R I I
b b ¢/(Zk) PR ¢/(Zk) b b b

ho's hol;t
By = [0,0, N, NELY 0, 0],

¢>’(2k) T d ()
and B is a (2N + 1) x (2N + 5) matrix given by

B=[7.1" mrl rl,

where M is a (2N +1) x (2N +1) matrix represented
by equation (73) and

Ui =[i(z—n), .y vi(x0), ooy vi(xN)]-

Similarly, the matrix A2 is a (2N +5) x (2N + 5)
matrix given by

where
B* = [0 o N!' of ol

[0 ., 0]is a (1) x (2N +5) vector of zeros, N* is a
(2N +1) x (2N 4 1) matrix represented by equation
(75) and

®; = [Gi(z-N); s Gi20), o Gl n)]-

Note that matrix A* is equal to matrix A' and ma-
trix A3 is equal to matrix —A°2.

Once equation (84) is solved, the coefficients are
used to determine the unknown functions y,(z)
using equations (66) and (69). The original un-
knowns, u(z) and v(z) are then determined from
the equations given in (61) and (62). To calculate
U(z) and V(z) we need to apply equations given in
(31).

5. Numerical Illustrations

5.1. Constant Eddy Viscosity

In this section, we examine the accuracy of the
Sinc-Collocation method in the complex velocity
system while the eddy viscosity is constant. To
make reliable comparisons, all the examples, pa-
rameters and variables are same as those carried
out in [19, 36].

Since the governing equations and variables were
nondimensionalized, the only operative constants in
(45)-(47), are k = g}‘; =b5,0 = (k‘U(l?%) = 0.1, and
x = 45° [36]. As well, the nominal values: f =
0.0001 s~1, sea water density p = 1 x 103 kgm—3,
and air density pqi, = 1.25 kgm 2 are adopted. The
surface wind stress given by 7, = C’Dpa,;TWwQ, is
set at 0.1414 in all model problems. The linear slip
bottom stress coeflicient, k; is set at 0.002 ms L.
A*,(0) in units of m2s~! is given by

A*,(0) ~ 0.304 x 1074w, (87)

together with the parameters and relationships
above, the constant eddy viscosity is chosen to be

A%, (%) = 0.02m%s 7L (88)
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In the case of constant eddy viscosity, the ex-
act solution is available and given by W*(z*) =
Up[U(z) + iV (2)] where U(z) and V (z) are respec-
tively represented by

U(z) = R(We(2)) cos(x) — Z(We(2)) sin(x), (89)

V(2) = R(We(2)) sin(x) + Z(We(2)) cos(x). (90)

R(W.(z)) and Z(W,(z)), refer to the real and imag-
inary parts of W, (z) respectively. W,.(z) is given by

Yo cosh(©) + sinh(O)
(1 —4)[cosh() + Yo sinh(¥F)]’

where © = k(1 —4)(1 — 2) and ¥ = k(1 — 7).

The results of the Sinc-Collocation approach
shown by U.(z;) and V,(z;) were compared with
the exact solutions, U(z;) and V(z;), at the sinc
grid points & with the mesh size of

_ log(rdyN/B)
- lelrdn

We(z) = (91)

h

where d,v, and 3 are equal to 7, 2, and 7 respec-

tively. In order to provide dimensional representa-
tion of the velocities we need to multiply the results
by the natural velocity scale Uy.

To demonstrate the accuracy of the method, the
maximum absolute errors are defined by

1Boll = max  (UolUe(z) = UGl
1Byl =, max  (UolVi(s) = V()

~N-2<j<N+2

and
[Ew|l = maz{||Eu|, |Ev ||}, (92)

where the units are ms—!.

Example 1.a.(seabed linear stress condition in the
complex velocity system)

For the purpose of keeping the parameters and vari-
ables identical to references [36] and [18], we choose

x = 45° and the linear stress condition at the
seabed, 0 = ‘%k;(D[;‘S) = 0.1. In this example we

solve a discrete system of size (2N 4 5) X (2N + 5)
given by (59). To demonstrate the numerical con-
vergence of the method we consider N = 4, 8, 16,
32, and 64. The errors are listed in Table 1 demon-
strating a very high degree of accuracy.

In Figure 2 we depict the exponential conver-
gence of the solutions by the horizontal projection

10

—0.01} ¢

(m/s)

—0.02]

i

—0.03|

4bi1

—0.04]

0.00 0.02 0.04 0.06 0.08 0.10
V* (m/s)

Figure 2: The Sinc-Collocation Ekman Spiral projection of
Example 1.a for different values of N against the exact solu-
tion while 0 = 0.1, x =45,k =5, Dg = 100 m, Dg = 20 m.

Table 1: Errors of Example 1.a (constant eddy viscosity in
the complex system) with o = 0.1,x = 45°,k = 5,D¢ =
100 m and Dg = 20 m.

N h CPU (s) [IEv] [Ev]] [Ewll

4 0.3163 0.015 2.9852 x 1073 3.4708 x 102 3.4708 x 10—3
8  0.2015 0.016 1.2634 x 107 8.4080 x 107°  1.2634 x 10~
16 0.1224 0.016 2.4903 x 1076 1.2267 x 1076 2.4903 x 106
32 0.0720 0.125 2.9558 x 1078 1.4260 x 1078 2.9558 x 108
64 0.0414 0.156 1.2276 x 10710 1.817 x 1071°  1.817 x 10~1°

of the Ekman spiral. Obviously, it is hard to distin-
guish between the exact solution and the approxi-
mate solution while N=64.

Table 2, provides a comparison between the
errors of the Sinc-Collocation method and those in
[36] and [18] which are based on the Sinc-Galerkin
scheme. FEw,F; and E3 convey the maximum
errors of our method, and those in [36] and [18§]
respectively.

Example 1.b. (seabed linear stress condition in the
coupled system)

We repeat the ideas behind the Example 1.a in the
coupled system to check if it is giving us better
approximations. In this example we solve a dis-
crete system of size (4N + 10) x (4N + 10) given
by (84). Table 3 exhibits the errors of the Sinc-
Collocation approach applied to the coupled sys-
tem. In addition, a comparison between the er-
rors of our method and those in [19] is provided in

Table 2: A comparison between the errors in Example 1.a
(in the complex system) and those in papers [18, 36], with
o=0.1,x =45°,k =5,Dp =100 m and Dg = 20 m.

N h CPU (s) [[Ewl CPU (s) [IE:]l (2]

4 03163 0.015 34708 x 10 0.01 110 x 1072 5.377 x 10~
8 0.2015 0.016 1.2634 x 10~*  0.01 250 x 107%  4.571 x 102
16 0.1224 0.016 2.4903 x 107 0.03 2.76 x 107> 1.861 x 1072
32 0.0720 0.125 2.9558 x 1078 0.15 8.99 x 1077 8.189 x 1073
64 0.0414 0.156 1.817 x 1071 1.01 578 x 107 7.13x107*
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Table 3: Errors of Example 1.b (constant eddy viscosity in
the coupled system) with o = 0.1,x = 45°,k = 5,Dg =

Table 5: Errors of Example 2.a (constant eddy viscosity in
the complex system) with o = 0,x = 45°,k = 5,Dp =
100 m and Dg = 20 m.

100 m and Dg = 20 m.
N

h CPU (s) [lEull [Ev [[Ew || N h CPU (s) [lEul| BV 1 Ew |l
4 0.3163 0.015 2.9852 x 1073 3.4708 x 10~%  3.4708 x 1073 4 03163 0.015 3.0613 x 107 3.3831 x 10~°  3.3831 x 107%
8 0.2015 0.016 1.2634 x 10~*  8.4080 x 10~°  1.2634 x 10~* 8 0.2015 0.016 1.25 x 10~* 8.4230 x 1077 1.25 x 10~*
16 0.1224 0.016 2.4903 x 1076 1.2268 x 10~¢  2.4903 x 10~6 16 0.1224 0.016 24824 x 1076 1.2312x 1076 2.4824 x 10~
32 0.0720 0.078 2.9558 x 1078 1.4260 x 10~%  2.9558 x 1078 32 0.0720 0.125 2.9460 x 1078 1.4316 x 10~%  2.9460 x 10~8

64 0.0414 0.109 7.2213 x 1071 4.8278 x 10711 7.2213 x 107!

64 0.0414 0.156 8.2568 x 10~'1  8.3657 x 10~ 8.3657 x 10~ !

Table 4: A comparison between the errors in Example 1.b
(in the coupled system) and those in paper [19], with o =
0.1,x = 45°,k = 5,Dp = 100 m and Dg = 20 m. Here
m = 2N +5 represents the number of unknowns of the linear

system.
N m h | Ew || | Es||
4 13  0.3163 3.4708 x 103 5.377 x 1072
8 21 0.2015 1.2634 x 10~* 4.571 x 1072
16 37 0.1224 2.4903 x 10~  1.861 x 102
32 69 0.0720 2.9558 x 1078  8.189 x 1073
64 133 0.0414 7.2213x 10~ 713 x 10~

Table 4. The corresponding Ekman spiral to Ex-
ample 1.b is depicted in Figure 3. Comparing the
errors in Tables 1 and 3, shows that the only dif-
ference between errors of the complex system and
the coupled system happens at N = 64. At N =
64, the Sinc-Collocation approach in the coupled
system provides more accurate approximation than
that in the complex system.

0.00;

—o0| ¥

(m/s)

3 -002

-0.03;

-0.04

0.00 0.02 0.04 0.06 0.08 0.10
V*(m/s)

Figure 3: The Sinc-Collocation Ekman Spiral projection of
Example 1.b for different values of N against the exact solu-
tion while 0 = 0.1, x =45,k = 5, Dg = 100 m, Dg = 20 m.

Example 2.a.(No-slip condition at the seabed in
the complex velocity system)

In this example we set 0 = 0. All other parameters
are similar to references [36] and [18] and those
carried out in Example l.a. Here, we solve the
discrete system given by (59) for approximate
solutions Ug(z) and V,(z). The errors for different

11

Table 6: A comparison between the errors in Example 2.a (in
the complex system) and those in [18, 36], with 0 = 0, x =

45° Kk =5,Dg =100 m and Dg = 20 m.
N h CPU (s) [IEwll CPU (s) [IE2] [E2A]

1.10 x 1073
248 x 1074

4 03163 0.015 3.3831 x 10~°  0.01 5.3322 x 102
8 0.2015 0.016 1.25 x 1074 0.01 4.5478 x 1072

16 0.1224 0.016 2.4824 x 1075 0.03 2.75x 107 1.8543 x 102
32 0.0720 0.125 2.9460 x 10~%  0.16 8.96 x 1077 8.1680 x 103
64 0.0414 0.156 8.3657 x 107 1.07 576 x 1077 7.1 x 107!

values of N (N=4, 8,..., 64) are listed in Table 5 and
a very close similarity to those in Example 1.a is
explored. The horizontal projection of the Ekman
spiral for different values of N against the exact
solution are portrayed in Figure 4. Likewise, Table
6 provides the maximum errors of our method, and
those in [36] and [18] respectively.

~0.01/ &

(m/s)

—0.02]

i

—0.03|

—0.04]

0.00 0.02 0.04 0.06 0.08 0.10
V= (m/s)

Figure 4: The Sinc-Collocation Ekman Spiral projection of
Example 2.a (in the complex system) for different values of N
against the exact solution while o0 = 0,x =45,k = 5,Dg =
100 m, D = 20 m.

Example 2.b.(No-slip condition at the seabed in
the coupled system)

Here we repeat the ideas behind Example 2.a in the
coupled system to check if there are any differences
between the results. Therefore, we solve the sys-
tem given by (84). Table 7 exhibits the errors of
the Sinc-Collocation approach applied to the cou-
pled system. In addition, a comparison between the
errors of our method and those in [19] is provided
in Table 8. The corresponding Ekman spiral to Ex-
ample 2.b is depicted in Figure 5. Comparing the
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Table 7: Errors of Example 2.b (constant eddy viscosity in
the coupled system) with o = 0, x = 45°,k = 5, Dg = 100 m
and DE = 20 m.

N & CPU (s) [Eu] [Ev]] I Ew]

4 0.3163 0.015 3.0613 x 1073 3.3831 x 10~°  3.3831 x 1073
8  0.2015 0.016 1.25 x 10~* 8.4230 x 1075 1.25 x 10~*

16 0.1224 0.016 24825 x 1076 1.2312 x 10-¢  2.4825 x 1076
32 0.0720 0.078 2.9460 x 1078 1.4316 x 10~%  2.9460 x 108
64 0.0414 0.109 9.1851 x 10~'1  4.4308 x 10~ 9.1851 x 10~ !

Table 8: A comparison between the errors in Example 2.b
(in the coupled system) and those in [19], while o0 = 0, x =
45° Kk =5,Dg = 100 m and Dg = 20 m.

N m h | Ew|] | Es]

4 13 0.3163 3.3831 x 1073 5.3322 x 1072
8 21 0.2015 1.25 x 1074 4.5478 x 10~2
16 37 0.1224 2.4824 x 10~6 1.8543 x 102
32 69 0.0720 2.9460 x 108 8.1680 x 103
64 133 0.0414 9.1851 x 10711 7.1 x10~*

errors in Tables 5 and 7, shows that the only dif-
ference between errors of the complex system and
the coupled system happens at N = 64. At N =
64, the Sinc-Collocation approach in the coupled
system provides more accurate approximation than
that in the complex system.

0.00}

—o.01t ¢

(m/s)

5 -002

-0.03

0.00 0.02 0.04 0.06 0.08 0.10
V* (m/s)

Figure 5: The Sinc-Collocation Ekman Spiral projection of
Example 2.b (in the coupled system) for different values of N
against the exact solution while 0 = 0,x = 45,k = 5,Dg =
100 m, Dg = 20 m.

5.2. Variable Eddy Viscosity

In the real world the eddy viscosity is a depth-
and time-dependent variable. In this paper, we
specifically study the depth-dependent eddy vis-
cosity. Likewise, we study a specific case of time-
dependent eddy viscosity in which when ¢t — oo, it
can be considered as a constant.

In seas of shallow to intermediate depth, the eddy
viscosity has the maximum values of A*,(z*) at the
intermediate depths and the minimum values near

12

the surface and seabed. But in deeper seas, it is ex-
pected that A*,(2*) has the maximum values near
the surface and its value decreases going towards
the seabed. The latter case is illustrated by

A%, (2%) = 0.02[1 — 0.00752%]%, 0 < 2* < Dy (93)

which decreases quadratically from the value of
0.02 m? s~! to the minimum value of 0.00125 m?
s~1. The eddy viscosity in the first case, follows a
quadratic model given by

A% (2") = 0.02[140.122*(1-0.012)], 0 < 2" < Dy.

(94)
increasing from the initial value of 0.02 m2s~! to
the peak value of 0.08 and then dereasing to 0.02

m? s~1.

Example 3.a.(The decreasing eddy viscosity in the
complex velocity system)

In this example we find the approximate solutions
Us(z) and V;(z) via the complex velocity discrete
system (59), while the variable eddy viscosity is
given by (93). The parameters are chosen identical
to those in references [36] and [18]. Hence Dy = 100
m, o0 = 0.1, x =45°, and kK = 5.

Since there is no closed form solution to the cur-
rent case, we present the Ekman spiral projection
of decreasing eddy viscosity in the complex velocity
system against that of constant eddy viscosity for
different values of N, in Figure 6.

—0.01} ¢

(m/s)

—0.02]

U

—0.03|

—0.04]

v (m/s)

Figure 6: The Sinc-Collocation Ekman Spiral projection of
Example 3.a (in the complex system) for different values of N
against the exact solution while 0 = 0.1, x = 45,k =5, Dy =
100 m, Dg = 20 m.

Example 3.b. (The decreasing eddy viscosity in
the coupled system)

We applied our approach to the same model prob-
lem in Example 3.a but in the coupled system.
Again since there is no closed form solution of this
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case, we present the results by the Ekman spiral
projection of the decreasing eddy viscosity in the
coupled system against that of constant eddy vis-
cosity for different values of N, in Figure 7.

0.00;

—o01} ¢

(m/s)

3 -002

—0.03;

-0.04

0.00 0.02 0.04 0.06 0.08 0.10
V* (m/s)

Figure 7: The Sinc-Collocation Ekman Spiral projection of
Example 3.b (in the coupled system) for different values of N
against the exact solution while 0 = 0.1, x =45,k =5, Dg =
100 m, Dg = 20 m.

Example 4.a. (The quadratic eddy viscosity in the
complex velocity system)

In this example, the approximate solutions Us(z)
and V,(z) are demonstrated by the complex veloc-
ity discrete system while the eddy viscosity is given
by (94). All the parameters are identical to those
carried out in Example 1.a. The exact solution of
this model problem is not valid. Therefore to dis-
cuss the results, we portray the Ekman spiral pro-
jection of quadratic eddy viscosity in the complex
system against that of constant eddy viscosity for
different values of N by Figure 8.

Example 4.b. (The quadratic eddy viscosity in the
coupled system)

—0.01

(m/s)

—0.02

U

—0.03

—0.04

0.00 0.02 0.04 0.06
V* (m/s)

Figure 8: The Sinc-Collocation Ekman Spiral projection of
Example 4.a (in the complex system) for different values of N
against the exact solution while ¢ = 0.1, x =45,k = 5, Dg =
100 m, D = 20 m.

13
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(m/s)

5 -0.02

—0.03

0.00 0.02 0.04 0.06 0.08 0.10
V*(m/s)

Figure 9: The Sinc-Collocation Ekman Spiral projection of
Example 4.b (in the coupled system) for different values of N
against the exact solution while ¢ = 0.1, x =45,k = 5, Dg =
100 m, D = 20 m.

The same model problem as Example 4.a is inves-
tigated in the coupled system. Figure 9 shows the
results by the help of the Ekman spiral projection
of quadratic eddy viscosity in the coupled system
against that of constant eddy viscosity for different
values of N.

Example 5. (A steady-state problem in the com-
plex system)
As discussed earlier eddy viscosity is a time- and
depth-dependent variable. Realistic oceanography
problems are those in which eddy viscosity is a func-
tion of depth and time. Field studies show that the
value of the eddy viscosity near the surface is de-
pendent on the wind stress which relies on time.
Therefore, in shallow seas (Dg < 100 m), the eddy
viscosity is assumed dependent of time but inde-
pendent of depth. There is an interesting example
of this case in [18] studied in below.

Assume the nondimensional time-dependent
eddy viscosity

A,(t) =4—3e7".
At the steady-state condition (t — 00), it will be

equivalent to As, = 4. Then consider the steady-
state boundary value problem

d*w(z)
dz?

—Z

Aso

+2k%iw(z) = —2K%i <1 )eix (95)

o0

with time-independent boundary conditions

dw(0) _
=0, (96)
w(1) = 0. (97)

and the no-slip boundary condition ¢ = 0.
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Table 9: Errors of Example 5 (the steady-state problem in
the complex system) with o = 0,x = 45°,k = 3.14,Dg =

60 m and Dg = 19 m.
N h CPU (s) [lEull [E241 1 Ew |l

9.6571 x 1070 3.4867 x 100 9.6571 x 100
4.5835 x 1078 9.9910 x 10~%  9.9910 x 10~8
5.833 x 1079 21325 x 1079 5.833 x 107°

6.9410 x 1071 2.5413 x 10~'1  6.9410 x 10~ !
24219 x 10713 3.0335 x 10~13  3.0335 x 10713

4 03163 0.015
8 0.2015 0.015
16 0.1224 0.016
32 0.0720 0.093
64 0.0414 0.141

0.00000f

-0.00005{ §

u* (m/s)

—0.00010y

—0.00015;

0.0000 0.0001 00002 0.0003 0.0004
V* (/)

Figure 10: The Sinc-Collocation Ekman Spiral projection of
Example 5 for different values of N against the exact solution
while 0 = 0,x =45,k = 3.14, Dg = 60 m, D = 19 m.

The exact solution of this problem is W(z) =
Uo(U(z) + iV (2)), where U(z) and V(z) are given
by

_— <1+z’> sinh ((1—1’)/4:(1—2) t)
c\z) =
2 ) /AL cosh ((1 — i)k t) .
(98)
This example is similar to Example 2.a. So we
solved the problem by the complex discrete system
in (59). The results comparing to the exact solution
are depicted in Table 9. Figure 10, displays the Ek-
man spiral projection of the steady-state problem
for N = 4, 8,..., 64 against the exact solution. In
Table 10, we compare our results with those in [18].
The logarithmic plots of the maximum errors of
example l.a, 2.a and 5 are given by Figures 11,
12 and 13 respectively. These plots show that the
errors of our approach decay exponentially.

6. Conclusions

In this paper, a Sinc-Collocation technique
based on first derivative interpolation has been

Table 10: A comparison between the errors in Example 5
(in the complex system) and those in [18], while 0 = 0, x =
45° k = 3.14,Dp = 60 m and Dg = 19 m.

N m h [Ew | 2]

4 13 0.3163 9.6571 x 1079 2.1261 x 10!
8 21 0.2015 9.9910 x 108  2.7372 x 1071
16 37 0.1224 5.833 x 107° 8.6065 x 102

32 69 0.0720 6.9410 x 1071 2.2573 x 1072

log (E(N))

Figure 11: The base-10 logarithm of errors observed in ex-
ample 1.a versus vV N for N=4, 8, 16, 32, and 64.

|
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Figure 12: The base-10 logarithm of errors observed in ex-
ample 2.a versus vV N for N=4, 8, 16, 32, and 64.
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Figure 13: The base-10 logarithm of errors observed in ex-
ample 5 versus vV N for N=4, 8, 16, and 32.
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used to numerically approximate the solution of
a hydrodynamic model observed in [36]. The
validity of the proposed approach is demonstrated
by solving illustrative examples found in [36] and
[19] and comparing the results with the exact
solutions and with those in prior studies. The
results show that the proposed Sinc-Collocation
approach is a computationally efficient and a highly
accurate method. In particular, it is shown that
the proposed method performs better than the
Sinc-Galerkin approach previously used to solve
these problems. Therefore, the proposed approach
maybe used in numerical oceanography to solve
other hydrodynamic problems. Although the focus
of this paper is one dimensional oceanography
problems, the method utilized in this paper can
be extended to solve boundary value problems
involving higher dimensions. The extension to
higher dimension would follow the approach used
in [21].
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*Highlights (for review)

e This study uses Sinc-Collocation method based on first derivative interpolation.

e |t solves a wind-driven hydrodynamic model with depth-dependent eddy viscosity.
e The scheme is shown to be highly accurate and computationally efficient.

e The validity of the scheme is tested with several model problems.

e The proposed scheme outperforms other schemes based on Sinc approximations.
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Table 4.
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the usual Sinc method whereby the unknown function is interpolated, the authors propose to apply the
Sinc-Collocation technique to the first derivative and then use Sinc-based integration to obtain the
unknown function. The technique is illustrated through a series of oceanographic examples involving
wind-driven currents and depth-dependent vertical eddy viscosity. The examples are chosen to be
identical to those of previous research for comparison purposes. The results demonstrate that the
proposed technique is more accurate and also more computationally efficient than the Sinc-Galerkin
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for publication.
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