CHAPTER 2 THEORIES

There are many methods for analyzing the sea level and sea surface height (SSH)
in the Gulf of Thailand (GoT) and the South China Sea (SCS). In this chapter
all methods used in this research are introduced. The trends of the observations
are analyzed using two methods: least square linear regression and periodic cubic
spline approximation. The Empirical Orthogonal Function (EOF) is used to reduce
the spatial and temporal variability of the original data sets to new variables which
cover most of the total variance. The wavelet transform and wavelet coherence are
used to analyze the principal components of EOF. Furthermore, the descriptions
of numerical ocean models: Ocean Circulation and Climate Advanced Modelling
Project (OCCAM) and Princeton Ocean Model (POM) are given in this chapter.

2.1 Least Square Linear Regression

The best line fit between two paired variables is very useful in many applications.
Linear least squares regression is a standard statistical analysis techniques. The
basic idea is to find the line which minimizes the sum of the vertical distances
squared between all data points and the least square line. Therefore, the line that
fits best in this sense is called “least square fit” and the process of finding that line
is called “least square linear regression”. In this study, this method is used to find
the trends of sea level for each tide gauge station.

The processes of least square linear regression are discussed. Firstly, considering m
pairs of data (z;,y;),7 = 1,...,m. Define F(z) = az + [ and the residual, r;, for
the data pair (z;,y;) as

r;i = y; — Fzg) = 4 — (az; + 8),
where a and [ are the coeflicients of F'(x).
The least squares fit is obtained by choosing the a and [ such that zrf is a
i=1

minimum. To simplify the notation p = |75 and find o and B by minimizing
p = p(a, 3). The minimum requires

0 )
8—2 |ﬁ=consta.nt. =0 and 8—,2 |a=consta.nt = 0.

Fulfilling the differentiation leads to

sza+5xﬁ = Sxy, (21)
S,a+mb = 8, (2.2)

m m m m
where S;, = E Tl Sy = E Ziy Szy = E z;y; and S, = E Ys.
i=1 i=1 i=1 i=1



Solving Eq. (2.1) and (2.2) for a and g3 yields
(Sey — S (2.3)

(SISIy == Sszy)7 (24)

Ul

where d = S2 — mS,,.

2.2 Approximation with Periodic Cubic Spline Function

In this section, the periodic cubic spline approximation is introduced for study the
general trend of data sets and its application by Herrmann, 1996.

Given a data set (zk,yx),k=0,...,nwithn >3 and 2o <7, <... < T, Let y, =

Yo to get a periodic spline function and given control parameters px,k = 0,...,n.
To find a periodic cubic spline function s(z) on [zo, z,] with knots x, ..., z,, that
means we seek 4n coefficients ay, by, cx and dy for k = 0,...,n — 1 such that

s(z) = sp(x) = a + be(z — o) + cr(z — 21)* + di(z — z1)?, (2.5)

in [zx, zx41] satistying the following conditions:

(i) s(x) and its first and second derivatives are continuous at the knots
S'(j) (IE ) b= L s sl
a (i) = =1p—1, 3=012
s01(20) = s(zm1), §=0,1,2

“n=l

(ii) s(x) satisfies the minimal property

G(s) := min /Iﬂ [s"(x)]dz, (2.6)

20
(iii) s(z) satisfies the following boundary conditions
Hy(@) = [y — ax]® < My, (2.7)
where M is slick variable for k =1,...,n — 1.
The first and second derivatives of the spline function of Eq. (2.5) satisfy

s'(z) = by +2c(z— zx) + 3di(z — xx)? in [Tk, Thy1),

s"(x) = 2ck+6di(z— k) in [Tk, Thy1).

Therefore, the minimal property can be written as

G(s) := min /zn [2¢k + 6di(z — 7)) dz. (2.8)

zo

The solution of cubic spline interpolation can be written in a linear system as

S-£=3-Q-a (2.9)
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where ¢ = (c1,...,cn1)T, @ = (a1,...,a,-1)", S and Q are symmetric tridiagonal
matrices whose entries satisfy
1 1}
Skk = Q(hk_l—f-hk), kK = —( +—), k=0,...,n—-1
hi—y  h
il
Skk+1 = Sk+rk = hi, Qektl = Grtrk = 7 k=0,...,n—2
k
1
Som—1 = Sn-10 = ha-1, o1 = Gn-10 = )
hn—l

with hy = Tpy1 — T, k=0,...,n—1 and h_; = h,_;.

Condition (iii) is the side condition at each knot. This allows us to control the
approximation at each knot. For the minimal property condition (ii), to use the
Lagrange multiplier method (see more details in Appendix) by introducing n — 1
additional variables 2y, ..., z,—1:

n—1

F(@,z,) = min |G(@) + Y _ M[He(@) + 7 — Mi] |, (2.10)
k=0
where )\, ..., \,—1 are the Lagrange parameters.
The necessary condition — leads to
Bak
2-Q-¢+A-(@a—y) =0, (2.11)
where A = diag( Mo, ..., An-1)-
F F
Furthermore, the condition — = (9_ = ( provides
8)\k 6zk
Hy (@) + 22 -M, = 0, (2.12)
2-X-z = 0, (2.13)

for k=0,...,n—1.

Pre-multiply Eq. (2.11) with A~! and substitute @ from Eq. (2.9) follow by pre-
multiply it with Q,

2A_1QE+6—37= 0,
1
2-A‘1-Q-E+§-Q‘1-S~E= 7,

6-Q-A'-Q-¢+S-¢ = 3-Q-%.
Thus,
S+6-Q-A1-Q)-¢=3-Q-7. (2.14)
Definition 2.1 Define
AP):=S+6-Q-A'-Q, (2.15)

where P := diag(po, - . ., Pn-1) = A.



Eq. (2.14) can be written as the linear system
A(P)-¢=3-Q-7. (2.16)

Solving the simple linear system Eq. (2.16) by choosing po, ..., pn—1 arbitrarily. The
symmetric band matrix A is a band matrix with 5 diagonal entries along diagonal
and 3 entries in the upper right and the lower left corner,

* % * 0 ... 0 x =%
* 0
A= k A
0
0 *
* | < *
| * * 0 0 * x % ]
where the elements are
1 1 1 1 1
a = 2(hg—1+hi) +6 + = + =)+ —],
g Gl [pk—lh%—l pk(hk—l hk) Pk+1hﬁ]
k=0,...,n—1
1 1 1 1 1 i
a = a = hgy—6]—— e —k ;
e ik - E [pkhk(hk—l hy” " pryrhe P hk+1)]
k=0,...,n—2
a 6 k=0 n—3
= ua — TR =Y. PRA
AR e Prt1hkhis
a = a — —6
o=z b = pn—lhn—2hn—l’
1 1 1 1 1 1
Ao n— = Qp— == hn— -6 + + +—};
ont bo ! [pn—lhn—l(hn—2 hn—l) pOhn—l(hn—l ho)]
A1n-1 = Qp-11

pOhlhn—l’
with h_y = hp—1, p—1 = pn—1 and p, = po.

2.3 Empirical Orthogonal Function Analysis

The Empirical Orthogonal Function (EOF) analysis is often used in meteorology
and oceanography fields for analysis of spatial or temporal variability. This method
is also known as Principal Component Analysis (PCA) and its procedure is equiva-
lent to a data reduction method widely used in the social sciences known as factor
analysis. The Empirical Orthogonal Functions (EOFs) are simply method for par-
titioning the variance of data series which are called “empirical” and defined by the
covariance of data sets (Emery and Thomson, 2004). This technique can be applied
in many applications such as dimensionality reduction, image processing and face
recognition.
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The main idea of EOFs is to separate the spatial and temporal variability of origi-
nal data series into a smaller number of new variables that cover most of the total
original variance. The new variables are called orthogonal functions or principal
components (PCs). EOF analysis is used to separated the dominant modes of vari-
ations in oceanography (Nerem, et al., 1997; Chu, et al., 2003; Rong, et al., 2007;
Rojsiraphisal, 2007). There are two approaches for computing EOFs. The first
approach is obtained by constructing a covariance matrix of the data series then
finding eigenvalues and eigenvectors of the covariance matrix. The second one uses
the Singular Value Decomposition (SVD) of the data matrix to obtain all the com-
ponents of the EOFs (eigenvalues, eigenvectors, and time-dependent amplitudes)
without computing the covariance matrix. The EOFs determined by both methods
are identical. In this thesis, the first approach is chosen to compute the EOF for
data sets obtained from observations and the results of numerical ocean models.

EOF Computation Using the Covariance Matrix Method

The data sets which are measured at location x = 1,...,p for each timet =1,...,n
are arranged in matrix F. Constructing a matrix F(t,z) with size n by p as:

V. T PN R o
B Fah e W

p=| ¢ ® (2.17)
Fnl Fn2 an

where any entries Fy, = F(t,z) fort=1,...,nandz=1,...,p.

Next removing the mean from each of the p time series in F, to get the anomaly
matrix F'(¢, ), that is

F'(t,z) = F(t,2) — F(z), (2.18)

_ T
where F(z) = EZF(t,x) for =21} ...
t=1

The covariance matrix (Bjornsson and Venegas, 1997; Limsakul, 2004) is obtained
from
R=F"F, (2.19)

where T' denotes the transpose of matrix and the principal components are obtained
by solving the eigenvalue problem

RC = CA, (2.20)

where A denotes the diagonal matrix containing the eigenvalues A\; of R and the
it column of C is the i** eigenvector corresponding to the eigenvalues );. Both
matrices A and C have size p by p.

The i** pattern of EOF modes is described by the eigenvector corresponding to the "
eigenvalue. The EOF mode 1 is the eigenvector associated with the largest eigenvalue
and EOF mode 2 is the eigenvector associated with the second largest eigenvalue, and
so on. Since the matrix C satisfies C'C = CCT = I (where I is the identity matrix),
this means that the EOF's are uncorrelated over space; i.e. each modes are orthogonal
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to each other. So, it is named that the “Empirical Orthogonal Function”. Many
authors refer to the patterns as the “EOFs”, but some authors refer as the “principal
component loading patterns” or just “spatial patterns”. The time series are referred

» «

to as “EOF time series”, “expansion coefficient time series”, “expansion coefficients”,
“principal component time series” or just “principal components” (Bjornsson and
Venegas, 1997). In this research, the patterns and time series are referred as “EOFs”
or “spatial patterns” and “principal components”, respectively.

The principal components can be obtained from
i; = F'E; (2.21)
where @; are the projections of the map in F’ on EOF mode j.

Reconstruct the data from EOFs and the principal components as
P
F = &,(EOF)). (2.22)
j=1

The percentage of total variance the mode k is in the form

Ak
P
PR
i=1

In this research, the orthogonal constraints have been constructed in the EOF analy-
sis so that

% of total variance mode k = * 100. (2.23)

e The principal components (PCs) are orthogonal in time; i.e. there are no
temporal correlation between any two principal components.

e The EOF's are orthogonal in space; i.e. there are no spatial correlation between
any two EOFs.

In this study, the EOF analysis is used to analyze the grided data which includes
land grid points from the observation and results from numerical ocean models. The
EOF procedures have to compute by ignorance land using MATLAB as follow,

1. Assume the data is in a matrix, anom, with each row as one map and each
column a time series for a given grided data.

2. Computing the covariance of matrix with land grid points or Not a Number
(NaN) which this command already remove mean:

Cov = nancov(anom, ’pairwise’);

3. Obtaining the eigenvalues and eigenvectors of the covariance matrix:
[C, L] = eig(Cov);

where L is a diagonal matrix of the eigenvalues corresponding to eigenvector
matrix C.



12

4. Calculating the percentage of total variance:

k = diag(L)/trace(L) * 100;

5. Obtaining the principal components or amplitudes:

PCi = anom * C(:,1i);

2.4 'Wavelet Analysis

Wavelet analysis is a technique for time-frequency localization. The wavelet trans-
form has been used in many fields such as mathematics, geophysics, image compres-
sion, electrical engineering, musical tones and de-noising noisy data. Comparison
between sea level and other variations are analyzed using wavelet coherence (Hwang
and Chen, 2000; Tiwari, et al., 2004; Rong, et al., 2007).

In this research, the wavelet transform based on wavelet analysis (Torrence and
Compo, 1998) is used to investigate the principle components of sea level from
difference sources which are obtained from EOFs analysis. Consider time series
with equal time spacing 6t, z,, n = 0,1,...,N — 1; N denotes the number of
times. Consider a mother wavelet or wavelet function, (7)), which depends on
non-dimensional for time parameter 7. In this study, Derivation of a Gaussian
(DOG) is used and given by

s MEUTT W ey (2.24)

I'(m+ 3) dn™

where m is the derivative. Note that DOG with m = 2 is called the Marr or
Mexican hat function which is a real valued function and can be arrested both
positive and negative oscillations of the time series as a separate peaks in wavelet
power (Rojsiraphisal, 2007).

The continuous wavelet transform of a discrete time series x, is defined as the
convolution of z,,

N-1
Wn(s) = Z i'kd;*(swk)ew‘antv (225)
k=0

where s is a wavelet scale, (") denotes Fourier transform, (*) represents complex
conjugate and wy represents an angular frequency which is defined as

2wk
Rmidisdd < N
NAt k<3
Wk =
2wk
=7 L k>N
NAt ” 2

The Fourier transform of the DOG wavelet transform is in the form

Po(sw) = —_im—(sw)me_(s“)2/2. (2:26)

I(m+ 3)
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The wavelet power spectrum W,(s) is also magnitude of W,(s) because of the
wavelet function 1(n) of the Mexican hat is a real valued function. In order to
identify specific events from principal components achieved in EOFs section. The
Mexican hat wavelet function and lag-1 autocorrelation for red noise background
with 0.72 (Torrence and Compo, 1998) are used to calculate significant at the 5%
level and global wavelet spectrum.

In this study, the wavelet analysis is applied to principal components of sea surface
height anomaly (SSHA) from TOPEX/ERS and principal components of sea surface
height (SSH) from OCCAM and POM. The wavelet software is provided by Torrence
and Compo (2005).

2.5 Wavelet Coherence

The wavelet coherence has been used to identify frequency of two time series, defined
as the square of the cross spectrum normalized by the individual power spectra and
gives quantity between 0 and 1 (Torrence and Compo, 1998). The wavelet transforms
of two time series X and Y (z,,n=0,...,N—1and y,,n=0,..., N —1) is defined
as the convolutions of z,, and y, with a scaled and translated version of ¢y(n):

N-1 )
— t
WX@s) = 3 zuy’ [(” o ] (2.27)
n'=0 #
N-1
"—n)ot
: WYs) = S ywt [(" n) o (2.28)
1 N X n'=0 i
< _:f/‘-"'[ AREH 7
where the (*) indicates the conjugate and yg(n) = 7~ V/4eione=7"/2,
The cross wavelet spectrum is defined as
WXY (s) = WX ()W, (s), (2.29)

where (*) denotes complex conjugate.

The wavelet coherence of two time series is defined by the following (Torrence and
Webster, 1999)

2 | <s7'Wa¥(s) > P2
= 2.
Bals) = AW R < s WY R > (2:30)

where < - > indicates smoothing in both time and scale. The factor s~! is used to
convert to an energy density.
The wavelet coherence phase difference is defined as
Im{< s71WXY(s) >
" () U< Y ) b (2.31)

Re{< s~ 1WZXY(s) >}

where Im{} and Re{} represent imaginary and real part.
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In this research, the correlations of SSHA from TOPEX/ERS altimeter and SSHs
from OCCAM (with low and high resolutions) and POM are analyzed by wavelet
coherence. The wavelet coherence package are obtained from Grinsted, et al. (2005).
The principal components obtained from EOF's analysis are used to find the relation-
ship between SSHA and SSHs. The first part, principal components of SSHA from
TOPEX/ERS and SSHs from OCCAM with resolutions of 1/4° and 1/12° in the
GoT are investigated. Later, the principal components of SSHA from TOPEX/ERS
and SSH from POM are analyzed in the GoT. Moreover, the principal components
of SSHA from TOPEX/ERS and SSH from OCCAM with a resolutions of 1/4° are
investigated in the SCS.

2.6 The Ocean Circulation and Climate Advanced
Modelling Project (OCCAM)

The OCCAM is a primitive equation numerical global ocean model which is based on
the Bryan-Cox-Semtner ocean general circulation model, but includes a free surface
and improved advection schemes. This model uses an Arakawa B-grid (see Figure
2.1) in the horizontal and z-coordinate in the vertical. The OCCAM model is split
into two parts: Model 1 and Model 2. Model 1 uses a standard latitude-longitude
grid and covers the Pacific, Indian and South Atlantic Oceans. Model 2 uses a
rotated grid and covers the North Atlantic and Arctic Oceans (Webb, et al., 1998).
The model depth is calculated from the US Navy DBDB5 data set which uses grid of
1/4° and 1/12°. The depth is set to zero at the land grid points. For the resolution
of 1/4°, the model has 36 levels with thickness from 20 meters near the surface up
to 255 meters at the depth of 5500 meters. The model has 66 levels in the vertical
while 14 levels in the upper 100 meters for the resolution of 1/12° (Coward and De
Cuevas, 2005). The model is started from the Levitus annual mean temperature
and salinity fields. The surface forcing uses European Centre for Medium-Range
Weather Forecasts (ECMWF) monthly mean winds and is relaxed to the Levitus
seasonal surface temperature and salinity fields.

The OCCAM based on the Bryan-Cox-Semtner ocean general circulation model can
be defined by the potential temperature, salinity, three components of velocity and
others variables. These variables can be specified using a momentum equation for
the time changes in velocity and an advection-diffusion equation for the changes of
temperature and salinity. The system also needs a continuity equation, an equation
of state and boundary condition to be specified. The horizontal momentum equation
and the three dimensional advection/diffusion equations are

U - .~ OU . 1
—+ U -VVU+w—+fxU = —(—)Vp+ Dy + Dy, (2.32)
ot 0z Po
as = s
?9—{ 1 (U ' V)S & 'wg = Dg+ FS/, (233)
or - orT
E + (U 2 V)T 5 wa — DT =+ FT’; (234)
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and the pressure (or vertical momentum), incompressibility and density equations
are

op
Pg = 5 (2.35)
- Ow
V-U+5 =0, (2.36)
p = p(T,S,p), (2.37)

where U is the horizontal velocity (u,v), T is the potential temperature, S is the
salinity, p is the pressure, w is the vertical velocity, p is the density, ¢ denotes time,
f is the Coriolis parameter (equals to 2Qsin(6), €2 is the Earth’s rotation rate and 6
represents the latitude), D is the diffusion, F' is the forcing and g is the gravitational
acceleration.

S

Figure 2.1 The Arakawa staggered B-grid. The horizontal velocity components
(u,v) are defined at the corner of grid cell and the variables (® denotes T, S and p)
are defined at the center of grid cell.

In numerical ocean model, three important approximations are often made to
reduce the computational load. The first assumption, the ocean is incompressible
in the continuity equation. The second assumption, the vertical velocity is small
and the terms involving can be neglected in the vertical momentum equation. The
third assumption, the small changes in density can be neglected except where they
affect the horizontal pressure gradient in the horizontal momentum equation. The
resulting equations are called the primitive equations.

In this study, the monthly mean SSHs obtained from OCCAM which cover the GoT
(98°E to 105°E and 6°N to 14°N) and the SCS (105°E to 123°E and 0°N to 25°N)
are investigated. The SSHs from OCCAM model with resolution of 1/4° and 1/12°
are taken during year 1985 - 2004 and 1988 - 2004, respectively.
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2.7 The Princeton Ocean Model (POM)

Another numerical ocean model used in the study is a Princeton Ocean Model
(POM) (Blumberg and Mellor, 1987). In this section, a brief description of the model
applied in the GoT is given. The governing equations of the POM include equations
of mass, momentum, temperature and salinity conservations. The sigma coordinate
or pressure coordinate is used in this model (Aschariyaphotha, 2006). The density in
each contour of vertical layers is quite constant in sigma coordinate system. This is
attained by transformation of the governing equations from z coordinate (z,y, z,t)
to the vertical sigma coordinate (z*,y*, o, t*).

In this research, a two dimensional oceanic model is used for calculating the sea
surface height and is derived by vertically integrated equations. This technique is
known as mode splitting (Simons, 1974; Madala and Piacsek, 1977) which sepa-
rates the vertically integrated equations (external mode) from the vertical structure
equations (internal mode).

The barotropic (external mode) equations are obtained by integrating the vertical
structure of equations over the depth. After integration, the continuity equation is

ouD 0vD On

Fi t+ Oy +§ -
The momentum equations are
- _2 p—
“ + @ + goD — foD +gDa— = — < wu(0) > + < wu(-1) >
ot ox oy
0’ 8D op' .,
g — / / o a—a)da do, (2.38)
= - =2
2L + gty + g % —Fv — faD +gD— = — <wv(0) > + < wv(-1) >
ot ox dy
BD op' ., ,
/ / 8 . —)do’'do, (2.39)

where u, v are the horizontal velocity components, w denotes the vertical component
of velocity, g is the gravitational acceleration, f = 2Q2sin 6 is the Coriolis parameter
(2 is the speed of angular rotation of the earth given by Q = 7.2921 x 107° rad s~ '),
po is a reference density of sea water, D = H + 7 (H is the bottom topography and
7n is the sea surface elevation), the overbars denote vertically integrated velocities

such as |
11:/ udo,
-1

and the terms (< wu(0),wv(0) >) and (< wu(—1),wv(—1) >) are wind stress and
bottom stress (the components are opposite in sign), respectively. The quantities of
the horizontal viscosity F'* and FY are defined as

_— 8u 0 _ ou O0Ov
FE = —(2HA (9_ G_[HAm(_+—8;)]’ (2.40)
= 8 0v 0 ou O0v
7 Rl
F 3y —(2HA,, ma —)+ % [HA ((9 8:15)] (2.41)
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where A, is the horizontal turbulent diffusion coefficient (Mellor, 2004) and the
dispersion terms are defined as

oD ouwsD ., OuwD o&wD

G = T3 +a—y—F A + P2, (2.42)
ouvD 0v:D - OwwD 2D -
= £ Yy _ - Y

G, TR F o 5 + Fv. (2.43)

2.7.1 Initial conditions

Assume that the water velocity is zero when the model starts computation. The
initial conditions for running model consist of bottom topography, temperature,
salinity and wind stress from observations at each grid point. That is

n =0,

= =" 0

T) =0

:5 = p(Ta S’ Z),
where T and S are taken from observations.
2.7.2 Boundary conditions
Wind Stress
The wind stress is described as

ou Ov

pOAmv(ga a)a—d) = (T01E) TOy), (244)

where (704, Toy) is wind stress in eastward and northward directions. The wind stress
is calculated from monthly mean wind of the ECMWF. The wind stress scheme is
specified by Mellor (2004),

(TOx)TOy) = PaCDIV; = Vll(Ua £ 3 Uly ‘/a - W)a
= pCpl|Val(Ua, Vo), (2.45)

where p, is the sea level air density, (U,, V) is the wind velocity (V,) measured from
10 m above the sea surface, (U, V}) is the surface layer ocean current velocity (1_/})
and Cp represents the drag coefficient from Matthias and Godfrey (1994) which is
calculated by

Cp = min {0.001 + 0.00007|V,|,0.0025}.

Bottom Boundary Forcing

On the bottom of the gulf, the bottom friction condition is calculated from Mellor
(2004) as

ou Ov
PoAmv(&, 5) . (sz,Tby); (246)

where (73, Tyy) is the bottom stress parameterized as
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(Toz> Toy) = PaCl| Vi (Use, Vi), (2.47)

where (U, Vi) is the component of the nearest bottom velocity (V,) and C, is the
coefficient of bottom friction which obtained from Mellor (2004) by

K2

C, = max [m{(l +(Zb_l)H}]2,o.0025 ,

where k is the Von Kdrman constant which is taken to be 0.4, H is the bottom
topography and z, is the bottom roughness which equals to 0.01 m.

2.7.3 The Numerical Scheme
External Mode Calculation

The external mode calculation results in updating the surface elevation and the ver-
tically averaged velocities (Mellor, 2004; Aschariyaphotha, 2006). The time stepping
process for external mode is shown in Figure 2.2. The external mode does a leap
frog many times with a short time step, Atg, until t = t"*!. The vertical and time
averaged velocities, (UTF,VTF) and those from the previous time step, (UTB,VTB)
are time averages of the external variables, (UA,VA).

lllllliﬁlﬁﬁll”lllllllIl

|

ETB UTB ET UTF ETF

VTB VTF

Figure 2.2 The external mode calculation.

Grid Arrangement

The staggered grid arrangement for the external mode is an Arakawa C-grid (Mellor,
2004), as shown in Figure 2.3.
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‘e

Figure 2.3 The two dimensional external mode grid is an Arakawa C-grid. The
horizontal components of velocity (u,v) are defined along the middle borderline of
grid cell and the variables (® denotes T, S and p) are defined at the center of grid
cell.

Time Step Constraints

The Courant-Friedrichs-Lewy (CFL) computational stability conditions on the ex-
ternal mode is described as

<72

bl

1
Ay?

1 1
At <_|_
— Ct ALL'2+

where Cy = 2(gH)Y? 4+ Upaz; Umaz is the expected maximum velocity, Az and Ay
are the grid spacing in z and y directions.



2.7.4 Parameterizations of POM

Parameters used for driving the POM are shown in Table 2.1.

Table 2.1 Parameters used in the POM

Parameter Symbol Value Unit

- External mode time step Atg 30 S
- HORCON parameter C 0.2 -
- Turbulence Prandtl number 2 0.9 -
- Density of air Pa 1.03 kg m™3
- Density of sea water £0 1025 kg m™3
- Gravity constant g 9.806 m s™2
- Angular speed of

the Earth’s rotation Q 7.2921 x 107° | rad s~}
- Coeflicient of vertical eddy

viscosity A 5x 1075 m2s~1
- Coefficient of vertical eddy

diffusivity Apy 5x 1075 m2s~1
- Drag coeflicient for the

wind stress Cp [0.001, 0.0025] =
- Drag coefficient for the

bottom friction C, (0.0025, 1] =
- Von Kédrman K 0.4 =
- Bottom roughness parameter 20 0.01 m
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