













































































3 CONFIGURATION OF THE MODEL

The model exists as a result of the requirements of the VIBES Project. In order to gain a
better understanding of the physical processes affecting fish egygs. fish larvae. juvenile and
adult fish during the recruitment cycle, a numerical model was required. The project enlisted
the help of Dr. P. Penven to set up the model that, once completed. he named the Plume

Model.

This chapter contains a description of the different aspects taken into account when creating

Plume. and 1s 1n reference to his thesis.

3.1 PREVIOUS LITERATURE REVIEWED

As 1s done during all works of this nature, an extensive library of background work was
researched prior to the set up of the Plume Model. Focus was placed on the shelf and slope
dynamics specifically around the South and West Coast of Africa, but included studies
conducted in other parts of the world as well. In the configuration of the Plume model.
Penven gained valuable experience by studying the works of Van Foreest & Brundrit (1982)
and Skogen (1998). To further understand how to applv a numerical model to his region of
interest. he consulted works done by Bamier et al (1998). Biastoch & Kraull (1999) and de
Miranda (1996), all of which were applied to an area that included the Benguela Region in
their domains. Shortcomings of the abovementioned models with respect to the needs of the
VIBES project were isolated and include: idealised forcing being incorporated, rigid lid
approximations being used, stepwise or steep bottom topography causing errors in the
calculations of the flow along the bottom, and resolutions being too coarse. The Plume Model

was designed to improve on these shortcomings.

3.2 MODEL DESCRIPTION

In order to better estimate the flows along the bottom, which is of great importance to coastal
dynamics, it was decided to make use of the bottom following o-coordinate. He chose the
Regional Ocean Modelling System (ROMS), which i1s a community code developed by the
modelling groups at the Rutgers University and University of California Los Angeles in the
USA. to create the model. ROMS belongs to a hierarchy of o-coordinate models that
originated with the Semi-Spectral Primitive Equation Model (SPEM), and the S-Coordinate
Rutgers University Model (SCRUM). ROMS is an evolution of SCRUM and contains

developments that are required to efficiently and robustly calculate the coastal circulations at
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a high spatial resolution (eg: subgrid parameterisation, high order schemes, and high

performance computing on SMP class computers).

3.2.1 THEORETICAL CONSIDERATIONS

EQUATIONS OF MOTION
The equations of motion, solved by the model. following the Bousinnesq and Hydrostatic

Approximations take the form:

Qo o O %k [21]
ot ox oy oz ox ‘

LN L L YL ) [22]
ot ox oy oz oy
a_T:_lla—T—v—?—Tv—lva—T'FF]‘fD‘n [23]

ot ox oy 0z
oS 0§ 0§ oS

—=—t——=Vv—-w—+ I+ D 24

o ax oy e 508 L241

p=p(S,T,P) [25]

a—‘f:h% [26]
“ 0

ot 0 oo -
ox 0oy Oz

Where:
e x.y.and z are the Cartesian coordinates with z being vertical and increasing upwards.
¢ u. v, ware the velocity components in the x, y. and z direction respectively.
e fis the Coriolis Parameter.
e ¢ 1s the Dynamic Pressure.
e F, F.. Frand Fg are the forcing terms.
e D, D, Dy and Dy are the dissipation terms
e T is the potential temperature
e S is the salinity
e P s the total pressure
e p, * pis the total in-situ density

e gis the gravitational acceleration
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The vertical boundary conditions were assigned as follows:

At the surface: z =

K, ou _ 2 [2.8]
oz p,
P @ — T?mf [29]
Y oz P
KTG_T:_QT_ [2.10 |
aZ p()Cp
ng—iz(E—P)S [2.11]
_ %, ,9,,0¢ [212]
Ot Ox o
At the bottom: z=-h
KM@:% [2.13]
o p,
K,1/@=Ti+‘” [2.14]
oz p,
KT%;:O [2.15]
ng—fzo [2.16]
w:—ua—H—vaH [2.17]
Ox Oy

Where:

¢ 1s the free surface elevation

Kn. K. Kg are the vertical turbulent mixing coefficients, defined by a vertical
turbulent closure scheme.

T s T suri> are the surface wind stress components

T hote T bor are the bottom stress components. The bottom stress is parameterised in a

sum of linear and quadratic terms:

r/:;[:(}/|+}/zV1‘2+"1}4 [2.18]
), :(y, +y,Nul +v7 } [2.19 ]

Q1 1s the surface heat flux.
E-P 1s evaporation less precipitation.

H 1s the resting thickness of the water column.
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Equations 2.1 and 2.2 express the momentum balance in the x and y directions. Equations 2.3
and 2.4 are the changes in salinity and potential temperature with respect to time. Equation
2.5 is the non-linear Equation of State. Equation 2.6 is the momentum balance in the vertical
under the hydrostatic approximation and Boussinesq approximations. Equation 2.7 is the

familiar Equation of Continuity for an incompressible fluid.

3.2.2 COMPUTATIONAL CONSIDERATIONS

COORDINATE SYSTEMS — THE GRID OF THE MODEL

Vertical o stretched coordinate system

For a free sea surface, a generalized bottom following coordinate (o) takes the form:

a:a[z_g}—lscmo [2.20]
h+{

As an extension to this, a nonlinear stretching of the vertical coordinate that depends on the
local water depth can be applied. (Song and Haidvogel, 1994). This enables a more uniform
vertical resolution to be set up near the surface or the bottom. and can thus be used to give a
better representation of the mixed layer and thermocline. The transformation that is applied in
ROMS 1s:

z=h,+(h—h,)C(o) [2.21]

where h, 1s a constant that 1s chosen as a typical surface mixed layer depth, and

sinh(ﬁg ) of tanh[@ (a + 1/2)]— tanh(%)
sinh(<9 ) 2tanh [9 2 ]

s

Clo)=(1-6,) [2.22]

A large 0. enhances the resolution in the surface layer. Additionally. if 6, approaches 1. the
resolution near the bottom boundary would be enhanced. The vertical velocity in ¢ coordinate

direction is defined as:

Q:a—a w—(1+a)%—u£—aiw —v = [2.23]
Oz ot ox ). Loy o

Once the coordinate system is transformed, the conditions placed on the system by 2.12 and
2.17. at the surface (¢ = 0) and the bottom (o = -1) means:

Q=0 [2.24]
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Horizontal Curvilinear Coordinates
ROMS makes use of horizontal curvilinear coordinates, which conforms to irregular

boundaries and can be used to place more computational resolution in a specific region of
interest. In Plume, the focus for greater resolution was placed near the coast. The coordinates
are introduced by a transformation in the horizontal coordinate from x,y space to £, space, as
shown in the figure below, where the relationship of horizontal arc length to the differential

distance is given by the formulae 2.25 and 2.26 as:

M y
\\‘ . :—
n S
L o N
. '/,/ \\
/ /E \ A — =
AN e e
// 5y (as)
N 1
/// i
/ |
Figure 9: Horizontal curvilinear coordinate system
R
(As), =| — |dé [2.25]
m
.
(as), = ~ [2.26]

Here, m(£,n) and n(&,n) are the scale factors that relate the differential distances (A&,An) to

the physical arc lengths [(As)e,(AS),].

Coastal Boundaries as a grid

It is possible that coastal boundaries be specified via a finite-discretised grid using a land/sea

masking technique. This is applied in the Plume Model.

DISCRETISATION SCHEME

On a horizontal plane, for most of the variables, the model makcs use of a centred second-
order finite-difference approximation adopted on an Arakawa C grid. The varables u and v
are discretised differently, resulting in the staggered horizontal discretisation scheme as

shown below.
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Figure 10: Positioning of the variables on the Arakawa-type horizontal grid. The Discretisation
scheme for the horizontal plane
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This scheme is effective in dealing in situations where the horizontal resolution is fine when

compared to the first radius of deformation.

On the vertical plane, a staggered second-order finite-difference approximation is also

applied. The vertical discretisation scheme is shown in the figure below.

= W,V poInts

. T, S. p points

v Q points

Figure 11: The Discretisation scheme for the vertical plane

The choices made for the discretisation schemes are traditional for second-order finite-

difference models.

The hydrostatic primitive equations for momentum are solved using a split-explicit time-
stepping scheme that requires a special treatment to deal with aliasing and a coupling between
barotropic and baroclinic modes. Within each baroclinic step, a number of barotropic steps
are calculated in order to evolve the free surface and vertically integrated momentum
equations. In order to avoid the errors that are associated with aliasing of the frequencies that
are resolved in the short barotropic steps but remain unresolved in the long baroclinic steps,

the barotropic fieids are time-averaged before they replace the values obtained by the
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baroclinic step. This time-average on the barotropic field is done using a cosine shaped time
filter that is centred at each new time level. Additionally. the separated time-stepping is
constrained allowing for volume conservation, as well as the preservation of all constants
necessary in tracer equations used in the model. All the 2D and 3D equations are time
discretised using a third-order accurate predictor (Leap-Frog) and corrector (Adams-Molton)
time-stepping algorithm. This has proved to enhance the stability and has allowed for larger
timesteps than in other numerical schemes. The larger timesteps offsets the increased cost of

the predictor-corrector algorithm.

THE PRESSURE GRADIENT SCHEME

The Pressure Gradient Error

One of the biggest advantages of using the o-coordinate comes from the transformation from
sea-surface or ocean bottom to g-coordinate level. However. this causes great difficulty when
attempting to calculate the pressure gradient as it introduces the pressure-gradient error. In the
case of Plume, the sea-surface was always at ¢ = 20 and the ocean-bottom was always at ¢ =
0. For a constant o, the x-component of the pressure gradient force 1s determined by the sum

of two terms as shown in the following formula:

ax z=Const ax o=Const h 80— a'\
1 B

In the equation above, term A involves the variation of pressure along a hine of constant o.

while term B 1s the hydrostatic correction. When using this equation near steep topography

. A 0
(ie: in regions where both term A and 6_p are large), the two terms tend to cancel each other
o

out. but a small error in computing each term can result in a relatively large error in the

horizontal pressure gradient. (Song, 1998).

The Hydrostatic Inconsistency
A second source of error, as described by Haney (1991). is the hydrostatic inconsistency. It

was demonstrated that. when using the second-order discretisation of 2.27, it is equivalent to
Interpolating the pressure between two consecutive ¢ layers to obtain the horizontal pressure
gradient (Kliem & Pietrzak, 1999). The hydrostatic inconsistency arises if the slope and

horizontal resolution are such that the extrapolation occurs instead of interpolation.
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Minimisation of errors in calculating the Pressure Gradient
Kliem & Pietrzak (1999) and Song (1998) determined ways in which errors could be reduced.

e The truncation error in the derivation of 2.27 can be reduced by subtracting a

horizontally homogeneous averaged density, p(:). to the density field. This method
is only effective in small domains where the horizontal variations in density are
Iimited.

e Transforming the density back to the Cartesian Space (z levels) before computing the
pressure gradient. Problems can arise thereafter when computing values for the
highest and lowest o levels, and could end in extrapolations over steep topography.

e Using higher order numerical schemes. This will however increase the cost with
respect to time in the running of the model.

e By retaining integral properties such as mass, energy and vorticity.

It is believed that the best pressure gradient formulation should minimize truncation errors

while retaining mtegral properties.

The Pressure Gradient Scheme implemented in ROMS
ROMS uses the weighted Jacobian formulation proposed by Song (1998). It has been

designed to minimise the truncation errors and to retain integral properties. If ois the
generalized bottom following coordinate system. the horizontal pressure gradient can be
derived in a Jacobian form as follows:

¥ w8 f{zaﬁ-%ﬂ%v (228
Ox ox|... p, v 0c'ox Oxdio'

Hence. the vertical variations in the horizontal pressure gradient are given by an integral of
the Jacobian as follows:
J(Z’p):a—g'é;—é;ﬁ [2.29 ]

Song (1998) defined the standard Jacobian formulation as the second-order central-difference
discretisation of 3.29. He also proposed a weighted Jacobian scheme that is centred in z-space
rather than in o—space, as it is in the standard Jacobian formulation. Also in this paper. he
shows that whilst the standard Jacobian is better when the hydrostatic inconsistency condition
is satisfied. the weighted Jacobian gives superior results if the condition is violated. It is often

the case. in realistic conditions, for the condition to be violated.
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THE ADVECTION SCHEME
Previous ocean models have used second-order central-difference schemes for the treatment

of advection. In conjunction with these, higher-order Laplacian diffusion operators or low-
pass filters are applied in order to smooth the numerical noise that is induced by the
dispersive computational errors or turbulent cascades. In ROMS. the advection operator for
the momentum and tracer variables has been redesigned to reduce the dispersive errors by
using an upstream-biased third-order scheme. This scheme results in explicit smoothing of the
fields (by diffuston operators and low-pass filters) no longer being necessary. and thus
enhances the effective resolution of the solution for the given grid. (Shchepetkin &

McWilliams. 1998).

THE TURBULENCE-CLOSURE SCHEME
The parameterisation of the unresolved physical vertical mixing processes in ROMS is done

via a non-local, K-profile planetary (KPP) boundary layer scheme (Large et al.. 1994). There
are two distinct parameterisations: one for the ocean interior and one for the oceanic surface
boundary layer.

The depth of the boundary layer, which is a function of the surface forcing, the buoyancy, and
the vertical velocity profile, 1s determined by equating a bulk Richardson number relative to
the sea surface to a critical value. Once the depth of the boundary layer is found. the
parameterisations can be applied.

Below the boundary layer, the vertical mixing is regarded as a superposition of three
processes: vertical shear, internal wave breaking, and double diffusion. In the surface layer,
the diffusivity 1s formulated to agree with the theory of turbulence. At the base of the surface

layer. both diffusivity and its gradient are made to match the interior values.
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3.3 CONFIGURATION OF THE PLUME MODEL

Once the theoretical and computational aspects were all accounted for, it was possible to
proceed to the actual configuration of the model. Aspects that had to be dealt with during this
configuration were:

e The configuration of the model grid,

« the initial conditions and the boundary conditions, and

e aspects pertaining to the time-dependant fluxes at the surface and other boundaries.

This section examines each of these aspects in greater detail.

3.3.1 THE PLUME GRID

HORIZONTAL GRID

The important constraining factors taken into account when setting up the grid for the Plume
model were:

¢ The domain must be large enough to contain the most important dynamic features
that are known to have an effect on the transport of eggs and larvae, and have enough
space for these features to develop.

e The domain should be small enough so that a high resolution could still be
maintained.

e According to Penduff (1998), the open boundaries should cross the current at a right
angle, placed where there are minimums in current speed and variability, and placed
where the topographic gradient perpendicular to the boundary is a minimum in order
to avoid along-boundary currents.

To satisty as much of these factors as possible, the grid was designed as shown in Figure 12.

28
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Figure 12: The horizontal curvilinear coordinate grid chosen for the model is shown

superimposed above the coastline and the approximate position of the shelf break.
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The grid roughly follows the southwest corner of Africa, which reduces the number of
masked points that cause unnecessary time loss in the run. The resolution is identical in the
and n directions. In order to facilitate the connections to the open ocean, the grid was chosen
in such a way that the northern and eastern boundaries cuts the shelf at, or close to narrow
points.
Due to the presence of the highly energetic Agulhas Current, the Eastern boundary is
unfortunately not located at a place where the currents are weak. In order to deal with this
feature, Penven had to rely on a specific open-boundary scheme. The offshore eastern
boundary of the model grid was placed south of the shelf break (on the ocean plane) ~300km
from the tip of the Agulhas Bank. In this way, the final domain is 1300km long on its inner
radius, 2240km long on it’s outer radius, and ~740km wide.
The model was run using a low-resolution configuration that changed linearly from [8km at
the coast to 31km offshore, and a high-resolution configuration that changed linearly form
9km at the coast to 18km offshore. The Plume model that is analysed in this work, is derived
from the results of the high-resolution configuration.
The grid is isotropic and thus does not produce a dissymmetry in the dissipation of
turbulence, and also the resolution at the coast where higher accuracy 1s needed, is higher than
offshore.
Penven recognised that although the applied pressure gradient scheme allowed the presence
of a steeper slope, some topographic smoothing may still be necessary to ensure stable and
accurate simulations using realistic bathymetry. Haidvogel et al (2000) used a number, r, to
assist in a similar situation. The number, r, was calculated as follows:
IV N
:—ZZZ—h+%+h‘% [2.30]
Empirical studies showed that good results were obtained when r does not significantly
exceed the value of 0.2. In order to smooth the topography only were it was required, a
Shapiro filter weighted by the values of r was applied in the following manner:
e ifr<0.15, the weighting =0
o ifr>=0.15 the weighting = 1.
Thus the filter would only be used where the value of r was found to exceed the critical value
of 0.15. Figure 13 compares the unsmoothed ocean topography to the smoothed ocean
topography. One can see that though the filter has smoothed out the finer features such as the
Cape Canyon and steep wall south of the Agulhas Bank, the major topographical features

remain present in the bathymetry.

236 -



Latitude

10 2 14 8 18 > 22 24

Longilude
Figure 13: A (left) and B (right) shows the raw and smoothed topography of the model domain
respectively
THE VERTICAL GRID

For the vertical, 20 different levels were chosen. Tests using an increased number of vertical
levels were conducted to explore the improvement that this had on resolution at the bottom
layers. These tests showed that the results did not display a significant improvement on the
solution, leading to the decision to use only 20 levels. The vertical grid can be pictured as

shown in the figure below:
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Figure 14: The vertical o-coordinate system. These are the vertical levels of the r points for a

cross section off the shelf north of St. Helena Bay looking south.
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The minimum depth was fixed at 30m and the maximum depth was fixed at 5000m. The grid
was set up in such a manner as to have a greater resolution near the surface where most of the
variability and biological activity occurs. This was accomplished by setting the following:

e 0=7,

e 0,=0.3,and

e h, =20 metres
in equations 2.21 and 2.22. The result was a resolution of finer than Sm for the entire surface,
but which grew to be very coarse (up to 1km) at the deepest points in the domain. Table 1
displays the calculated depths of the different levels where the bottom is at 30m, 2515.0m and

5000m depth respectively.

Level # h=-30m | h=-2515.0m | h =-5000m
20 0.0 0.0 0.0
19 -1.0 -2.8 -4.7
18 -2.0 -6.5 -11.0
17 -3.0 -11.9 -20.7
16 -4.1 -20.5 -36.9
15 -5.1 -35.2 -65.2
14 -6.2 -61.1 -116.0
13 -7.4 -106.4 -205.5
12 -8.7 -181.7 -354.8
1 -10.1 -294.2 -578.3
10 -11.7 -436.9 -862.2

9 -13.3 -586.2 -1159.0
8 -14.8 -719.0 -1423.2
7 -16.3 -831.1 -1645.8
6 -17.7 -934.0 -1850.4
5 -19.1 -1045.7 -2072.2
4 -20.7 -1184.8 -2348.9
3 -22.4 -1371.8 -2721.2
2 -24.5 -1631.7 -3238.9
1 -26.9 -1997.5 -3968.1
0 -30.0 -2515.0 -5000.0

Height of the different s-coordinate levels above the surface in metres for different

bottom depths (h).
3.3.2 INITIAL CONDITIONS AND BOUNDARY CONDITIONS

THE OPEN BOUNDARY SCHEME

The model required a well-behaved, long-term solution for a configuration with open
boundaries on up to three sides of the model grid. This numerical boundary scheme was
needed to allow the inner solution to radiate through the boundaries with little reflection, and
at the same time allow the information from the surrounding ocean to enter the domain.
Marchesiello et al (2000) demonstrated that the active open boundary scheme implemented in

ROMS estimates the two dimensional horizontal phase velocities in the vicinity of the
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boundary. According to Raymond and Kuo (1984), for each model variable, ¢, the normal (c.)

and tangential (c,) phase velocities as it propagates through the domain are:

o9 04
€= ?’a"a . [2.34]
BEE
o ¢
P ) [235]

o

If the propagation is from the interior of the model domain towards the boundary. the
reflection 1s avoided using the following wave equation:

%-i-c‘_ a—¢+cr 09 _ P, =9 [2.36]
o T ox T Oy T

ol

And if the propagation is from the open ocean towards the interior. the values at the boundary

are nudged towards the data using:

_a_¢ — ¢(/{lm B ¢
ot T

m

[2.37]

e  Where 1;,and 1,, are the relaxation times

e And dga. and ¢ are the specified value of the variable and the value of the variable
calculated by the model respectively. This naming scheme continues later.

The tangential and normal components are discretised in ROMS using an upstream biased
function in which the normal component is treated implicitlv allowing the use of larger
timesteps without the loss of stability. At the corners, the average values of the two adjacent
boundary points are taken. Mass conservation around the entire domain is enforced
(Marchesiello et al., 2000).

Problems arise when gridpoints are found to be a location of inflow for one process as well as
a point of outflow for another process, but affecting the same variable. The series of steps
taken in order to obtain a long-term stable solution to this problem are:

e The solution is weakly relaxed towards data in outflow conditions.

e The solution is weakly nudged towards the data in nudging bands close to the
boundaries. For Plume, the nudging coefficient decreases linearly in the six points
near the boundaries.

¢ A sponge layer with a linearly increasing mixing coefficient filters out any possible

numerical noise or reflections produced near the open boundaries.
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This method filters the model solution so that it connects smoothly to the surrounding open
oceanic data, whilst still allowing it to develop a meaningful internal solution. The relaxation
times are chosen empirically to avoid long-term drift and over-specification. The values
chosen were:

e T, = 360 days all variables

e 1, = 10 days for all velocities

e 1, =3 days for the tracers
A simple non-gradient scheme is applied for the boundary condition for the free surface

elevation as it does not affect the inner solution for this variable on a C-grid.

The presence of the Agulhas Current that flowed into the eastern boundary of the domain
caused to solution to be unstable after one or two years of simulation. The highly energetic,
meandering current required a specific open boundary scheme m order to obtain a long-term
stable solution. This was implemented into the code for the barotropic component of the
velocities perpendicular to the boundaries. The scheme was originally applied by Flather
(1976) for tidal models. and involves a one dimensional radiation equation (2.38) along with a

one dimensional version of the linearised continuity equation (2.39) that 1s given as follows:

Gu oy [238]
ot ox
. _
% g%y [239]
ot ox
Ou_ 40 [2.40 |
ot H ot
£ - ¢
= Ubound = Udaa T — - 2.41
b ! L H(é/ é/(/(llu) [ ]

The sign in 2.41 depends on the position of the boundary in relation to the direction of wave

propagation. For the phase velocity, assuming that the waves approaching the boundary are

non-dispersive surface gravity waves, the celerity, c, 1s fixed at ¢ =,/ gff where g is the

gravitational acceleration and H is the water column depth. Substituting into 2.41 yields:

= 17/101::11/ = ;1[11111 * 1,%(; - g(/{//u ) [ 2.42 ]

This scheme can be viewed as a one-way nesting scheme that conserves mass. The
differences between the specified values and the calculated values are forced to radiate at the

speed of surface gravity waves. It was recognised by Palma & Matano (1998) that the
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constant provision of information by the boundary could over-determine the inner solution,
but a case conducted using a shallow water model showed that this scheme provided the best
overall performance. In the Plume model it was observed that this scheme also stabilized the
inner solution. with the disadvantage being that the control from the boundaries could limit

the physical significance of the solution obtained inside the model domain.

THE CLIMATOLOGY FIELDS
An initial attempt was made by using the Levitus global monthly climatology dataset to

derive the initial and boundary conditions (Levitus, 1982). From this dataset. the sea surface
elevation is computed as the dynamic height in reference to 500m depth and the baroclinic
velocities are derived from the thermal wind relationship. The disadvantages of this method
Were:

e The solution was dependant on an arbitrary choice of the stationary reference level.

e Extrapolation was necessary to obtain data for use on the shelf and this gave spurious

recirculation.

e The Agulhas Current was badly represented.
It was possible to obtain a solution using climatologies from this dataset, but an alternate
method was sought. Seasonally averaged data derived from a z-coordinate, 1/3° resolution,
basin-scale model of the South-Atlantic and Indian Oceans using a rigid-hd approximation
was used as climatological mputs (Biastoch & Krauf}, 1999). The disadvantage of this was
that the use of the rigid-lid approximation meant the free surface elevation had to be
calculated from the other variables. The seasonal data gave. or made it possible to calculate. a
cyclical annual datastream that was needed to calculate each model variable. In order to avoid
discontinuities resulting from differences in the climatological and model timesteps. ROMS
executes a linear interpolation in time so that there is data for each model timestep.
For the initial conditions, the summer climatological values were used. and the model density

field being calculated from the associated temperature and salinity variables. The variables

i, v,u, v, ¢ are set to zero initially. Under these conditions it was expected that the model

would take a short time to reach an equilibrium state.

3.3.3 SURFACE FLUXES

ATMOSPHERIC FORCING

The atmospheric forcing fields are based on the data for monthly climatologies that is derived
from the Comprehensive Ocean-Atmosphere Data Set (COADS) (Da Silva et al., 1994). The
momentum forcing at the surface is given by the longitudinal and latitudinal components of

the wind stress. Seasonally averaged vectors for wind stress are shown in Figure 15.
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Figure 15: Seasonally averaged vectors for windstress

THERMOHALINE FORCING
The thermohaline forcing set up proved to be less straightforward than the atmospheric

forcing discussed above. It is possible that this forcing may lead to an undesirable drift in the
model as the feedback to the atmosphere 1s neglected entirely. It is for this reason that large
basin scale models are often nudged back towards monthly mean climatological fields. Two

related fluxes, viz the heat and fresh water fluxes were identified and considered.

Heat Flux
Bamier et al (1998) identified a method that is more satisfactory than the nudging-method. It

attempted to linearise the thermal forcing around the climatological sea surface temperature
(Teim), 1n order to the feedback that the model sea surface temperature (Twmeq) has on the

surface heat fluxes. It was represented as:

o0 _ 0, -0..
Ayllim - : _T [231 ]

mod clim

Que, 1s computed from the different contributions for the heat fluxes (infrared, sensible, and

T (Siefridt, 1994). This results in:

clim

latent heat fluxes) and equals the term 5%

oQ _ 3
orT .~ 40T m

clim

- pmmeChU -p

amn

C,LU 235310g[%} [232]

¢lim

Where
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e o is the Stefan-Boltzman Constant,

o (, is the specific heat of the atmosphere,
e (, is the sensible heat transfer coefficient,
e U is the wind speed,

o (. is the latent heat transfer coefficient,

e L is the latent heat of vaporisation and,

® g, 1s the sea-level specific hunudity.

Fresh Water Flux
The fresh water fluxes are specified as salt fluxes based on the climatological precipitation (P)

and evaporation (E) fields from COADS. It is possible that the use of E-P regardless of the
feedback from the model solution can cause a constant drift in the solution (Haidvogel et al..
2000). A method similar to the heat flux correction was unsuccessfully applied to the model.
However since there is very little evaporation over the cold Benguela region. combined with
low precipitation, the E-P term is also small for the West Coast. When compared to the
salinity fluxes that occur at the lateral boundaries of the model. it is seen that the fresh water
flux from the surface should be negligible and the solution should not drift excessively from

the climatological values.
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4 METHODOLOGY

This section of the work gives a detailed description of the methods used to calculate the
Climatologies and anomalies used in the following sections. from the output of the Plume
Model. Its purpose is to provide the reader with the method by which the dataset was
tormulated in order to answer the key questions posed in Section 2.4. The general structure
followed by this section is:

e To provide a brief description of the output.

e To identify several areas of interest and select a timeperiod in the model’s domain.

e To identify the variables that will be used, as well as those that may provide valuable

insight into the physical processes that occur.
¢ To provide the method used to calculate any derived quantities from the primary

output.

4.1 THE PRIMARY OUTPUT

The model output is saved in a format known as “Network Common Data Format” or
NetCDF. This format. used widely in scientific studies, facilitates easier storage and retrieval
of data structures in self-describing, machine-independent files. It was decided that. since the
data would be processed using both Linux and Windows Platforms. Matlab and the
corresponding NetCDF Toolbox for Matlab would be ideal processing tools due to their

ability to facilitate the crossing between the two Operating Systemnis.

The Plume Model output has 71 variables calculated in 2-day time intervals. saved year by
year for 10 years, on a grid with dimensions as specified in the previous section. This resulted
in 10 different NetCDF files being saved after the run of the model.

As NetCDF files are intended to be self-describing, each separate file contained information.
in the header. about what it contained. The headers are easily viewable using NetCDF tools.
Table 2 shows some of the variables that appear in the header. as well as the description
(given as the “long name”), and the units of measurement. In order to avoid any confusion
with the international oceanographic standards for the use on the variables U and "V, it is
necessary to state that in formulating the model and in the remainder of this dissertation, U
represents the velocity component along the xi axis (which increases mn an offshore direction),
and V represents the velocity component along the eta axis (which 1s generally longshore and

increases in an anticlockwise direction).
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Variable Short Name |Variable Long Name Units of Measurement
Zeta Free Surface Metres

Ubar Vertically Integrated u-velocity component Metres per second

\Vbar Vertically Integrated v-velocity component Metres per second

U U-velocity component Metres per second

\ V-velocity component Metres per second

W Vertical velocity component Metres per second

omega S-coordinate vertical velocity component Cubic Metres per second
Temp Potential Temperature Degrees Celsius

Salt Salinity PSU

Shflux Surface Net Heat Flux Watts per square metre
Sustr Surface u-velocity stress Newtons per square metre
Svstr Surface v-velocity stress Newtons per square metre
Table 2: A tabular extract of the variables that appear in the NetCDF header file.

4.2 THE SELECTED AREAS AND TIMEPERIOD OF INTEREST

The factors taken into consideration when making this decision were;

The locations should be close to the surface and close to the coast. The original
configuration of the Plume Model provided a greater resolution at the surface and
close to the coast due to this area being of greater interest to the fish-recruitment
process. The locations should however be deep enough to include the entire surface
layer. and extend a reasonable distance offshore.

The locations should be placed in such a way that they could be compared with
respect to spatial differences, shelf width, and mesoscale activity while the
comparison rendered meaningful results.

The entire timeperiod should be long enough so that longer-term interannual events
as well as the shorter-termed intra-seasonal events would be detected. The time
interval should be such that the greatest possible resolution is maintained while still
keeping computational cost to a reasonable amount.

The first two years of the model’s output were considered as “spin-up™ years, and

should not be taken into consideration.

After consideration of these factors, it was decided to select three 2-dimensional sections

from the model output for closer investigation. The three sections would be at different

locations along the West Coast all extending along a line of constant eta on the model grid.

The would be chosen in such a way as to gain a good reflection of any latitudinal variation

that may occur along the West Coast and would all extend offshore until, at least, a point

beyond the shelf-break. The sections would extend to a depth of 200m and would continue for
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20 xi-points from the closest point inshore, thus the offshore distance would vary from

transect to transect. A Matlab script was used to find three suitable gridpoints on the Plume

grid that were as close as possible to Cape Point, Cape Columbine and the Olifants River

Estuary. Once these starting points were found, the sections were constructed by taking the

next 19 xi-points from the starting location. The sections are identical to a transect that a

research vessel would perform if it were to travel along a straight line from the starting point

to the end point of each section. They are therefore named, the Cape Point Transect (CPT),
the Cape Columbine Transect (CCT) and the Oliphants River Estuary Transect (ORET). The
geographical details of the three transects are listed in Table 3.

Transect Name Start of Transect End of Transect | Horizontal Distance
Cape Point Transect 34°31°51.3075”S 36°18°25.2380”S 243km
(CPT) 18°28°29.4393”E | 16°54°10.7128”E
Cape Columbine Transect | 32°25°02.2405”S 33°48°27.3606”S 214km
(CCT) 18°07°47.2575”E | 16°21°41.4616”E
Olifants River Estuary 31°30°06.7586”S 32°43°30.3858”S 202km
Transect (ORET) 17°57°38.7843”E | 16°21°54.7322”E
Table 3: Geographical details of the three selected transects.

Figure 16 details the

location of the three

0
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Point Transect 1s shown

n blue, the Cape 320G - ,_..

Columbine Transect is
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Oliphants River Estuary
Transect is shown in
. 34°s

violet. The dots indicate
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xi and eta lines 3578
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3¢ 479 30 4g0p 30" 1goF

Figure 16: The geographical locations of the Cape Point Transect (blue),
the Cape Columbine Transect (red), and the Oliphants River Estuary Transect
(violet).
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4.3 SELECTION OF VARIABLES

From the variables listed in Table 2, a decision on what variables to be focussed on had to be
made in order to achieve the goals set out at the beginning of this section.
It was decided to select the variables: Salinity, Temperature. components of velocity along the

x1 and the eta axes.

The Salinity and Temperature were selected as they contained information about the physical
state of the water. The components of velocity along the two axes were chosen as they
provided the information regarding the dynamics of the water at the locations specified. These
were essential if any study into the circulation within the domain was to be carried out.

For all these variables, the climatology averaged over a two-day time interval from the seven

vears. as well as the associated anomalies would be calculated.

4.4 CALCULATION DETAILS

For each variable, three different quantities had to be extracted and derived from the model
data. They were. the instantaneous value. the climatology (as described in the previous

section) and the anomaly.

The instantaneous values of a selected variable (eg: temperature, salinity) was extracted
directly from the model output and saved in a matrix format. For 8 years of data averaged
over 2 day intervals, at 20 horizontal points and for all 20 sigma layers, this procedure
resulted in a matrix that had dimensions of 1440 by 20 by 20. This procedure was done for

each of the selected variables at each of the transects.

In order to calculate the climatologies, the instantaneous matrices were utilized. For each data
point. an average was found for the particular time interval of each year and stored as the
climatology of that point for that particular time interval. In other words, an average value for
the first 2-day interval of each year was found and stored as the climatology for the first 2-day
interval. A climatology was then found for all 180 2-day intervals and stored in consecutive
order. Once this was completed the procedure was repeated for the following gridpoint until
climatologies for the entire year for each gridpoint was found. This resulted in a matrix that
had dimensions of 180 by 20 by 20. This procedure was repeated for each of the selected

variables for each of the three transects.
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The anomalies, defined as being the difference between the instantaneous value and the
climatological value, was calculated by subtracting the climatological value from the
nstantaneous value for each 2-day time interval, at each point, for the 8 years of data. This
resulted in a matrix that had dimensions of 1440 by 20 by 20. This procedure was repeated

for each of the selected variables for each of the three transects.

Once, these three large matrices were calculated, it became necessary to interpolate them onto
a regular grid to allow them to be examined with greater ease. The matrices were then
interpolated onto a regular grid using a Spline Method. Since this method can be used as both
an interpolation and extrapolation tool, data obtained where the model was not defined, such
as underground or on land, where removed from the resulting dataset.

The following figure is a flow diagram illustrating the process followed to produce the final

matrices from the model output.

PLUME
Output

Three Transects chosen from the
model and instantaneous values
stored

= 3 Transects

Climatologies calculated from
the mnstantaneous values.

Climatologies

Arnomalies calculated from the
instantaneous values and
Climatologies.

Anomalies s

I All matrices interpolated

Regular-grid ot onto aregular grid.
Matrices

Figure 17: Flow diagram illustrating the calculation procedures.
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5 RESULTS

This section presents the results that were obtained from the calculations detailed in the
previous section. All results are presented for the sake ot completeness and they are discussed

in the following Section 6.

For each of the four variables (temperature, salinity, U and V) a timeseries of the climatology
at an inshore and an offshore point are presented. These are followed by Hovmuller Diagrams
of the climatology and anomaly at each of the three transects. This procedure 1s carried out for

the surface data, and then for data at 200m below the surface.
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5.1 TEMPERATURE

S5.1.1 RESULTS AT THE SURFACE

Plots of Temperature vs. Time for inshore points at the Surface
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Figure 18: Timeseries of Temperature Climatology for the inshore locations al the surface.

Plots of Temperature vs. Time for an offshore point at the surface
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Figure 19: Timeseries of Temperature Climatology for the offshore locations at the surface

-50 -



Distance from Starting Point (km)

Hovmuller Plot of Temperature Climatology (CPT - surface)
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Figure 20: Hovmuller Plot of Temperature Climatology along the surface of the Cape Point

Figure 21:

Distance from Starting Point (km)
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Hovmuller Plot of Temperature Anomaty (CPT - surface)
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Hovmuller Plot of Temperature Anomalies along the surface of the Cape Point
Transect
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Hovmuller Plot of Temperature Climatology (CCT - surface)
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Figure 22: Hovmuller Plot of Temperature Climatology along the surface of the Cape

Columbine Transect

Hovmuller Plot of Temperature Anomaly (CCT - surface)
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Figure 23: Hovmuller Plot of Temperature Anomalies along the surface of the Cape Columbine
Transect
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