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Abstract The Singapore Regional Waters (SRW) is one of
the more complex tidal regions in the world. This complexity
is caused by various factors including the interaction of the
Indian and Pacific oceans with their mainly semi-diurnal and
diurnal tide, respectively, complicated coastline geometry,
small islands and sharply varying bottom topography. Tidal
data analysis is hampered by the lack of reliable coastal
stations with long-term water level records while numerical
tidal modelling studies suffer from lack of accurate high-
resolution bathymetry data and uncertainty in the prescription
of the tidal open boundary forcing. The present study
combines numerical modelling with available along-track
satellite altimetry data and a limited set of reliable coastal
stations. It proposes a structured approach to study the
sensitivity of tidal propagation and interactions to parameters
like the prescription of tidal forcing at the open ocean
boundaries, local depth information and seabed roughness.
To guide and facilitate this analysis, the open-source software
environment OpenDA for sensitivity analysis and simulta-
neous parameter optimisation is used. In a user-controlled
way, the vector difference error in tidal representation could so
effectively be reduced by ~50%. The results confirm the
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benefit of using OpenDA in guiding the systematic explora-
tion of the modelled tide and reducing the parameter
uncertainties in different parts of the SRW region. OpenDA
is also shown to reduce the repetitive nature of simultaneous
parameter variation. Finally, the behaviour of the tide in the
region and its sensitivities to changes in tidal boundary forcing
and to local depth and friction variation in the narrow regions
of the Malacca Strait is now much better understood. With
most of the systematic errors reduced in the numerical model
as a result of the sensitivity analysis, it is expected that the
model can be applied to study tide-surge interaction and is
much better suited for later application in combination with
data assimilation techniques such as Kalman filtering for
which systematic model errors should be minimal.

Keywords Tides - Singapore Regional Waters - Data model
integration - Sensitivity analysis - Simultaneous Multiple
Parameter variation - OpenDA

1 Introduction
1.1 The study area

In this study, the Singapore Regional Waters (SRW) is
defined as the area between 95°E—110°E and 6°S—11°N.
It encompasses two strategic waterways, the Malacca
Strait and Singapore Strait, the central part of the
shallow Sunda Shelf which connects the South China
Sea (SCS) and the Java Sea, and part of the deep basin
of the Andaman Sea (Fig. 1). It is also one of the more
complex tidal regions in the world. The complexity of the
tide in this region is primarily due to the fact that here, the
main interaction takes place between the predominantly
different tidal signals from two oceans (Indian, mainly
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Fig. 1 Map showing the Singa-
pore Regional Waters (SRW)
region (encompassed by black
rectangle) and numerical tidal
model domains, the Singapore
Regional Model (SRM(C))
shown by dotted red lines as
well as the South China Sea
model (SCSM) shown by yellow
rectangle

semi-diurnal; and Pacific, mainly diurnal). It is further
complicated by factors such as sharply varying bottom
topography toward the predominant shallow Sunda Shelf
which acts as a separator of two deep basins (South China
Sea/Pacific Ocean and Andaman Sea/Indian Ocean) and
the complicated coastal geometries due to the narrow
straits and numerous small islands. Past tidal studies in
this region have been hampered by the paucity of reliable
coastal stations with recent, long-term water level records.
Efforts to use numerical tidal models to provide or aid the
analysis of tide in this region have also been hindered by
the lack of accurate high-resolution bathymetry data. The
model bathymetry in the present paper is based on the
latest publicly available Admiralty Charts, which in the
Singapore area were supplemented with data from recent
local surveys.

1.2 Earlier tidal studies

The strategic importance of this region has led to numerous
studies to understand the physical processes that drive and
are driven by the hydrodynamics in the SRW. However, due
to geo-political realities, relatively few studies encompass
the region as a whole. Except for Wyrtki (1961), most of
the recent work to date focuses on specific sub-areas of the
region: e.g., the SCS area (Shaw and Chao 1994; Zu et al.
2008), the Singapore Strait area (Chen et al. 2005; Chan et
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al. 2006) and the Malacca Strait up to the Andaman Sea
(AS) region (Hii et al. 2006; Ibrahim and Yanagi 2006).
The focus of most tidal studies has been the SCS (e.g.
Yanagi et al. 1997; Fang et al. 1999; Zu et al. 2008). For the
SCS, the relative lack of accurate information is somewhat
mitigated by the availability of satellite altimetry data and the
dominance of the Pacific Ocean forcing in the large open
SCS. Recent studies in the SCS area focused on tidal
description by either analysis of TOPEX/POSEIDON data
(Yanagi et al. 1997; Hu et al. 2001) or through numerical
modelling (Fang et al. 1999; Cai et al. 2006). The Riau—
Lingga region which borders both the Java Sea and the
Singapore Strait is a typical area where the lack of detailed
bathymetry data and reliable tidal observations has not
allowed detailed description of the tide. Tidal analysis of
the Indonesian waters has focused on the eastern Indonesian
Seas (e.g. Schiller 2004; Hatayama et al. 1996; Ffield and
Gordon 1996), due to their importance in the global
circulation of water. Several modelling studies address the
tide in the Singapore Strait (e.g. Shankar et al. 1997; Zhang
and Gin 2000; Pang and Tkalich 2003; Chen et al. 2005). The
majority of these models, however, cover a small domain and
apply tidal open boundary forcing that is interpolated from
data from nearby coastal stations, while the dynamics of the
large-scale tidal interaction would require the consideration of
a much larger domain. In the Malacca Strait, most of the
published studies infer the general motion of water (e.g.
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Ibrahim and Yanagi 2006) but do not present a detailed
description of the tidal dynamics of the area.

1.3 Present tidal modelling approach

Both the analysis of observation data and numerical
modelling approaches have their respective strengths and
weaknesses. Analysis of observation data requires that the
data provide good spatial coverage of the area and be of a
reasonable duration. Numerical models typically require
relatively high-resolution bathymetry information in addi-
tion to good information on tidal forcing at open model
boundaries that are further away for properly prescribing
the lateral tide forcing in the model. A recent study by Zu et
al. (2008) used data assimilation to combine a numerical
model of the open SCS region with TOPEX/POSEIDON
observation data by applying the inversion scheme of
Egbert and Erofeeva (2002).

Their overall results suggest that it is possible to analyse
the tidal sensitivity of a much more complex region like the
SRW by combining available satellite altimetry data with a
numerical model of the region. Satellite altimetry datasets
of this region are typically of high and consistent quality
provided that locations with effects due to land-sea
transitions are excluded, as was the case in the present
study. Analysing the sensitivity of the tidal representation to
variation in parameters with known uncertainties (e.g. local
depth information, bed friction, lateral tidal forcing at
model open boundaries) provides a structured approach to
reduce such uncertainties and optimise the values of the
corresponding parameters in the tidal model.

For the hydrographically complex SRW, with its
complex tidal interactions, a structured approach in the
analysis of the sensitivities of the modelled tide to all these
uncertain parameters would have great benefit, since
intuitive oceanographic approaches are limited here. For
that reason, the open-source tool for sensitivity analysis and
simultaneous parameter optimisation OpenDA (http:/www.
openda.org; El Serafy et al. 2010) was used to guide the
process. OpenDA provides structured and user-controlled,
computer-aided sensitivity analysis. In Section 2, we
describe the tidal model, the observational data, and the
OpenDA approach of combining the observational data
with the numerical model to analyse the sensitivity of the
modelled tide in different parts of the SRW region to
systematic simultaneous parameter variations.

2 Building blocks: Tidal model, tidal data
and assimilation approach

This section discusses the three primary building blocks
that are used in the study of the tidal sensitivity in the SRW:

(1) a 2D (barotropic) depth-averaged numerical flow model,
(2) a consistent set of high quality observation data, and (3)
the software environment OpenDA for sensitivity analysis
and parameter optimisation.

2.1 Numerical model—design, uncertainties and processing
of results

The numerical model in this study solves the 2D depth-
averaged shallow water flow equations. The model
application is designed using a spherical, curvilinear grid
and has previously been described by Kernkamp et al.
(2005); e.g., its Figs. 9, 10 and 11) as the Malacca Strait
model. The model has since become known as the
Singapore Regional Model (SRM). It was initially devel-
oped to provide accurate tidal information in the Singa-
pore Strait region of its domain (Kernkamp and Zijl 2004).
The choice of the much larger model domain allows the
varying tidal interactions to establish over a much larger
area, avoiding the situation where the modelled tide in the
area of interest is dominated strongly by the tidal
prescription at nearby open boundaries. The use of a
curvilinear grid reduces potential errors from representing
the coastal geometry, especially when compared to a
rectangular grid. The model covers the region 95°E—109°E
and 4°S—10°N, stretching from northern Sumatra to the
eastern coast of Borneo (Fig. 1 shows its extent by the
waters bounded by the red lines). The total number of grid
cells in the model is approximately 38,500 and the grid
cells vary smoothly in size from approximately 20x
40 km?® at the boundaries to approximately 150x200 m?
in the interior waters near Singapore. The SRM has open-
water boundaries on the Andaman Sea, Java Sea and the
South China Sea. Along these, best estimates of tidal
constituents are prescribed, where tidal water levels at the
open boundary conditions are calculated from the following
relationship

K

H(t):H0+ZHI-Ficos{wit+(V0+u)ifGl-} (1)
i=1

in which:

H(») Tidal water level at time ¢

H, Mean water level over a certain period

k Number of prescribed tidal constituents

i Index of a tidal constituent

H; Local tidal amplitude of tidal constituent i

F; Nodal amplitude factor

w; Angular velocity

(Vo+u); Astronomical phase at Greenwich

u; Nodal phase factor

G; Local tidal phase of tidal constituent i
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Figure 2 shows the location of the open boundaries of
the SRM through its boundary support points (big red
circles; where tidal and mean sea level forcing are
prescribed and adjusted). Eight main tidal constituents
Ql1, Ol, P1, K1, N2, M2, S2, and K2 are prescribed at the
three open sea boundaries, while direct tide generating
forces are included in the interior domain. The bathymetry
in the model domain ranges from maximum about
2,000 m in the AS to approximately 40-50 m depth in
the Singapore Strait. Depth values are predominantly
based on Admiralty charts—which as navigation charts
have a bias towards vessel safety (shallow areas) and also
typically obscure detailed features—with additional data
around Singapore itself from local surveys. In addition to
tidal boundary forcing, the model bathymetry data can
therefore be an important source of uncertainty in the
reproduction of the tide in a depth-averaged numerical
model.

Intuitively, one may consider the modelled tide in each
location to be represented as a linear combination of the
eight tidal base vectors and their main compound harmon-
ics, which can be uniquely identified by least squares
analysis of time series from a full year simulation.
Theoretically, this is not the case: the least squares analysis
allows some marginal interaction between constituents, as
will be explained in the discussion of the results.

A 1l-year simulation with SRM requires 12 h total
CPU time on a common desktop PC. For simple tests it
was shown that OpenDA had required four to five
iterations to obtain a solution (Ooi et al. 2010). This
implies a minimum of 60 h total computational time if
such tests had been carried out with the SRM. A 3x3
aggregated coarser grid version of the SRM (from now on
called SRMC) was created to reduce the computational
time by approximately a factor of 20. In the aggregation,
the depth profiles and therefore volumes are maintained,
albeit at a coarser scale. The accuracy of this particular
coarser grid model has previously been assessed by
Kurniawan et al. (2010) who showed that a 3x3 coarser
grid designed as described above has largely the same
response characteristics and can suitably replace the finer
grid model for multiple parameter variation and sensitivity
analysis purposes.

2.2 Observational data—along-track data and long-term
in situ data sets

The SRW region is a region with relatively few reliable in
situ tide gauge data sets (Gerritsen et al. 2000, 2003; Pang
et al. 2003). In addition, many of the tide gauges in SRW
(reliable or otherwise) are situated in shallow areas directly
along the coast or in estuaries. They do not reflect the

Fig. 2 Singapore Regional Depth (m)
Model (SRM(C)) model do- 1000
main showing depth contours
(m), boundary support points 107
(red circles) where tidal and 900
mean level forcing are pre- 8L
scribed and varied) and the eight 800
distinctly numbered blocks 1—
8 (black dash lines) used in the 6k
analysis of tidal open boundary 700
forcing. The six distinct alpha-
bet blocks A—F (blue solid lines) sl
are used in the analysis of = 600
friction and depth variation. The 2
diamonds denote observation E 2l 500
locations used for optimising the 2
tidal model representation ﬁ
ok 400
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hydrodynamics in the more open waters and are therefore
less suitable to describe the tidal wave propagation and tidal
interaction dynamics in the SRW. The present satellite
altimetry data from the TOPEX/POSEIDON (T/P) system
and its successors provides reliable, consistent open water
coverage of water level (tide) information, suitable for
sensitivity analysis or assimilation. Combining available
reliable long-term in situ observations with satellite
altimetry presents the best possible mix of open-water and
coastal water level and tide observation throughout the
model domain.

At coastal stations, tidal constituents were derived from
available multi-year data sets while at locations obtained
from satellite altimetry tidal constituents were derived by
tidal analysis of level-2 altimeter along-track data sets from
the RADS database (Naeije et al. 2006). Coherence analysis
of tidal constants from tide gauge data and comparison to
altimeter derived tidal constants resulted in a database of
tidal constants in a total of 77 observation locations or
stations, shown as diamonds in Fig. 2. These stations
consist of a mix of International Hydrographic Organiza-
tion, Maritime and Port Authority of Singapore (MPA), and
University of Hawaii Sea Level Center (UHSLC; http:/
ilikai.soest.hawaii.edu/uhslc/data.html) observations and
satellite along-track data sets. Direct comparison of
model-based and “observed” tidal constants provides an
objective, quantitative and reproducible norm or benchmark
to assess the tidal representation of the model (Le Provost et
al. 1995).

2.3 OpenDA and multiple parameter variation

The generic OpenDA data assimilation environment (EIl
Serafy et al. 2010) provides both a range of filtering
routines as well as uncertainty and sensitivity analysis
routines. It also supports assimilation of recent observa-
tions to improve model forecasts and allows a user to
carry out sensitivity analysis and simultaneous parameter
optimisation of model parameters in a given model
application. It is an updated open-source version with
extended functionalities of the existing DATools system
which was used successfully for, e.g. data assimilation of
current and salinity profiles (El Serafy et al. 2007) and for
flood forecasting purposes (Weerts et al. 2010). The
parameter variation and sensitivity analysis toolsets in
OpenDA have many features which are essentially user-
controlled and have robust default settings. Multiple
parameter optimisation and sensitivity analysis will
(almost) always end correctly in the sense that, mathe-
matically speaking, optimised parameter values are found.
The key question is then how physically realistic these
are. To assess the realism of the model results for
optimised parameter settings, several independent meas-

ures are defined that quantify the difference between
modelled tide and the observed tide before, during and
after parameter optimisation. The user should use such
measures to easily interpret the consistency and realism of
the model results.

In the present paper, OpenDA’s semi-automated param-
eter estimation method, Doesn’t Use Derivatives (DUD) is
used. This method can be applied for structured variation of
the parameters, with or without user-defined constraints on
the parameters. DUD is a derivative-free algorithm for
nonlinear least squares (Ralston and Jennrich 1978). It
evaluates and optimises uncertain model parameters by
minimizing a generalised form of a least-squares or
goodness-of-fit (GoF) criterion which is formulated in the
time domain. The user can specify sub-regions or blocks of
observations, and specify stations within these blocks, in
order to vary the GoF definition during the analysis. The
parameter values that correspond to the minimum value of
the GoF are considered the optimum parameter values for
the given analysis.

In tidal modelling, the water level is the key model
variable and the built-in GoF formulation is now configured
to read as:

O D= L) t= L) = LS 2)

(™ (6) — HO (1)) / (Gttobs)?

in which H(?) is the water level measured at time ¢, sim
refers to results obtained from model simulations over the
simulation period [0, T], obs are observed values, Nmax is
the number of timesteps in the time series, Smax is the
number of stations in region », Rmax indicates the blocks
for which observations are included while oy, denotes the
uncertainties assigned to the observations (here: tidal
prediction values). oyeps 15 set at 0.05 m. The weight w,.¢
is set uniformly equal to 1.

To assess the sensitivity of the SRW tidal model
representation to the prescribed tidal amplitudes and phases
the 77 observation stations were subdivided into eight
distinct blocks numbered from 1 to 8, see Fig. 2. The
sensitivity of the SRW tidal representation to depth and
friction changes in the Malacca Strait was studied by
breaking up the strait into six distinct blocks named A to F

(Fig. 2).

2.4 Evaluation criteria for assessing model representation
of tide

In addition to the mathematical optimisation criterion (GoF)
the user should assess the response of the model’s tide
representation to the parameter variation in terms of the
properties of the physics or process dynamics. The
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proposed method is to evaluate the differences in the
modelled and observed tidal amplitudes and phases (H, G)
of the available tidal constituents at the stations of the

the summed vector difference (SVD) over selected observer
blocks or the entire model where

_ r=R max 5s=S max
selected observer blocks and those in the whole model SVD; = r=l =1 VDkrs (3)
domain. A practical error measure for tidal constituent £ is  and
2 . . 2
VDy s = \/{(Hc,k €08 Geg — Hop €08 Gox)” + (Hep sin G — Hy g sin G } (4)

H.;, Gy, Hyp, and G, are the computed (simulated) and
observed astronomical amplitudes and phases of a tidal
constituent £ (Le Provost et al. 1995).

Finally, a single criterion to evaluate the improvement in
tidal representation during the process of multiple param-
eter variation is defined as:

%IMP = (InitialValuey, — FinalValue,,) /Initial Valuey, x 100%

(5)

Here, M can be either the SVD or the GoF.

3 Design of the sensitivity experiments
3.1 Ranking of uncertainties—sequence of simulations

The starting point of the model parameter settings (tidal
constants, depths, bed friction) is described in Kurniawan et al.
(2010). With estimates of the local amplitudes and phases of
eight tidal constituents at 21 positions along the open
boundaries (see Fig. 2), six key areas of uncertain depths
and bed friction, the number of uncertain model parameters is
too large for simultaneous variation of all parameters using a
local search algorithm. The uncertainties in the boundary
forcing are considered to provide the largest contribution to
the error in the tide representation. The sensitivity analysis
starts therefore with this (section A in Fig. 3), followed by the
assessment of the model sensitivity to variation of depth and
friction in different parts of the Malacca Strait (section B in
Fig. 3), and ends with a reassessment of the tidal forcing
along the open boundaries (section C in Fig. 3). IM1 to IM3
are the intermediate combined model results after each

variation block and are described in more detail in sub-
sections 4.1-4.3 below. The details of the parameters that
were varied for each sensitivity analysis are given in Table 1.
The number of parameters that are simultaneously varied is
denoted by P; Observer blocks used denotes the blocks which
are included in the GoF. Iter denotes the number of iterations
until the optimum; for DUD, Iter>P+1. DUD ranks the
results of (P+1) simulations, removes the worst case and uses
the remaining sets of results to derive the parameter setting
for a new case, etc. All the results shown in the figures and
tables are the best optimisations from a set of different
variations. The reasons to start with variation of amplitudes
and phases of the semi-diurnal constituents at the AS and
those of the diurnal constituents at the South China Sea and
Java Sea (SCS&JS) were the dominating local physics of the
system—the SCS&JS are predominantly diurnal regions
while the AS is a predominantly semi-diurnal region.

3.2 Configuration aspects of OpenDA for sensitivity
analysis

For a discussion of the sensitivity of parameter optimisation to
the selected observer blocks and its effect on the tidal
representation, see Kurniawan et al. (2010). Essentially, the
regions where tide is most directly affected by the analysed
parameter variation should be selected as observer blocks
(see Fig. 2).

Case SD3 in Table 1 represents the optimum result from
Kurniawan et al. (2010) who found that combining blocks 1
and 2 resulted in the best observer blocks for assessing the
sensitivity of an incoming tide from AS. Similar tests had
been carried out for the incoming tide from the SCS&JS
resulting in blocks 5, 6, 7 and 8 being selected as observer

A

BASE {|+»| SD3

{ SD7
D7

SD9 RY
M1 D8 M2 79

B C

}’O
IM3

Y

D9 — D10

Fig. 3 Flowchart showing the progression in the sensitivity analysis for the SRW; a variation of open boundary forcing; (b bed friction and

depths; ¢ revisiting variation of the open boundary forcing
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Table 1 Comparison of sensitivity/assimilation tests showing the SRMC model parameters that were varied, the selected observer blocks, the
number of parameters P and Iteration Iter and the %IMP in GoF reported by OpenDA

Test Parameter (p) varied Observer Iter. GoF Remarks
blocks used
Initial %
IMP
SD3 Phase and Amp. Of M2 and S2 at AS 1,2 5 9.63E+05 36.30
Boundary
SD7 Phase and Amp. of M2, S2, N2 and K2 at AS 1,2 20 6.14E+05 11.36 Starting point was the optimum result of
Boundary SD3
D7 Phase and Amp. of O1, K1, Q1 and P1 at SCS 5,6,7,8 16 35 1.50E+06 48.32
and JS Boundary
SD9 Phase and Amp. of M2, S2, N2 and K2 at SCS 5,6,7,8 16 36 7.80E+05 13.97 Starting point was the optimum result of
and JS Boundary SD7 and D7 (IM 1)
D8 Phase and Amp. of O1, K1, Q1 and P1 at AS 1,2 8 498E+05 7.93
Boundary
R9  Friction in U and V directions at BLK E and F E,F 16 4.20E+05 40.15 Starting point was the optimum result of
79  Depth at BLK E and F E,F 5  420E+05 72.76  SD9 and D8 (IM 2)
D9 Phase and Amp. of Ol, K1, QI and P1 at SCS 5,6,7,8 16 4  5.74E+05 0.71 Starting point was the optimum result of R9
and JS Boundary and Z7 (IM 3)
D10 Phase and Amp. of O1, K1, Q1 and P1 at AS 1,2 4  4.83E+05 7.83 Starting point was the optimum result of D9

Boundary

blocks for simultaneous variation of the tidal constituents at
both the SCS and JS boundaries of the model. The linking of
the SCS and JS boundaries for simultaneous sensitivity
assessments draws on physical insight provided by Wyrtki
(1961) and Zu et al. (2008), suggesting that for the SRW, the
SCS and JS boundary regions are quite similar in their tidal
characteristics.

A further test analysed the difference of varying amplitude
and phases uniformly along an open boundary (coupling the
boundary support points (BSP)) or allowing individual
variation at each BSP (uncoupling). As an example, M2
amplitudes and phases were varied along the Andaman Sea
open boundary. With BSP=5, the uncoupled and coupled
cases lead to P=10 and P=2, respectively. As shown in the
“OpenDA modifications (uncoupled)” column in Table 2,

uncoupled parameter variation results in unrealistic oscilla-
tory adjustments for both phase and amplitude (especially
phase) due to the extra degrees of freedom which the case
with coupling does not have. Both cases lead to an almost
equal overall improvement of tidal representation in terms of
SVD Eq. 2 away from the Andaman Sea boundary.
However, the first is the result of clearly unphysical local
adjustments while the second is physically realistic, mathe-
matically simpler and robust. A two-parameter variation
problem is also likely to be computationally much less
demanding than a problem with 10 varying parameters. The
result of the test confirms that when using mathematical
concepts and tools such as OpenDA for sensitivity analysis
one has to assess the results in terms of suitably chosen
measures for the process dynamics. It is recommended to do

Table 2 Comparison of OpenDA tests for the M2 tidal constant along Andaman Sea open boundary for two specifications of the boundary
support points (BSP) (A): uncoupled (physically unrealistic adjustments) and (B):coupled (physically justified adjustments)

BSP Base input UnCoupling BSP

Coupling BSP

constraints
OpenDA modifications Computed input OpenDA modifications Computed input
(uncoupled) constraints (uncoupled) (coupled) constraints (coupled)
Initial Initial Optimised Optimised Optimised Optimised Optimised Optimised Optimised Optimised
amplitude phase amplitude  phase amplitude  phase amplitude multiplier phase addition amplitude phase
multiplier  addition
1 0.289  297.267 1.018 —29.093 0.294 268.174 0.965 —5.542 0.279 291.725
2 0.437 311.008 1.100 11.720 0.481 322.728 0.965 —5.542 0.422 305.466
3 0.531 315.171 1.117 —6.956 0.593 308.215 0.965 —5.542 0.512 309.629
4 0.631 317.894 1.048 0.945 0.661 318.839 0.965 —5.542 0.609 312.352
5 0.811 320.359 1.154 —2.128 0.936 318.231 0.965 —5.542 0.783 314.817
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. . . . 7] NoR o TN o o Sl ) o~ o
1.65 m. This is even larger than the 1.54-m reduction in § % A e e § g 3
blocks 1 and 2 combined. In blocks 5-8, the effect is very = NS aefTE=essEgeT

. o -—

small. The notion of a small knock-on effect of energy h 5| a
between constituents suggests a joint variation of M2, S2, g g % § g § § 51 § &4
N2, K2 forcing, starting from the newly established M2 S 2| 2] aa -~ SIS
and S2 amplitudes and phases in test SD3. g ol EE

The results of test SD7 in Table 3 show only a marginal 2 % 'é % § g § g § g §
overall improvement of 0.1% and 0.04% in the SVD values %' g NS S cSS®xS
of M2 and S2, while the observer regions also show small z g A
changes: 0.5% improvement for M2, and —0.6% for S2. B = z ® % S g o
The minor semi-diurnal constituents N2 and K2 both show 3 ElE a2 22 sz
significant improvement; in the observer regions the SVD | SI1B8|EE| "
values for N2 and K2 improve by 59% and 33%, while =2 . o~ o o

. < k NS A ® oo —
over the whole model the N2 and K2 representation = nmA®nAQAENAQA
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12.000
10.000
8.000

g2 6.000

“ 4000
2.000
0.000 |
mBase  11.558 5.614 2.634 1.743
8SD3 | 9.004 4.771 2.786 1.791
OSD7  8.996 4.769 2.204 1.560
D7 8.926 4.754 2.137 1.737
aIM1 8920 4.751 2.158 1.519
aSD9 | 7.969 4.278 2.065 1.443
aD8  8.920 4.752 2.157 1.516
sIM2  7.966 4.284 2.065 1.449
SR9 | 7.268 3.879 1.887 1.326
8Z9 | 5.692 2.984 1.623 1.268
2IM3  5.659 2.950 1.591 1.276
®D9 5.654 2.952 1.592 1.277
=D10  5.681 2.957 1.593 1.259

"E:me
_ Q1 _ P

1 Total SVD
4.478 6.267 2.023 3.292 ' 37.609
4.435 6.319 2.050 3.335 34.491
4.439 6.336 2.073 3.342 33.719
2.857 3.969 0.614 1.558 27.152
2.854 3.990 0.618 1.560 26.370
2.831 3.974 0.614 1.543 24.717
2.614 3.479 0.597 1.156 25.191
2.587 3.457 0.591 1.131 23.530
2.801 3.409 0.607 1.117 22.294
3.181 3.624 0.684 1.184 20.240
3.375 3.765 0.712 1.237 20.565
3.361 3.721 0.708 1.230 20.495
2.966 3.479 0.639 1.147 19.721

Fig. 4 Comparison of total SVD for all optimisation tests for each semi-diurnal and diurnal constituent (summation over all 77 stations)

improves by 20.9% and 12.9%, respectively. Clearly, a
simultaneous variation approach is essential for the whole
semi-diurnal signal. Figure 5 for SD7 shows that most of the
additional improvement in the summed semi-diurnal con-
stituents occurs in blocks 1 and 2 (Andaman Sea area
and Malacca Strait), little change in block 3, while block
4 (Singapore waters) even shows a slight deterioration.
Again, the variation of the semi-diurnal Indian Ocean
tide forcing does not propagate to the eastern model
domain blocks 5-8.

4.1.2 The tidal forcing along the SCS and JS model
boundaries

In test D7, the main diurnal forcing from the Pacific Ocean
defined in terms of O1, K1, Q1, P1 along the South China
Sea and Java Sea model boundaries was varied. The whole
eastern model domain (blocks 5-8) served as observer
block. Table 4 shows that there is large sensitivity of the
SRW tide to these changes. The %IMP in SVD for the
diurnal constituents ranges from 35.5-70.0% for the whole
model domain, and between 44.5-74.2% for the eastern
part (observer blocks 5-8), depending on the individual
constituent. Figure 6 shows that the improvement also
extends to blocks 2, 3 and 4, i.e. Singapore Strait and
Malacca Strait. This suggests that almost the entire SRW
except for the region close to the Andaman Sea open
boundary is sensitive to the diurnal tide propagation from
the SCS&JS regions.

4.1.3 The minor tide contributions from the Indian
and Pacific Oceans

With the uncertainties in the major tide forcing contribu-
tions significantly reduced, the minor tide forcing contri-
butions need to be investigated: the N2, M2, S2, K2 semi-
diurnal tide prescription along the South China Sea and
Java Sea boundaries, and the Q1, Ol1, P1, K1 diurnal tide
forcing along the Andaman Sea. A new baseline model
called IM1 was created by applying the optimised tide
forcings of SD7 and D7. As expected, the diurnal
constituents show negligible changes, while the semi-
diurnals are slightly better (see Fig. 4).

Case SD9 considers the semi-diurnal tide forcing along
the eastern boundaries. The %IMP in GoF is 14%
(Table 1). Compared to IM1, SD9 results show significant
improvement for the semi-diurnals: SVD reduces from
17.3 to 15.3 m, see Fig. 5. The figure illustrates that the
improvement is strong in the eastern part plus Singapore
waters, and drops off in Malacca Strait. The SD9 and IM1
lines in Fig. 6 confirm that the diurnals are again only
marginally affected as a result of the postprocessing (cf.
discussion in paragraph 4.1.1 above).

The variation of the diurnal constituent forcing along the
Andaman Sea in case D8 translates to a %IMP in GoF of
7.9%. The overall SVD of the diurnal contributions reduces
from 9.02 to 7.85 m (13%), see Fig. 6. The figure shows that
the improvements are largest in blocks 2 and 3 (Malacca
Strait and West Singapore waters), while the changes are
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P1

Q1

K1

Table 4 Sensitivity of the diurnal tidal constituents—initial SVD and %IMP in the observer region and the overall SRMC model

Test Ol
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Observer only Overall Model Observer only Overall Model Observer only Overall Model Observer only

Overall Model

%IMP  Initial SVD  %IMP

Initial SVD

%IMP  Initial SVD %IMP  Initial SVD %IMP Initial SVD %IMP Initial SVD %IMP Initial SVD %IMP
(m) (m) (m) (m) (m) (m)

Initial SVD

(m)

(m)

—2.276
—0.636
63.143

0.615

—1.306
-0.210
53.283

3.292
3.335

—5.502
—5.828
74.112

0.309
0.326
1.182
0.294
0.123
0.031

-1.335
-1.122
70.049

2.023

—0.258
—0.900

51.028

0.776
0.778

—0.830
—0.269

6.267
6.319

1.431

0.699
0.689

0.960
—0.090
35.581

4.478

SD3
SD7
D7

0.629

2.050

0.145
44.456

4.435

1.807
0.653

4.282

37.189

2.823

1.805
45.000

1.090
25.897

1.560

2.000
2.381
—38.710
—61.290

0.647

0.618

0.191
33.292
16.754
24.607

0.401 2.093
12.807

3.990

1.339
38.446
—80.263
—75.000

1.547
0.309
0.076

2.854 0.806

SD9
D8

0.231

3.398
-2.707
—15.736

0.535

8.409
-8.272
-22.961

6.742

16.854
-1.513

1.238 0.089

—4.686

1.131

0.591

1.388 0.191

—4.831

3.457

2.587

R9

Z9

0.604
0.231

1.237 0.566

1.230

1.365
13.372

1.572 5.415 3.765 1.169 1.962 1.208 0.712 0.562 0.289
20.799 3.721 6.504 0.653 22.722

0.476

0.415
11.752

3.375

D9

16.906

6.748

0.149

9.746

0.708

3.361

D10

marginal in the eastern part of the model domain. Clearly, the
Indian Ocean diurnal forcing does not have a significant
effect beyond Singapore. Comparing IM1 and DS in Fig. 5
confirms that the diurnals are only marginally affected by
these variations, due to the postprocessing.

The sensitivity and optimisation simulations above
confirm that the Malacca Strait region up to the Singapore
Strait (blocks 1 to 4) is most sensitive to the incoming tide
from the Andaman Sea (Indian Ocean). Almost the whole
SRW domain is sensitive to tide from the South China Sea
and Java Sea (mostly Pacific Ocean), except for the region
immediately adjacent to the Andaman Sea boundary.

4.2 Sensitivity of the region to Malacca Strait bathymetry
(and friction)

4.2.1 Role of Malacca Strait in tidal dynamics

The uncertainties in depth and friction model data in the
Malacca Strait are most likely the next largest source of tide
representation errors in the model. For this particular
analysis, the Malacca Strait has been divided into six
blocks, A-F, see Fig. 2. Prior analysis carried out on the
observation data sets showed that the area corresponding to
blocks C to F is the region with the highest spring/neap
tides in the entire model domain, with much tidal mixing.
This suggests that blocks C to F would possibly be the ones
that would be most sensitive to any depth or parameter
variation. The other implication of this analysis is that
significant variation in depth or friction in this region could
also affect the tide characteristics at the boundaries of the
SRW. In their study, Kurniawan et al. (2010) chose Block 3
as the observer region which approximately covers the
same area as Blocks D to F combined, and confirmed this
hypothesis.

First, a new baseline model (IM2) was created using the
optimisation results of D8 and SD9. For all eight tidal
constituents, IM2 results are again better than either D8 or
SD9, see Fig. 4.

4.2.2 Sensitivity to bed friction in Malacca Strait

To evaluate the sensitivity of the SRW to friction changes,
OpenDA was applied to vary the friction (case R9) in both
grid directions simultaneously (note that the directions of U
and V are the curvilinear grid directions). This resulted in a
%IMP in the GoF of 40.15% in the observer blocks (E, F)
which was due to an approximately 40% reduction of the
original Manning bed friction coefficient at the selected
blocks, see Table 1. Table 3 shows that for the semi-diurnal
constituents this resulted in a positive %IMP in SVD in the
observer blocks (E, F) of between 36.5-39.6% and a
positive %IMP in SVD of between 8.5-9.5% for the SRW.
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Summed Semi-Diurnals

5 Block 6 Block7 Block8 | AllBlocks|

k

Block2 Block Block

Bloc
mBase 4091 | 3131 | 5504 @ 1.678 1.376 1172 1753 21.549
=SD3 2.723 2453 | 4525 1.622 1.375 1.183 1.794 18.352
0SD7 2231 | 2424 4623  1.668 1363 1171 | 1.791  17.529
= D7 2702 | 2460 | 4342 | 1613 | 1.412 1.196 1.746 18154
@IM 1 2213 | 2419 | 4459 | 1659 | 1.402 1185 | 1749  17.348
=SD9 2.207 2.352 3.986 1.568 1.237 0.866 1.260 15.755
@D8 2204 2423 | 4464 165  1.401 1185 1747 | 17.345
=IM 2 2202 | 2353 | 3994 | 1572 1237 0867 | 1260  15.764 |
SR9 2432 | 1477 | 3414 | 1441 1258 0858 | 1266 14360
BZ9 2.012 0.827 1.867 1.108 1.288 0.863 1.296 11.567
zIM3 2.011 0.938 = 1.889 1.024 1.292 0.860 1.298 11.476
‘aD9 | 2012 | 0938 | 1.88 1024 1293 0857 1301  11.475
‘@D10 | 2.006 | 0957 | 1885  1.025 = 1.294  0.858 | 1300  11.490

Fig. 5 Comparison of total SVD for the semi-diurnal constituents at each block for all optimisation tests (summation over M2, S2, N2 and K2
over all 77 stations)

The effect on the diurnal constituents was mixed, see and 38.7%, respectively, while the tidal constituents K1 and
Table 4. In the observer blocks the Ol and Ql tidal Pl showed a SVD improvement of 16.8% and 6.7%,
representation showed a strong SVD deterioration of 80.3  respectively. Over the whole model domain, SVD’s of Ol

Summed Diurnals
4.000
3.000
£ 2.000 ‘
|72}
1.000 7 ==
0.000 = Iﬁﬁm A HR 4 g 3 b v ‘: ; 3
Blockl = Block2 Block3 = Block4d  Block5  Block6  Block7? All Blocks
mBase 0.577 = 1.822 = 1.244 | 2306 = 2359 2524 = 1.896 = 3332  16.060
=SD3 0578 @ 1.844 1300 = 2323 2352 2526  1.890  3.326 16.139
OSD7 0581 | 1.870 1311 | 2335 2350 2.525 1.892 3.326 16.190
D7 | 0601 | 1235 0.882 = 1643  1.067 1.179  0.736 1.655 8.998
@IM1  0.603 1247  0.888 1654  1.064 1178 0734  1.654  9.022
aSD9  0.609 1.255 0.866 1.645 1.037 1172 0.720 1.658 8.962
D8 | 0492  0.706 0.403 = 1.602  1.052 1.174  0.756 1.661  7.846
aIM2 0493 | 0.687 0387 | 1.604  1.024 1166  0.741 1.664 | 7.766
SR9 0.511 0.795 0.422 1.681 0.968 1.161 0.736 1.660 7.934
BZ9 | 0550 @ 1.117 0.401 = 2035 0957 1166  0.773 1.674 8.673
IM3 0572 @ 1.386 0.440 | 2155 = 0929 1.161 0.774 1.672 9.089
WD9 | 0562 | 1334 0489 | 2208 0996 1127 0707 1597  9.020
D10 0.608 0.901 0.376 1.883 1.046 1.130 0.692 1.595 8.231

Fig. 6 Comparison of total SVD for the diurnal constituents at each block for all optimisation tests (summation over O1, K1, Q1 and P1 over all
77 stations)
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Fig. 7 Spatial distribution of M2 tidal constants in SRMC grid
domain showing a interpolated observed, b interpolated model results
before optimisation, ¢ interpolated model results after optimisation.

and QI showed 8.3% and 2.7% deterioration, respectively,
while SVD’s of K1 and P1 improved by 1.4 and 1.2%,
respectively. The deviating effect of O1-Q1 is not yet
understood. In overall sense, the friction adjustment
reduced the SVD from 23.5 to 22.3 m, an improvement in
tidal representation by 5.3% (Fig. 4), although the areas
most affected differ for diurnals and semi-diurnals (Figs. 5
and 6).

4.2.3 Sensitivity to depth variation in Malacca Strait

All of the general trends observed when friction was
varied were almost similarly reproduced when depth was
varied in the same blocks instead of friction (case Z9).
The GoF shows a %IMP of 72.7% in blocks E and F
which was due to an increase in the original depth in
those blocks by 60%. Such a very large change is likely
an overadjustment due to the assumption in the optimi-
sation case that the depth in this region is the key source
to all model errors. The semi-diurnal SVDs showed
strong improvement in the observer blocks and the
overall region, see Table 3. For the entire SRW SVD of
M2 and S2 improved by 28.5% and 30.3%, respectively.
For the diurnals, the same mixed trend in the %IMP in
SVD observed earlier for friction was also observed, see
Table 4. For the SRW as a whole, the SVD for diurnals
deteriorates. The overall tidal representation error reduces
from 23.53 to 20.24 m, however, i.e. by 14.0% (Fig. 4).
Similar to the case of varying friction, Figs. 5 and 6 show
that the representation of the SRW tide is most sensitive to
depth variation in blocks 2 to 5.

The results of R9 and Z9 suggest that there are some
complex local blocking features affecting tide, most likely
stemming from the lack of high-resolution bottom topog-

@ Springer

Longiude [deg]

0

104 106 108 110 9 10

96

100 102 104
Longitude [deg]

106 108

Filled contours denote the magnitude of the co-amplitude (m) and
contour lines are the co-phase lines (degree) at GMT+8

raphy data but also possibly due to the obscuring of
detailed bottom features in the vicinity of blocks E and F.
The results in Figs. 5 and 6 also suggest that the effects of
varying depth and friction are generally local with the
largest variation outside of block 3 seen only in blocks 2, 4
and 5 which border block 3. The large mixed variation in
the diurnal constituents suggests that OpenDA may have
initially over-optimised the boundary forcing for the diurnal
tide. It was therefore decided to reassess the incoming
diurnal tide at all the boundaries.

4.3 Final sensitivity analysis of SRW to incoming tide

To reassess the incoming diurnal tide the new baseline
model IM3 was created, which combined the best results
of R9 and Z9 for friction and depth. The interaction of
the bed friction and depth adjustments in IM3 leads to a
small (1.6%) deterioration of the tide representation
(Fig. 4). The first additional case D9 assesses the
sensitivity of the observer blocks and the SRW to
variation of the diurnal constituents at the SCS&JS
boundaries. The results of D9 is then used as the base
for a second assessment called D10 which assessed the
sensitivity of the SRW to variation of the diurnal
constituents at the AS boundary.

Case D9 results in little change to the diurnals, see the %
IMP in GoF Table 1; see also the %IMP in SVD for the
diurnals in Table 4. All diurnals improve, though. This is
also seen clearly in Fig. 6 where the small improvements in
blocks 6-8 seems to be largely offset by a similar
deterioration in blocks 3—5. The semi-diurnals also show
little change in the SVD. These results indicate that it is not
the incoming diurnal tide from the SCS&JS that is
interacting with the depth and friction in blocks E and F.
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Fig. 8 same as Fig. 7 but for the K1 tide

Using D9 as the new baseline the sensitivity of the SRW
was analysed with regards to variation of the diurnal Indian
Ocean tide at the AS. The optimum results of D10 in
Table 4 show SVD improvement 13.3-22.7% for all the
diurnal constituents for the observer blocks (1,2). The
overall model SVD for the diurnal constituents improved
between 6.5% for K1 and 11.7% for Ol. Figure 6 shows
that the tidal stations in the Malacca Strait (blocks 2, 3 and
4) are the most sensitive to the variation of the incoming
diurnal tide from the AS boundary with depth and friction
variations optimised. The result again confirms that the tide
from the Andaman Sea is most sensitive to uncertainties in
depth and friction in the narrow parts of Malacca Strait
toward Singapore (blocks E and F).
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4.4 Overall evaluation of the sensitivity of the SRW

In the previous sections, 4.1-4.3, the model uncertainties
have been ranked according to expected largest impact on
tidal representation. By successive multi-parameter varia-
tion simulations using the local search algorithm DUD, and
applying a mathematical goodness-of-fit criterion combined
with quantitative indicators that evaluate the quality of the
tidal model representation, it has been shown that the
largest remaining uncertainties could significantly be
reduced, and the tide representation improved. To observe
the sensitivity of the SRW to all these variations, the results
of the reference (Base) to DIO in Figs. 5 and 6 are
compared. The large SVD improvement (46.7%) in the

Interpolated VD After Optimisation Tidal Component of M2

R SR
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A W
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N

94 9 9 100 102 104 1
Longitude [deg]

Fig. 9 Spatial distribution of vector differences (VD; in m) of the M2 tide in the SRMC grid domain showing a interpolated model results before

optimisation, b interpolated model results after optimisation
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Fig. 10 same as Fig. 9 but for the K1 tide

semi-diurnals in the entire region (ALL BLOCKS column)
and also the large SVD improvement (48.7%) for the
diurnals suggests that the tidal models of the Singapore
Regional Waters are very sensitive to variations in the
boundary forcing and the friction/depth in a particular
sub-region. With regard to the previously well-optimised
sub-region of the Singapore Strait (Block 4) it has been
shown that the tide in this region is very much affected
by variations and changing interactions in a much wider
area.

The effect of all variations in tide open boundary
forcing, depth and friction and the region’s sensitivity to
these variations has been visualized in cotide—phase
plots, see Figs. 7 and 8. The amplitude and phase
distributions of M2 and K1 are shown in three frames,
representing observed, initial model results and final
model results after optimisation. The time zone is GMT
+8. In addition, for better understanding, the spatial

Fig. 11 Comparison of SVD
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distributions of vector differences (as a measure of
absolute error) before and after the optimisation are shown
in Figs. 9 and 10 for M2 and K1, respectively. Figure 7
shows that for M2 the improvements are due to for
instance the reduction in the amplitude in the central
Malacca Strait (compare Fig. 7b,c with a) and to the depth/
friction variation as evidenced by the reduction in the
amplitude in the southern part of Malacca Strait toward
Singapore. In absolute terms the M2 vector differences
(compare Fig. 9a with b) reduces in the regions described
above by at least 0.1 m or about 50%. Figure 8 shows that
for the diurnal constituent (K1) the major improvements in
the amplitudes and phases have been realised in the
eastern regions, most directly influenced by the tide
forcing prescribed along the SCS&JS boundaries. In
absolute terms Fig. 10 shows that the K1 vector differ-
ences have reduced by approximately 0.2 m to almost zero
in those regions, i.e. often much more than 50%.

Total Summed

with regards to total SVD (8 45.000
constituents) and the 4 semi- 40.000
diurnal and the 4 diurnal con- 35.000
stitt.ler}ts for the SCS model 30.000
optimisation tests a 25000
52 20.000
15.000
10.000 J—
5.000 —
0.000
Total SVD Summed Semi-Diurnal Summed Diurnal
Obn20 41.356 25.241 16.115
Obn21 40.632 25.148 15.484
mbn20_ODA2 38.567 23.215 15.352
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5 OpenDA compared to manual optimisation

In addition to the analysis of the tidal dynamics and model
representation in the SRW area, OpenDA is now being
applied to analyse the sensitivity of tide representation in
the 2D South China Sea tidal model (SCSM). This model
covers the area bounded by the yellow lines in Fig. 1. In the
last decade, the tide representation of the SCSM was
studied and already much improved using various techni-
ques, but mainly using in situ tidal data with varying
quality (Gerritsen et al. 2000, 2003). Figure 11 summarises
the results comparing the results of the manual optimisation
(bn21) to one preliminary OpenDA results (bn20_ ODA2)
with bn20 as the baseline scenario. The results in Fig. 11
show that OpenDA quickly reaches a much better result
than the manual optimisation. Both methods are almost
similar in performance when improving the diurnal con-
stituents, SVD reduction of 0.76 m for OpenDA compared
to 0.63 m reduction with manual optimisation. However at
the same time, OpenDA significantly improves the semi-
diurnals (reduction in SVD of 2.0 m) compared to the
manual optimisation method (SVD reduction of only
0.09 m). These results give confidence that if configured
correctly, using measures that account for process dynamics
next to the mathematical criteria, OpenDA can easily be
applied to analyse and improve the understanding of the
tides in other numerical tide models and other areas.

6 Conclusions

The results of the sensitivity studies in this paper illustrate
that the tidal dynamics in a complex region like the
Singapore regional waters can be effectively analysed by
combining a numerical tide model and reliable observa-
tional data with a semi-automated data assimilation and
parameter optimisation tool such as the open-source
OpenDA environment. The study has shown the benefits
of a systematic approach to evaluating multiple parameter
variation, beginning with the parameters that are expected
to have the larger, more overall, impact and then continuing
to parameters that have a smaller and more local effect on
tidal dynamics. Since not all uncertain model parameters
can be included simultaneously, a ranking according to
expected uncertainty impact and some iteration after these
have been successively reduced, is necessary. The study has
also demonstrated that a tool such as OpenDA requires a
combination of physical insight and understanding of the
problem at hand, by defining suitable measures to evaluate
the behaviour of the key physics. The semi-automated
DUD procedure embedded in OpenDA is shown to be
effective in reducing the repetitive tasks involved in
studying the sensitivities of a complex region like the

SRW to various parameter variations. The use of satellite
altimetry data in combination with reliable in situ observa-
tion data proved to be simple, since OpenDA allows the
observation uncertainty to be prescribed individually for
each observation time series.

As a whole, the results suggest that an ocean modeller
does not need to first develop in-depth knowledge in a field
such as data assimilation or automated parameter optimisa-
tion but can continue to focus on his’her own area of
expertise (analysing tide in this instance) when combining
OpenDA with a numerical model.

With regards to the SRW, it is shown that the region as a
whole is most sensitive to tidal open boundary forcing but
that sub-regions are very sensitive to variation of depth and
friction, which have a wider than local impact. Future
studies of the SRW should focus on more systematic
variation of friction and depth in the narrowing part of the
Malacca Strait toward Singapore waters. The result of the
analysis and optimisation has not only improved the insight
into the tidal propagation and interaction characteristics for
the region. It has also resulted in a numerical model for
which much of the systematic errors have been reduced or
minimized. Such a numerical model can be used with
confidence to study tide-surge interactions in the SRW for
which there is a need due to the complex interaction of
tides, seasonal monsoons and shorter storm surges in the
SRW. In addition, a model with minimum systematic errors
can also be applied in a data assimilation combination with
techniques such as Kalman filtering, which is not feasible if
the model still has serious systematic errors or bias.
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