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Abstract :

In this study, a 9.6 million node large-scale unstructured grid finite-element forward barotropic model is
developed and applied to understand the tidal dynamics and dissipation mechanisms of the Indian and
western Pacific Oceans down to sub-kilometer scale at the coast. Tidal model-data comparisons are
presented to assess the capabilities and limitations of our large-scale barotropic model. The average root-
mean-square (RMS) discrepancies of tidal elevations at coastal tide gauges is 14 cm, which is similar to
3 cm smaller than those of a state-of-the- art global data assimilated barotropic tidal model. Sensitivities
to lateral boundary conditions, bathymetry, and dissipative processes are explored to guide future
endeavors related to large-scale barotropic modeling in the region and other regions throughout the world.
Lateral boundary conditions are found to induce adverse resonant effects on the lunar semi-diurnal modes
when poorly placed elevation specified boundary conditions are used. This problem is largely resolved by
using an absorption-generation layer at the boundary. Parameterization of internal tide energy conversion
is identified as the most important aspect to control deep water solutions, and help reduce the RMS
discrepancies of the entire system. Two forms of this parameterization are presented and their spatial
distributions of dissipation are compared. Bathymetry has a negligible effect on the tidal solutions in deep
water, but local high resolution bathymetry results in significant reductions to the average RMS
discrepancies on the continental shelf (26%) and at the coast (30%). Implementing a spatially varying
bottom friction coefficient based on sediment types decreases the average RMS discrepancy at the coast
by 9% predominantly due to its positive effects in the Yellow Sea. The model is shown to capture a large
amount of the tidal physics and has the potential for application to a range of barotropic problems such
as wind-driven surge and tidal processes.
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» Mean RMS tidal elevation errors at coastal gauges are smaller than a data assimilated model. » An
absorption-generation sponge layer at lateral boundaries is necessary to help reduce resonant effects in
the domain. P Dissipative effects of two internal tide energy conversion parameterizations are compared.
» Bathymetry reduces mean continental shelf (26%) and coastal (30%) RMS tidal elevation errors. »
Spatially varying bottom friction coefficients reduce mean coastal RMS tidal elevation errors (9%).

Keywords : Finite-element, Unstructured grid, Barotropic tides, Bathymetry, Internal tide energy
conversion, Bottom friction



1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

1. Introduction

The Indian and western Pacific Oceans represent approximately 30% of the surface area of
the world oceans. They are interconnected by marginal seas such as the Java, Timor, Banda,
Andaman and Arafura Seas, and are separated by the intricate island chains of Indonesia and the
Philippines. Major ports and cities are located in the northern parts of both the Indian Ocean
(Dubai, Karachi, Mumbai, Colombo) and the western Pacific Ocean (Hong Kong, Shanghai, Tokyo,
Singapore), representing a significant portion of the world’s economy and human population. Thus,
within this region (which we call IndWPac hereafter), there is great interest in being able to better
understand coastal hazards and hydrodynamics for e.g., coastal protection and management, risk
evaluation, and navigational purposes.

For such purposes, our long-term objective is to develop a large domain depth-integrated forward
model of the IndWPac region which couples tides, atmospheric driven currents, density driven
circulation, and wind waves. The focus is to advance the modeling of these individual processes and
systematically understand the interactivity of dissipation mechanisms, bathymetric sensitivities,
and lateral boundary forcing mechanisms on the response functions throughout this domain. In
particular, our interests lie on inner shelf and estuarine processes, and how these mechanisms impact
coastal and inland water levels and currents. This is notwithstanding the challenge of the IndWPac
region in terms of its complex geometry, topography (such as the many interconnected shallow
seas and island chains), and associated hydrodynamics in comparison with e.g., the western North
Atlantic region that has received significant attention (Hope et al., 2013; Kerr et al., 2013; Bunya
et al., 2010).

To model the dynamics at coastal and inland locations within the IndWPac region, all processes
and exchanges from ocean scale to harbor inlet scale, must be appropriately represented. Coarse
resolution global models (e.g. Egbert et al., 2004; Green and Nycander, 2013; Buijsman et al., 2015;
Green et al., 2017) have been developed to simulate the large-scale global ocean dynamics, but as
a result of grid resolution they may inadequately capture geometric features and nonlinearities of

the hydrodynamics in the inner shelf and nearshore region. Conversely, higher resolution shelf scale
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regional domain models are often developed to accurately capture local effects (e.g. Green and David,
2013; Cai et al., 2006; Zu et al., 2008, in South China Sea). However, accurate lateral boundary
conditions are required to propagate in all of the required information from offshore. The closer one
gets to the coast, the more boundary conditions become complicated and difficult to match with
the interior domain physics in order to correctly exchange mass, momentum and energy across the
boundary. Furthermore, regional model parameters are calibrated to generate accurate results in
the specific region that may not be generally applicable in other regions.

Thus, this study presents the development of an ocean basin scale model which minimizes lateral
boundary interaction, yet sufficiently resolves energetic processes from the deep water to the coast
using a single unstructured computational grid in a physically consistent manner without ad-hoc
parameterization. The scale of this model fits somewhere in between the global scale and shelf
scale regional models that are more commonly developed. The ocean basin scale model utilizes
varying resolutions to produce high fidelity coastal bathymetry of critical geographic and topographic
features such as island chains, reef systems, and floodplain systems; provides connectivity to estuarine
and harbor systems where dense coastal populations live; and captures key dynamics of a large
regional domain in which the effects of changing dynamics in a certain region can propagate into
other regions. At the same time, lateral boundaries are placed further offshore than shelf scale
regional models, thus more focus is placed on the inner model dynamics allowing the governing
physics to equilibrate without constraining the system. Hence, a more accurate understanding of
the controls and the extent of impact throughout the domain may be obtained. Note that in future
work as computational resources allow, we would like to extend this ocean basin scale model to the
global scale while maintaining high resolution in the coastal areas.

The aim is to systematically build complexity into the external forcing terms and the underlying
physics. In the process, sensitivity of the dynamical system and sub-grid scale parameterizations
will be explored to assess the capabilities and limitations of the model in the IndWPac region.
In this study, we begin this process through model-data comparisons of tidal elevations (predom-
inantly) and tidal currents due to astronomical forcing. Since tides can be reduced to a series of
harmonic constituents of well-defined frequencies, model-data comparisons can be robustly made.
Comparisons are conducted against point observations at tide gauges and regionally against global
data-assimilative model atlases. Examples of the latter include TPXO8 (Egbert and Erofeeva, 2002)
(http://volkov.oce.orst.edu/tides/tpxo8_atlas.html), FES2014 (Lyard et al., 2006) (https:

//www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes/description-fes2014.
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html), and NAO.99b (Matsumoto et al., 2000). These models assimilate elevation data from satellite
altimetry and selected coastal tide gauges to accurately obtain estimates of the tidal elevation fields
in terms of individual harmonic constituents. M tidal wave root-mean-square errors (RMSE) of
modern data assimilated models are typically 0.5-0.7 cm versus deep-ocean bottom pressure recorder
stations (Stammer et al., 2014). In contrast, Mo RMSE ranges within 5.6-12.7 cm for purely hydro-
dynamic global models without data-assimilation (Stammer et al., 2014). However, non-assimilative
forward models on large domains can be applied to a wide variety of problems including wind, pres-
sure, ice and wave coupling effects, and may be used to conduct past (Egbert et al., 2004; Green,
2010; Wilmes and Green, 2014; Green et al., 2017) or future forecasting and perturbation response
analysis (Green and David, 2013), e.g., due to changing sea level, large-scale ice sheet collapse
(Wilmes et al., 2017), dredging operations, and land reclamation (Suh et al., 2014).

Importantly, this study explores the sensitivities of various controls on the barotropic tidal dy-
namics. At first, the effects of lateral boundary placement, and the addition of an absorption-
generation sponge layer at the lateral boundary, are discussed. Secondly, the responses to two
different global bathymetric databases are directly compared. Thirdly, high resolution local bathy-
metric data are included, where available, to assess its potential to facilitate improvements in the
solution. Lastly, internal tide and bed stress (bottom friction) driven dissipative effects are explored:
After it was discovered that around 25-30% of the total global tidal dissipation is in the deep ocean
(Egbert and Ray, 2000), the conversion of barotropic energy into baroclinic energy through the
generation of internal tides over rough submarine topography was determined to be an important
process to include in ocean tide models (for a review see Garrett and Kunze, 2007). Parameteri-
zations of internal tide energy conversion (in which it is incorporated as a sink term) through this
process is critical to reduce tidal elevation discrepancies in barotropic ocean models (Jayne and St.
Laurent, 2001; Egbert et al., 2004; Zaron and Egbert, 2006; Green and Nycander, 2013; Buijsman
et al., 2015). The effects of the energy conversion parameterization in the IndWPac region, including
comparisons between two different forms of parameterization, are discussed. In addition, spatially
varying bottom friction coefficients in the parameterization of bed stress are rarely considered in
large-scale models. Instead, a canonical spatially constant coefficient is commonly applied (Lyard
et al., 2006; Egbert and Erofeeva, 2002). However, changing the bottom friction coefficient has been
shown to have positive effects regionally (Kerr et al., 2013; Lefevre et al., 2000). We briefly discuss
the impacts of estimating spatially varying coefficients based on local sediment types and the local

hydrodynamics. The requirements for improved estimations of local bottom friction coefficients for
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future research are considered.

To summarize, this paper describes the development of the IndWPac unstructured grid and
hydrodynamic modeling system (§2-3). It is built with state-of-the-art bathymetric datasets (§2),
absorption-generation boundary conditions (§3.5), and data-informed parameterizations of internal
tide energy conversion (§3.3) and bottom friction dissipation (§3.4). We analyze the sensitivity of the
model to these four factors (§5), and conduct model-data comparisons of tidal elevations and tidal
currents against both tide gauge records and a data assimilated tidal model (§4). The capabilities
and limitations of the model are identified and discussed (§4-5). Suggested areas of focus to advance

barotropic coastal ocean models are highlighted.

2. Domain Definition, Bathymetry, and Unstructured Grid Development

Our ocean basin scale model includes the entire Indian Ocean, the western half of the Pacific
Ocean, and the Southern Ocean between these extents. Specifically, the domain (Fig. 1) lies between
17.9°E - 175.8°E longitude and 73.3°S - 62.7°N latitude covering an area of roughly 150 million km?.
There are two open ocean boundaries: a longitudinal parallel boundary running from nearby the
Cape of Good Hope, South Africa to Antarctica; and a concave shaped boundary between the
Bering Sea coast of Kamchatka Krai, Russia and Antarctica. The boundaries were chosen so that
tidal amphidromic points and complications with the Aleutian, Hawaiian and New Zealand islands
in the Pacific Ocean were avoided (an illustration on the effects of boundary placement is shown in
§5.1).

The mesh is a triangular unstructured grid with resolution ranging from as large as 25 km in
parts of the deep ocean down to 1 km along most coastlines (Fig. 1(b)). Additionally, resolution
is as fine as 100 m in the ports and harbors of Hong Kong, Tokyo Bay and Osaka Bay. The mesh
contains a total of 9.6 million nodes and 18.8 million elements.

Development of the unstructured mesh is achieved predominantly through an automated algo-
rithm developed in-house based on the MATLAB DistMesh code (Persson and Strang, 2004). Res-
olution is varied through an edgelength (local grid resolution) function Ag, defined as the minimum

of three criteria:

T 2 h
)\E:min<)\m+add, = Joh, I ) (1)

Qi a, |Vh|
where )\, is the nominal minimum edgelength, d is the distance from a node to the closest coast-
line boundary, T is the period of the M tidal wave, h is the bathymetric depth, and «a; are the

dimensionless user-defined coefficients for each criterion: distance from the coastline (ag = 0.075),
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Figure 1: (a) Bathymetric depths of the grid as interpolated from various sources (Table 1) using a cell-
averaged approach; pertinent place names are annotated. (b) Resolution of the unstructured mesh, which
varies based on topographic gradients, depths and proximity to the coastline; mesh resolution at the coastline

is ~1 km in most regions, and up to ~25 km in the deep and flat regions of the ocean.

wavelength (a,, = 600), and topographic length scale (as = 30, Lyard et al., 2006). In addition
to obtaining higher resolution nearshore to support local bathymetric data and capture complex
geometries of the coastline, these edgelength criteria ensure that important bathymetric features are
adequately represented throughout the ocean.

Model bathymetry (Fig. 1(a)) is interpolated onto the mesh from a number of sources in a
specified order using an automated cell-averaging technique (Bilskie and Hagen, 2013) as summa-
rized in Table 1 (references are included here). The adopted background bathymetry is the 1/120°
SRTM30_PLUS global database (Becker et al., 2009) combined with a synthetic realization of seafloor
roughness along the abyssal hills (Goff and Arbic, 2010; Timko et al., 2017). The synthetic abyssal
hill roughness is used because the effective resolution of the global altimetric based bathymetry is
limited to >10 km in the deep ocean while ~1 km resolution is necessary to describe the required
topographic roughness that generates internal tides converting barotropic energy into baroclinic en-
ergy (Goff and Arbic, 2010; Melet et al., 2013; Timko et al., 2017). In addition, to include depths
under ice shelves in Antarctica we interpolate from the TPXO8 model bathymetry containing the
Padman et al. (2002) dataset.

For shallower regions (in depths < 500 m) where the abyssal hill roughness is not impor-

tant, we start by interpolating from the global 1/240° SRTM15_PLUS database which improves
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on SRTM30_PLUS with newer measured nearshore bathymetry and topography sources thereby re-
ducing the number of erroneous holes in the data. On top of this, 100 m Deepreef Explorer Great
Barrier Reef and Coral Seas (GBR), and Kerguelen Plateau (KP) datasets are applied. It was dis-
covered that Deepreef Explorer GBR in the Torres Strait/New Guinea Region matches substantially
better with GEBCO_2014 than SRTM15_PLUS, thus GEBCO_2014 is applied locally here (differ-
ences between the two databases are discussed further in §5.2). Also, 90 m East Asia nearshore
bathymetry datasets in the Philippines, Japan, Gulf of Thailand, South China Sea, and East China
Sea regions; and local high-resolution bathymetry and grids privately obtained for Tokyo Bay and
South Korea are applied. However, even in the high-resolution datasets, erroneous depth in harbor
complexes and channels persist. These are corrected where possible using data from FUGAWI nav-
igational charts (https://www.fugawi.com/). However, the errors in the final bathymetry that is
applied to IndWPac are still largely uncertain. Furthermore, the bathymetric data sources included
in this study are not exhaustive and there may be others available, possibly more accurate than the

sources currently used, that we have not yet included (e.g. Choi et al., 2002; Krien et al., 2016).

Table 1: Bathymetric data sources, location applied, resolution and availability. Interpolation onto our

grid is conducted in the order shown in this table

Name Source(s) Location Resolution  Availability
SRTM30_PLUS Becker et al. (2009) globally >500 m depth 1/120° free at website!
Abysall Hills Goff and Arbic (2010); Melet et al. (2013)  globally >500 m depth 1/120° prot. comm.
SRTM15_PLUS Sandwell et al. (2014) globally <500 m depth 1/240° free at website?
TPXO08 Padman et al. (2002) <65°S 1/30° free at website®
GEBCO0_2014 Weatherall et al. (2015) Torres Strait/New Guinea 1/120° free at website*
Deepreef Explorer GBR ~ Beaman (2010) Great Barrier Reef & Coral Sea  1/1000° free at website?
Deepreef Explorer KP Beaman and O’Brien (2011) Kerguelen Plateau 1/1000° free at website®
TCarta Marine TCarta Marine (2012) East Asia nearshore 1/1200° proprietary”
Tokyo Bay HR Shintaro Bunya (prvt. comm., 2015) Tokyo Bay FE grid prot. comm.
South Korea HR SeungWon Suh (prvt. comm., 2017) South Korea FE grid prut. comm.
Harbor hand-edits FUGAWTI Navigational Charts various harbors and channels FE grid -

FE grid: indicates data was received on a finite-element grid

L. ftp://topex.ucsd.edu/pub/srtm30_plus/

2: ftp://topex.ucsd.edu/pub/srtmi5_plus/

3: http://volkov.oce.orst.edu/tides/tpxo8_atlas.html

: http://wuw.gebco.net/data_and_products/gridded_bathymetry_data/
5: https://www.deepreef .org/bathymetry/65-3dgbr-bathy.html

: https://www.deepreef.org/bathymetry/98-kergdem-bathy.html

: provided by Factory Mutual Insurance Company (FM Global), Norwood, MA
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http://www.gebco.net/data_and_products/gridded_bathymetry_data/
https://www.deepreef.org/bathymetry/65-3dgbr-bathy.html
https://www.deepreef.org/bathymetry/98-kergdem-bathy.html

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

3. ADCIRC Hydrodynamic Model

3.1. Governing Equations

The horizontal two-dimensional implementation of the Advanced Circulation coastal ocean model
(ADCIRC-2DH) is used to calculate the hydrodynamics (Westerink et al., 2008, 1992). The governing-

equations are the shallow water equations (SWE) in primitive, non-conservative, and barotropic

form:
on
S () + o)~ 1) = 0 2)
P
QU Vot floxut gV — s — nsaz) + O 42 4 Cu

ot . H (3)
— ﬁv (v H(Vu+ Vub)] 4 o(z)(u — ue) =0

where 7 is the surface elevation, H = h + 7 is the total water depth in which h is the still water
depth, w is the depth-averaged velocity vector, g is the acceleration due to gravity, k is the vertical
unit vector, and f = 2{2sin ¢ is the Coriolis parameter in which € is the angular speed of the earth,
and ¢ is the latitude. The quantity ngg is the equilibrium tide, and ngar is the ocean self-attraction
and loading term (SAL). In the dissipation terms, Cy is the coefficient of bottom friction, C is the
dissipation matrix due to the internal tide energy conversion, and v, is the horizontal eddy viscosity
coefficient that is calculated through the Smagorinsky model (Smagorinsky, 1963; Dresback et al.,
2005). Finally, we impose an absorption-generation sponge layer (e.g. Zhang et al., 2014) where,
o(x) are the spatially varying absorption coefficients applied over the defined sponge boundary, and
7. and u. are the corresponding reference solutions for surface elevation and velocity respectively

(see §3.5 for details).

3.2. Ocean Self-attraction and Loading Term

The ocean self-attracting and loading (SAL) term, nsay is related to the yielding of the solid
Earth to tides and to the weight of the ocean and its self-attraction (Hendershott, 1972). For
the large-scale IndWPac domain it is essential to include the effect of SAL terms on the tides.
However, since the model is regional, the global integrals of the tidal elevations required to be solved
iteratively for the SAL terms (Ray, 1998) are not available. Thus, in this study the amplitudes
and phases of SAL for each tidal constituent are simply interpolated from those used in the global
data-assimilated model FES2014 (Lyard et al., 2006) onto our mesh and forced by reconstructing
the time series from the constituents. Given the accuracy of state-of-the-art global data-assimilated

models (Stammer et al., 2014), the slowly varying SAL terms obtained from these models are also
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assumed to be sufficiently accurate. However, the calculation of SAL through global integrals to
obtain full consistency with the surface elevation (including non-periodic components) is ultimately

desired (c.f. Apecechea et al., 2017).

3.3. Internal Tide Energy Conversion

Internal tides generated by flow over rough bathymetry are major contributors to barotropic
tidal energy dissipation (more precisely, the conversion into baroclinic energy) in the deep ocean,
equivalent to around 25-30% of the global total (Egbert and Ray, 2000, 2001). As a result, parame-
terization of this energy conversion is necessary in barotropic ocean models that include expanses of
ocean where major submarine ridges, island chains and shelf breaks that induce internal waves are
present. In this study, parameterization of internal tide energy conversion is particularly important
since the Indian Ocean basin contains narrow shelves and vast expanses of open ocean where the
dissipation due to internal tides over its well defined abyssal hills is crucial to the accuracy of the
tidal solutions.

Parameterizations of internal tide energy conversion are usually based on a linear wave drag type

implementation, valid only for subcritical topography (v < 1) (Bell, 1975; Jayne and St. Laurent,

2001). Here, v = @, in which o = (]“\;;:Z;)l ’ is the internal wave slope, w is the angular
frequency of the pertinent tidal wave (M in this study), and N is the Brunt-Véiséla frequency at
the seabed. In this study, we investigate two subcritical theory parameterizations for the dissipation
matrix C in (3): one based only on local topographic features, and another that includes the nonlocal
effects on wave generation.

First, we use a simple and robust parameterization that takes into account the directionality of
dissipation (which we denote as the ‘Local’ method) similar to that presented by Lyard et al. (2006)
is:

[(NZ —w?) (N2 —o?)V2 | BT hahy
w hahy hi

C =Cpir (4)

where Cp;, is a scale factor, N is the depth-averaged Brunt-Viisila frequency, and the subscripts
‘z’ and ‘y’ indicate gradients in the longitudinal and latitudinal directions respectively. Note that
we have substituted the typical wavenumber, s in Lyard et al. (2006) for the fundamental internal
mode at the pertinent tidal frequency (Zaron and Egbert, 2006). The Local method only dissipates
across slopes (rather than along them).

Second, a rigorous formulation for C that includes the nonlocal effects of the nearby topography

on internal tide generation (Melet et al., 2013) was derived by Nycander (2005) (denoted as the
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‘Nonlocal’ method hereafter). It has the following form in a general coordinate system (Green and
Nycander, 2013):
* * *
C=Crpeiiif1- L J hiﬁ"; ) "”";jh‘fyhx )
zlly ylla ylly

where Cpy. is a scale factor, and J is a convolution integral of a filtered Green’s function of the
topographic heights h* (defined positive from seabed) within a specified radius from the point of
interest (c.f. Green and Nycander, 2013; Nycander, 2005).

Details of the calculation of the gradients of J, h*, and h; the correction to (4) and (5) at
supercritical topographical slopes (v > 1); and the calculation of the buoyancy frequency terms (N,
N ) required for the two methods are detailed in Pringle et al., submitted. Buoyancy frequencies are
calculated from the World Ocean Atlas 2013 mean annual decadal-averaged (1955-2012) database of
salinity (Zweng et al., 2013) and temperature (Locarnini et al., 2013). Note that for A < 100 m we
set C = 0, because the topographic gradients on the continental shelf should be small, and bottom
friction dissipation starts to dominate here.

The advantage of the Local method is that C is positive definite, and it does not require the
computationally intensive calculation of J allowing it to be quickly implemented into the model.
On the other hand, the Nonlocal method accounts for the nonlocal topographic effects on internal
tide generation. However, C in (5) is not guaranteed to be positive definite since the sign of the
gradients of J and h* do not necessarily conform. Furthermore, the calculation of the gradients of
J is computationally expensive so it is not as readily implemented into a numerical model.

Modifications to get a positive definite C, and Guassian smoothing of N, to incorporate the
nonlocal effects of buoyancy frequencies for the Nonlocal method are implemented and briefly eval-
uated in this study (see Pringle et al., submitted, for details on modifications). We also investigate

whether the Nonlocal method provides any meaningful advantageous effect over the Local method

by comparing the results between the two methods (see §5.3).

3.4. Bottom Friction Dissipation

Dissipation due to bottom friction (bed stress) is known to account for a significant proportion
of dissipation of the barotropic tides, particularly in shallow regions (h < 100 m). Values for the
coefficient of bottom friction Cy, in the bed stress term (refer (3)), have shown to be predominantly
on the order of 102 based on measurements of the flow velocity at 1 m above the bed in continental
shelf and estuarine regions (e.g. You, 2005; Heathershaw, 1979; Heathershaw and Simpson, 1978;
Charnock, 1959). Thus, canonical global values of Cf equal to 2.5x1072 (Lyard et al., 2006) or

10
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3.0x1073 (Egbert and Erofeeva, 2002) are usually applied as a spatial constant in large-scale tidal
models.

It has been suggested that deviations from the canonical value of C¢ globally do not significantly
change the overall dissipation but that deviations by an order of ten can significantly degrade the
tidal solution (Lyard et al., 2006). Nevertheless, if other dissipation mechanisms are reliable (internal
tide energy conversion), there is evidence that local variations in C over the range of physically
plausible values (107* to 1072) can improve local tidal solutions (e.g. Lefevre et al., 2000). In this
study, we present a semidata-informed method of calculating spatially varying C'y. We aim to show
that it is possible to calculate a spatially varying C'y map that locally improves tidal elevations
based on some knowledge of the seabed and physical properties of the flow, notwithstanding the
assumptions of the method and uncertainties in the data used to inform the method.

We start with the log-law formulation of C'y (Schlichting, 1979):
Cy = [k/In(0.5H/20)]? (6)

where x = 0.4 is the von Kédrméan constant, and zy is the seabed roughness length which can be
equated to an effective sediment roughness, ks (= 302p). It is important to note that kg is not simply
a function of the sediment roughness (grain-size) itself, rather it is mainly determined by the heights
of ripples and dunes (bedforms) that form due to the prevailing currents which can be a major
source of the resultant bed stress (Heathershaw, 1979). To estimate k4 that takes into account the
bedform heights, we use empirical equations (van Rijn, 2007) that are a function of median sediment
grain diameter dsg, sediment density relative to water s, an effective mean current speed uy, and
the depth h (see Appendix A). The empirical equations return small values of ks when either the
sediments are light and the tidal currents are strong flattening out the bed, or when the sediment
grains are too heavy for the currents to create bedforms. In between these extremes, ripples and
dunes will form resulting in larger values of k;. In addition, due to inadequate data availability of
their locations, a large grain-size roughness due to very large rocks or boulders is ignored.

To obtain the sediment grain sizes we make use of a database of the census of the world’s seafloor
sediment types (Dutkiewicz et al., 2015). We map these sediment types onto physically reasonable
values of dsg (see Table 2). For pelagic type sediments (oozes and clays) Cy is set to 2.5x1073 as a
default roughness. Relative sediment density s = 1.722 (dry bulk density by mass of sand, van Rijn,
2007) for dso > dsand, s = 1.2 (natural sediment with organic materials involved, van Rijn, 2007) for
dso < dg1t, and is linearly interpolated in between. Here, dggng = 6.2x107° m, and dy;; = 3.2x107°

m, where the assumption is made that the finer-sized sediments in the census database contain a
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higher percentage of lighter organic material. The effective mean current speed uy is defined as

(Zaron, 2017):
0.5
uy = (u3+o.5ZU“> (7)
k
where ug is a constant non-tidal current (Snyder et al., 1979), that we set equal to 0.25 m/s (Zaron,
2017), and U* are the amplitudes of the east and north components of the tidal currents of the k"

constituent. The spatially constant Cy = 2.5x1073 simulation is used to approximate u ¢ in order

to compute the spatially varying C'y map (see §5.4 for details on this C'; map and its effectiveness).

3.5. Lateral Boundary Conditions

Lateral open ocean boundaries are forced by reconstructing the elevations from the tidal con-
stituents obtained from a global data-assimilative model, TPXO8 (Egbert and Erofeeva, 2002). In
this study we force with the major semi-diurnal (Mg, Na, So, Ks3) and diurnal (K;, O, Py, Q)
constituents, which are also used to force the SAL and equilibrium potential terms. Prescribing the
elevations at the open boundaries provides a reflecting boundary condition that allows the veloc-
ities to freely satisfy the governing equations. In some cases this condition can generate spurious
modes that may lead to instabilities. Utilizing an absorption-generation sponge layer can reduce the
production of these modes, as demonstrated in §5.1.

Firstly, the location and width of the sponge layer [ must be specified. We take [ to be approxi-
mately equal to 10% of the wavelength of the My tidal wave, Ayi,. The overall solution is found to
be fairly insensitive to the choice of sponge layer width, but for [ < 0.1y, the solutions may not
match well across the sponge-calculation domain interface. To show the location and width of the

sponge layer region, a hatched ‘+’ region is included in figures throughout this paper.

Table 2: Median grain sizes dso and relative density s for each sediment type used in the calculation of C

Sediment Type dso [m] s

Gravel and coarser 3.0x1073  1.722
Sand 1.0x107*  1.722
Silt 5.0x1075% 1.513
Ash and volcanic sand/gravel 1.0x1073  1.722
Siliceous mud 4.0x107°  1.339

Fine-grained calcareous sediment 4.5x107°  1.426
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In addition, the sponge layer requires spatially varying absorption coeflicients o(x), and reference
solutions of the free surface 7. and velocities u.. Assuming a polynomial type function for the
absorptive coefficients inside the sponge layer, they are derived from the linear shallow water solution:

r

o =0 (7)“ )

o Vgh(a+1)In(1/F) (9)
"o I(re/l)et1

where r is the distance from the edge of the sponge layer, « is the order of the polynomial function,
F' is the reduction factor of the outgoing wave at the position 7. from the edge of the sponge.
The parameters « = 2, F = 20 and r./l = 0.5 are chosen in this study but the solution is not
typically sensitive to the choice of these factors. The reference solutions 7. and u,. are obtained by
interpolating tidal constituents from the TPXO8 model onto every vertex node in the sponge zone.
Note that to get u., the conservative transport variable, u.h, is interpolated from TPXO8 before

dividing this by our model nodal depths for consistency.

3.6. Finite-Element Solution

ADCIRC solves the governing equations in a continuous-Galerkin framework, where the general-
ized wave continuity equation (GWCE) is utilized to eliminate spurious modes (c.f. Westerink et al.,
1992). The two-part symmetrical velocity based method for the lateral stress terms (Dresback et al.,
2005), and explicit mass-lumping mode are used to solve the GWCE in this study.

A time step At = 2 s can be used with our current grid without generating Courant-Friedrichs-
Lewy (CFL) induced numerical instabilities. Wall-clock times are approximately 11 min day~! of
simulation time using 960 computational cores (= 10,000 finite-element nodes per core) of a high-
performance computing machine with Haswell processors and a Mellanox FDR Infiniband network
connection. To validate the model with observations, we simulated for 195 days, including a 15 day
spin-up from a completely zero state. The final 180 days are used for the harmonic analysis of the
tides. The long six-month time period is required to correctly separate all the tidal constituents of

interest (e.g Ky and Pq).

4. Summary of Tidal Validation from Best Model Setup

4.1. Best Model Setup

To obtain the best model setup we first find the global amplification factor of the internal tide

energy conversion parameter so that the model skill (in terms of tidal elevations) versus TPXOS8 is
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maximized in the deep ocean (h > 500 m). A positive definite and spatially smoothed N, modified
version of the Nonlocal method with Cny. = 2.9 and local multiplier coefficients over the Luzon
Strait (see §5.3) was decided on. Local bathymetry datasets and hand-edits are applied to shallow
water regions and responses against coastal tide gauges are checked for reliability in the harmonic
analysis. Finally, a map of varying bottom friction dissipation coeflicients C; is calculated based
on some information of the local sediment types, as described in §3.4, in an attempt to increase the
model skill versus using a spatially constant C'y. The best model setup is denoted by ‘Comp + IT
+ SV’, indicating the use of our comprehensive bathymetric data (Table 1), optimal internal tide

dissipation, and spatially varying Cy.

4.2. Measure of Model Skill

To measure the skill of the model for the purpose of determining and evaluating the best setup
in §4.4, we compare with the root-mean-square (RMS) discrepancy D of the elevation (either for
a single tidal constituent or for the total free surface) at a point. D is the average of the squared
differences between measured and observed elevations integrated over a long period of time. It
is calculated in this study using the sum of the vector differences of the in-phase (A* cos6*) and

quadrature (A sin #¥) components of each constituent (Wang et al., 2012):

1/2
D= (0.52 [(AE)? + (AF,)? — 2AF A%, cos(0f — e,’;)]) (10)
k

where A* and 0% are the amplitudes and phase lags of the k! constituent respectively, and the
subscripts ‘o’ and ‘m’ refer to the observed and modeled values respectively. In addition, the relative
RMS discrepancy is defined as RD = D/V, where V is the absolute average value of the variability
in the free surface elevation, and is calculated by (Wang et al., 2012):

1/2

V= (11)

05> (Af)?
k

For an overview of the spatial distribution, we include scatter plots of D and RD at the tide

gauges (and contour plots versus TPXO8) in order to highlight regions of notably small or large
discrepancies. However, to obtain a single global metric of performance the mean of the discrepancy
D, denoted D, or the mean of RD, denoted RD, is used. Note that when calculating D over a

region to compare against TPXOS8 (tpz) this is computed as:

Dipy = M (12)

[[dA
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where [[ dA indicates an area integral that is performed over the elements of the grid. When
comparing against tide gauges (Di4, RDy,), the arithmetic average is used. In comparison to D,

the RMSE metric commonly used (e.g. Stammer et al., 2014; Buijsman et al., 2015) is:

[f D2dA
[T dA

i.e., it is the square-root of the mean of D? and is always larger than D. The RMSE may experience

RMSE = (13)

abrupt changes with depth and tends to overestimate the overall discrepancy (Wang et al., 2012).
In contrast, D has been shown to decrease monotonically with depth (Wang et al., 2012), thus we
choose to predominantly use D. However, we also quote values of RMSE for comparison with those
reported in other studies.

Finally, in §4.5 comparisons of the tidal currents at seven tide gauges are shown. To evaluate
the comparison here, the RMS discrepancy of the tidal current ellipse Dye (Cummins and Thupaki,
2018) for the k*" constituent is used:

Dk =[0.5(UY 2+ Uk 2+ UF 24Uk %) —cos(gy — gF,) cos(OF — ©F (U UL +

(14)
UEOUEM) —sin(gh — g& ) sin(Of — ©F

(UL, UL+ UR g )2
where U J’i and UF are the amplitudes of the semi-major and semi-minor tidal current axes respec-
tively, ©F is the ellipse inclination angle, and g* is the phase lag of alignment along the semi-major

tidal current axis.

4.8. Tidal Gauge Database

A database of tidal elevation harmonic constituents (used to evaluate the model in §4.4), con-
sisting of 39 deep-water stations, 62 shallow water /shelf stations, and 659 unique coastal tide gauge
locations has been assembled from multiple sources for the computational domain (Table 3, see
Pringle (2017) for tide gauge locations, and tidal constituent values). Some of the sources are listed
tidal constituent values at websites or in refereed journals (denoted const. in Table 3). Other sources
are long-term hourly time series of elevations (denoted elev. in Table 3) where we have used the
Utide MATLAB function ut_solv (Codiga, 2011), which uses the iteratively-weighted least-square
harmonic analysis technique, to obtain up to 68 tidal constituents. Within the coastal tide gauge
set there are a number of data points duplicated between sources so we set up a hierarchy between
the different sources to decide what value to use in our model evaluation based on perceived re-

liability (Table 3 is listed in hierarchical order, and the number of stations listed for each source
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is the eventual number after removal of duplicates). Note that all the phase lags in the database
(Pringle, 2017) are referenced to GMT (the phase lags from some sources, e.g., SCS, Yellow Sea and
JMA, that are posted in terms of local phase lags, have been converted). In addition, posted tidal
current harmonic constituents at seven shallow water locations (denoted curr. in Table 3) are used

to evaluate the model in §4.5.

Table 3: Tide gauge data sources, number and availability. Listed in hierarchical order for the coastal

gauges

Name Source Number Type Availability
Truth_Pelagic Shum et al. (1997) 31 deep-water const. free at website!
Truth_Shallow Stammer et al. (2014) 52 shallow-water const. free at website!
TOPEX/POSEIDON Crossovers  Robertson and Ffield (2008) 8/5 deep/shallow-water const.  listed in paper
Java Sea/SCS Wei et al. (2016) 5 shallow-water const./curr.  listed in paper
North SCS Cai et al. (2006) 2 shallow-water /coastal curr. listed in paper
NOAA NOAA/CO-OPS (2017) 4 coastal const. free at website?
JMA Japanese Meteorological Agency (2017) 181 coastal const. free at website®
AusTides Australian National Tide Tables (2013) 63 coastal const. proprietary
KHOA Korean Hydrographic and Oceanographic Agency (2017) 35 coastal elev. free at website?
GESLA-2 Woodworth et al. (2017) 107 coastal elev. free at website®
UHSLC FD Jaldwell et al. (2015) 19 coastal elev. free at website®
NBoB Krien et al. (2016) 2 coastal const. listed in paper
SCS Fang et al. (1999) 29 coastal const. listed in paper
Yellow Sea Fang et al. (2004) 6 coastal const. listed in paper
ST727 British Hydrographic Institute (c.1848-1970) 130 coastal const. free at website!
IHO International Hydrographic Office (1990) 83 coastal const. proprietary

const.: indicates original data is tidal elevation harmonic constituent values

elev.: indicates original data is hourly elevation time series

curr.: indicates original data is tidal current harmonic constituent values

L. ftp://ftp.legos.obs-mip.fr/pub/FES2012-project/data/gauges/2013-12-16/

2: https://tidesandcurrents.noaa.gov/gmap3/

3. http://www.data.jma.go.jp/kaiyou/db/tide/suisan/station2017.php

: http://wuw.khoa.go.kr/koofs/kor/observation/obs_real.do
: http://www.gesla.org/

: ftp://ftp.soest.hawaii.edu/uhslc/fast

4.4. Tidal Elevations

4.4.1. Spatial Distribution of Tidal Elevations and Discrepancies
This study focuses on presenting the My and K; tidal waves and their discrepancies, although
§4.4.2 presents statistics for a combination of all major eight tidal constituents as well. This choice is

justified because out of the 760 tide gauges in the domain (§4.3), the My constituent is dominant at
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Figure 2: Amplitude (m) and phase responses of the (i) Mz and (ii) Ky tidal waves; (a) Comp + IT + SV
model setup, (b) TPXOS8 model, (¢) RMS discrepancies (m) between Comp + IT+ SV model setup and

TPXOS8, Dips. ‘4’ hatched regions indicate absorption-generation sponge zone.

17



377

378

379

380

381

382

383

(a.ii) Ky Dy

i ———
20" 30° 40" 50° 60" 70° 80" 90° 100" 110" 120" 130" 140" 150" 160" 170" 20" 30° 40" 50° 60" 70° 80" 90" 100" 110" 120" 130" 140" 150" 160" 170"

Figure 3: Spatial distribution of discrepancies of the (i) Mz and (ii) K; tidal waves versus tide gauges
for the Comp + IT + SV model setup; (a) RMS discrepancy D:g, (b) relative RMS discrepancy RD:qg.

Triangles: deep water gauges, Squares: continental shelf water gauges, Circles: coastal tide gauges.

625 locations (82%), K; is dominant at 106 locations (14%), thus another constituent is dominant
at just 29 locations (4%). The global responses of the My and K; tidal waves, and their RMS
discrepancies against TPXO8 (Dyp) for the Comp + IT + SV model setup are illustrated in Fig. 2.
The general response for both constituents is well described by our model, including the positions of
most amphidromes, except for the two Ms amphidromes in the southern region of the domain; one
near the south-west tip of Australia, and another near Mawson Station, Antarctica. The positions

of these amphidromes and the solution in the Southern Ocean are found to be very sensitive to the
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boundary conditions applied in this study and may be impacted by the TPXOS8 derived velocities
in the absorption-generation sponge layer (see §5.1).

The spatial distribution of the RMS discrepancies (D;,) and relative discrepancies (RD;,) for
the Comp + IT + SV model setup against tide gauges are also illustrated (Fig. 3). Overall, tide
gauges with similar discrepancies are generally clustered together, and there is a relatively strong
spatial correlation between discrepancies against TPXO8 and those at tide gauges. Exceptions to
this include much of the inner coast of the Yellow Sea and the Seto Inland Sea where the TPXO8
model may not be reliable. The Comp + IT + SV model setup performs particularly well throughout
the western Pacific Ocean including along the Japanese archipelago and northeastern Australia for
both constituents. Notable wide spread RMS discrepancies in the My tidal wave appear in the
Mozambique Channel, north and west Arabian Sea, Red Sea, Sea of Okhotsk, Andaman Sea, Yellow
Sea, northern Australian shelf and the Celebes Sea. K; RMS discrepancies are notable in the Sea
of Okhotsk, Arabian Sea, South China Sea and Java Seas, and the Arafura Sea. Predominantly
large tidal ranges account for the discrepancies shown. For example, My RD,, values are relatively
small in the Yellow Sea even though Dy, values appear large in the Yellow Sea for the Comp + IT
+ SV model setup. In fact, the response is improved rather substantially from the Comp + IT +
SC model setup here (§5.4). RD,, is also less significant than D,, in the Mozambique Channel and
northern Australian shelf. These two regions are heavily influenced by large-scale effects related to
lateral boundary conditions (§5.1) and internal tide energy conversion (§5.3).

On the other hand, both D;, and RD;, are large in the Sea of Okhotsk for both constituents.
The importance of bathymetry in the region (which is not well known) has been highlighted by
Zaron (2017). The Celebes Sea is also a problem area for My that is most likely a result of incorrect
flux exchanges through the island chains due to inadequate bathymetry and a poor representation
of internal tide energy conversion particularly in shallow waters. It should be noted that the Celebes
Sea and surrounding Indonesian seas was a focus of the original TPXO study (Egbert and Erofeeva,
2002) due to its poor forward model responses, and the region has been found to cause problems
for three-dimensional ocean circulation models (Robertson and Ffield, 2008; Ngodock et al., 2016).
The South China and Java Sea region extending down to the Torres Strait has a relatively large
diurnal tidal range and K; Dy, and RD;4 values are not small compared to most of the domain. The
physics of the K; tidal wave here can be thought of as a standing wave where the response is likely
to depend highly on the overall bathymetry and shoreline of the region. The region is also heavily
influenced by the energy flux permitted through the Luzon Strait (§4.5) which is largely controlled
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by internal tide energy conversion (§5.3). Note that, in some areas such as between South China
Sea and Java Sea, which has a small M, tidal range because it is close to an amphidrome, RD;,

becomes very large, however Dy, is relatively small.

4.4.2. Statistics of Tidal Elevation Discrepancies

A summary of the global tide gauge errors shown in terms of amplitudes (R? = 0.93, 44 = 0.09
m, |[E[ = 0.04 m) and phases (R? = 0.97, 04q = 18.3%, [E| = 10.3°) of up to all eight major tidal
constituents from the Comp + IT + SV model setup against the observed values is presented (Fig. 4,
see caption for definitions of error metrics). There is a total of 6080 data points on each plot. Just
2.4% of them represent absolute amplitude errors > 0.2 m, and 2.9% represent absolute phase errors

> 36° (colored orange to purple in Fig. 4). Outliers in the amplitudes of constituents tend to be

.o/ ' °
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2 L
E =240
3
s =180
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L [ ]
. . 0.. R — 8‘33 120 eon R? — 0.97
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0.5 e E=-0.02m g * ] T = 1.37°
_ ) [ ] _—
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Figure 4: Amplitudes, A (left) and phase lags, 6 (right) of up to all eight major tidal constituents for the
Comp + IT + SV model setup versus observed values at tide gauges. Triangles: deep water gauges, Squares:
continental shelf water gauges, Circles: coastal tide gauges. Colors of markers for the amplitude refer to
the absolute error (m) between model and observed. Colors of markers for the phase refer to the absolute
errors normalized by 180° between model and observed. The same color scale as Fig. 3(a) is used for both.
Statistics shown on the figure are as follows: R? is the coefficient of determination, os¢q is the standard
deviation of the error, E is the mean error, E is the mean absolute error, and En is the normalized mean

absolute error.
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underestimates rather than overestimates which may indicate deltaic regions, estuaries, back-bays
and rivers where the bathymetry is inadequate and overly dissipative, e.g., the Ganges Delta where
large discrepancies are present (Fig. 3). Aside from these regions, there is a consistent spread of
errors for both the amplitudes (E = -0.02 m) and phases (E = 1.37°) indicating a largely unbiased
system.

Table 4 compares the mean and standard deviations of the RMS discrepancies between the
various IndWPac model setups (different bathymetry datasets, with and without internal tide energy
conversion and spatially varying bottom friction coefficients), versus tide gauges observations and the
TPXO8 atlas. Note that when the interpolation of TPXOS8 to the coastal tide gauges is performed
using their native data extraction program OTPS2, a total of 93 locations return a null value.
Thus, for a fair comparison we present our model results against this reduced set of stations. The
statistics of the IndWPac model are not noticeably different for the full coastal gauge set. Based on
dimensional considerations, different physical processes are expected to be important depending on
the water depth and proximity to the coast. Thus, the statistics are broken up into three regions;
deep water (h > 500 m), continental shelf and slope waters (25 < h < 500 m), and coastal waters
(includes continental and island coastlines).

At the deep-water tide gauges the total free surface mean discrepancies for the Comp + IT +
SV model setup (D;, = 4.7 cm, RD;, = 13%) are 2.4 times those of the TPXO8 atlas (D, = 2.0
cm, ﬁtg = 5.5%). The IndWPac model discrepancies in deep water are predominantly affected by
the internal tide energy conversion which reduces the total free surface RMS discrepancy by 47%
(Dipe) and 55% (Dy,). Different bathymetry datasets and bottom friction coefficients have little
effect. Hot-spots of discrepancy against deep-water tide gauges for the IndWPac model occur in the
Celebes Sea and Banda Sea (see Fig. 3) against TOPEX/POSEIDON satellite crossover observations
(Robertson and Ffield, 2008), particularly for the My tidal wave. Without the crossover points (which
are technically not tide gauges) the My Etg for the Comp + IT + SV model setup is closer to 2 cm
instead of 3.6 cm.

For comparison, in waters deeper than 1000 m, the RMSE against TPXO8 for another non-
assimilative hydrodynamic model (Buijsman et al., 2015) is approximately 4 cm in the Indian and
Pacific Oceans. Furthermore, in waters deeper than 500 m, Wilmes et al. (2017) obtains a global
RMSE = 3.8 cm, and the Comp + IT + SV model setup here obtains an RMSE = 3.6 cm in waters
deeper than 500 m versus TPXOS8. This cannot be said to be a statistically significant improvement

despite generally higher resolution of the grid and nearshore bathymetric data than Buijsman et al.
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Table 4: The mean RMS (Dy,) and relative RMS (RDy,) discrepancies of the Ma, K1, and the total free
surface (up to all eight major constituents combined) at tide gauges for various IndWPac model setups plus
the TPXOS atlas (http://volkov.oce.orst.edu/tides/tpxo8_atlas.html), separated into three different
regions (deep, continental shelf and slope, and coastal). The mean RMS discrepancy against TPXOS8 (Dxyz)
is shown in deep, and continental shelf and slope waters. Stations numbers, units, and standard deviations

are in parentheses

Model
Region Error | Tidal Comp + GEBCO +  SRTM + Comp + Comp + TPXOS
Metric | Wave | NoIT + SC  IT + SC IT + SC IT + SC IT + SV

M, | 5.69 (4.31) 297 (2.21) 2.92 (2.26) 2.90 (2.20) 2.89 (2.18) -

Dipe | Ki | 1.39 (156) 108 (3.14) 1.01 (3.59) 0.95 (1.19) 0.95 (1.17) :

(cm) | All | 6.91 (4.76) 3.85 (5.51) 3.82 (6.23) 3.67 (2.59) 3.67 (2.56) -
My | 8.90(9.97) 3.90 (4.40) 3.82 (4.02) 3.66 (4.45) 3.55 (4.34) 0.86 (0.87)
Deep | Dy, | Ki | 216 (1.66) 1.03 (0.82) 0.94 (0.71) 0.93 (0.71) 0.92 (0.68) 0.50 (0.34)
(39) | (cm) | Al | 10.8(11.0) 5.09 (5.03) 5.02 (4.60) 4.82 (4.98) 4.71 (4.89) 2.02 (2.82)
M, | 32.7(25.7) 157 (11.4) 157 (11.3) 14.2 (11.9) 13.9 (11.7) 3.82 (3.31)
RDy, | K; | 164 (9.08) 840 (6.31) 7.72 (5.72) 7.67 (5.84) 7.69 (5.83) 4.29 (3.34)
(%) | Al | 28.4(19.8) 143 (10.2) 14.3(9.35) 13.4(10.3) 13.1 (10.1) 5.46 (5.67)

M, | 11.2(11.0) 8.05 (9.02) 7.58 (9.45) 6.76 (7.67) 6.48 (7.76) -

Do | Ki | 583 (13.7) 669 (14.4) 657 (17.2) 452 (7.08) 4.75 (7.71) -

(em) | All | 16.6(22.1) 15.0 (23.6) 14.8 (28.7) 10.9 (10.8) 11.0 (11.4) -
M, | 184 (12.1) 123 (11.4) 14.9 (19.3) 9.70 (9.63) 9.35 (9.87) 2.91 (3.28)
Shelf | Dy, | Ky | 571 (4.54) 441 (4.05) 4.84 (5.04) 3.71 (4.13) 4.47 (4.78) 1.60 (1.56)
(62) | (cm) | Al | 22.8(123) 16.0 (11.7) 19.4 (20.8) 13.0 (11.0) 13.4 (11.4) 5.41 (3.76)
M, | 76.9(89.1) 53.8 (73.3) 52.6 (65.4) 42.1 (58.5) 40.9 (55.8) 12.8 (20.9)
RDy,, | K; | 24.4(145) 210 (189) 215 (20.0) 19.0 (20.0) 19.9 (20.0) 7.89 (9.37)
(%) | Al | 402 (18.1) 26.8 (15.0) 29.9 (19.8) 22.1 (14.8) 22.6 (16.1) 9.24 (5.37)
M, | 16.0 (17.1) 24.6(33.4) 17.9 (24.1) 12.1 (15.6) 10.5 (14.4) 13.5 (39.3)
Dy | Ky | 458 (6.15) 6.95(9.18) 5.45 (7.80) 4.09 (6.34) 3.90 (6.32) 3.12 (5.58)
Coast | (cm) | All | 20.9 (19.6) 29.9 (37.1) 22.5(27.4) 15.8 (18.4) 14.4 (17.2) 17.0 (47.9)
(659) M, | 45.9 (60.4) 45.7 (44.0) 36.3 (40.1) 28.5 (36.9) 27.2 (38.4) 24.7 (38.6)
RDy, | Ky | 27.0(382) 37.9(33.8) 20.0(27.4) 224 (19.9) 21.6 (20.5) 18.1 (21.4)
(%) | Al | 36.4 (22.5) 416 (31.9) 32.8(26.0) 253 (18.2) 24.4(19.2) 22.8 (30.8)

Model Setups

Bathymetry: ‘GEBCO’ uses GEBCO_2014 bathymetric data, ‘SRTM’ uses SRTM15_PLUS bathymetric data,
‘Comp’ uses our comprehensive bathymetric data (Table 1)

Internal Tide Energy Conversion: ‘NoIT’ does not incléléie internal tide energy conversion, ‘I7T’ uses the optimal
internal tide conversion parameters

Bottom Friction: ‘SC’ uses a spatially constant Cy = 2.5x1073, ‘SV” uses the spatially varying Cy map (Fig.15(a))


http://volkov.oce.orst.edu/tides/tpxo8_atlas.html
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(2015); Wilmes et al. (2017). As shown, only internal tide energy conversion resulted in a notable
reduction to the deep-water discrepancies. Better nearshore bathymetry and grid resolutions do
not allow for significant improvements in the internal tide energy conversion matrix compared with
coarser grid models because the calculation relies mostly on the deep water satellite altimetry data
in global bathymetric datasets that are still limited to > 10 km resolution accuracy (Goff and Arbic,
2010). Furthermore, the topographic roughness can be calculated on the relatively fine ~1 km
bathymetric grid before being interpolated onto the coarser computational grid for parameterization
in barotropic models, reducing the requirement for a fine grid in the ocean.

On the continental shelf, the total free surface Dy, at tide gauges are 2.6 to 2.8 times larger
than those in deep water for both the Comp + IT + SV model setup and the TPXOS8 atlas.
Similar to deep water regions, the Comp + IT + SV model total free surface discrepancies (Dyy
= 13 cm, RDy, = 23%) are 2.5 times those of the TPXO8 atlas (Dyy = 5.4 cm, RDyy = 9.2%)
at the tide gauges on the continental shelf. The most significant factors in reducing the total free
surface discrepancies on the shelf are internal tide energy conversion (34% reduction in Etm) and the
nearshore bathymetric datasets (26% reduction in Dy, ). The bottom friction coefficient has a small
impact overall, although the discrepancy for the K; constituent increased when using the spatially
varying C; map. The GEBCO_2014 bathymetry model gives lower D;, than the SRTM15_PLUS
model, however Etm is quite similar between the two bathymetric datasets. Note that Etm tends
to give a smoother indicator of the change between model setups because it is integrated over the
whole domain (where 25 < h < 500 m). Furthermore, Dy, is 2.9 cm or ~30% smaller than Dy, for
Ms. This could be because the shelf gauges tend to be in regions with large tidal ranges such as the
northern regions of the Australian shelf and the Yellow Sea.

For comparison, Stammer et al. (2014) report that the global My RMSE in shelf waters is 24-49
cm against tide gauges and 19-28 cm versus TPXO8. Comparatively, the Ms RMSE is 13.1 cm
against tide gauges and 10.1 cm versus TPXO8 for the Comp + IT + SV model setup. Although
it should be kept in mind that the Stammer et al. (2014) errors are global and hence they cannot
be treated as a direct comparison, according to the TPXO8 atlas the total energy density (TED,
defined in §5.1) of the My tidal wave is slightly higher in the IndWPac domain (820 Jm~2) compared
to the entire globe (695 Jm~2), suggesting a degree of difficulty for the IndWPac domain.

The RMS discrepancies at the coastal tide gauges are only marginally larger than those on the
shelf for the Comp + IT + SV model setup. However, the discrepancies increase significantly from

the shelf to the coast when only the global bathymetry datasets are used, in particular GEBC0O_2014.
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Figure 5: Cumulative distribution functions of the total free surface (up to all eight tidal constituents)
RMS discrepancies Dyg (left), and relative RMS discrepancies RDy, (right), versus coastal tide gauges for
different IndWPac model setups (see explanation in footnotes of Table 4) and the TPXO8 atlas.

The nearshore bathymetry dataset plays a large role in reducing the discrepancy (30% reduction in
total free surface Dy,). The spatially varying C; map has a smaller but noticeable global effect (9%
reduction in total free surface 5tg). Local effects of C; are detailed in §5.4. At approximately 77%
of the coastal tide gauge locations the total free surface Dy, of the Comp + IT + SV model setup
is less than 20 cm (Fig. 5), which was the target metric used for a high-resolution western North
Atlantic model (much smaller in scale than IndWPac) where this is satisfied at 324 of 398 (81%)
locations (Technology Riverside Inc. and AECOM, 2015).

Even though the total free surface Dy, for the Comp + IT + SV model setup is 2.5 times
that of the TPXOS8 atlas on the shelf, D;, is 2.6 cm (15%) smaller than the TPXOS atlas for
the Comp + IT + SV model setup at the coast. However, a higher percentage of locations will
be within a given target discrepancy up to Dy = 24 cm (RDy; = 35%) for the TPXO8 model
(Fig. 5). On the other hand, the TPXO8 model cdf curves (Fig. 5) have long tails indicating
a number of high-magnitude outliers, whereas this is not the case for the IndWPac model with

the nearshore bathymetry included. Thus, if the solution is not significantly different from that
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offshore (and where the gauges have been included in the assimilation process), the TPXO08 model
is accurate. However, due to coarse resolution and bathymetry, the TPXOS8 atlas may perform
poorly in areas where small-scale changes in amplitude and/or phase that can occur in bays and
harbors or in-behind small islands and peninsulas are important. Comparatively, the high-resolution
computational grids and bathymetric data included in the IndWPac model allow it to capture the
faster changing characteristics of tides (particularly semi-diurnal ones), hence there are fewer large
magnitude outliers and a smaller mean discrepancy compared with the TPXOS8 atlas. However, in
order to elevate the median performance at the coast it would appear that significant improvements
in offshore bathymetric data and internal tide energy conversion dynamics are required if data-
assimilation is not involved (§5 describes the sensitivities to these and other factors). In addition,
it has been noted that the inclusion of atmospheric forcings and baroclinic components can lead to

an improved barotropic tidal response in the region (e.g. Cai et al., 2006).

4.5. Tidal Currents and Energy Flux Densities

It is useful to investigate the energy flux densities and tidal currents in order to understand the
hydrodynamics of the system that cannot be explained simply through tidal elevations. Furthermore,
even though tidal elevations may be accurate it does not always follow that tidal currents are well
represented. However, since this model has been designed to be as physically-driven a shallow
water model as possible (ignoring baroclinic and atmospheric forcings for now), it is expected that
the barotropic flow including tidal currents can be reasonably represented. We concentrate on the
marginal seas separating the Indian Ocean and the western Pacific Ocean because this is where tidal
energy is transported between the two oceanic basins, and dissipated in the process. Note that the

energy flux density of the k*" tidal wave is computed as (Wei et al., 2016):

pPF = %gpohAkUk cos(@F — oF) (15)

where pg is the reference density of sea water.

P* and U* of the M, and K, tidal waves are illustrated in Fig. 6. Although not shown, the energy
flux densities qualitatively agree well with those from TPXOS8. Predominantly, a large amount of
M, tidal energy flows from the Indian Ocean through the Indonesian Seas, up into the Yellow Sea
and around into the South China Sea. In contrast, K; tidal energy flows down from the northeast
of the western Pacific Ocean into the South China Sea and the Indonesian Sea. Thus, the Luzon
Strait and the Indonesian Seas play a large role with regards to the tidal dynamics of the domain.

The Luzon Strait is known for the generation of large internal tides, where the energy conversion of
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Figure 6: (a) Energy flux densities P*, and (b) amplitudes of the east and north components of the tidal

currents U* of the (i) Mz and (ii) K; tidal waves in the marginal seas separating the Indian Ocean from the

western Pacific Ocean.

this effect is parameterized in this study (see §5.3.3). In addition, the Indonesian Seas (e.g. Celebes

Sea and Banda Sea) are fairly deep compared to the shelves of the Java Sea and the South China, so

bottom friction dissipation does not play a large role as confirmed by the presence of mostly small

tidal currents throughout this region (Fig. 6). Instead, internal tide conversion parameterization

over the high gradient shallow island chains where tidal currents become locally large is likely to

be important here. A portion of the My tidal energy also flows through the shallow and narrow

Malacca Strait where high magnitude tidal currents are generated (Fig. 6), thus bathymetry and

bottom friction are expected to be important here.
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Figure 7: Comparisons of the tidal ellipses of the M2 (left) and K (right) tidal waves in the region between
the Java Sea and the South China Sea (top) and in the northern South China Sea near Hong Kong (bottom),
between the Comp + IT + SV model setup in this study, TPXO8 and observations. The dots on the ellipses
indicate the tips of the tidal current vectors at 00:00 GMT.

Tidal current harmonic constituent observations were obtained in the region between the Java

Sea and the South China Sea (locations a-¢), and in the northern South China Sea near Hong Kong
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Table 5: The RMS discrepancy of the Mz and K; tidal current ellipses Drc (units: cm s_l) versus
observations for our best model setup (Comp + IT + SV) and the TPXOS8 atlas. The locations are

indicated in Fig 7.

Location | Model Dya  Drt
Comp + IT + SV | 258  3.40

: TPX08 4.06  5.30
Comp + IT + SV | 215  2.37

’ TPX08 3.38  9.68
Comp + IT + SV | 258  5.68

‘ TPX08 1.87 547
. Comp + IT + SV | 2.87  5.04
TPX08 194 11.3

Comp + IT + SV | 2.73  2.96

‘ TPXO0S 156 8.56
. Comp + IT + SV | 6.55  4.96
TPX08 2.79  5.59

Comp + IT + SV | 5.02 148

¢ TPX08 9.84 125

(locations f-g), in which tidal ellipses are plotted in Fig. 7, and their RMS discrepancies Dr¢ at
each location for the IndWPac model and for the TPXOS8 atlas are summarized in Table 5. These
observations are in fairly low energy regions (Fig. 6), which in some cases may make a model more
susceptible to discrepancies without constraints on the solution. In particular, for the My, although
the direction and magnitude of the flow is fairly accurate in locations c-e in the Java Sea where
the My tide is very small, the rotation of the tidal ellipse is anticlockwise in the IndWPac model,
but is clockwise according to observations and TPXOS8. As D%% is smaller for TPXO8 at locations
c-e, but is smaller in the IndWPac model at a-b. On the other hand, the K; tide is larger than
M, in the Java Sea region, and the rotation of the tidal ellipse is in agreement at all locations a-e.
Furthermore, Dj}% for the IndWPac model is significantly smaller than those for TPXO8 at most
locations.

In the northern South China Sea, there is good qualitative agreement in the tidal ellipses between
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the IndWPac model and the observations for the Ms tide, but less so for K;. Note that location g
is in a coastal region near Hong Kong, and that the observations are surface currents, where both
the IndWPac model and TPXOS8 have large D¥5 Thus, perhaps for the Ky constituent there is
a significant 3D effect or atmospheric-driven response at this location given Cai et al. (2006) was
able to obtain a tidal current solution closer to observations than our model when using a 3D model
forced with winds and baroclinicity. Based on the plots and discrepancies of the tidal ellipses, the
tidal currents in the northern South China Sea are not clearly better or worse in the IndWPac model

compared with TPXOS8.

5. Sensitivities to Lateral Boundary Conditions, Bathymetry, and Dissipative Controls

5.1. Lateral Boundary Conditions

In this study it was found that the most dramatic effect on the solution occurred when modifying
the position and/or lateral boundary condition type (Fig. 8). It turns out that the boundaries used
in the final IndWPac model (which we call the ‘two-open-boundaries domain’ in this section) are
well placed. In the initial stages of the IndWPac model, the domain was set up so that the western
Pacific boundary was split into two separate boundaries where one of the boundaries was defined
spanning from the Great Australian Bight down to Antarctica parallel with latitude (designated as
the ‘three-open-boundaries domain’). The impact of the absorption-generation sponge layer is also
of concern with regards to the ability to absorb outgoing waves, reduce reflections and instabilities,
and generate tidal solutions at the boundary. To help evaluate the effect of the lateral boundary
position and boundary condition type we quantify the total energy, TE and total energy dissipation,

TD of the k** tidal constituent, which are computed by:
it =2 // (WU + g(4")?) da (16)

TD" = // (W’c ~v. P’“) dA (17)

where W is the work rate (c.f. Egbert and Ray, 2001), and P is the energy flux (15). Since the
numerical calculation of V - P with finite precision is very noisy, in this work the area-integral is
computed using the divergence theorem. Note that the absorption-generation sponge layer region
is omitted from the above area-integrals, and we quote TE and T'D values per unit area to help
in enabling comparisons across the domains which have different total areas. Four simulations are

conducted: the two-open-boundaries domain with and without an absorption-generation sponge
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layer, and the three-open-boundaries domain with and without a sponge layer. None of these

s simulations use internal tide energy conversion and a spatially constant C'y = 2.5x107? is employed.
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Figure 8: Responses of the My tidal wave with no internal tide energy conversion, and spatially constant
C; = 2.5x107%; (i) no absorption-generation sponge layer, (ii) with absorption-generation sponge layer (‘+’

hatched regions indicate sponge layer), (a) two-open-boundaries domain, (b) three-open-boundaries domain.

5.1.1. Boundary Placement Effects without Sponge Layer
For simulations without the sponge layer, TEM2 = 900 Jm~2 for the two open boundaries domain
and TEM2 = 3210 Jm~2 when using the three open boundaries domain, essentially a 250% increase.

Similarly, TDM2 = 4.5 mW~2 and TDM2 = 85 mW~2 for the two and three open boundaries
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domain, respectively. For comparison, TEM2 = 830 Jm~2, and TDM2 = 7.2 mW~2 in the TPXOS8
atlas within the two open boundaries domain. In this experiment the excess in total energy and
deficit in the total dissipation (per unit area) respectively, between the two open boundaries domain
IndWPac and TPXOS8 solutions is at least partly explained by the absence of internal tide energy
conversion. The effect on the solution due to boundary placement is not nearly as prominent for the
diurnal K; tidal wave. For example, TEX! = 288 Jm~?2 for the two open boundaries domain and
298 Jm~2 for the three open boundaries domain, representing a small 3.5% increase. Most other
constituents also show single digit percent increases in the total energy except for the other two
lunar semi-diurnal tides, Ko and Ny. In particular, Ko, whose response is most similar looking to

Moa, has a 231% increase. Nj is increased by 31.4%.

5.1.2. Effects of Sponge Layer

It is found that applying the absorption-generation sponge layer even for the three open bound-
aries domain can result in improved responses (Fig. 8(b.ii)) reducing TEM2 to 1040 Jm~2, and T DM
to 5.3 mW~2. The sponge layer thus allows for significant leeway in boundary positioning but it
does not necessarily entirely eliminate issues in the response. Note how in the two-open-boundaries
domain the amphidrome in the Southern Ocean below Australia is located near where the third
open boundary is. The sponge acts to push this amphidrome away from the boundary because
the three-open-boundaries IndWPac model solution and the TPXO8 solution are incompatible here.
This indicates reliance on internal dissipative mechanisms to ensure compatibility with each other.
For example, in our best model setup (with the sponge layer applied) when appropriate internal tide
energy conversion is included better compatibility is obtained leading to TEM? = 780 Jm~2, and

TDM:2 = 7.1 mW~2, which are rather similar to the values from the TPXOS8 atlas quoted in §5.1.1.

5.1.3. Discussion

What to make of the dramatic results to the solution due to boundary placement and condi-
tion types? Firstly, even though there should not be an amphidrome right next to the boundary
according to the TPXO8 solution (although the elevations are still fairly small), our model without
adequate internal dissipative effects expects there to be one. Instabilities and problems may arise
near amphidromes because a physically incorrect solution that satisfies the governing equations can
be obtained. Mathematically, both boundary conditions and initial conditions are required to get the
correct solution. Instead, the method commonly adopted (including in this study) is to impose the

elevation boundary conditions and ramp up the system from a completely zero state. We found from
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a simple test case that, when internal dissipative effects are low, ramping generates spurious modes
that persist for very long periods of time. Secondly, the Indian Ocean and the Australian/Indonesian
marginal seas appear very sensitive to fluctuations in fluxes on the boundary, in particular with-
out adequate abyssal dissipation, but even when internal tide energy conversion was included the
three-open-boundaries domain without the sponge layer did not converge to a suitable solution. In
studies of free barotropic oscillations (Platzman, 1975; Zahel and Miiller, 2005), resonant modes
around 9.20-11.65 hour show similar patterns to the lunar semi-diurnal tides in the Indian Ocean.
Furthermore, the energy density of the 11.65 hour mode is 2.2 times the global average in the Indian
Ocean (Zahel and Miiller, 2005). Hence the resonant nature of the lunar semi-diurnal tides in this
basin causes the total energy to increase wildly in response to the poor boundary conditions.

The absorption-generation sponge layer reduces reflections at the boundary allowing the spurious
modes to exit the domain. By introducing external information as part of the governing equations,
the sponge layer is applicable to a wide range of conditions. In contrast, a radiation type condition
is difficult to devise in the case where actively imposing external information is required because
you need to identify regions of inflow (Lavelle and Thacker, 2008), which may be time dependent.
However, one of the main issues with using the absorption-generation sponge layer is the reliance
on the reference solution. In particular, because only the sea surface is assimilated, tidal fluxes
obtained from TPXO8 may be less likely to be as accurate or compatible with the IndWPac model

as the tidal elevations.

5.2. Bathymetry

Bathymetry is a boundary condition for oceanic models hence its importance to the solution
is clear. Recent years have shown marked improvements in global bathymetric databases such as
SRTM15_PLUS and GEBCO_2014. This section begins by outlining the effects of using one of these
databases over the other, followed by effects between SRTM15_PLUS and our more comprehensive

bathymetric data (Table 1). The section concludes with a discussion on the results and implications.

5.2.1. Comparisons between Global Bathymetric Databases

Current global bathymetric databases SRTM15_PLUS and GEBCO_2014 are sufficiently accurate
that they do allow us to obtain mean RMS discrepancies ~3 cm for the My tidal wave in the deep
ocean. Nevertheless, there is still a reasonable level of uncertainty between them (Fig. 9(a)). For
example, on the abyssal hills the use of statistical roughness (Goff and Arbic, 2010) to calculate a

new bathymetry set (Timko et al., 2017) has been undertaken to account for the effective coarseness

32



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

of satellite altimetry-derived bathymetry (note that the SRTM15_PLUS database used here is a
combination with SRTM30_PLUS that contains the synthetic realization of the abyssal hill roughness
but GEBCO_2014 is without it). To investigate the effects of the global bathymetric databases we
compute one simulation using SRTM15_PLUS with abyssal hill roughness everywhere (SRTM IT +
SC') and another using GEBCO_2014 everywhere (GEBCO IT + SC). RMS differences between the
simulations for the My tidal wave are plotted in Fig. 9(b). Optimal internal tide energy conversion
factors (IT) and spatially constant Cy = 2.5x1073 (SC) are employed for both.

Along the ocean ridges that include a synthetic realization of the abyssal hill roughness, the
normalized bathymetric differences are in the range 5-25%, except for the Southwest Indian Ocean
Ridge, where the normalized bathymetric differences can exceed 50% in spots (Fig. 9(a)). Despite
this, My RMS differences in deep water do not exceed 2 cm anywhere except east of Australia and
New Guinea (Fig. 9(b)), i.e. the RMS differences between responses resulting from the two global
bathymetric databases tend to be much less than RMS discrepancies between Comp + IT + SV
model setup and TPXO8 (Fig. 2(c.i)). Note that, although differences in the bathymetry should
change the internal tide energy conversion matrix, we use the same matrix as the Comp + IT + SV

model setup for both simulations to help identify strictly bathymetric effects.
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Figure 9: Differences between SRTM15_PLUS with abyssal hill roughness (Goff and Arbic, 2010) and
GEBCO0_2014 global bathymetric databases. (a) Normalized differences in the bathymetry, (b) Mz RMS
differences in the responses between the GEBCO IT + SC, and SRTM IT + SC model setups (see Table 4

for description of model setups). ‘+’ hatched regions indicate absorption-generation sponge zone.
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Major normalized bathymetric and RMS differences are unsurprisingly found in shallow waters
such as the South China Sea, Bass Strait, Yellow Sea, Sea of Okhotsk, Ganges Delta, northern
Andaman Sea, Persian Gulf, and the Gulfs of Khambhat and Kutch (Fig. 9). The most astounding
RMS differences are located on the northern Australian shelves, the Taiwan Strait and the Seto
Inland Sea (Fig. 9(b)). In particular, the RMS differences in the Coral Sea and around Torres
Strait (Fig. 9(b)) are larger than the discrepancies between the Comp + IT + SV model setup and
TPXO8 (Fig. 2(c.i)). According to the sources of GEBCO_2014, the 2009 Australian Bathymetry and
Topography Grid (Whiteway, 2009) is used around the Australian continent. Within this dataset,
some of the nearshore bathymetry is made up of multibeam, Laser Airborne Depth Sounder, and
nautical charts, with the rest based on 1 arc min and 2 arc min ETOPO satellite derived bathymetry.
In comparison, SRTM15_PLUS is said to include 50 m multibeam datasets from 2012 as well as the
Deepreef Explorer GBR dataset from 2010 (both newer than the 2009 Australian Bathymetry and

Topography Grid).

5.2.2. Comparisons between SRTM15_PLUS and Local High-Resolution Bathymetry

Another issue with a global bathymetric dataset such as SRTM15_PLUS is that on the shelf
and nearshore the resolution can be too coarse and it may contain holes in the bathymetry, thus
it is not completely reliable for accurate regional simulations. This section outlines the differences
between SRTM15_PLUS and our more comprehensive bathymetric data (Table 1) containing local
high-resolution datasets. We focus on three regions: the East China Sea including the Yellow Sea
and southern Japan; the South China Sea including the Philippines Seas and north Java Sea; and
the Coral Sea including the Torres Strait (Fig. 10).

All nearshore areas in the East China Sea show significant normalized bathymetric differences
aside from Hong Kong which contains our smallest element sizes (Fig. 10(a.i)). Due to numerous
spurious large depths in the SRTM15_PLUS dataset in this region we replace this area with the local
high-resolution bathymetry in order to avoid instabilities due to violation of the CFL condition.
This is not thought to have a large effect on the results of the comparisons between the bathymetric
datasets and the conclusions that we draw from them. The simulations show large RMS differences
of the My tidal wave in the Taiwan Strait and Seto Inland Sea (Fig. 10(a.ii)) but interestingly they
are not as large as those between GEBCO and SRTM15_PLUS (Fig. 9(b)), nor are differences in
the Gulf of Tonkin as pronounced. It should be mentioned that we noticed reduced discrepancies at
tide gauges in the Seto Inland Sea when using the high-resolution bathymetry. It is a complicated

region with many small islands and channels and requires accurate connectivity of the energy fluxes
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Figure 10: Differences between SRTM15_PLUS with abyssal hill roughness (Goff and Arbic, 2010) and
our comprehensive bathymetric data (Table 1) containing local high-resolution datasets. (i) Normalized
differences in the bathymetry, (ii) M2 RMS differences in the responses between SRTM + IT + SC and
Comp + IT + SC model setups (see Table 4 for description of model setups). (a) East China Sea, (b) South
China Sea, (c) Coral Sea.
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to improve results. Most of the RMS differences in the Yellow Sea between SRTM15_PLUS and
the local high-resolution bathymetry (Fig. 10(a.ii)) are larger than those between GEBCO and
SRTM15_PLUS (Fig. 9(b)), in particular north of Shanghai and in the Incheon area. However,
generally these differences are smaller than the discrepancies between TPXO8 and the Comp + IT
+ SV model setup.

Despite widespread normalized bathymetric differences in the Philippines and the region between
the South China Sea and Java Sea (Fig. 10(b.i)), small RMS differences in the My tidal wave result
with the exception of a few channels near Singapore, and in the gulfs near Batang Lupar and North
Kalimantan, both on Borneo (Fig. 10(b.ii)). This is perhaps partly because the My amplitudes are
relatively small in the region between the South China Sea and Java Sea (Fig. 2(a.i)). Although it
is not shown, the larger K; (Fig. 2(a.ii)) produces up to 10-30 cm RMS difference in the area south
of Singapore but is not notable elsewhere. In the two gulfs on Borneo, which have fairly large My
tidal ranges (up to 1.7 m in the gulf near Batang Lupar, Fig. 2), the differences result not only from
local high-resolution bathymetric datasets but are due to hand-edits vis-a-vis FUGAWI navigational
charts. Areas like the gulf near Batang Lupar can be extremely sensitive to bathymetry particularly
deep in the gulf where the v-shape concentrates the tidal energy. The effect of our hand-edits is to
deepen the area near Batang Lupar allowing the tidal range to reach close to the measured one.

The final region is the Coral Sea which demonstrably shows large widespread normalized bathy-
metric differences (Fig. 10(c.i)). This is slightly perplexing as SRTM15_PLUS should include the
Deepreef Explorer GBR dataset according to their references (ftp://topex.ucsd.edu/pub/srtm15_
plus/). However, the SRTM15_PLUS version used in this study does not seem to have it incorpo-
rated. The bathymetry in the Torres Strait and Papua New Guinea region is also very different from
SRTM15_PLUS, where we have used GEBCO_2014 in our more comprehensive bathymetric dataset.
This is because GEBCO_2014 matches rather well with Deepreef Explorer GBR at the interface
whereas SRTM15_PLUS does not. The resulting My RMS differences shown here (Fig. 10(c.ii)) are
certainly large and often well exceed discrepancies between our model and TPXO8 (Fig. 2). In fact,
in most of the Coral Sea the Comp + IT + SV model setup is performing rather well with respect
to TPXOS8 which could be largely attributed to the Deepreef Explorer GBR dataset. Significant
discrepancies for our model against TPXO8 and tide gauges are still present near the Torres Strait
(Fig. 10(c.ii)) where opposing My energy fluxes meet over the strait (Fig. 6). The residual discrep-
ancy here is likely a combination of the remaining uncertainties in the GEBCO_2014 bathymetry
(based on 2009 Australian Bathymetry and Topography Grid), and bottom friction dissipation.
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5.2.3. Discussion

The effect of different bathymetric datasets is not shown to be an important factor in the deep
ocean, but on the shelf and nearshore there are certain regions where bathymetry plays a large
role. This has been also highlighted in terms of the global RMS discrepancies presented in §4.4.2
(summarized in Table 4). In some cases, the RMS differences between simulations using different
bathymetric datasets are greater than discrepancies between TPXO8 and the Comp + IT + SV
model setup, particularly between the two global bathymetric datasets. Our more comprehensive
bathymetric data and SRTM15_PLUS are mostly the same except nearshore in certain regions which
is likely the reason for smaller RMS differences in general.

As discussed in previous studies (e.g. Egbert et al., 2004; Green, 2010; Zaron, 2017), bathymetry
has the potential to control the tidal elevation particularly through resonant effects that are in
general nonlocal. For example, the effect of the Deepreef Explorer GBR high-resolution bathymetry
is to change the M, elevation over a large area beyond the Coral Sea out into the deep ocean.
Conversely only small changes are noted throughout the region between the South China Sea and
Java Sea. More locally, in a resonant basin such as the gulf near Batang Lupar, hand-edits of the
bathymetry based on FUGAWI navigational charts allow the tidal elevation to reach close to the
measured My amplitude. Clearly, greater availability and quality of nearshore and shelf bathymetry
has the potential to greatly improve the modeling not only of tides but all shallow water flows.

With regards to the effect of the bathymetry in the deep ocean, it should be noted that bathymetry
will affect internal tide energy conversion as the dissipation matrix is based on topographic depths
and slopes. So technically, the deep ocean may be more impacted than is shown here taking this
aspect into account. Nevertheless, addition of the abyssal hill roughness, for example, has only
marginally increased the fidelity of ocean models (Buijsman et al., 2015; Timko et al., 2017). In
3D baroclinic models (Arbic et al., 2010, 2012; Timko et al., 2017) this can be explained in part by
limitations of resolution. On the other hand, 2D barotropic models such as IndWPac can achieve
high resolution over a wide-scale, but may be somewhat limited by the underlying assumptions of
internal tide energy conversion no matter the bathymetric data. Greater discussion on this aspect

is presented in the next section.

5.8. Internal Tide Energy Conversion

In the two internal tide energy conversion parameterizations (§3.3), it is necessary to calibrate

a global amplification factor due to unknowns involved with the resolution of the bathymetric data
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and the way in which dissipation that is overestimated at supercritical slopes is handled, due to
their linear assumptions. In addition to finding these amplification factors, this section discusses
the differences between the two parameterization methods, introduces multiplier coefficients due
to semi-diurnal resonance in the Luzon Strait, and concludes with some final remarks on reasons
for differences between the methods and remaining issues for the parameterization of internal tide

energy conversion.

5.8.1. Calibrating Amplification Factors

We begin by trying to determine the optimal values of Cny. and Cp, for the IndWPac model
before comparing the performance of both parameterization methods. This is evaluated by looking
at Etm for the My and K; tidal waves in deep water (h > 500 m) with a spatially constant bottom
friction, Cy = 2.5x1073. To a lesser degree, we are also interested in the total dissipation 7D of
individual tidal constituents. Comparisons of ﬁtw versus T'D in deep water for the My and K;

tidal waves are shown in Fig. 11(a),(b) using four different values of amplification factors for each

method.
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Figure 11: Deep water total dissipation T'D for the IndWPac model using different internal tide parame-
terization methods and amplification factors, and for the TPXO8 model. (a) M2, (b) Ki; T'D versus RMS

an

discrepancy in deep water (A > 500 m) with order polynomial fits. (c) Bathymetric depth versus total

dissipation T'D (summed in 100 m depth bins) for the M, tidal wave.

Regarding the K; tidal wave, amplification factors slightly smaller than the values tested appear

optimal in both parameterization methods. However, we focus on the results of the My tidal wave to
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determine the optimal amplification factors. This leads to Cnye. ~ 2.9 and Cp;, = 0.22 based on a
second-order polynomial best fit. For comparison, Buijsman et al. (2015) determined Cny. =~ 2.75,
which is in close agreement. Furthermore, two modifications are applied to the Nonlocal method.
The first modification simply ensures that the dissipation matrix is positive definite (PD). A second
modification involves applying Gaussian smoothing of N, (to obtain a variable denoted as Npq,)
using the same radius and scaling as the convolution integral for J, the argument being that nonlocal
effects of buoyancy may be just as important as nonlocal effects of topography. Both modifications
create more dissipation and make ﬁtm for My smaller for the same value of Cyy. (Fig. 11), with

the PD modification having the largest effect.

5.3.2. Differences between Parameterization Methods

Two opposing outcomes result from the comparison between the Nonlocal and Local methods.
For both constituents, the Nonlocal method leads to slightly smaller values of ﬁtm, while T'D at the
optimal amplification factor matches TPXOS8 in deep water more closely for the Local method. Since
TPXO8 can be reliably validated for elevations but not for dissipation we are inclined to prefer the
Nonlocal method, thus it is incorporated into our best model results presented in §4. It is however
worth pointing out that the difference between the methods is no more than 15 mm in Etpm for Ms,
thus the Local method can be considered a very useful parameterization in its own right - not least
because it can be quickly calculated and introduced to a numerical model.

With regards to total dissipation, the optimal Nonlocal method results in 24% greater My T'D
compared with TPXO8 (see Fig. 12 for a comparison of the dissipation densities computed through
(17) sans the area-integral). The global HY COM model has a similar T'D ratio (23% greater) versus
TPXO8 (Buijsman et al., 2015), who note that the TPXO8 dissipation rates are diffused over large
areas in comparison to the parameterized internal tide energy conversion in their model (we also
see this in Fig. 12). In that sense it is somewhat unclear how reliable TPXOS8 dissipation in deep
water may be. Issues with tidal dissipation in global data-assimilated models have been previously
highlighted (Lyard et al., 2006; Le Provost and Lyard, 1997), and there are large regions of negative
dissipation rates when computing this with the TPXOS8 solutions (Fig. 12(b)).
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