Our reference: OCEMOD 958 P-authorquery-v13

AUTHOR QUERY FORM

st

ELSEVIER

Journal: OCEMOD Please e-mail your responses and any corrections to:
E-mail: corrections.esch@elsevier.sps.co.in

Article Number: 958

Dear Author,

Please check your proof carefully and mark all corrections at the appropriate place in the proof (e.g., by using on-screen annotation in the PDF
file) or compile them in a separate list. Note: if you opt to annotate the file with software other than Adobe Reader then please also highlight
the appropriate place in the PDF file. To ensure fast publication of your paper please return your corrections within 48 hours.

For correction or revision of any artwork, please consult http://www.elsevier.com/artworkinstructions.

Any queries or remarks that have arisen during the processing of your manuscript are listed below and highlighted by flags in the proof. Click
on the ‘Q’ link to go to the location in the proof.

Location in

Query /| Remark: click on the Q link to go

article Please insert your reply or correction at the corresponding line in the proof

Ql Your article is registered as a regular item and is being processed for inclusion in a regular issue of the
journal. If this is NOT correct and your article belongs to a Special Issue/Collection please contact
b.chakraborty@elsevier.com immediately prior to returning your corrections.

Q2 Please confirm that given name(s) and surname(s) have been identified correctly.

Q3 Please check whether the designated corresponding author is correct, and amend if necessary.

Q4 The number of keywords provided exceeds the maximum allowed by this journal. Please delete 8
keywords.

Q5 One or more sponsor names may have been edited to a standard format that enables better searching
and identification of your article. Please check and correct if necessary.

Q6 The country names of the Grant Sponsors are provided below. Please check and correct if necessary.
‘Office of Naval Research’ - ‘United States’.

Q7 Please update the following reference: “‘Lermusiaux et al. (in press) and Ueckermann and Lermusiaux

(submitted for publication)”.

Please check this box if you have no
corrections to make to the PDF file

Thank you for your assistance.


mailto:corrections.esch@elsevier.sps.co.in

OCEMOD 958 No. of Pages 1, Model 5G
10 March 2015

Highlights

o Derived methodology for dynamically consistent PE initialization in complex geometry. ¢ New constrained least-squares optimizations,
solved directly w/Euler-Lagrange eqs. e Applied methodology in 3 regions, illustrating varied forms of weak constraints. e Our optimization
corrects transports, satisfies BCs and correctly redirects currents.




6

OCEMOD 958
11 March 2015

No. of Pages 29, Model 5G

Ocean Modelling xxx (2015) XXX—-XXX

journal homepage: www.elsevier.com/locate/ocemod

Contents lists available at ScienceDirect

OCEAN MODELLING

. E———]

Ocean Modelling

3 ptimizing velocities and transports for complex coastal regions

4

and archipelagos

7@ Patrick J. Haley Jr.*, Arpit Agarwal, Pierre F.J. Lermusiaux

@ Massachusetts Institute of Technology, Cambridge, MA 02139, USA|

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

ARTICLE INFO

ABSTRACT

Article history:

Received 10 November 2013

Received in revised form 5 February 2015
Accepted 22 February 2015

Available online xxxx

Keywords:

Field mapping

Least squares

Weak constraints

Fast Marching Method
Downscaling
Two-way nesting

Primitive-equatio
Euler-Lagrange “@
Free-surface

We derive and apply a methodology for the initialization of velocity and transport fields in complex mul-
tiply-connected regions with multiscale dynamics. The result is initial fields that are consistent with
observations, complex geometry and dynamics, and that can simulate the evolution of ocean processes
without large spurious initial transients. A class of constrained weighted least squares optimizations is
defined to best fit first-guess velocities while satisfying the complex bathymetry, coastline and diver-
gence strong constraints. A weak constraint towards the minimum inter-island transports that are in
accord with the first-guess velocities provides important velocity corrections in complex archipelagos.
In the optimization weights, the minimum distance and vertical area between pairs of coasts are comput-
ed using a Fast Marching Method. Additional information on velocity and transports are included as
strong or weak constraints. We apply our methodology around the Hawaiian islands of Kauai/Niihau,
in the Taiwan/Kuroshio region and in the Philippines Archipelago. Comparisons with other common ini-
tialization strategies, among hindcasts from these initial conditions (ICs), and with independent in situ
observations show that our optimization corrects transports, satisfies boundary conditions and redirects
currents. Differences between the hindcasts from these different ICs are found to grow for at least 2-
3 weeks. When compared to independent in situ observations, simulations from our optimized ICs are

Reduced-dynamics
Multiscale

Islands
Multiply-connected
Complex domain

shown to have the smallest errors.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Imagine that the Lorenz-63 system (Lorenz, 1963) was repre-
sentative of the real ocean. Imagine that your goal was to initialize
a useful prediction for this system, from imperfect measurements.
By useful prediction, we mean the capability of predicting for some
time, in the ideal case up to the local predictability limit (initial-
condition-dependent). If you knew that the initial state was not
zero, why would you spin-up from zero? If one of the state vari-
ables was measured initially, but with uncertainty, someone may
guess an initial condition by running the Lorenz model for some
time, keeping the measured state variable fixed. Unless that person
is so lucky to stop at the right time, the likelihood of the result
being close to the true initial condition is very small. Hence, being
on the “attractor” of the model is not enough. What we need is to
be in a neighborhood of the true initial state, such that if we start a
prediction from that state, some predictive capability exists. We

* Corresponding author.
E-mail addresses: phaley@mit.edu (P.J. Haley Jr.), arpit@mit.edu (A. Agarwal),
pierrel@mit.edu (P.FJ. Lermusiaux).
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1463-5003/© 2015 Elsevier Ltd. All rights reserved.

remark that in that case, the subsequent assimilation of limited
data will also have a much easier time at controlling error growth.
And second, if the model was imperfect, running the model for too
long in the initial adjustment may also lead to large errors. The pre-
sent manuscript is concerned with such estimation of initial ocean
conditions, focusing on regions with complex geometries and mul-
tiscale dynamics governed by hydrostatic primitive equations (PEs)
(e.g. Cushman-Roisin and Beckers, 2010) with a free ocean surface,
referred to next simply as free-surface PEs (e.g. Haley and
Lermusiaux, 2010, hereafter denoted as HL10).

The estimation of initial conditions (ICs) for ocean simulations
is not a new problem (Wunsch, 1996). For longer time-scale pre-
diction (e.g. climatological studies) the use of spin-up from rest
to initialize simulations has been frequent (Artale et al., 2010;
Maslowski et al., 2004; Schiller et al., 2008; Timmermann et al.,
2005; Zhang and Steele, 2007) in part because of lack of data for
initialization. Even for shorter time-scale predictions with more
synoptic information, spin-up from rest is still often used.
However, studies show that using ICs which are not in dynamical
balance (e.g. the zero velocities at the start of the spin-up from
rest) can lead to numerical shock (Oke et al., 2002) and erroneous

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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dynamics (Robinson, 1996, 1999; Lozano et al.,, 1996; Besiktepe
et al.,, 2003). Some variations on the spin-up procedure have been
used to control shocks, including: multi-stage spin-up schemes
(Cazes-Boezio et al., 2008; Jiang et al., 2009); spin-up with data
assimilation (Balmaseda et al., 2008; Balmaseda and Anderson,
2009; Bender and Ginis, 2000; Cazes-Boezio et al., 2008); and
spin-up with relaxation to a reference field (Halliwell et al.,
2008; Sandery et al., 2011). Other methods to incorporate more
synoptic scales and dynamics into the initial fields include feature
models (FM; Gangopadhyay et al., 2003, 2011, 2013; Schmidt and
Gangopadhyay, 2013; Falkovich et al., 2005; Yablonsky and Ginis,
2008) and downscaling (Pinardi et al., 2003; Barth et al., 2008;
Mason et al, 2010; Halliwell et al, 2011; Herzfeld and
Andrewartha, 2012). Studies of ocean responses to atmospheric
forcing also highlighted the need of incorporating synoptic scales
and dynamics from the beginning (Falkovich et al., 2005;
Halliwell et al.,, 2008, 2011). Here we incorporate the synoptic
scales and dynamics by creating dynamically balanced initializa-
tions for multiply-connected domains.

Our approach is to efficiently estimate three-dimensional (3D)
initial velocity fields that are consistent with the synoptic observa-
tions available, complex geometry, free-surface PEs and any other
relevant information by defining and semi-analytically solving a
global constrained optimization problem. By consistent initial
velocity fields, we signify fields that would evolve in accord with
the free-surface PE dynamics in the complex region, simulating
the evolution of these ocean processes without spurious initial
transients. By “semi-analytically”, we mean that we analytically
derive the Euler-Lagrange equations that optimize the cost func-
tion and then solve these equations numerically. Our approach is
in contrast with procedures that attempt to build flows from
scratch solely through model dynamical adjustment, i.e. through
time-integration of a numerical model. However, our aim is not
to replace the estimation of ICs by weak- or strong- constraint gen-
eralized inversions over time (Bennett, 1992; Bennett, 2002;
Moore, 1991; Moore et al.,EOO4, 2011). Instead, it is to compute
consistent ICs. They can then lead to useful predictions or be
employed as starting conditions in a generalized inversion.

Some key technical questions arise due to the complex geome-
tries and multiscale flows. They include: how to account for multi-
ple islands, tortuous coastlines and variable bathymetries,
respecting boundary Eonditions? how to compute the minimum
vertical ocean area between jleands? how to utilize these areas
to set through-flows or local currents within (or near) expected
values?Ahow to optimize the kinetic energy locally, eliminating
unrealistic Eot—spots? how to ensure conservative 3D flow fields
that satisfy continuity constraints with a free ocean iurface? and
finally, how to respect a sufficiently accurate internal dynamics
in accord with the observations available and the scales being
modeled? To address such questions, we introduce a subtidal/tidal
separation of velocities and obtain first-guess subtidal velocity
fields from reduced dynamics and hydrographic and flow data.
Our optimization then best-fits these first-guess subtidal velocity
fields, enforcing tortuous coastline, bathymetry and divergence
strong constraints. To enforce all of these constraints, cost func-
tions are defined and Euler-Lagrange equations that optimize the-
se cost functions are derived and numerically solved. Novel
elements of this methodology include: the incorporation of
weighting functions in the cost functions; derivation of the optimal
Dirichlet open boundary conditions (OBCs); and the optimization
of the inter-island transports and near island flows, which provides
important velocity corrections in complex archipelagos. To set the
weights for the horizontal streamfunctions along island coastlines,
the minimum distance and vertical area between pairs of islands
are computed using a Fast Marching Method (FMM; Sethian,

1996, 1999). The use of all available information to optimally esti-
mate the inter-island transports makes our methodology a gener-
alization of the “island rule” (Godfrey, 1989). Our methodology
can also incorporate estimates from the “island rule” as weak
constraints.

Problem statement and rationale. Mathematically, denoting the
PE state variable fields as: temperature T; salinity S; horizontal
and vertical components of velocity ti and w; and free-surface
elevation #, our objective is to: (i) obtain initial fields that optimize
a constrained cost function J in a complex domain, D, with bound-
ary 9D (open boundaries and coastlines) i.e.,

arg min J(data, complex geometry, dynamics)
[t,wn,T.S|

in DuUID;

but also (ii) determine such a cost function J and corresponding
direct solution scheme that will efficiently compute consistent ini-
tial velocity fields.

Of course, there are uncertainties even in the form of the cost
function, the constraints and their parameters (Lermusiaux,
2007). We thus seek to respect the synoptic data, complex geome-
try, scales and dynamics (or representative reduced dynamics)
only within uncertainties. In other words, the objective is to derive
an efficient scheme that computes ICs close enough to the ocean
state at the initial time, so as to subsequently evolve without spu-
rious transients due to complex bathymetry and islands (ge-
ometry), and also without the possible assimilation shocks. As a
result, we aim to avoid creating initial velocities solely via a model
“dynamical adjustment” from too inaccurate first-guesses (e.g.
either too large or too small velocities, as in the extreme case of
a model “spin-up” from zero velocities). To illustrate issues with
such adjustments, consider first the case where T/S remain fixed
while 4, w and # are adjusted from a too inaccurate first-guess.
Model errors (discretization and other error modes) can grow in
the velocity fields during the adjustment. Also, due to nonlinear
terms in the free-surface PEs, even if the T/S fields are perfect,
the velocity adjustment may either not converge or converge but
not towards the true velocity everywhere in the complex domain.
Second, if a first-guess velocity far from the truth is instead adjust-
ed by allowing T and S to vary during the adjustment, then poten-
tial energy and kinetic energy would be inter-changed. The
resulting adjusted density and velocity fields would differ from
the true ones, e.g. be in a different energy balance or “attractor
regime” than the real one. Critically, such adjusted fields retain
some memory of the too erroneous first-guess velocity. Model pre-
dictions from these fields would then be damaged for some time.
All of these considerations due to complex geometries are exempli-
fied in Sections 4.1 and 4.2. Only data assimilation (DA), i.e. re-ini-
tialization, could correct these biases.

In what follows, we present our methodology for ICs in complex
domains (Section 2). In Section 3, we derive the core algorithms to
optimally fit velocities and transports (Section 3.1) and to optimize
them between and near islands (Section 3.2). In Section 4, we apply
our methodology around the Hawaiian islands of Kauai/Niihau
(Section 4.1), in the Taiwan/Kuroshio region (Section 4.2) and in
the Philippines Archipelago (Section 4.3). Quantitative compar-
isons (i) with other commonly-used initialization strategies, (ii)
among hindcasts from these ICs and (iii) with independent in situ
observations, show that our complex-domain optimization cor-
rects velocity estimates and incorporates critical constraints on
the net transports, all of which lead to more accurate forecasts in
multiply-connected regions. These are coastal mesoscale examples
but our methodology is applicable to other scales. A summary and
conclusions are in Section 5. The free-surface PEs and our modeling
system are outlined in Appendix A. Specifics of the methodology,
including some details of the derivations, are in /jppendices B-D.
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2. Methodology: overall scheme

In this section we present a high-level description of our
methodology for constructing PE-balanced initialization fields in
complex domains, including nesting and downscaling. The steps
are outlined in Sections 2.1-2.3 and summarized in Table 1.
Implicit in these steps is a separation of the subtidal and tidal
velocities/transports (Section 2.3). These steps provide the context
within which we derive our core algorithms of Section 3 for the
subtidal velocities/transports. These core algorithms solve a
weighted least squares optimization by obtaining the exact solu-
tions to Euler-Lagrange equations for streamfunction formulations
of subtidal velocity/transport. The specific equations solved are: (i)
a 1D Poisson equation along the external boundary for the Dirichlet
OBCs, (ii) algebraic equations for the constant values for the
streamfunction along the uncertain islands which optimize the
inter-island transports and near-island flows and (iii) a Poisson
equation for the streamfunction, using the BCs from (i) and (ii).
Since we focus on velocity optimization, we omit a discussion on
input data, models, etc., which we provide in Haley et al., 2014.

2.1. First-guess velocity

We start by estimating first-guess velocity fields, i, and wg),
that are in dynamical balance among each other and with the
T/S fields, represent the specific scales of interest, and satisfy sim-
ple bathymetric constraints. These i and w, are the starting
point for adding more complicated coastal, bathymetric and trans-
port constraints. The subscript (n) represents the nth-correction of
a quantity, hence ii(, is the first guess velocity, iy is the first cor-
rection velocity and so on.

Reduced-dynamics models are often used in conjunction with
mapped T/S fields as the starting point for constructing i, and

Table 1

W(o). A commonly used reduced model is geostrophy, specifically
integrating the thermal wind equations (Wunsch, 1996; Marshall
and Plumb, 2008; Haley et al., 2014). The i, and w, can also
combine: additional dynamics (e.g. Ekman dynamics and other
boundary layers); velocity feature models and data (in situ and
remote). When available, prior knowledge of the flow (e.g. net
transports, velocity values or throughflow range) should be used
to constrain estimates. All of these combinations should properly
account for the uncertainties in the data and estimates. Examples
are shown in Section 4.

One can use the velocity fields from existing numerical simula-
tions (often at coarser resolutions). We treat these as first-guess
velocities because they usually do not fit all of our dynamics, scales
and resolution. One simple constraint we directly impose on i is
to set the velocities to zero under the model bathymetry (this can
require care, see Haley et al., 2014).

2.2. Complex geometry constraints

The first guess velocities i, do not respect all model geometry
constraints nor the bottom-related dynamics. Geostrophic veloci-
ties rarely satisfy no-normal flow through coastlines and bottom
balances. Velocities obtained from other simulations are in balance
with their own bathymetry and coasts, which, in our applications,
are usually of coarser resolution. Reduced dynamics models and
feature models may or may not take either bathymetry or coasts
into account. Therefore the next step in our scheme is to adjust
the first guess velocities to the modeled bathymetry and coasts.

Coastal constraints. We first discuss imposing constraints on i,
defined on constant-depth levels (which can then be interpolated
to other vertical coordinates). No-normal flow into coasts is
imposed on levels which reach the coasts in water and on any

Summary of the six steps of our scheme to initialize velocity and transport for PE simulations in complex geometries (multiply-connected domains). Table is presented in the

order the operations are performed. Repeat steps 1-6 for nested sub-domains.

(1) Input data and models for computing velocity

(2) (Section 2.1) Compute first-guess velocity i,
e Use data and reduced models to estimate velocity

=l

e.g. thermal wind

o Enforce direct bathymetry strong constraints, e.g. zero flow below bathymetry, compute consistent i,
(3) (Section 2.2) Geometry constraints: Best-fit i, level-by-level, enforcing coastline strong constraints

o Best fit 3D velocities, enforcing no-normal flow through coastlines.
o Propagate interior data to uncertain BCs (island-free)
o Best fit external BCs (interpolate for nesting)(island-free)
o Best fit internal island BCs, solving weak-constraint optimization
o Combine all BCs and best-fit no-normal flow velocity

e To retain 3D effects or more complex bathymetry constraints, solve for corrector velocity

o Compute first-guess sub-tidal transports from the resultant geometry-constrained velocity.

Table 2a, Eq. (11)in Section 3.1
Table 2a, Eq. (10) in Section 3.1
Table 2a, Egs. (12) and (15) in Section 3.2
Table 2a, Egs. (5) and (16) in Section 3.1
gy =kxVy  Eq.(4)

Appendix B

liz) =ty + V¢ Eq. (B.16)

- {fEH iy dz if 3D constraints

Vo = Eq. (1
@ J°,tia)dz otherwise q. (1)

(4) (Section 2.3) Sub-tidal transport strong constraints: best-fit transport in (complex)-domain, enforcing

non-divergence

e Best fit non-divergent transport to Hﬁ(g) obtained in Section 2.2 and other transport data

o Propagate interior data to uncertain BCs (island-free)
o Best fit external BCs (interpolate for nesting)(island-free)
o Best fit internal island BCs, solving weak-constraint optimization

o Combine all BCs and best-fit non-divergent transport preserving no-normal flow

(5) (Section C.1) Solve for sub-tidal free surface Mo

(6) (Section C.2) Superimpose tides 7,4, and Uyige, preserving divergence and no-normal flow strong

constraints

Table 2b, Eq. (1)in Section 3.1
Table 2b, Eq. (10) in Section 3.1
Tables 2b, Egs. (12) and (15) in Section 3.2

Table 2b, Eqgs. (5) and (16) in Section 3.1 HU 4y = k x V¥
Eq. (3)

e.g., 1] from HL10 Eq. (68)

Eq. (C.1)

Eq. (C.2)

Up) = git=Un)
My = Moy + Mtide
U3, from Eq. (C.3)
' from Eq. (C.4)
i=w+Us  Eq.(C5)

w=— [,V id{— (i -VH),__; Eq.(C6)

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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additional levels used in subsequent interpolations. For all levels
below these, no additional constraints are enforced.

The method to enforce no-normal flow into coastlines employs
a constrained least squares minimization to find the first correction
velocity, i1y, which at all depths/levels best fits the first-guess, ii(g),
while satisfying i, - ﬁ\ﬁD = 0. This optimum is obtained by solving
2D elliptical problems exactly in one iteration. The algorithm is
derived later in Sections 3 to allow for a unified presentation of
both the flow and transport constraints.

For terrain-following vertical coordinates, the no-normal flow
constraint is imposed on velocities at constant-depth levels and
the results are interpolated to terrain-following. For isopycnal or
generalized coordinates (HL10), the situation is similar to the con-
stant-depth vertical coordinates and the optimization is applied for
layers/levels reaching the coasts.

Below the levels where we impose no-normal flow into coasts,
we could use the above optimization to force the very bottom
flows to be aligned with isobaths. However, this is only done when
we have strong physical evidence for such isobaths-aligned bottom
flows (see Haley et al., 2014).

3D effects and more complicated bathymetry constraints. When
the full 3D flow dynamics is critical, we update the algorithm out-
lined above into a 3D (x,y,z) best fit. One example is the initializa-
tion from an existing numerical simulation (i.e. downscaling).
These fields are in their own 3D dynamical balance and are
assumed to be sufficiently resolved to contain a useful w(, at the
new, refined, resolution. The goal is then to maintain as much of
this 3D balance as is consistent with the model being initialized.
Other examples (see Haley et al., 2014) involve the use of 3D fea-
ture models or reduced 3D dynamics (e.g. geostrophy and Ekman
forcing). In fppendix B, we derive a Bredictor—corrector algorithm
for fitting the no-normal flow constraints in 3D, including vertical
velocity w information. The result of this algorithm is the second
correction velocity, i) = ti1) + Ail, that recovers the first guess
vertical velocity by imposing the constraint V - iio) ~ — 0"_(‘)';‘”, where
V- is the horizontal divergence operator. Without this correction,
the streamfunction formulation loses the information on w.

First-guess sub-tidal transport. Once the geometry-constrained
ii) (or iip)) is computed, it is used to obtain the first-guess trans-

port, HU g, from either

0 -
_, _ Ll(z)dZ
HU() = {fH 0 -
or [*,tndz

if 3D constraints (see Appendix B)

otherwise
(1)

where U is the local total-depth-averaged velocity and H(x,y) the
local total depth of the water column. In Section 2.3 our optimiza-

tion starts from H U(()) over D and imposes additional (strong) trans-
port constraints, leading to the first correction transport estimate,

HU(]) over D.

2.3. Sub-tidal transport constraints

The final constraint on velocity in complex domains is applied
on the divergence of the horizontal transport. From Eq. (A.7), this

V - (HO) is directly related to 2. We consider separately the por-

ot*
tions of the transport with significant contributions to 2! and those
with negligible contributions.

This rate 2 is a function of both external processes (tides,
evaporation — precipitation, rivers, open boundaries) and local pro-

cesses (e.g. density driven flows). Generally only tides produce sig-

nificant contributions to 2! (ie. barring floods and other

catastrophic events, the remaining processes either have time

scales which are too slow or amplitudes which are too small).
We compute the portions of the initial transport with negligible
contributions to 2., i.e. the non-divergent sub-tidal transport, and
superimpose tidal elevations and transports from the tidal fields
that will force the simulation being initialized. The result is initial
and boundary transports with dynamically-balanced divergences.
During the construction of the transports, the constraint of no-nor-
mal flow into the complex coastlines is re-imposed to ensure that
both it and the desired divergence are maintained in the final
solution.

A constrained optimization is employed to find the non-diver-

gent sub-tidal transport, HU ), that best fits HU o, subject to the
constraints of no-normal flow at the complex coasts, i.e.

U-n - 0, and of non-divergence, i.e. V - (HU<1)> = 0. This proce-

D
dure, essentially the same as that for imposing no-normal flow on
the velocities, ensures that the final 3D velocities will maintain no-
normal flow into coasts and is derived in Section 3.

Free surface and tidal initialization. The final steps in the algo-
rithm ensure the consistency amongst the initial transports, initial
free surface and tidal forcing. This material was largely presented
in HL10 and is summarized in Appendix C in the notation of the
present manuscript.

3. Methodology: core algorithms

We now derive the core algorithms for our constrained opti-
mization of the initial velocities and transports in complex
domains. Our semi-analytical methodology (summarized in
Table 2) starts by a global weighted optimization of the open
boundary values to the first guess and geometric and divergence
constraints, in the absence of islands. We employ these optimized
values and certain island conditions in a best fit of velocities and
transports (subject to the same constraints). From this solution,
we obtain initial estimates for minimum transports between each
island and all other coasts. With these estimates and the best-fit
OBC values, we solve our constrained weighted optimization of
the initial velocities and transports in the presence of islands.
Weighting functions are defined using uncertainty and physics
considerations. To obtain the exact solutions for these best fits,
we derive successive Euler—Lagrange equations for the interior,
boundary and island streamfunctions. This is done next for the case
of fitting transports, adding notes when needed for fitting 3D
velocities.

3.1. Core algorithm to optimize sub-tidal transports and velocities

The algorithm employs a least squares minimization to find the
sub-tidal HU ) that best fits the first guess HU o, (Eq. 1) under the
geometric and divergence constraints with a specific focus on no-
normal flow in complex geometries. To obtain the exact solutions
for these optimizations, we derive (i) a Poisson equation (Eq. (5))
in D for a streamfunction representation of the transport or velo-
city, i.e. W for HUyy, or y for i, and (ii) a 1D Poisson equation
(Eq. (10)) along the external boundary, 4D° for the Dirichlet
OBCste or Y, which best fit the flow through the open bound-
aries. Specifically, the weighted least squares cost function, J, is
defined as

2

= 1 _ =
](HU(])):E// U)HHU(Q)*HU(]) da
D
subject to V - (Hﬁ(l)) =0 (non-divergence), (2)
flm -fil =0 (no-normal flow into coasts),
oD
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Table 2

Summary of algorithm (Section 3) for computing the: (a) 3D velocity (level-by-level i and then w from Eq. (C.6)); and (b) transport. Both are optimized for domains with complex geometries including islands. Intermediate transports/

velocities can be computed from the intermediate streamfunctions, but are not needed for the algorithm.

(a) Algorithm for 3D velocity
Propagate interior data to boundaries (Eq. (11))
e in 2nd BC, 32¢(,1)/anar is a simple weak OBC, conserving the normal

advective flux (locally maintained streamfunction). Other good choices are possible
e (11) not needed for downscaling or “certain boundaries”

Construct exterior BCs (optimize J,, Eq. 10) using either original i, or recomputed ii,
above (for nesting, interpolate . from larger domain)

Construct “certain coast” solution (Eq. 12) using ¥, from above

Construct interior island BCs (optimize J,, Eq. 15) using o, from above

Solve full problem (optimize J, Eqs. (5) and (16)) using - and . from above

(b) Algorithm for transport
Propagate interior data to boundaries (Eq. (11))
e in 2nd BC, BZ‘P(,l)/t)nat =0 is a simple weak OBC, conserving the normal advective flux

(locally maintained streamfunction). Other good choices are possible
e (11) not needed for downscaling or“certain boundaries”

Construct exterior BCs (optimize J,, Eq. 10) using either original 0(0)
or recomputed 0(0) above (for nesting, interpolate P from larger domain)

Construct “certain coast” solution (Eq. 12) using ¥, from above

Construct interior island BCs (optimize J:, Eq. 15) using Vo) from above

Solve full problem (optimize J, Egs. (5) and (16)) using W) and ¥ .. from above
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where Hf]m is any test transport, w(x,y) a positive definite weight-
ing function and da an area element over domain D.
The first non-divergence constraint is imposed by replacing

Hflm in Eq. (2) using a test transport streamfunction, ¥, formula-
tion defined as

Ugy =kx V¥ 3)

where k the unit vector in the vertical. For 3D velocities, one has the
choice of either working with layer-by-layer transports or directly
with level-by-level velocities. If one chooses layer transports, then
the only change to Eq. (3) (and in subsequent Eqs. and weighting
functions) is that H(x,y) is the (variable) layer thickness, not the
total water depth. If one optimizes level-by-level velocities, then
level-by-level test velocity streamfunctions are defined,

) =kx V. (4)

This imposes a horizontal non-divergence on ﬁm. For cases in
which V - iig) is important, a corrector to recover this divergence
is obtained in Appendix B.

In Appendix D.1, we obtain, via the calculus of variations, the
following PDE for the W that minimizes J for a given set of imposed
BCs, W, (to be derived):

V- (VYY) = [v x (a)Hﬁ(o)>] k (5)
Flop =¥

Eq. (5) without the weighting function, w, is fairly standard and
usually obtained via the Helmholtz decomposition of a vector into
nondivergent and irrotational components (e.g., Lynch, 1989;
Denaro, 2003; Li et al., 2006). The weighting function w(x,y) can
be decomposed into the product of a weight based on the uncer-
tainty in HU(()) and a physically-based weight. Two intuitive choic-
es for the physically-based weight are: w = 1, i.e. Eq. (2) minimizes
the difference in the transports, and w = H1—2 i.e. Eq. (2) minimizes
the difference in the velocities. In practice, while these two choices
give overall similar results, minimizing the difference in transports
(w = 1) tends to allow larger velocities. This can exacerbate prob-
lems with over-estimating the barotropic velocity in isolated chan-
nels in complex archipelagos, hence w = # (minimizing the
velocity differences) is the preferred choice. Other choices could

. -2
be explored, e.g. w = HHU(O)H , minimizing relative velocity, or

® = ||VH|| %, reducing weights over steep bathymetry where
Hﬁ(o) may be less accurate. When working with velocity stream-
functions, , w =1 provides the velocity best fit and

o = ||ti)||? provides the relative velocity best fit. When imple-
menting Eq. (5) for y, we often impose it at all vertical levels to
ensure vertical interpolations maintain no-normal flow.

Boundary Conditions Before Eq. (5) can be solved for ¥, the
Dirichlet boundary values ¥, need to be optimized. Here, we
derive a system of equations to obtain the best-fit Dirichlet condi-
tions along the open boundaries and complex “external coasts”,
coastlines which intersect the boundary of the computational
domain. The external coasts and open boundaries form the exterior
boundary, 9D° C 9D, of the complex domain. This scheme assumes

that the boundary values of U g, are known with equal confidence
to the interior values, which is appropriate when downscaling or
when the coverage (data or feature model) extends to the bound-
aries. For other cases, we derive a scheme to first extend the inte-
rior velocity information to the boundaries, and then use them in
the present scheme. Boundary values for “islands” (landforms in
the interior of D) are discussed in Section 3.2.

Since HU(, does not respect the divergence or coastal con-
straints even at the boundary (e.g. no net transport), we need
best-fit boundary values which do. The cost function, J,, defined

on 9D° which optimizes candidate Dirichlet BCs, ¥y, to best-fit
the normal transport provided by Hf](o) is:

- - 2
]be(HUbe)Zlf w Hﬁ(o)*HUbe -f| ds
2 Jope

~ 2
3, 1 OW e . .
=i (Py) =5 Wcu( asb +HU<0)-n> ds (6)

where w is the same weighting function as used in Eqgs. (2)-(5),

HU pe are the candidate boundary transports corresponding to ‘i’be,
and s is the tangential coordinate to the boundary in the counter-
clockwise direction.

Employing calculus of variations (Appendix D.2), we obtain a
PDE along the open segments for the ¥, that minimizes J.

d( MW\ D[ o
25 (0%) = (¢H00 1) "

along with the jump conditions at the coastal endpoints

My
[ (% + 0w 0)]

where C;;” is the end of coast m (traversing the coast counter-clock-
wise) and C;, is the beginning, see Fig. D.1. To ensure no-normal
flow (i.e. ¥,e constant along C;,), we append the following condition

g
=0 (8)

C

Pl =0, 9)

Physically, Eq. (8) equalizes the mismatch (weighted by )
between HUq, -7 and HUq -1 = — 2% at both ends of a coast
(i.e. between open boundary segments), while Eq. (7) equilibrates
the variations in the mismatch along the open boundary segments.
Enforcing both (7) and (8) thus penalizes the mismatch along all
boundaries. Note that if one integrates (7) along coast m instead
of an open segment (where (7) applies), one recovers (8).

Known transport information (most often in the form of a net
transport between coasts) can also be included, taking advantage
of the additive indeterminacy in W. To do this, we identify the
set of coasts, {C}}, along which the values for the transport stream-
function, {Wce} are known and directly impose these values. As an
example, consider the domain of Fig. E.l and assume that the lit-|
erature reports a net 1 Sv southeast transport between C5 and Cj.
We can arbitrarily pick two values for these coasts whose differ-
ence is equal to the net transport (e.g. ¥ =0 and W =15v)
and include those two identity equations to impose this net trans-
port. The final, general, system for finding the Dirichlet boundary
values (separating the unknowns on the left-hand side from the
knowns on the right) is

_% <w al;f) = % (wHUm) : fl) along open boundaries

MW\ | N e
-7 = (wHUg -n)| ,  at unknown coasts {C;,}
Cn m

Wyl =0 at unknown coasts {C;,}
ielee = P at known coasts {C }
(10)
After Eq. (10) are solved, the values for ;. found at the ends of

€

the unknown coasts, C;,, are applied all along their respective

(2015), http://dx.doi.org/10.1016/j.0ocemod.2015.02.005
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@Fig. D.1. Canonical computational domain, highlighting the different types of landforms and coasts.

coasts, Cy,. For velocity streamfunctions, replace (¥,¥,) with
(¥, ¥ye) and HU(O) with i) in Egs. (5) and (10). The algorithm
and its equations are summarized in Table 2.

Propagating interior information to the boundaries. Here we give
the solution in which fj(o) in the interior of the complex domain,
or in part of it, is known with a higher degree of confidence than
U(o) along the open boundary. Hence we propagate the interior
information to the boundary prior to solving Eq. (10). The basic
idea is to use a modified version of the best-fit Eq. (5) to perform
the propagation. There are two modifications. The first modifies
D by removing all but a single coast, C'**, (i.e. we transform the
remaining land points into shallow ocean points and take advan-
tage of the fact that U(O) = 0 under all land and coasts). Along this
single coast we are free to impose any constant, ¥ ... The second
modification is to replace the Dirichlet OBCs by either the
Neumann OBCs derived in Appendix D.1 or by a combination of
weaker free-OBCs with wTdentically zero at the boundary (to
maintain a best-fit solution, Appendix D.1). Finally, the function
(x,y) needs to be small (e.g.T)ased on uncertainty) near the open
boundaries. This gives:

V- (CUV‘P(,U) = [V X <CUHO(0)):| IA( (11)
\Ij(—‘l)|clcst = \Pclcsl

and either

le(*l) -n o = —k x HU(O) ‘n o

or

OHU -
on

_ ¥

0, =0 & eg. =
o oo ONot

We then recompute U g, from the ¥ ;, and use this new U, in
Eq. QO). For velocity streamfunctions, replace V(1) by ¥4, and
HU ) by i)

Nesting gonsiderations. When preparing initializations for nested
domains with complex multiply-connected geometries, a key con-
sideration is consistency between the fields in coarser and finer
grids. To ensure this consistency, we by-pass Eq. (10) for the fine
grid, and instead interpolate the coarse-domain ¥ to obtain the
fine domain Wj. This is illustrated in Section 4.3.3 where we
explore options for the fine-domain islands.

3.2. Core algorithm to optimize sub-tidal transports between islands
and velocities near islands

To obtain the Dirichlet values along islands (‘P ), either trans-
port estimates from additional sources (e.g. estimates in the lit-
erature) are used or a scheme is required to construct the
necessary constant values from f](o). Care is needed to ensure that
the selected constant values do not produce unrealistic velocities,
especially in multiply-connected archipelagos. Here we derive a
system of algebraic equations (Eq. 15) for the optimized constant
values of the streamfunction along islands that were uncertain,
W OF Y, @ cOmmon situation in complex domains.

“Certain coast” Solution. In order to obtain a first estimate for the
unknown transports between islands and other coasts, we best-fit
transports and velocities in the absence of islands (i.e. we transform

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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the islands into ocean points). We begin by separating D into cer-
tain, D¢, and uncertain, 9D, segments. 9D° will be comprised of
a7, the solved external boundaries (Eq. (10)), and of 9D*, islands
Cy along which we have streamfunction values, ¥ee, we wish to

impose (e.g. a literature estimate for the transport between C§f and
C;, added to the previously obtained ¥,. along C;,). We solve for
the “certain coast solution”, ¥ (g, over D using the PDE

V- (0V¥0) = [V x (0HUq)] -k (12)

Y, ifseoD*
b g =Y = : i
o1 b Yo ifseCy
k
(Table 2). Note that ¥ (g, is not constrained to satisfy no-normal
flow along the uncertain islands. ¥, contains useful information

from the data and dynamics that went into 0(0) (e.g. the position of
major currents relative to the coastlines, the effects of bathymetry)
which will be used to determine the appropriate constant ‘.. along
the uncertain coasts. These ¥ ... will be used along with (P, ‘}’Cikc) to
complete the set of all BCs W,,. Eq. (5) can then be solved to construct
the final '¥. We next define two methods for determining ‘¥ .. : aver-
aging and weighted Least Squares optimization.

Averaging. The first simpler method we define is to average ¥ (g

along each C;' and use those averages for ¥, in Eq. (5) as
Wie if s € 9D°
P if s e Cf
Fo= fq{u Fods iu 13)
fq{u o ifseC

In practice, we found that this averaging only works if the differ-
ences between the finally determined ¥ and ¥y, are localized
around each island (i.e. only small perturbations introduced at
other islands). In general, one can not require such localization
assumptions. Hence, we derive a new, robust method for construct-
ing ¥ ... We compare results using these two methods in Section 4.

Weighted Least Squares optimization. The optimization best fits
the inter-island transports to the minimum inter-island transports
as calculated from ¥, in order to find W.. that produce a bal-
anced and smooth velocity field, e.g. with no unrealistically large
velocities. In the uncertain straits, the goal is to minimize the dif-
ference between the minimum net transports between islands
estimated from ¥y, and the net transports between islands with
W constant along each island. Alternatively one can minimize
the differences between the average barotropic velocities between
islands from ¥, and using P ... In Section 3.2.1 we show how to
compute weights to select between fitting the transports or the
barotropic velocities. The addition of weak constraints to provide
additional bounds on the velocity is presented in Section 3.2.2.

We define M as the number of coasts in D¢ and N* as the

number of coasts in D™, The global optimization functional to find
the ¥

ciu 1
N N 2
]bu (Tdu, e C'“ > Z Z |: ( C'u - \PC'"‘: - A#;\P(O)) :|
! i n Tm=n+1
Nt Me )
+5 ZZ{ ( civ *‘Pw)(sﬁi)) }
n=1k=

Niu

Z{ ( cm—‘f’<0>(5ﬁﬁ)>2}

1

(14)

Eq.(14) is comprised of three terms: (i) a double summation to opti-
mize the transport between all pairs of uncertain coasts, C'"; (ii) a
double summation to optimize the transport between all pairs of
uncertain and certain coasts, C; and (iii) a single summation to
optimize the transport between each of the uncertain coasts and
the open boundaries of the complex domain. These three terms
are derived in Appendix D.3. Note that the physical constraints on
this optimization come from ¥ (e.g. if (o) contains a strong cur-
rent between two islands, the minimization target value of the first
term, Ay, \P(o), contains the minimum transport of that current). We
utilize the superscript notation:uu for weights and differences
between pairs of uncertain coasts; uc between uncertain and cer-
tain coasts; and uo between uncertain coasts and the open
boundaries. The first double summation in Eq.(14) measures the
weighted (wi) difference between the optimized net transport,
‘{’Cm — ‘Pcm, between the pairs of coasts and the minimum net trans-

port, Ait W o), computed from the certain coast solution, ¥ . The

second double summation measures the weighted (@) difference

between the optimized ‘¥ and W (o) (s}§), the value of ¥ q) along cu

nk/»

which minimizes the net transport (estimated by ¥ ) between CL“

and C§. s is the point along C}* at which Vo, attains this value. The
final single summation measures the weighted (w!p) difference
between the optimized .. and ‘W (sy}), the value of ¥, along
CY which minimizes the net transport (estimated by ¥ q
CY and 97°. s¥ is the point along C," at which P, attains this
value. The first double sum provides the algorithm robustness to
non-localized changes from imposing the ¥ .., while the second
two provide a pathway for the absolute value of ¥, (Appendix D.3).

The least square minimum of J,« in (14) is computed by setting
gradients with respect to Weu's equal to zero. The result is given
by:

)) between

Nt Ni
Zw + Zwﬁ,ﬁ + @ | W Zw““ W

Nx'u
=Y mm A Yo + Zw (si) + g P oo (Shp) (15)

m#n

Eq. (15) represents a system of N* equations that we solve to
obtain the constant values of transport streamfunction (‘... ) along

the coastlines in 9D*. These streamfunction values, which smooth
the velocity field, are then included as Dirichlet BCs to then solve

(5).
\Pbe if s € 0D°
¥, ={ Ve ifseCy (16)

: iu
Yo ifseC

Imposing additional inter-island transport gonstraints. If there
exists any additional transport information that can be imposed,
for example a known transport A™P¥ between a specific pair of

islands both in D", the corresponding Ak W, (Appendix D.3)
would be replaced:

Aimpl};
R t
(0)(Snm)7 (0)(smn)

if imposing transport
otherwise
(17)

and the corresponding wjy would be increased to ensure this
imposed constraint is weighted much more heavily than any of
the constraints derived from Wy This is illustrated in

(2015), http://dx.doi.org/10.1016/j.0ocemod.2015.02.005
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Section 4.3.2. If the transport being imposed is less certain, then one
would not increase the weight as much (i.e. multiply the weight
i

needed to enforce A;;P'W by an uncertainty-based weight).

3.2.1. Constructing weights using the Fast Marching Method (FMM)

We now discuss the selection of the weighting functions to be
used in Eq. (15). As for w (discussion following Eq. (5)), we can
decompose these weights into the product of uncertainty-based
and physically-based weights.

The primary purpose of the physically-based weights is to
ensure that the optimization functional weights the transport dif-
ferences between adjacent coasts more heavily that those between
widely separated coasts. One class of such weights can be con-
structed by using the minimum distance between a pair of coasts,
dym, such as wh, = (dgiobal m,-n/dnm)2 where the weight is nondimen-
sionalized by minimum distance between all pairs of coasts,
dgiobat min- A second class can be obtained by integrating Eq. (3)
along a path, S, between two coasts, C, and Cp,, to get

HU-ndS= | kx V¥ nds
Som Sum
- oY
U) pmAnm = —ds
( >nm nm Som oS
=¥, - ¥, (18)
where (0),,,, is the average barotropic velocity along path S, and

Anm is the cross-sectional area of the ocean along that path. The path
between the two coasts that corresponds to the minimum cross-sec-
tional area, Ay, will have the maximum (U),,,, Therefore, comparing
Egs. (14) and (18), a weighting function which will lead to minimiz-
ing the average barotropic velocity is @4y, = (Agiobal min /Anm)z, where
again )y, is nondimensionalized by the minimum A,, between all
coasts and between all coasts and open boundaries, Agpar min. NOte:
if d,, is the distance along the shortest path in the ocean, then simi-
lar arguments can be used to show @Y% = (dgiopal min /d,,m)2 is equiva-
lent to minimizing the transport. The effects of different choices for
the weights (@}, @i and wyy) are illustrated in Section 4.3.1. For
the case of velocity streamfunctions, y, Eq. (18) reduces to
() pmdam = Y, — Y, Hence for i, minimizing the maximum (i),
requires wlr#n = (dglobal min/dnm)z-

To efficiently find the minimum .A,,, among all paths between a

pair of islands, we employ the FMM (see Agarwal et al,, 2009@

Haley et al., 2014), which solves an Eikonal equation#or a mono
tonically expanding front:

IVT(xy)[F(xy) =1 (19)

where F(x,y) is the scalar speed and 7 (x,y) is the minimum time to
reach any point in the domain from a given starting point (xo,y,). To
obtain the minimum area, A,;, or the minimum distance, d,, we
set

ry) - [ i A
1 tofind dyn

and 7| = 0 along one island (C;). We then solve Eq. (19) for 7 (x,y)
using the FMM. With these choices for speed 7, the minimum time
to reach the second island, min (T\Cim>, is numerically equal to A;n,

or d,n. Since we are only interested in the value of the minimal

cross-sectional area and not its path, we do not need to perform a@

Lermusiaux et al., in press).
A

3.2.2. Weak bounds on velocity and transport constraints

We finally present one optional variation of our algorithm to
find the inter-island transports: the inclusion of additional weak
constraints on the barotropic velocity. Focusing on the example
of the flow between a pair of islands, assume that Eq. (15) is being
solved using the minimum area for the physically-based portion of
the weighting. Then, prior to solving Eq. (15), estimates exist for
both the target transport, A, ¥ (o), and the minimum cross-section-
al area, A,n, between the islands. Using Eq. (18), the corresponding

average barotropic velocity, (0)nm can also be computed. If an inde-
pendent upper bound, V;,, exists for the mean barotropic velocity
between the islands (e.g. from literature or a precautionary upper
bound), then we modify the definition of A, ¥ o, (Appendix D.3) to
be

g~ § Vin Amsign(Po (i) = Pio(s5i) - if (Dl > Vi
o o) (Sam) — Yo (Sian) otherwise
(20)

and use this in Eq. (15). Eq. (20) is similar to Eq. (17). Differences
here are that (i) we apply weak upper and lower bounds to the velo-
city but do not force a specific transport hence we do not increase
the weights and (ii) we obtain the transport based on the velocity
estimates. For the transport between islands and external coasts,
the same change applies, except that W) (si) is replaced by
Yee + Vi Anm sign(Ay W) (similarly for the transport between
islands and the exterior open boundary). The application of these
bounds is illustrated in Section 4.3.1. This can be adapted to also
provide lower bounds for the mean barotropic velocities or directly
bound the transports. Uncertainty information can also be incorpo-
rated into the weights.

4. Applications

In Section 4.1 we illustrate our core algorithm to optimize sub-
tidal velocities and transports in complex domains around the
Hawaiian islands of Kauai and Niihau. We then compare our core
algorithm to the result of an averaging method (Eq. 13) to obtain
the streamfunction values along the uncertain islands and to the
result of a spin-up IC. Subsequent simulations starting from the
three ICs show that our optimized IC does a significantly better
job at reproducing the historically observed circulation patterns.
In Section 4.2, we consider the Taiwan region and compare the
results of our optimized ICs, ICs using W.. from averaging and
two spin-up ICs. We also compare hindcast simulations initialized
from four different fields to independent in situ data off the coast of
Taiwan. The hindcasts from reduced physics ICs outperform those
from spin-up ICs, with the hindcast from our optimized ICs provid-
ing again the overall best fit to data. In the Philippine Archipelago,
Section 4.3, our optimization removes spurious velocities intro-
duced by the averaging method. In light of the many islands, in
Section 4.3.1 we explore the impacts of different choices of weights
(Section 3.2.1) and the application of velocity limits (Section 3.2.2).
In Section 4.3.2, we demonstrate imposing inter-island transports
in selected straits (Eq. 17) in conjunction with the optimization.
Finally in Section 4.3.3, we exemplify our optimization in nested
configurations. Note that in all these examples we compare meth-

ods for constructing i), i) and Hme. The final initial w estimate
is computed at a later step, Eq. (C.6).

4.1. Hawaiian islands region@
pe

We illustrate the steps of our optimization method in a
269%x218 km domain around the island of Kauai, which also
encompasses the island of Niihau and the western tip of Oahu

back-tracking step to find that path (e.g., Lolla et al., EO]Z, 2014
=

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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79 (Fig. D.2). This domain was employed for the Kauai-09 field exer-

79

794
795
796
797
798
799
800
801
802
803
804
805
806

=]

cise (July 28-August 8, 2009). We discretize the domain with
1 km horizontal resolution and 90 vertical levels in a terrain-fol-
lowing coordinate system. We objectively analyze a combination
of CTDs from GTSPP (July 1-24, 2009) with a corrected July
WOAO1 climatology to create July 25, 2009 ICs on flat levels. The
correction shifted the mean salinity profile in the upper 100 m to
be consistent with the 2009 profiles. A 7 day analysis SST from
the UK NCOF Operational SST and Sea Ice for July 25, 2009 is com-
bined with the mapped T in a 40 m mixed layer with a 7 m expo-
nential decay in the transition zone. i, is then constructed by a
combination of (i) velocities in geostrophic balance with the 3D
T/S fields using a 2000 m level of no-motion (LNM), (ii) velocity
anomalies derived from SSH anomaly estimates for July 25, 2009
obtained from the Colorado Center for Astrodynamics Research

100
80
60

40

20

160.5° W 160.00 W 159.5 W 159.0 W 158.5 W

(a) ’17(0) at bm

23.0°
2255
22,0

21.5"
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-
(c) U
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(e) Ug)
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(CCAR; Leben et al., 2002), and, (iii) feature models for the North
Hawaiian Ridge Current (north of Oahu) and the Hawaiian Lee
Current (south of Oahu) which add broad northwesterly currents
that become more westerly with increasing latitude. The surface
velocity anomalies, Atissy, derived from the SSH anomaly, A#ggy,
are constructed from geostrophy and hydrostatics using

k x fAiissy = —gV Alsqy (21)

where f is the Coriolis factor and g the acceleration due to gravity.
The Aiissy are extended in the vertical using a Gaussian profile with
a 250 m decay scale. After the superposition, the simple bathymetry,
constraints are applied, leading to i (Fig. D.2(a)). We fit i) to the

807
808
809
810
811

812
813

815

816
817
818

»

B19

level-by-level coastal constraints (Fig. D.2(b)), interpolate to the ter: 5

rain-following ~coordinates and construct HUg from th

23.0°
2255
22,0

215

160.5 W 160.0 W 159.5 W 159.0 W 158.5 W

(b) 1]:(1) at bm

23.0°
14
12
2255
10
. 8
22,0
6
21.5" &
2
160.5 W 160.0 W 159.5 W 159.0 W 158.5 W
-
(d) U (1)
23.0°
14
12
2255
10
. 8
22,0
6
21.5" &
2

160.5 W 160.0 W 159.5 W 159.0 W 158.5 W

(f) U from Averaged Wein with tides

Fig. D.2. Illustrating the steps in optimizing velocities and transports. (a) First guess velocity field on flat levels. (b) Applying level-by-level coastal/bathymetric constraints on
flat levels. (c) Resulting first guess transport (after interpolation to terrain-follow grid). (d) Applying coastal/bathymetric constraints to transport. (e) Superimposing tides.
This is the final IC estimate, result of our optimization. (f) IC obtained using averaging to impose no-normal flow, shown for comparison.

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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82@ interpolated ii(;) (Eq. 1, Fig. D.2(c)). Even though i, has been fit to tidal forcing added. These simulations were made using the

82 coasts, Uy, has not and it still has velocities into the coasts of Kauai ~ MSEAS PE model (Appendix A and HL10) and forced with atmo-

824  and Niihau. Thus, we next fit Uy, to the coastal constraints, using spheric fluxes from NOGAPS and the barotropic tl.des desc.r.lbed
above. To compare the transports between Kauai and Niihau,

8 our optimization (Eq. 1?, Fig. D.2(d)). We then rescale Uy, for the@ﬁg' D.3(a)=(f) show the 24 h time averages of I at the beginning
826 subtidal free surface (Up), not shown) and finally superimpose“=—pf the simulation and after an initial adjustment to the PE dynam-
827 barotropic tides, created using Logutov and Lermusiaux, 2008 with ics (4 days). Both the reduced physics IC using . from averaging
828 boundary forcing from OTIS (Egbert and Erofeeva, 2002), to obtain  apd the spin-up IC overestimate the transports between Kauai and
82 17(3) (Fig. D.2(e)). For comparison, we also present an initialization Niihau, even after the initial adjustment. Both also have an exces-
830 from geostrophy, without the level-by-level optimization, with sively strong transport inflow along the northern coast of Oahu
831 the subtidal barotropic velocity obtained using .. from averaging (21.5N,158 W). The flow across f/H contours is due in part to

8:@ via Eq. (13) and with barotropic tides superimposed (Fig. D.2(f)). the inability of the sparse TS data, coarse TS climatology and the
83 The averaging overestimates the transport between the islands. relatively coarse SSH to resolve topographic effects. This would
834 Fig. D.3 compares the initial evolution of three simulations: one Iso be an issue when downscaling from an insufficiently resolved

83 Q using the full optimization IC of Fig. D.2(e), the second using the 'model. A sufficiently resolved TS or downscaling from a sufficiently
83 Q averaging IC of Fig. D.2(f)) and the third a spin-up from zero with resolved model would resolve topography and remove spurious
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- -
(C> <U(3)avg>24hT IC (d) <U(3)zwg>24h7' at 4 dayS
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(e) <(7(3)spm—up>24hr IC (f) <[j(3)spin—up>24hr at 4 days

@ Fig. D.3. Comparing 24 h-averaged velocity, (ﬁ)z4h,. from 3 simulations (at initial time and after 4 days). (a), (b) Simulation from optimized ICs. (c), (d) Simulation from ICs

using averaged ‘¥ ... (e), (f) Simulation from spin-up ICs. Both averaged and spin-up ICs over-estimate transport between islands of Kauai and Niihau.
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cross isobath flow. The optimization process drives the velocities
towards the minimum transport ¥, between these islands that
is in accord with the initial guess. Since none of the initial TS,
SSH, nor feature models contained strong initial guess currents
between the islands, the optimized currents are diverted away
from the channel and around the topography, much more closely
following vorticity contours (f/H if that is the dominant term).
“Averaging” merely splits the transport evenly around each island,
which concentrates the flow between them. The initial spin-up
also blindly splits the transport around each island. In real-time
exercises, even the addition of data assimilation of the available
sparse data did not correct the initial transports (not shown).
Hence, the optimization (especially Eq. (15)) provides additional
information on the inter-island transports which enables it to pro-

Fig. D.4(a) shows the 50 m temperature from day 4 of the
mulation from optimized ICs. Differences in the 50 m tem-
perature between the run from averaged ¥ .. IC and our optimized
IC, and between the spin-up IC and the optimized IC, are shown in
Fig. D.4(c) and (d), respectively. The differences are significant,
O(1-1.5°C). Large patches of higher differences to the Northwest
of Kauai by day 4 start as smaller regions off the Northern tip of
Niihau and are advected to the north. These differences are directly
attributable to the difference in transports. The differences in tem-
perature between the 3 simulations continue to grow throughout
the 2 week simulation (Fig. D.4(b)), even though the transports
become more similar to each other (not shown). This indicates that
initial kinetic energy errors are transferred to potential energy
errors, as hinted in the problem statement.

(sjluce superior ICs to those from spin-up or “averaging”.
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The circulation pattern of the optimized solution is corroborat-
ed by data. Qiu et al. (1997) produced a spaghetti diagram of sur-
face drifter tracks around the Hawaiian islands for the period
1989-1996. Many more drifters passed south or north of Kauai/
Niihau than crossed between them. Chavanne et gl. (2007) pro-
duced a map of surface currents for 9 April 2003, using altimetry
and high frequency radar. A strong westward current is seen
south of Kauai/Niihau with only a small current between them.
Firing and Brainard (2004) examined 10 years of shipboard
ADCP from ]990-2000. Among their conclusions was that the
North Hawaiian Ridge Current flowed (westward) to the south
of Kauai/Niihau. The common element, namely the current being
primarily around Kauai/Niihau rather than between them, is
much more faithfully represented using the optimization ICs
rather than the averaging or spin-up ICs. Even a variational ini-
tialization could benefit by starting from the optimized ICs.
Finally, we stress again that during a numerical “model adjust-
ment” of too inaccurate (too large or too small) velocities, both
the density and velocity fields are modified. Even if the velocities
are corrected by such adjustments, the modeled fields still have
some memory of the erroneous initial velocity (the adjustment
is dynamical after all). Such errors can thus damage the field esti-
mation for some time, especially if the erroneous inter-island
velocities are well within the interior of the modeling domain,
in which case their dynamical effects could remain there for a sig-
nificant duration. In fact, it is likely that only data assimilation
could correct these effects. Of course, even if there is sufficient
data to correct these effects, assimilating into fields with smaller
errors reduces the potential for shock.

0.5
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225N
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(d) Tspin—up — Topt at 4 days, 50 m

Fig. D.4. Comparing temperature at 50 m from the same 3 simulations as on Fig. D.3. (a) Simulation from optimized ICs. (b) Time history of RMS differences between
simulations. (c) Simulation from ICs using averaged W.. (d) Simulation from spin-up ICs. The erroneous transports of the averaged and spin-up ICs (Fig. D.3) have led to

growing differences in the tracer fields throughout the 2 week simulations.

(2015), http://dx.doi.org/10.1016/j.0ocemod.2015.02.005
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4.2. Taiwan-Kuroshio region

We next consider a 1125x1035 km domain off the southeast
coast of China encompassing Taiwan and the Kuroshio. This
domain was employed for one of the Quantifying, Predicting and
Exploiting uncertainty experiments during Aug ]3-Sep 10, 2009
(Gawarkiewicz et al, 2011). We discretize the domain with
4.5 km horizontal resolution and 70 vertical levels in a terrain-

00 cmis

120 E 125 E 130 E

(a) 25 m ﬁopt 1C

00 cmis

125 E 130 E

120 E

(c) 25 m Uspin—up1 after 12.5d

80

following coordinate system (HL10). For the initialization, we
objectively analyze a summer climatology T/S data set created
from HydroBase 2 (Lozier et al., 1995) and World Ocean Atlas
2001 (WOA-01; Stephens et al., 2002; Boyer et al., 2002). We com-
pute ii(o) using the thermal wind ¢quations with a 1000 m LNM and
imposing the simple bathymetry constraints. We then construct
i1y, satisfying the level-by-level coastal constraints, interpolate
to terrain-following coordinates and construct the first-guess
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Fig. D.5. Subtidal velocity adjustment. (a) Initial velocity at 25 m, from geostrophy and optimization between islands. (b) Initial velocity at 25 m from geostrophy and
averaging of island BCs for barotropic mode only. Without level-by-level optimization, initial velocities enter coasts, e.g.: southern end of Taiwan, Luzon and neighboring
islands, and islands along Ilan ridge. (c) Spin-up from zero holding tracers constant. (d) Spin-up from zero but with nudging tracers at open boundaries to ICs. (e) KE per unit
volume for runs initialized from (a), (b) and spin up runs (c), (d). KE relatively uniform for ICs from geostrophy. Although KE stabilized in all runs, spin-up simulations still

have not developed a Kuroshio.
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sub-tidal transport HU o, from the interpolated i, (Eq. 1). We then ~ same i), does not apply the level-by-level optimization and con-

fit Uy to the coastal constraints, using our optimization (Eq. 15). tructs a nondivergent U using W, obtained by averaging (Eq.
We compare the 25 m velocity from the above initialization 13), Fig. D.5(b)). The other two ICs are spin-ups from zero velocity,
Fig. D.5(a)) to three other initializations. The first starts from the he first “freezing” tracers at the initial values (Fig. D.5(c)), the

120 E 125 E 130 120 E 125 E BE O 120 E 125 E 30 E

(a) 100 m g IC (b) 100 m Gy at 0.25 d (¢) 100 m g at 20 d

120 E 125 E 30 E 120 E 125 E BE O

(e) 100 m tgyy at 0.25 d (f) 100 m %gyq at 20 d

120 E 125 E 130

(d) 100 m gy, IC

120 E 125 E 130 E } i 130 E 0

(h) 100 m Uspin—up1 at 0.25 d (1) 100 m Uspin—up1 at 20 d

120 E 125 E

(g) 100 m ﬁspin—upl 1C

120 E 125 E

(J) 100 m ﬁspin—upQ IC (k) 100 m ﬁspin—up2 at 0.25 d (1) 100 m ﬁspin—upQ at 20 d

Fig. D.6. Comparing 100 m velocity fields from simulations (horizontally: at initial time, after 0.25 day and after 20 days) initialized from four different ICs. (a)-(c) Optimized
ICs. (d)—(f) Averaged W ICs. (g)-(i) Spin-up (frozen tracer) ICs. (j)—(I) Spin-up (nudged tracer) ICs. Results include: the two reduced physics, optimized and averaged, ICs
better maintain Kuroshio. Simulation from spin-up using nudged tracers is losing its Kuroshio.
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paring the 100 m temperature fields. Results include: adjustment differences between hindcasts with optimized and averaged ICs appear by

W)
0.25 day off northern cowan and advect into Kuroshio; much larger differences 1-2 °C between optimized and spin-up hindcasts. Errors continue to grow throughout

the 20 simulation days.

econd allowing the tracers to vary during the spin-up but nudged
o their ICs at the boundaries (Fig. D.5(d)). Both the optimized IC
and the IC using averaged P .. (Fig.b.S(a) and (b)) show a defined
Kuroshio current. The spin-up ICs after 12.5 daﬁs of adjustment do
not show nearly as well-defined Kuroshio currents, even though

=l

stabilized by then (Fig. D.5(e)). Also shown in
Fig. D.5(e) he KE from the unforced simulations from the
reduced ph ICs. The optimized and averaged W .. ICs show a
much more uniform KE history over the simulation, indicating that
the reduced physics ICs were near one attracting dynamic

their KEs

\Y

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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equilibria of the PE dynamics for that region and period. The spin-
up solutions have KEs with large oscillations for a long duration
before settling into different attracting regime (with larger KE).
The larger KE in spin-up solutions are reflected in over estimates
of currents and eddies away from the Kuroshio. That a nonlinear
PE model can have multiple (dynamic) equilibria should come as
no surprise, even relatively simple nonlinear systems can have
multiple equilibria (Dijkstra and Katsman, 1997; Simonnet et al.,
2009; Sapsis et al., 2013).

Forced hindcast simulations, starting from 5 Aug 2009, from
these ICs were made using the MSEAS PE model (Appendix A and
HL10) with atmospheric fluxes from NOGAPS and barotropic tides
created using Logutov and Lermusiaux (2008) with boundar C-
ing from OTIS (Egbert and Erofeeva, 2002). Fig. D.6 sho e
100 m velocities from these simulations. After 20 days, the simula-
tions from the reduced physics ICs (Fig. D.6(c) a@)) maintain
defined Kuroshio currents and develop a loop brant to the strait
of Luzon. The spin-up from frozen tracers develops a better defined
Kuroshio in thefztarior but not at the inflow and outflow bound-
aries of the doFig. D.6(i)). The Kuroshio in the spin-up from
nudged tracers [oses coher (Fig. D.6(1)). Fig. D.7 sr'a com-
parison of the 100 m tem ure between these hindcasts. The
100m T of the simulation from optimized ICs is shown in

%jgﬁg. D.7(a)-(c). Differences between 100 m T from the run using
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averaged W .. ICs with the 100 m T from the run using optimized
ICs a!Fig. D.7(d)~(f). Larger (0.25 °C) differences appear in ini-
tial aogustment (0.25 d, Fig. D.7(e)) the NE coast of Taiwan.
These differences advect off Taiwan iﬁead to differences in the
Kuroshio of 0.1-0.2 ° C. The simulati rom spin-up ICs showed
larger dlfferences 1°C for the spin-up from “frozen” tracers
(Fig. D.7(g)-(i)) and 1 2 °C for the spin-up in which tracers were
allowed to vary (Fig. D. 73G)-(1)). @e differences grew throughout
the 20 day simulation.

We compare the hindcasts to independent T data from sea glid-
ers (Gawarkiewicz et al., 2011) repositioned in the Kuroshio off the
coast of Tai(Fig. D.8(a) and (b)) during 19-22 August 2009,
2 weeks int¢ simulations. Temperature RMS errors (averaged
along the glider tracks, Fig. D.8(c)) QN that the hindcasts from
the optimized and averaged ¥ .. ave significantly smaller
errors than did the hindcasts from spin-up ICs. Along-track tem-
perature differences between the hindcasts from optimized ICs
and the glider data are sho@ Fig. P.S(d). Similar difference sec-
tions are shown for the ot ndcasts (Fig. P.S(e)—(g)). only
where these differences exceed the differences in the ized
run. The optimized ICs are better than all other simulations almost
everywhere.

4.3. Philippine Archipelago

For further evaluation of our methodology, we turn to the
Philippine Archipelago region during February 2-March 20, 2009,
as part of the Philippine Straits Dynamics Efperiment (PhilEx;
Gordon and Villanoy, 2011; Lermusiaux et al., 2011). We consider
a 1656 x 1503 km domain (Fig. D 9) is discretized with 9 km
horizontal resolution and 70 verfical I in a generalized coordi-
nate system. The resulting geometry is complex, with 30 interior
islands, 2 exterior coasts and numerous straits. A 2 Feb 2009 ini-
tialization is created using the February WOAO5 climatology
(Locarnini et al., 2006; Antonov et al., 2006) mapped with the
FMM-based OA (Agarwal and Lermusiaux, 2011). The i, is con-
structed using a combination of (i) velocities in geostrophic bal-
ance with a 1000 m LNM, (ii) velocity anomalies derived from
SSH anomaly (CCAR; Leben et al., 2002) using Eq. (21) vertically
extended with a 400 m Gaussian decay scale, (iii) feature model
velocities for the bottom currents through the Mindoro

(12N,120.75E) and Dipolog (9N, ]123E) Straits, and, (iv) at the open
boundaries, transports from the HYbrid Coordinate Ocean Model
(HYCOM; Bleck, 2002; Hurlburt et al., 2011). When using feature
models for straits, care is needed to ensure the transports enter
and exit through 0D, rather than close in the interior of D. Based
on literature estimates the flow originated a mid-level jet in the
South China Sea (SCS; 15N,120E) and broadly exited the domain
in the Mindanao current in the Pacific (7N,123E). To model this
we added a feature model jet in the SCS and a boundary outflow
velocity in the Pacific:

Urv = UMindoro + uDipolog + Uscs + ubaundary outflow

and use Eq. (5) to smoothly join the pieces. The HYCOM transports
are divided by bathymetry of our modeling domain to produce
barotropic velocities, which are then added to the velocities from
(1)-(iii) at the open boundaries of the modeling domain. This proce-
dure puts the HYCOM transports directly into ¥ (Eq. (10)) and
uses the optimizing Eq. (5) to extend these boundary transports into
the interior, consistent with our bathymetry and coastlines.
Applying the simple bathymetry constraints leads to iq,.
Following with the level-by-level coastal constraints results in
ii1), which is interpolated to generalized coordinates and used to
construct Hf]«n (Eq. (1))

We start by comparing in Fig. (D.9) lds ¥ and Um esti-
mated using island values, W, obtai by our optimization
(Eq. (15)) to those estimated using ‘P obtained by averaging of

o) along the islandjj. (13)). In the broad strokes, the solution

obtained from avers (Fig. D.9(b) and (d rees with that
obtained from the o ization (Fig. D.9(a) a )). This can be
attributed to the constraints imposed by th&é—sstl and HYCOM
transports on the overall solution and by bathymetry constraints
on the currents (e.g. the Northern Equatorial Current, NEC, which
has already split into northern and southern branches by the time
it enters the eastern boundary of our domain, remains east of the
archipelago, fallowing the Philippines escarpment). However, look-
ing at differe Q (Fig. D.9(b) and &d)), we see significant updates in
how currentsTmculate the Archipelago in the two solutions. The
solution obtained from averaged W .. suffers from over estimates
of the sub-tidal transports in many of the straits (near the northern
end of the island of Palawan (12N 120E); in the Balabac Strait
(7N, 117E), Surigao Strait (105 N,126E), Sibutu Strait (5N,120E)
and Zamboanga Strait (SN 122E) and between the islands of
Panay and Negros (lZN 123E)) peak barotropic velocities reach
110 cm/s. The solution obtained using optimized ¥ .. reduces the
peak barotropic velocity to 48 cm/s (around Borneo (5N,119E),
eastern Sulu Archipelago (GN 122E) and northern end ofAPalawan)

4.3.1. Optimization weights and velocity limits
We now consider the effects of different choices for the weights
(why, wae and w'p) in the island optimization as well as the effects

nm*
of including velocity limits. In Fig. B.Q(C), resented Um com-
puted using W .. obtained by our optimiza with weights equal
to the reciprocal of the square of the minimum cross-sectional area
between the islands obtained via FMM, i.e. @ = (Agiobar min /A,.m)z,

similarly for @“ and @, To this, we compare the U, computed

using .. obtained by our optimization but weighted by the
squared-reciprocal of the minimum Euclidean distance (dZ,,)
between the islands, i.e. WY = (dggiobal min /dnm)z, similarly for w!f
and @}y and weighted by the squared reciprocal of the minimum
in-water distance computed by FMM, i.e. @"% = (dgiobal min /dnm)z,
similarly for w} and wp. Both distance weightings produce very
similar currents to each other and increase the peak barotropic
velocity to 58 cm/s. This strong similarity between the two

(2015), http://dx.doi.org/10.1016/j.0ocemod.2015.02.005
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Fig. D.8. Comparing temperature from the 4 hindcasts shown on Fig. D.6 and D.7 tendent in situ data from 3 Sea Gliders at 2 weeks into the simulations. (a) and (b)

Glider positions and data. (c) Along-track RMS errors for 4 hindcasts. (d)-(g) Along

emperature differences for 4 hindcasts. For last 3 hindcasts, differences are shown

only where they are larger than the differences of the hindcast from our optimized ICs. This hindcast shows best match to data, on average and almost everywhere.

distance-weighted solutions is because the two distance measures
are the same for neighboring islands (with the largest weights)
while they generally differ most for the widest separated islands
(with the least weight). To see the updates between these two dis-
tance-weighted solutions apdthe area weighted solution, we con-
sider the two difference ﬁ“(Fig. D.10(a) and (b)). The largest
updates are in the Sibutt rait, Balabac Strait, Visayan sea
(11N,123E) and Surigao Strait.

WEe illustrate the velocity limiting option by limiting the target
transports between islands and coasts with a maximum average
barotropic velocity of 5 cm/s. “The resulting solution slightly
reduced the peak barotropic velocity to 44 cm/s. The differences

between the solutions with and without velocity limiting

Q Fig. D.10(c)) show that the largest differences are in the Sibutu

Strait,* Balabac Strait, northern Sibuyan sea (jBN,]ZZE), Surigao
Strait and eastern Sulu Archipelago.

4.3.2. Imposing inter-island transports

We now utilize and illustrate our optimization method
(Table 2) but turning on the option of imposing externally obtained
transports between pairs of islands, Eq. (17). Specifically, Gordon et
al. (2011) estimate mean westward transports through the Dipolog
(9N,123E)Land Surigao (10.5N,126E) Straits of 0.5 Sv and 0.3 Sv,
respéctively, using moorings (1‘"5 months deployment, Jan %008—

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005

Please cite this article in press as: Haley Jr., P.J., et al. Optimizing velocities and transports for complex coastal regions and archipelagos. Ocean Modell.

1082
1083
1084
1085

1086
1087
1088
1089
1090
1091
1092


http://dx.doi.org/10.1016/j.ocemod.2015.02.005
Original text:
Inserted Text
Figs. 10(a) and 10

Original text:
Inserted Text
(11N,123E) 

Original text:
Inserted Text
10

Original text:
Inserted Text
(13N,122E), 

Original text:
Inserted Text
al., 2011

Original text:
Inserted Text
(9N,123E) 

Original text:
Inserted Text
(10.5N,126E) 

Original text:
Inserted Text
2008 - Mar 

Original text:
Inserted Text
between islands and

Pat
Highlight

Pat
Highlight

Pat
Sticky Note
"Fig. 6 and 7"   (no D.'s)

Pat
Highlight

Pat
Sticky Note
"Fig. 8"   (no D.)

Pat
Highlight

Pat
Sticky Note
"Fig. 10(a)"   (no D.)

Pat
Highlight

Pat
Sticky Note
"Fig. 10(c)"   (no D.)


1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109

=l

OCEMOD 958 No. of Pages 29, Model 5G
11 March 2015

18 P,J. Haley Jr. et al./ Ocean Modelling xxx (2015) XXx—xXx

Mar 2009) and ADCP from several cruises (Jun 2007, Jan 2008 and we ran our optimization with a wide range of weights, shown in
Mar 2009). For the much smaller subset period 2 Feb-25 Mar 2009, Table 3. From this we see that these specific transports can be

Lermusiaux et al., 2011 estimate a mean 0.77 Sv westward trans- imposed if the weights are large enough (increase the FMM
port through Dipolog with a 1.4 Sv standard deviation (Fig. D.7e) weights by a factor 100 for Surigao and by a factor of 1000-
During 2-8 Feb 2009, they find that the mean transport throug 10000 for Dipolog). To answer the second question, the barotropic
Dipolog is reversed (mean eastward transport of 0.7 Sv and an ini- velocitie ulting from the imposed transports are shown in
tial eastward transport of 1.1 Sv) in response to the northeast mon- Fig. D.1 1 he PhilEx domain previously shown and two nested
soon (May et al., 2011). Hence we choose here as an extreme test to sub-dom with 3 km resolution. The first is a 552 x 519 km

impose the Gordon et al. (2011) 15-month-average transports in domain covering the Mindoro Strait and the Sibuyan and Visayan
an updated Feb 2 initialization. Of course, these 15-month averages seas. The second is a §95 x 303 km domain covering the Bohol
are not expected to be accurate for the single-day 2 Feb 2009 trans- Sea (9N, 125E). The number and distribution of generalized vertical
ports, we merely use them as a test of our method: the average and levels in both sub-domains is identical to the 9 km domain,
single-day transport estimates are within the variability and so are although the bathymetry is refined. Even though the transports
representative of the kinds of changes the method should be able are reversed through Dipolog and Surigao, the barotropic velocities
to handle. The questions we wish to answer are: (a) can the elsewhere remain sensible (peak values remain less than 50 cm/s
method impose these values? and (b) if so, are the transports in all domains), confirming that such reversal could occur in the
through the remaining straits still sensible? For the first question, real ocean. Looking at the differences between the solution with

0 o
20 N

0.6

0.4
15

0.2

0
10 N

-0.2
o -0.4
5N

115 E 120 E 1250E 130 E 115 E 120 E 125 E 130 E

(a) ¥ (Sv) from Optimized ¥giu (b) ¥ Difference (Sv) (Averaged - Optimized)

115 E 120 E 125 E 130 E 1175 E 1200 E 1225 E 125.0 E

(c) Tj(l) (cm/s) from Optimized Wi (d) [7(1) Difference (cm/s) (Averaged - Optimized)

Fig. D.9. Philippines Archipelago. Comparison of initializatiogs computed using W .. obtained via our optimization methodology (Eq. (15)) to those obtained via an averaging
method (Eq. (13)). (a) and (b) maps of ¥. (c) and (d) maps of U(;, magnitudes overlaid with vectors. (Note (d) is a zoom of the regions with the largest differences.) Optimizing
island values removes excessive transports in various straits.
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and without imposed transports (Fig. D.11(b)), e the changes
are as expected. The flows are reversed in tme two straits as

imposed. The imposition of a larger transport through Dipolog than
Surigao draws additional transport through the San Bernadino
strait (12N,124E) and the Visayan Sea. The added transport
through Dipolog into the Sulu Sea (7.5N,120E) exits through the
Sulu Archipelago. Elsewhere the changes are negligible.

4.3.3. Nesting strategies

We now exemplify our optimized initialization for use in nested
multi-resolution simulations (HL10). To ensure consistency
between a coarse and fine solution, we obtain the BCs at the outer
boundary of the fine domain by interpolation from the coarse
domain solution (i.e. we by-pass Eq. (10) the “Construct Exterior

1225 E 125.0 E

(a) [7(1) difference
Buclidean (dg giopal min/dEnm)? - FMM (.Aglobal mind Anm)?

120.0 E
(c) 17(1) difference
@ FMM (‘Aglobal min

Table 3

Testing weights for imposing inter-island transports. Our island optimization scheme
is employed with the imposition of inter-island transports, Eq. (17). Here, we impose
westward transports of 0.5 Sv through the Dipolog Strait and 0.3 Sv through the
Surigao Strait. The resulting transports from calculations using different weights are
compared to the default values, @Y = (Agobal min /A,.m)z. For Dipolog
@ =2.19 x 102 while for Surigao @" = 2.29 x 1072

Weights for imposing inter-island transports Westward transports

(Sv)

Dipolog Surigao
- -1.1 -0.63
wn —-0.60 -0.20
10 @, -0.18 0.26
100 @iy, 0.34 0.30
1000 @iy, 0.48 0.30
10000 @iy, 0.50 0.30

1175 E 1225 E 125.0 E

(b) [j(l) difference
FMM (dglobal mzn/dnm)2 - FMM (‘Aglobal mzn/Anm)2

125.0 E

1225 E

JA,.)? (velocity limit - no limit)

Fig. D.10. Differences between 17(1, constructed using three weighting schemes in the Philippines and the reference result using our FMM @4 = (Agiopal min/Anm)? (shown on
D.9(c)); maps of magnitudes overlaid with vectors, restricted to the region of the largest differences. Our FMM area weightings reduces spurious large velocities in various
straits. Adding velocity limiting further reduces the velocities in especially problematic straits.

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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5 N

115 E 120 E 125 E 130 E 1175 E 120.0 E 1225 E 125.0 E

(a) 17(1) (cm/s) in 9 km domain for the Philippine Archipelago (b) (7(1) (cm/s) difference (imposed - not imposed). Only show-
ing region of large differences

120 E 122 E 124 E 122 E 124 E 126 E 128 E

(c) ﬁ(l) (cm/s) in 3 km domain for Mindoro Strait (d) ﬁ(l) (cm/s) in 3 km domain for Bohol Sea

Fig. D.11. 17(1) after imposing transports of 0.5 Sv through Dipolog Strait (9 N,123E) and 0.3 Sv through Surigao Strait (10.5 N,126E), maps of l?lu ) magnitudes overlaid with
l_](,) vectors. Using the maximum weights of Table 3, the desired transports are imposed, resulting in the reversal of the transports through these straits. The imposition of a
larger transport through Dipolog than Surigao draws additional transport through the San Bernadino strait and the Visayan Sea. The added transport through Dipolog into the
Sulu Sea exits through the Sulu Archipelago. Elsewhere the changes are negligible.

BCs” step of Table 2 and instead interpolate the coarse-domain ¥ retain the transport streamfunction values along the islands that
to obtain the fine domain W, values). Here we explore how much are also resolved in the larger domain (e.g. Mindoro 13N,121E;

of the additional information from the coarse domain (i.e. inter-is- Panay 11N,123E). This occurs in two steps (i) these values of Y
land transports) should be included in the fine domain solution. are included in the “certain coast solution” (Eq. (12) and Table 2)

We consider the 3 km Mindoro Strait domain nested within our and (ii) these islands are included in the set of coastlines with
larger 9 km domain. In Fig. D.12, v om in on the southeast por- known streamfunction values. The intent is to ensure a greater
tion of our nested sub-domain, mpassing the Sibuyan sea. consistency between the initial coarse and fine domain fields.

Fig. D.12(a) shows the Uy, in the 9 km domain obtained with our ~ The difference between_this strategy and the final strategy is
optimization scheme (Table 2) including the velocity limiting shown in Fig. EJZ(d)- @nmtended consequence of retaining

option with an imposed maximum 80cm/s target average the 9 km island values 15 an increase in Um in certain channels
barotropic velocity. Fig. D.12(b) ~, the final Uy, in the 3 km due to the increased coastal and bathymetry resolution of the fine
domain. We compare this final rt¥ar with a couple of different domain. In particular, the peak U(l) in the Verde Island passage

strategies. The first was to not only use the 9 km solution for between Mindoro and Luzon 93.5N,121E) increases from 17 cm/
BCs, Wy, at the outer boundary of the 3 km domain, but to also s in the coarse domain to 50 cm/s in the fine.

Please cite this article in press as: Haley Jr., P.J,, et al. Optimizing velocities and transports for complex coastal regions and archipelagos. Ocean Modell.
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= 2 B o
E 121 E 122 E 123 E 124 E

(C) U(l)fine, retain coarse U(l)fine (cm/s)

—

(d) U(l)fine, no limits — U(l)fine (Cm/S)

Fig. D.12. Testing different strategies for initializing nested sub-domains in the Philippines. Shown are maps the magnitudes of Um (cm/s) overlaid with me vectors. (a) U(l)
in coarse (9 km) domain. (b) Uy, in fine (3 km) domain, in which all island values are recomputed in fine domain using velocity limits (Section 3.2.2). (d) Difference between

Um in fine (3 km) domain retaining island values from coarse domain (for inter-domain consistency) and U(])ﬁne. Uq) in Verde Island passage (13.5N,121E) increases from
17 cm/s to 50 cm/s due to reduced cross-section area from refined coasts and bathymetry. (d) Difference between U, in fine (3 km) domain without imposing velocity limits
and Ufie. U1y reduces in Verde Island passage from 50 to 30 cm/s but increases U(;) to 30 cm/s at southern tip of Mindoro (12 N,121.25E).

To reduce these velocities, we allow our optimization algorithm
to work on all the islands in the fine domain: the streamfunction
values on all islands are then assumed uncertain. The OBCs are still
obtained by interpolation from the 9 km domain. Fig. P.lZ(d
shows the difference between this strategy and the final one!
Optimizing these island values for the fine domain reduces the peak
barotropic velocity in the Verde Island passage to 30 cm/s, but
increases it to 30cm/s at the southern tip of Mindoro
(12.25N,121E). When we add velocity limits to the optimization (-
keeping ‘the interpolated OBCs, our final strategy), we obtain the
results shown on Fig. P.lZ(b): eak barotropic velocities are
brought down to 20 cm/s in thé~~rde Island passage and 10 cm/s
at the southern tip of Mindoro. This shows that for nested initializa-
tion, our weak-constraint optimization algorithm should be used
for all islands, adding local weak velocity bounds as needed. The
results are then well adjusted fine domain fields that still match
the coarse domain solution at the boundaries of the fine domain.

5. Summary and conclusions
A

In this manuscript, we derived and applied a methodology for
the efficient semi-analytical initialization of 3D velocity and
transport fields in coastal regions with multiscale dynamics
and complex multiply-connected geometries, including islands
and archipelagos. These fields are consistent with the synoptic
observations available, geometry, free-surface PE dynamics and
any other relevant information to evolve without spurious initial

transients. They can be directly used for model initialization or
as an improved initial guess for a variational scheme.

Our weighted least squares optimization starts from first-guess
sub-tidal velocity fields that satisfy simple bathymetric con-
straints. To obtain the exact solutions for the first correction velo-
cities which best fit these first-guesses while satisfying no-normal
flow into complex coastlines and bathymetry, we derive successive
level-by-level (layer-by-layer) Euler—Lagrange equations for the
interior, boundary and island streamfunction variables. These
new equations are: (i) a Poisson equation for a streamfunction rep-
resentation of the velocity; (ii) a 1D Poisson equation along the
external boundary for the Dirichlet OBCs which best fit the first-
guess flow through the open boundaries; and (iii) robust algebraic
equations for selecting constant values for the streamfunction
along the uncertain islands, best-fitting the first-guess values using
weights that are functions of minimum ocean distances or cross
sectional areas, both computed by FMM. A second correction is
derived for cases where the full 3D dynamics is critical, employing
a Eredictor—corrector algorithm to fit the no-normal flow con-
straints in 3D. The first guess sub-tidal transport is computed from
either the first or second guess velocities as appropriate. A first cor-
rection transport is then computed using steps (i)-(iii) derived for
transport. Additional information on the tranﬁ)ort and velocity
fields is also incorporated as weak or strong constraints, including
for example specific net transports between coasts or weak upper
and lower bounds on the barotropic velocity in specific straits.

We applied our methodology in three regions: (i) around the
Hawaiian islands of Kauai/Niihau (ii) the Taiwan/Kuroshio region,

(2015), http://dx.doi.org/10.1016/j.0cemod.2015.02.005
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and (iii) in the Philippines Archipelago. In the Hawaiian study, four
day simulations from 3 initializations were compared: (i) starting
from our optimized ICs (ii) from ICs using averaged ¥ .. and (iii)
from spin-up ICs. If our optimization is not used, both the ICs
and the initial adjustment simulations from the ICs over estimate
the transport between the islands. Our optimization produced a
current which was primarily around Kauai/Niihau rather than
between them, in accord with historical observations. The erro-
neous transports led to large Q(1-1.5°C) differences in tem-
perature. These temperature differences grew as the simulations
progressed (i.e. initial velocity errors were transferred to tracer
errors). In the Taiwan-Kuroshio region, we compared four initial-
izations and their subsequent evolutions, starting from (i) our opti-
mized ICs, (ii) ICs using averaged V., (iii) spin-up with fixed TS
and (iv) spin-up allowing TS to vary but nudged to ICs at the open
boundaries. Neither of the spin-up ICs led to as well-developed
Kuroshio currents as (i) or (ii) did, even after the spin-up KEs grew
and stabilized around an erroneous “attractor regime”. However,
the KEs from the unforced runs of (i) and (ii) showed a KE history
quasi-steady at the optimized value. The forced 20-day hindcasts
confirmed the advantages of initializing from our optimized velo-
cities, including better representations of the Kuroshio. The quan-
titative evaluation of these hindcasts by comparison with
independent in situ data after 2 weeks of simulation showed by
far the largest errors in the hindcasts from spin-up while our opti-
mized ICs produced the best match.

The third region was the multiply-connected Philippines
Archipelago. The solution obtained from the averaging method suf-
fered from over estimates of the transports in many of the straits
while our optimized solution produced realistic peak sub-tidal
barotropic velocities. We also evaluated the effects of different
weighting functions and showed that using weights based on the
minimum cross-sectional areas among islands (computed by
FMM) was the most adequate. We tested the effects of including
weak upper bounds on velocities and found that optimized results
were in accord with the bounds chosen. We also showed that our
option of weakly imposing externally obtained transports between
pairs of islands could reverse the initial flows through the Dipolog
and Surigao Straits if the corresponding weights were strong
enough. This example was used to show that transports through
these straits could also reverse in reality since their reversals
retained sensible velocities and expected currents elsewhere.
Finally, we studied our optimized nested initialization schemes
to use in multi-resolution simulations. Since the multi-resolution
domains have different bathymetries, coastlines, islands, flow fea-
tures and dynamics, we found that the best approach was to let our
optimization algorithm work on all islands and flows between
islands, only imposing the cross-scale information as strong con-
straints on the boundary and applying weak bounds on the average
barotropic velocity where needed. The result is then well adjusted
multi-resolution initial velocity fields, consistent at all scales with-
in and across the nested domains.

We have found that our optimization, particularly the weak
constraint towards the minimum inter-island transport that is in
accord with the first-guess velocities (Eq. (15)), provides important
velocity corrections in complex archipelaﬁos. This was found to be
critical where the available data did not resolve the bathymet-
ric/coastal effects. The velocity corrections from our methodology
optimized the kinetic energy locally, eliminating unrealistic hot-
spots, while respecting continuity constraints and the boundary
conditions for multiple islands and tortuous coastlines. When opti-
mizing transports, weighting functions that lead to the minimiza-
tion of barotropic velocity differences are found to be more robust
and to better control velocities than those that lead to the
minimization of transport differences. In all of the examples

shown, it is key to realize that in complex domains without our
optimization, the initial fields were too erroneous and unbalanced.
We confirmed that such errors can damage predictions for future
times.

For the future, there are many opportunities for refinement and
application of our methodology. For the refinements, even though
our approach is independent of the discretization employed, other
discretizations (Deleersnijder et al., 2010; Ueckermann and
Lermusiaux, 2010; Lermusiaux et al., 2013) may have specific chal-
lenges. Different weighting and cost functions can be researched,
for example specific functions for non-hydrostatic flow initializa-
tion. Considering applications to other regions and dynamics, a
promising example is the downscaling of climate predictions to
initialize simulations in complex coastal regions, including sea-
level change implications. Real-time optimized initialization for
rapid responses operations to specific events or for other societal
applications are useful directions. Finally, ocean ecosystem initial-
ization (Besiktepe et al., 2003) as well as other multi-model and
multi-dynamics applications should be further investigated.
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Appendix A. Ocean Elodeling primitive equations and the
MSEAS Lnodeling system

free—surface primitive equations (PEs). The equations are derived
from the Navier-Stokes equations and first law of thermodynamics
and conservation of salt, under the Boussinesq, thin-layer and
hydrostatic approximations (e.g. Cushman-Roisin and Beckers,
2010). They consist of,

Cons. Mass V-ﬁ+%—‘;v:0, (A.1)
. bi . - 1 =
Cons. Horiz. Mom. —+fkxti=—-—Vp+F, (A.2)
Dt Po
ap
Cons. Vert. Mom. 9= P8 (A3)
DT
Cons. Heat D= F, (A4)
Cons. Salt D= F, (A.5)
Eq. of State p=p(z,T,S), (A.6)
n
Free Surface % +V. (/ ﬁdz> =0 (A7)
-H

where: (ii,w) are horizontal and vertical components of velocity;
(x,y,2) spatial positions; t time; T temperature; S salinity; 2 three-
dimensional material derivative; p pressure; f Coriolis parameter; p
density, p, (constant) density from a reference state; g acceleration
due to gravity; # surface elevation, H = H(x,y) local water depth in
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the undisturbed ocean; and, k unit direction vector in the vertical
direction. The gradient operators, V, in Egs. (A.1) and (A.2) are
two dimensional (horizontal) operators. The turbulent sub-grid-

scale processes are represented by F, F' and F.

MSEAS modeling system. The above equations are numerically
integrated using the finite-volume structured ocean model
(HL10) of the multidisciplinary simulation, estimation and
assimilation system ASgroup, 2010). MSEAS is used to study
and quantify tidal-t oscale processes over regional domains
with complex geometries and varied interactions. Modeling capa-
bilities include implicit two-way nesting for multiscale hydrostatic
PE dynamics with a nonlinear free-surface (HL10) and a high-order
finite element code on unstructured grids for non-hydrostatic
processes also with a nonlinear free-surface (Ueckermann and
Lermusiaux, 2010, submitted for publication).;=er MSEAS sub-
systems include: initialization schemes, nesta—assimilative
tidal prediction and inversion (Logutov and Lermusiaux, 2008);
fast-marching coastal objective analysis (Agarwal and
Lermusiaux, 2011); stochastic subgrid-scale models (e.g.,
Lermusiaux, 2006; Phadnis, 2013); generalized adaptable biogeo-
chemical modeling system: Lagrangian Coherent Structures; non-
Gaussian data assimilanra‘nd adaptive sampling (Sondergaard
and Lermusiaux, 2013,;cermusiaux, 2007); dynamically-orthogo-
nal equations for uncertainty predictions (Sapsis and Lermusiaux,
2009, 2012; Ueckermann et al,, 2013); and machine learning of
model formulations. The MSEAS software is used for basic and fun-
damental research and for realistic simulations and predictions in
varied regions of the world’s ocean (Leslie et al., 2008; Onken et al.,
2008; Haley et al., 2009; Gangopadhyay et al., 2011; Ramp et al.,
2011; Colin et al., 2013), including monitoring (Lermusiaux et al.,
2007), naval exercises including real-time acoustic-ocean predic-
tions (Xu et al., 2008) and environmental management (Cossarini
et al., 2009).

Appendix B. Retaining vertical velocity for 3D effects and more
complicated bathymetry constraints

In this appendix, we deal with cases in which desired velocity
properties are fully 3D, including both horizontal and vertical com-
ponents (e.g. velocities from a dynamical simulation with its own
3D balance, feature models for flows over sills, geostrophic-
Ekman balance with bottom interaction) and are of sufficient
resolution to contain meaningful estimates of w(,. For hydrostatic
PEs, this vertical velocity comes in through the 2D divergence of
the horizontal velocity. However, in Section 3 the algorithms
obtained for fitting the 3D velocities and horizontal transports to
the geometry enforce a layer-by-layer 2D non-divergence in the
chosen vertical discretization. (For non-hydrostatic PEs, one still
desires ICs which satisfy continuity.) Hence we now derive a pre-
dictor/corrector method to recover the non-zero 2D divergence of
the horizontal velocities when that divergence contains a suffi-
ciently meaningful estimate of w(,. The predictor is the first cor-
rection velocity estimate, i), that satisfies the 2D level-by-level
constraints. The corrector is a velocity correction, Aii, to recover
the nonzero 2D divergences. Aii best fits the difference i) — il
under the no-normal flow constraint in 3D (thereby recovering
W) via vertical integration of continuitygquation iA.Z)). The result
is the second correction velocity, i) = i1y + Ati which recovers

aw()
0z

the first guess vertical velocity, V-iip ~
constraints.

Let ii;) be the second correction velocity which best fits the
first-guess velocity, i), while satisfying no-normal flow and
retaining the non-zero 2D divergence. By the Helmholtz decompo-
sition, i) can be written as

, subject to

i) = (l% x vlp) +V¢ (B.1)
where i is a level-by-level streamfunction and ¢ is a level-by-level
velocity potential. iy, best fits i, while satisfying no-normal flow
and

1) = ]A( X Vlﬁ
We choose ii(;, as the predictor for ;) and define the corrector,
Ail, as
=V¢ (B.2)

Then, defining

Allo) = to) — ti) (B:3)

the weighted least squares cost function, J,, to recover the diver-
gence is

= 1 — L2
Jain(AU) = j//Dcod,HAu - Au(o)H da

~ 1 . o2
= Jank®) =5 [[ 04|73~ io)aa (B.4)
JJ D
where Al is any test velocity corrector, ¢ the corresponding test
velocity potential, @, a positive definite weighting function and
da an area element. To find the ¢ that minimizes J;,, variational cal-
culus is employed:

Jan(6+08) =) +5 [[ w19 @o)Pda- [[ d99
[, (V¢ - Atig))] da

+ % Wydp(V — Allg)) - Nds (B.5)
J oD
The potential ¢ will minimize J;, provided the second and third
integrals in Eq. (B.5) are zero. Applying the fundamental theorem
of variational calculus, these integrals will be identically zero for
¢ satisfying

V. ((U¢V¢) =V- (Q)¢Aﬂ(0)) (BG)

V- Alyp = Al - 1, (B.7)
To enforce no flow through coasts, Aiip) is defined as

Atignp) - 11 coasts = 0 (B.8)

Aﬁ(ov"p) : t}caasts = Aﬁ(o) : t}coasts

Alignp) = Allg) elsewhere

where £ is the unit tangent. Replacing Atig, with Aty in (B.7)
results in

V- m()D = Aﬁ(o-ﬂp) : ﬁ|im (B:9)

As a check on the consistency of using (B.9) with (B.6), Eq. (B.6)
is integrated over the domain, followed by an application of the
divergence theorem, and a substitution from (B.9). The result is
the solvability condition

Cl)d,Aﬁ(o_np) -fds = 0)¢Aﬁ<o) -nds
J oD D

(B.10)

Along the open boundaries, Atig = Aiignp while along the
coasts Atip) - 11 is zero. Therefore, Eq. (B.10) reduces to

a)d,Aﬁ(o) -fids =0
J coasts

(B.11)
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In general Eq. (B.11) is not satisfied. Therefore a “no net normal
flow” target velocity correction, Atigmp is sought which best fits
Aligy while satisfying (B.11). The least squares cost function J,,,,
to fit Aa(O,nnp) is

.lnnp (AQ(OJWP); /“) = /

coasts

@4 (Ao np) - It —

+ },/ Wy Al(o np) - NS (B.12)
coasts

where / is a Lagrange multiplier. To minimize Eq. (B.12) we take

derivatives of J,,, with respect to Atij ) and 4 and set them equal

to zero:

ajnnp = ~ - ~
— = Wy (AU nnp) - N — Allgy - ) + Wy =0
8Au(0,nnp) 45( (0.nnp) ©0) ) )
0, - N
Junp = @At nnp) - Nds =0 (B.13)
oA coasts
Solving the resulting system yields:
- A — ~ f G)¢Aﬁ(0) -fids
Au(O,nnp) . n‘ = - n| _ Jeoasts (B14)
coasts coasts fc oasts w o dS
AU(O nnp) * t|coasts = AU(O) ' t|coasts

Altio nnpy = Alig) elsewhere.

Substituting (B.14) in (B.6), results in the well-posed modified
system

V- (0sV) =V - (0 A0 np) )
V- filyy = Aliop) - 1],

(B.15)

The level-by-level solutions to (B.15) are substituted into (B.2),
and solved for ii;;), which preserves no-normal flow in the final
velocities:

) =tm + Ve (B.16)

Appendix C. Free surface and tidal initialization

This appendix summarizes our scheme to create ICs consistent
with the free surface and tides in complex domains. Some of this
material is in Appendlces 2.2 and 2.3 of HL10. Here we expand
on details needed for the present work and apply the notation of
this manuscript.

C.1. Sub-tidal free surface

Once velocities and transport are constrained for the model
geometry, we need a sub-tidal free surface in dynamic balance
with them. When initializing from another model output, the free
surface should be directly available. When initializing from
reduced dynamics, a consistent free surface needs to be construct-
ed. Summarizing Appendlx 2.2 of HL10, the reduced dynamical
equation, with the free surface contribution made explicit, is inte-
grated in the vertical (HL10 Eq 67) and the divergence operator is
applied to obtain a Poisson equatlon for 174, (HL10 Eq 68). Dirichlet
OBCs are obtained by a tangential integral of the vertically inte-
grated equation along the open boundaries. Along the coastlines,
no-normal flow is enforced by applying zero Neumann conditions.
The resulting system of equations is solved for #75). To maintain the
transport, the barotropic velocity is rescaled from

. H -

Up “Hing Un (1)

If tides are not in initial ﬁelds
(C.4)-(C.6) but with 1,4,
normal flow).

ii', i and w are constructed using Egs.
2 replacing 17, , Uy, (i still respects no-

C.2. Tides and other external forcing

The final step of the initialization is to obtain the tidal free sur-
face and velocity, and add both to the sub-tidal fields computed
above. Regional barotropic tidal fields are readily available (e.g.,
Egbert and Erofeeva, 2002, 2013) and if higher spatial resolutions
are needed, finer inversions can be used (e.g., Logutov, 2008;
Logutov and Lermusiaux, 2008). The barotropic tides, #,4 and

U.ice, are best-fit to a set of tidal fields under the constraints of sat-
isfying the exact discrete divergence relation of the model geome-
try and no-normal flow into coasts. The tidal elevations and
transports are superimposed with the sub tidal counterparts con-
structed in Section C.1

Ny = Moy + Mige (C2)
_ Heg %nm Usee linear tidal model

3y =g U » o (C3)
6= H—%ﬂ %&%f[hmg nonlinear tidal model

Finally these elevations and transports are combined with the cho-
sen vertical shear and continuity to obtain the initial velocities:

li) — ”+]’hw ";} 5 dz if 3D constraints (see Appendix B)

U= (C4)

ﬁ(l) - H+]'7m yt 1) dz otherwise
i=1u+Ugs (C.5)
z
W= — Vﬁdé’— (ﬁ'VHHZZ*H (CG)

With these choices for i and w, the initial velocities will also
satisfy

—

_ antide W‘z:—H _ —(ll .VH

ot (V)
87’t1de+v / leZ—

which represent the kinematic BCs at the top and bottom and the
vertically integrated conservation of mass, all under the previously
stated assumption that non-tidal temporal variations in the free
surface are negligible. Note that for time-dependent BCs, the super-
position of tidal and sub tidal components is also done, but with the
sub-tidal components computed above and the tidal components
evaluated in real time from an attached tidal model.

W‘Z:ﬂ(l, ) ‘z:—H;

z:nu)'

Appendix D. Derivations of cost functions

Here we briefly outline the derivation the cost functions and
subsequent schemes for optimizing them. Details are in available
in Haley et il' (2014).

D.1. Evaluating full domain cost function, ], for variations around ¥

Substituting Eq. (3) or Eq. (4) in Eq. (2) and performing a bit of

algebra to transfer the kx term, we obtam for J,
// k « HUo) + V@) : (ic « HUo) + V@) da. (D.1)

Applying calculus of variations to obtain the ¥ that minimizes J
yields

(2015), http://dx.doi.org/10.1016/j.0ocemod.2015.02.005
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JO¥ + W) =

+% /DwHV(a‘{Jana—//Dwv@

: [w(V‘{’ +hkx Hfj(o))] da

+ 7{ waw(vw +kx HU(O)) -fids (D.2)
J oD

where 9D is the boundary of the domain D. ¥ will minimize J pro-

vided the second and third integrals in Eq. (D.2) are zero for all per-

missible choices of 6. The second integral will only be identically

zero for all §¥ if the divergence in the integrand is everywhere zero.

For the third integral around 9D, two choices exist. One choice

would be to set (V¥ + k x HU o)) - 1 to zero along dD. This condition
would constrain the circulation around the domain. The other

choice is to provide Dirichlet BCs to the problem for ¥, which, in
turn, limits the variations 6V to those that vanish along the bound-
ary (0¥|,, = 0). Dirichlet BCs provide a pathway for incorporating
information on the transports into and out of the domain. Such
information is an important addition to reduced physics initializa-
tions (e.g. geostrophy), providing constraints on the external forcing
applied to the domain. To summarize, the second integrand is set to
zero along with Dirichlet BCs.

D.2. Evaluating exterior boundary cost function, Je, for variations
around W

corresponding set of M® open boundary segments go from one
external coast to the next. They are defined such that the m™ open
boundary segment starts at external coast C;, and ends at external
coast C,,, or C if m = M®. To denote this, we use the notation C%.

Jpe is then rewritten in terms of the open and coastal contrlbutlons.

_ 1 M ce
Joe (Wie) ZEZ/CE_'" w
m=1 m
1 SN2
+§,;/C$na)(HU(o) n) ds

where the +/— notation in C;,” were defined just after Eq. (8). The
first series of integrals contains the contributions from the open
sections of 9D° while the second contains the contributions from
the external coasts. Variational calculus results in an equation dif-
ferent from, but similar to, (D.2):

2
ds

(D-3)

c<
Joe (P + 0%s) = Jye (i) +22/
_n;/cf @
2o o

s

(wbe) ds

ME Ce+
OV e . m
We separate Eq. (6) into a series of integrals along the open ;{ < +HU n } e (0%se)lcs
boundaries and a series of integrals along the coasts. We introduce " (D.4)
the set of M° labels for the M° external coasts {C;}. The ’
a) Separate oD into:
i Boundaries, ap*, along which the streamfunction values, ‘¥ ., are uncertain

V- ((DV\{"(O,) [V x (WHU(m )} k

ii. Boundaries, 6D¢, along which the streamfunction values, ¥ U¥ .,
b) Compute “certain coast” streamfunction, ¥ ,, (table 2, eq. 12)

v,
lpm)‘w« =¥, =

are certain

if sedD’
Y, if se Cy

A\ 4

Split the optimization functional into ', s, 7%

v

A

y

Constructing
Transport between all palrs of
coasts in D"

¢) Functional for minimizing
transport between C, C’“
T (¥~ - AT

nm nm

oY,

d) Combine the functionals for all

Constructing
Transport between all pairs of
coasts in 8D" and oD*

a) Find s, s" on CI', Cl* s.t. a) Find seon C*s.t. a) Find s on C and s; on aD° s.t.
[Som»5 fﬁf,]*argmln\‘l’m(ém D=0y i) | —argmm\‘l’m(m DY | [0 fof,'] afgmm\‘l’(m(% D=0 (5,,)]
m] Siue siunS0.b)
b) Set ApW ) =W (sim) =¥ o) (51) b) Set ALY o =¥ o (5) - b) Set ALY, =‘P(o.(ff,'5§)—kf‘<0)(5ff,7)

¢) Functional for minimizing

transport between C,Cy
SW LAY ) =T (Y -

d) Combine the functionals for all

Constructing
Transport between all coasts in
oD"™ and open boundaries oD’

¢) Functional for minimizing
transport between C* and oD”:
ueyy2 2

() mw(\p ci «m(\m) ALY m») = m‘/"‘;’(\l’ ci m(‘u/ ))

nb

d) Combine the functionals for all

pairs of C,’l“, C,’,j‘to obtain (eq. D.6) pairs of C,’,“, C:to obtain (eq. D.7) islands to obtain (eq. D.8)
Iz (Vg |32 8 Jonere v sz ]| (g |- ZZ[ (v -voen) || (e A LT
1Combine the optimization functionalsy(eq. D.5) 1

A

y

~
—
<
Kol
€
—_
Il

Ju (\yr‘,‘ . )+J;;, (\yq‘,

Yo )+J;{¢ (\yr‘m e ¥, )l

¥ Minimization: Standard Least Squares Problem

{Zw” " +Zw,,k WJ S p

m=1 m=1
m=n m#n

Zw,,” m+Zm.ﬁl’m.<»,,k>+ww%,m>

m=1
men

Solve the system of N™ linear equations (table 2, eq. 15) to obtain the ¥,

Q Fig. D.13. Flowchart for constructing J,» and computing streamfunction along uncertain islands ‘PC,"\..
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Here the contributions from the external coasts are all contained in
Jye (Wye), leaving only the open boundaries (the 3 series) affected by
the variations 6%W,.. W, is guaranteed to minimize Eq. (6) if the last
two series in Eq. (D.4) are zero for all permissible 6%, resulting in
Eq. (7) and (8).

D.3. Deriving cost function, ], for optimizing ¥ along uncertain
coasts, C"

The optimization functional, J,», is constructed as the sum of
three terms:

o (et ) ()
Nitt
4—]H1< Cm,...,ﬂ7du >
it
+Jpe <‘I’Ci].,, . > (D.5)
Niu
where Jiii is the optimizing functional for the transport between all

pairs of the uncertain coasts, Jii is the optimizing functional for the
transport between all pairs of uncertain and certain coasts and Jj? is
the optimizing functional for the transport between each of the
uncertain ¢ and the open boundaries of the domain
(Fig. D.13). \Q troduce the superscript notation uu for functionals
and quantitres evaluated between pairs of uncertain coasts, uc
between uncertain and certain coasts and uo between uncertain
coasts and the open boundaries. The three terms in Eq. (D.5) are
constructed as follows:

1. Constructing J%: Let C and C"* be two of the coasts in D", ¥ g
is not constrained to be a constant along these coasts. Denoting
a point s on C by sy, we find the points s® and st which
minimize the transport (as estimated by ¥)) between the

islands:

s, 5] = arg min | ¥,

nms (Siu,n) - \IJ(O) (Siu,m) ‘

[Siun Sium]

(i.e. s® is the point along CinLl which minimizes the difference in

Wo between CY and CY). Then, denoting AW =
W o) (sit) — W(o)(si), the optimization functional for the trans-
port between islands n and m is chosen to be @y (Wau—
Yo — A% W ,))* where Wau, Weu are the unknown optimized
(constant) values of the transport streamfunction along coasts
n and m respectively. @i, is a weight applied to the inter-island
transport difference in the optimization. The weights are chosen
to emphasize the transports between adjacent islands over the
transports between widely separated islands (e.g. in Fig. Dl
the transport between islands 2 and 3 will be much more heav1ly
weighted than the transport between islands 1 and 3). The
details of the weighting function are presented in
Section 3.2.1. Summing these weighted differences over all dis-
tinct pairs of islands (and pre-multiplying by 1) results in:

N N
]zlf( C‘“‘ . Cm ) 2 ;mzml |: ( Cﬂl - ‘Pc'“ Anm\p ) :|
(D.6)

2. Constructing J;i: Let C; be one of the coasts in 9D, ¥« be the

certain (constant) value of ¥ along C; and Ci” be a coast in

D™, Find the point s% on C‘Ll which minimizes the transport
(as estimated by ¥ (q)) between the island and certain coast:

Snk = arg min | LP (Siuﬂ) - ‘IjCﬁ |

Sm n

and define A} (o) = ¥ (0)(Shi) — ¥ The optimization functional
for the transport between island n and coast k is chosen to be
@ (Yo — Wes — AW o)) = @ (P — W (s15)). Here the cer-
tain value Wee cancels out. One side effect of this cancellation is
that this functional provides a mechanism for the constant of
integration selected in constructing W, to enter into the opti-
mization (while Jii retains only differences of ¥(q)). As before,
the transport differences are weighted by w};. Summing these
weighted differences over all pairs of islands and coasts (and
pre-multiplying by 1) results in:

ﬁ@@w~o» 2%{1 (w*%M%ﬁ}

n=1 k=1
(D.7)
3. Constructmg Jyi: Let s, be a point along the open boundary,
d7°. Find s% on CM and s on dD° which minimizes the
transport (as estimated by W) between the island and
open boundary:
[Snbs Sbn] = a[rg mi]n | ') (Siun) — Fi0)(So) |
Siun:So,b
Then, defining Aj)W o) = W(0)(s¥) — W (0)(s3%), the optimization
functional for the transport between the island n and the open
2
— Yo (sgh) — Ap¥o) =
W (P — Po)(s29))°. As above, the transport difference is
weighted by @' and the known value of ¥ along the boundary
cancels (providing a second path for information on the constant
of integration). Summing these weighted differences over all
islands (and pre-multiplying by 1) results in:

J,gs(lpqu,... C,u> zi{ (Cr%m(sgg))z} (D.8)

These expressions for Jii, Jii and Ji¢ are substituted into Eq.
(D.5), resulting in Eq. (14). Jii and J;? provide a pathway for the
absolute value of W (i.e. the constant of integration) to be includ-
ed in the optimized W¥.u., since they are formulated directly in
terms of the W_.u’s. In contrast, the formulation of Ji# in terms of
differences between the W ..’s provides the algorithm robustness
to non-localized changes from imposing the ¥.. (i.e. the values

boundary is chosen to be @p(‘¥.u

along C" are allowed to “float” with the changes).
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