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Abstract

Since the midl 99 0 6 s, a series of FES (Finite EIl ement Sol uti
and released with the primary objectieeprovide altimetry missions with tidal édiasing correction at the best

possible accuracy. We describe the underlying hydrodynamic and data assimilation design and accuracy
assessments for tHatest FES2014 release (finalized in early 2016), esplgcialr the altimetry dealiasing

purposes. The FES2014 atlas shows extremely significant improvements compared to the standard FES2004 and
(intermediary) FES2012 atlases, in all ocean compartments, especially in shelf and coastal seas, thanks to the
unstrictured grid flexible resolution, recent progress in the (prior to assimilation) hydrodynamic tidal selutions

and use of ensemble data assimilation technique. Com
spectrum has been significantiytended, the overall resolution augmented, and additional scientificdulucts

such as loading and selftraction, energy diagnostics or lowest astronomical tides have been derived from the

atlas and are available. Compared to the other available ghakah tidal atlases, FES2014 clearly shows
improved dealiasing performances in most of the global ocean areas and has consequently been integrated in
satellite altimetryGeophysical Data Record&DR9 and gravimetric data processing, and adopteckéently

renewed ITRFstandardgInternational Terrestrial Reference System, 20R0Iso provides very accurate open

boundary tidal conditions for regional and coastal modelling.
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Abstract. Since the midl 9 9 0 6 s, a series of Finite EIl ement Soluti
produced and released with the primary objective to provide altimetry missionsdaitdealiasing correction

at the best possible accuracy. We describe the underlying hydrodynamic and data assimilation designs for the
latestFES2014 release (finakd in early 2016)especially for the altimetry daliasing purposes. The FES2014

atlas shows extremely significant improvements compared to the FESaAQéhtermediary) FES2012 atlases,

in all ocean reigns, especially in shelf and coastal seas; these advances are due to the unstructured grid flexible
resolution, recent progress in the (prior to assimilation) hydrodynamic tidal solutiodsto the use of an
ensemble data assimilation technique. Contbadoeearlier releases, the FES2014 available tidal constituent
spectrum has been significantly extended, the overall resolutigmentedand additional scientific bproducts

such as loading and selftraction, energy diagnostics or lowest astronohtidas have been derived from the

atlas and are availabl€ompared to the other available global ocean tidal atlases, FES2014 clearly shows
improved dealiasing performance in most of the global ocean areas. It has consequently been integrated in
satellite altimetryGeophysical Data Record&DR9 and gravim&y data processing, and adopted in recently
renewedTRF standards (International Terrestrial Reference System, 202030 provides very accurate open

boundary tidal conditions for regional and coastal modelling.

1 Introduction

The FES2014 global oaa atlas is the latest release of a twemgrslong effort to improve tidal predictions
needed in satellite altimetry ddiasing. It is based on the hydrodynamic modelling of tidEsulpuse
UnstructuredGrid Oceanmode| further denoted FUGOM) coupledto an ensemble data assimilation code
(Spectral Ensemble Optimal Interpolatiatenoted SpEnO). It is a very significant upgrade compared to both
FES2004 (Lyard et al., 2006) and FES2012 (Stammer et al., 2014) atlases, thanks to the improvement of the
assimilated data accuracy and the model performance. To some extent, FES2014 can be considered as an
iterative step of the FES2012 atlas, mostly motivated by the overwhelming progress made in the hydrodynamic
solutions accuractowardthe end of the FES20X#0oject and which could not be incorporated due to the project
schedules.As will be further mentioned in this publicationthe efficiency of data assimilatiorincreases
significantly with prior solutions accuracynd for two main reasons. First, detpia rigorous theoretical
framework, data assimilation relies on strong assumptions in which the choice of the vector norm chosen to build
the penalty function is criticatife most commonly used nom is-horm, which is consistent wita Gaussian

shaped eor probability density assumption and which leads to easily resolved linear systems, but also which

tends to ovemeight outliers in data or simulation valyesee Bennet, 1992 and Tarantola, 20p5Data

(o]
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assimilation must also be fed with quasipiricd, partially subjective parameters, such as eomvariancs

assigned todata sets So while correcting prior (hydrodynamigplution errors, it can also inject some
methodologial errors in the assimilation solutions, more or less proportional to the gistance between the
observations and the numerical solutions. Second, as we use an ensemble technique to assess the prior modelling
error covariances, and as those covariances will strongly dictate data assimilation innovation in model regions
where asimilation data density igery sparse (sparse must be understood as compared to the tidal wavelength,
hence being quite different in shallow water seas compared to deep ocean regions), the prior hydrodynamic

realism is critical to consistently propagatéormation from data locations (where data/prior model t@ifiés

actually solved) toward fAremoted model regions. Ther

and thanks to the financial support of CNESCe nt r e Nat i o nes)thedekifidn wdsenmde$fop at i al
rapidly upgrade the FES2012 atlas toward the FES2014 atlas.

The FES atlaseriesstartedwith the FES94 release, quickly followed with the FES95 one (Le Provost et al.,
1998), whichincluded some upgrades and fixes forriaus issues detected after the FES94 official release. A
similar scenario occurred for the FES98 and FES99 (Lefevre 808R) FES2002 and FES2004, FES2012 and
FES2014 atlases production. Despite intensive quality checking dinéngroduction phaseany new major

version of FES atlas release is followed by an extended verification/validation phase from the FES team and
otherworldwide specialists through the science applications tisathe new atlas. The upgrading/fixing step is
limited to issues that do not demand any major changes in the production process (such as unstructured grid
modifications) but still will bring valuable improvements for the final uSére FES2014 atlas denomination is

quite misleading, as its final version Haesen delivered in early 2016. This has left time to the project team to
precisely assess the FES2014 accuracy and performance in altimetry -déitesidg correction, and to make

some final adjustments to guarantee the best possible quality at thattti@sults in 3 available FES2014
releases. FES2014a is the first guess basadata assimilation set where altimetry data were corrected from
tidal loading provided bythe GOTv8 model (Desai and Ray, 2014) Its production allowedfor internal
verification checksand data assimilation adjustmeraadfinally the production of the setfonsistenFES2014a

tidal loadingatlas used withithe FES2014b altimetry assimilation data processitige FES2014a atlagas not
intendedto be widely distributé or advertised. FES2014kas the first official release andafter regridding

from the native unstructured grid onto a regular 1/dégree resolution gridt has been made availalga the

AVISO+ website (https://www.aviso.altimetry.fr/en/data/products/auxilignpducts/globatide-fes.htm).  To

provide a more comprehensive, coherent tidal spectrum for tidal predictions particularly deotiéc community,

several long periodide constituents were explicitly added in 2019 (computed from the usual-coaservative
equilibrium approximation) to the FES2014b atlas. It must be noticed that similar long period constituents are
implicitly addedin tidal prediction if nocorrespondingexternal solution fileis provided. To avoid confusion in

public releases, the extended FES2014b atlas has received the FES2014c denomination.

The objectives of our communication are to concisely present the FE&#844mnain construction details, the
validation diagnostics and the available-grpducts, and not to propose a dissertation about tidal science
findings based on this atlas which would lead us much too far. Consequently, in the following sections, we
intend to provide to the readavith information on the major ingredients of the FES2014 atlas production
(hydrodynamic modelling, data processing and data selection for assimilation and validation, assimilation

processing), and basic accuracy assessmentrei@y. Complementary to the present publication, sonditiadal
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information onpresent and earlidfES atlasesnda link to the associated prediction softwar@n be foundn the
AVISO+ website

2 Hydrodynamic prior solutions

One primary objective in thEES2014 atlas production is ttynamically modethe ocean tides with the best
possible accuracygndto keep the data assimilation correction as limited as feasibtecelimiting the atlas

dependeneupon altimetryderived datand altimetry errors (Zmadzki et al, 2018.

2.1 T-UGOm time-stepping and frequencydomain solvers

T-UGOm (Toulouse Unstructured Grid Ocean mqddercurial repository at https://hg.legos.ahg.fr/tugo)

is a2D/3D unstructured grid model developedtheL a b or at o i eneGéaplysHquaiel ©ceanographie
Spatiales (EGOS). It can accommodata variety of numericabiscretizatios (continuous and disontinuous

finite elemeng, finite volumes) on triangle or quadrangle elemeb#sed orthe usual NavierStokes equation in

the Boussinesq approximation, wilnon-hydrostatic pressure solver availahbliecan be used in timstepping

(TS) or frequencydomain (FD) mode. In 2005, based on FES2004 experience, an internalviaies drag
parameterizatiofI TWD) has been implementddr 2D shallowwater simulationgcharacterizing the energy
transfer from the barotropic tides to the internal, baroclinic tidEkg ITWD parameterizationoriginally
developed from the piondéag work of Bell (1975 and Baineg1982 proved to be &sential in tidal and storm
surges simulation accuracgs tidal energy conversi@tcouns for a significant portion of the total barotropic
energy dissipationMost of the critical dynamical parameters (such as bottom roughness, internal tide drag
coefficient, etc...) can be neaniformly prescribed inside the domainitially, the frequencydomain mode has
beenintegrated inthe original T-UGOm time-stepping coddo dynamicallyand consistentlydownscale tidal
boundary conditions fodomairlimited, time-stepping simulatios (actually, some classes of open boundary
conditiontime-steppingschemes, such as Riemann invariants, require prescribing tidal velocities in conjunction
with tidal elevatiors. Contrary to edvations, velocities are very sensitive to bathymetry and grid resolution, and a
simple interpolation from a global atlagith different bathymetry and resolutiomay not meet th@ecessary
consistencywith the domaidimited configuration. A FD simulatin, where only elevations are prescribed at
open boundaries, will produce a properly downscaled velocity field over the dom#éd grid, including open
boundaries) The FD solver is run for each tidal component separatklyasicallyassemblesa frequency

domain wave equation anlide solution is obtained by a simple inversion of the systdaturally,the FD solver

is based upon linearized equations, and subsequenthjingam processes require an iterative approach to
converge toward the fully nelinear solutions.The number of iterations is rather limited for the major
astronomical tidal components tends to increase when addresstognpoundidesandovettides In any case,

the numerical cost of the FD solver is extremely small coetbéothe TS solver cost (more than 1000 tisne
smaller). In terms of solution accuracy, FD and TS solvers are quite equivalent, with of course a limited
advantage tdhe TS solver in nodinear tides cases herefore, m the perspective of data assimibettiusing
ensembles for the major ocean tides componémsensemble members have been computed in the FD mode
(details of data assimilation are described in a dedicated section of the article). Another major advantage of the
FD solved seduced numericalost is the possibility to conduct a wide range of experiments in order to (globally

or regionally)test numerical developmentslibrate the model parameters such as bottom friction and internal

5



10

15

20

25

30

35

40

tide drag coefficients, verify bathymetry improvementsgramine loading and sedfttraction consistencyt

must be noticed that the optimal parameter set for the FD mode will alsdhm@& mode requirementBoth

solvers are discretized through the standard finite element, variational (weak) formuGzdimsequently,
solutions must be handled in a consistent manner, especially when expressing conservation laws (which hold in a

fiweak senseodo) or estimating energy budgets.

2.2FD discrete equations

The TUGOm FD solver is originally inspired from tlii€ode au Eléments Finis pour la Marée Océanigue
(CEFMO model, Le Provost and Vincentl997; Lyard et al., 2006ffequencydomain tidal model that was
previously used for the FES atlases (such as FES2004). The freqdenwin tidal equations and wave
equation castruction have been extensively describeth@&literature. Consequentlye will confine ourselves

to the main differences between the CEFMO add@Om formulatios. The FES2014 mesh is built on triangle
elements. Variouaumericaldiscretizationdor elevatiors and currentgan be defined on triangle elements, i.e.
continuous or discontinuous, high or low ord8mce its early releases, the FES tidal atlases mesh has been
designed in terms of spatial resolution for continuous L@R2retization(quadatic Lagrange Polynomials
basis functionsallowing for about 4 times more numerical nodes compardih¢ar Lagrange Polynomials,
denotedLGP1). Among other available options, tidatlocity discretization ilementwise, discontinuousion
conforming linear interpolation functionrNCP1J). This choice has two maj@dvantagesthe elevation gradient
discrete space is identical to the tidal currents space, and the discrete momenation system is diagonal,
easing the construction and solving of the wageation Non-diagonal terms, such as horizontal momentum
diffusion, must be left in the rightand side vector and converged in an iterative manner, or simply disrfirssed
time-stepping codes, momentum diffusion acts mostly as a temporal schemeestabttich is not needed in

the frequencydomain solver)Tidal currents are expressed under a standard Galerkin procedure and this is one
of the major differences with tHeEFMO modelwhere currergwere estimated at numerical integration nodes

(Gauss quamture).

2.3 TS discrete equations

Quite similarly to the FD equation, the P® shallowwater equations in-DGOm are based on the-salled
generalized wave equatiolmspiredby Lynch and Gray1977), and continuously developed sintee approalc

has evolved from application to the globaktan, now up to the inclusion néarshoreand estuarine numerical
applications with wetting/dryingand norhydrostatic(surface wave dynansg capabilities Althoughit allows

for pressure instability modes, the discretization used in FES2014 simulations is (linear) LGP1 both for
elevatiors and currentsfor its numerical efficiency As a matter of factthe potential pressure itadilities will
appear only in some peculiar local mesh geometry axrdeasilyavoided by precisely controlling the mesh
construction(Leroux et al., 2007)From its earlier versions,-UGOm includes an embeddedulti-level, time
sub-cycling that allowsfor locally modifying the numerical time step. It is coupled to a simulation stability
control procedure, and swdycling is locally triggered and disabled following the need to control this stadility
the fly. This turns out to be a very efficient way telax time step limitation due the CouraritFriedrichg
Lewy (CFL) stability condition (already eased byUGOm semimplicit time scheme) and therefore to profit
from the natural flexibility of unstructured triangle gridSontrary tothe FD solver, horizontal momentum
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diffusion is needed to fully stabilize the tempormntredin-time leapfroglike scheme, and is provided by a

Laplacian operator with

2.4Model grid settings

Smagorinskyds di ffusion coeff

Since the firstruly global ocean atlas (FES2004), the unstructured FES modelhasdleemipgraded by using

regional patches. The main meshing difficulty consists in dealing with the shoreline details. Present databases

contain a high level acdmall scalecoastal detés, much more than needed for a global ocean mEsése small

scale detailzonsequently need to be filtered @dcordingto the targeted coastal resoluti@@onversely it is

necessary to maintain and assemble together some packets oistaicds hat will form a macreobstacle to

the tidal propagation. Considering the tedious task -oh@shing most of the ocean shorelines, automated tools

have been developed to optimize the meshing operation. The targeted resolution for coastalyprealyis0

kilometres or less in terms of triangle sidength §hownin Figure 1; the mesh detailwill not be visible on a

printedglobal ocearigure, the authors have provided a zoomable supplementary pdivél¢able orthe Ocean

Science websitéttps://www.oceasscience.ngt The resolution has been augmented to about 1.5 km in some

specific places

wher e

coast al geometry is more <chal

attention was paitb regions vihere the accuracy and the precision of the available bathymetry are known to be

adequate with higher mesh resolution, i.e. where mesh details will truly tréflecoottom topography

complexity.On the other hananly minor upgrades were made in regiorisene the bathymetry remains poorly

known (such as the Patagonian and Siberian shelves). As a matter of experience, increasing resolution in those

regions would likely have a model accuracy worsening effect. An additional constraint was to limit the

hydrodynamic solver memory use to &bytesin order to keep computation load at a tractable level (at the time

of production).Despite thdargeincrease in resolution compared to FES2004, the FES2014 mesh resolution is

still clearly not sufficient in some hightomplex coastlines, with narrow channels of dynamical significance, or

topographically trapped wave generationssignd it could result in a loss of details/accuracy in such regions.

This is for instancethe case of the western Canadian and Alaskatalogegyions (where the projefdiled to

access angccurate bidlymetry databasat the time of production and so left resolution at a standard ,|ewel

it has resultedn a loss of details/accuracy in alf this area especially away from assimiéd dataFollowing

the FES2014 atlas release and thanks to our collaboration with the Canadian tidal research community, this issue

has been identified as quite damagifighis issue and similar onesich as aroundthe Tierra del Fuego

(Argenina and Chile)will be fixed in a future FES atlas releasehere the number of computational nodes

should be increasiat least by a factor five comparedtie FES2014 grid

2.5Model bathymetry

When dealing with tides, bathymetry remains one of the oridgtal parametex Several global ocean databases
were available athe FES2014 production timeGeneral Bathymetric Chart of the Oced@EBCQO, GEBCO
compilation group, 2020Earth TopographyETOPO, Amanteand Eakins2009, Smith&Sandwel(Smith and

Sandwell, 199y, etc... Their successive releases have shown tremendous improvements during the last ten years.

Unfortunately, none of those global databases have the effective resolution nor the accuracy needed to be used

directly in our global ocean t&$ modellingFor example, satellite inverted bathymetry accuracy is very limited

onshelvesandnc oast al

regions

( sphelichlliasmonectedhréqod, uncedamties avising h e
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from sediment densityetc) , and consequently should no¢ lised in such locations except in some specific
areas, namely itheabsence of any other more accurate bathymetry. It must be ntitatele latest GEBCO
distributions now include patcheerivedfrom inverted bathymetries, which is a seriossue for using recent
GEBCO distributions in FES model bathymetry. Consequentlyfomshe earlier FES atlases, a composite
bathymetry has been built from available global and regional databases. In some cases, a regional digital terrain
model (DTM) has ben specifically constructed from depth sounding and/or 4beiim dataA special
treatment is applied to the Ross and Wed8els where the free water column depth must be processed by
substracting icshelf immersion to the bottom topography, usthg RTopol datasefTimmermann et al.

2010. Many regions of the world ocean are now quite well documented in terms of bathymetry, however two
major continental shelves, namely the Patagonian shelf and the Siberian shelf, do not match modern standards in
any publicly available databasBathymetry selection, reconstruction amérgng is a tedious task, and quite
uncertain because of the lack of independent validation drtally, the most practical way to assess
bathymetry changes remains the examamaf the tidal solutions computed from the candidate bathymetry.
Naturally this is not a perfect measure of accuracy, as errors in bathymetry can compensate some other
modelling errors, but so far weavealways found consistent results between improvesngnbathymetry and

tidal solutions.Thanks tothe FD solver, extensive simulation testingn be performedncluding the necessary
re-calibration loop needed when modifying significantly the model bathymetry, enemregionallevel, as

earlier calibréion settingswould be biased to compensate errors due to the former model bathybDespite

those efforts, &thymetry still remains unfortunately the limiting error to our prior hydrodynamic solutions in
most of the global ocean, and also impdlce dda assimilation accuracy in shallow waters regions. For most of
Northern American, European and Japanese wdiatsymetrylinked erros are reducing with time, allowing

for distinguishing more subtle error sourcEsr instance, thanks to the impresspa&tcurate new bathymetry of

the European shelf (as available througke European Marine Observation and Data Network (EMODnet)
website, https://emodnet)eumost of errors due to bathymetry have dramatically reduced, so we could clearly
demonstratgin a regional configurationjhat a wetting/dryingime-steppingscheme is necessary to reach the

best tidal accuracy in the North Sea. Usitder bathymetry would have totally blurred this point, making any
conclusions uncertairBut in most of he global ocean, improving the model bathymetry remains the first and
overwhelming priority, and enormous efforts have been dedicated to this in FE$3diddynamic

configuration settings.

2.6 Loading and selfattraction effects

Geometrical loading and gvitational seHattraction termsL(SA) are essential in tidal simulations, especially in
global ocean tidal modellingHendershott, 1972)They can be implicitly accounted for in the hydrodynamic

tidal equations, but at a totally prohibitive comgiittaal cost. As rather accuradt&A atlases are available since
the early 2010086s, it i s LSAuinche simutatiors, netrflyifoc Goraputational@ostu s e
reasongnonsparse dynamical matrices in FD, expensive convolutioh$#& computation)but also because it

tends toprovidea relaxation toward the tidal atlases from whilb LSA have been computeddtually, this is

the only model ingredient which depends upompre-existing ocean tidenformation in our hydrodynamic
simulation3. As some anomalies were detected inltB& atlases deduced from FES2004, we used instead the
FES99derivedLSA atlases to produce a firgersionof FES2014FES2014% from which a new.SA atlaswas

e X
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computedAs it will be mentioned in the following sectionsjgmewLSA atlaswasused in the final FES2014b

release production.

2.7FES2014hydrodynamic (assimilation-free) solutions

Some parameters of thedGOm hydrodynamic model need to be calibrated in aiwebtain the most accurate
hydrodynamic solution, either to improve model realism or provide useful error compensation. The two main
parameters to which the model is the most sensitive are the bottom friction coefficient and the internal tide drag
coeffident. Most of T-UGOmM model parameters cawptionally be tuned locally using various methods (pre
defined regions, polygons inclusioor by meshnodeor elementvectos). In the FES2014 atlas simulations,
internal wave drag coefficients are tunedhgsa global ocean regional partition (distinguishing north, tropical,
and south basins in the various oceans plus Asetaand Mediterranean Sea), and bottom frictions coefficients
are tuned by using polygogsvering thdarge bottom friction dispiation areas. A global default value is locally
usedin regionsnot beingtargeted bythe userdefined partitiofpolygonstuning list Several simulations of the
main tidal components (limited to M2, K1, S2 and O1 constituents) have been performed bivelxtearying

these two parametefmostly globally except in a few regions for the internal tide drag coeffigjeamid each
resulting simulation was compared to the altimetry and tide géatgr denoted TGyalidation databases.
Figure 2 and Figure 3 show the vector differences between théJIB2 (deep ocean) crossover point database
and the hydrodynamic simulations of ti&S2012and FES2014 tidal models, for the M2 and K1 tidal
compaents, respectively. Global values of vector differences are givefable 1, for the sametwo
hydrodynamic simulationgplus FES2004 These results clearly point out the improvement that has been
achieved from the FES200d the FES2014 free simulations on the global ocean, with a global vector difference
RMS reduced bynearly a factoof three from FES2004 to FES2014 (M2 tidal component) in the deep ocean.
The improvements are also very strong in the shelf regions, atldefather main tidal components. Moreover
the histograms displayed ihe /5.2 Validation 0 sectionindicate that the FES2014 hydrodynamic solution
reaches an unprecedented accuracy level, closthéw global oceamodel performanceas suchGOT48/10

(Ray, 2013) EOT11la (Savcenko and Bosch, 201RJTU10 (Yongcun and Andersen, 201@y TPXQov2
(EgbertandErofeeva 2002) which are all empidal or assimilated models.

The case of the S2 tidal components was specifically addressed, as it derives both from atmospheric and
gravitational forcing. It is even more the casetf@S1 tide, which originates mostly from atmospheric forcing,
butbecaus of the intrinsic variability ottheatmosphere we consider that it must be dealt witheistorm surge
correction (DAC), and not in ocean tidal corrections. Some other tidal constituents haveclearly
atmosphericallyforced component (such as K2 anede M2tideg, but at a much lower level. Consequently, to
ensurethe best possible prior solution, the S2 wave was computed in the spectral domain using atmospheric
pressure forcing at S2 frequency, based on #Ré&im 3hour data(Berrisford et al., 201). There are
numerousdifficulties arising from the atmospheric pressure forcing at tidal frequendi@spacting tidal
hydrodynamic solutiongje-aliasing corrections and data processirgg) aditional discussionn S1 and S2

constituenissuesare giwen in the following sections
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3 Tidal harmonic constant data processing

TG and altimetryderived harmonic constant data have been usesalidation of simulationsand data
assimilation steps. Concernitiye TG data, preference was givenTs for which the original time seriesvere
available and documented, hence for which basic quality control could be perfoymmadans oharmonic
analysis and/or operational reports. In most cases, the time weriglong enough so that a wide tidal spectrum
could be analyzedwith the best possible accuracy. To some exfE@tselection (either for validation or data
assimilation purposess more a question of how representative are the tides captured by the instruments
(especially in coastal seaahd keeping a bahced distribution all over the ocean regioBsveral tidalgawe
databasebave beemsedwithin the FES2014project: a harmonic analysis was performed on time series from
GLOSS (Holgate and al., 2013nd SONEL(W6ppelmannn and Marcos, 201éatabasesGLOSS being a
global observation network and SONEL providing measurements on all French terrtterieshree validated
databases provided by R. Ray have been usedgRaly 2013), named Deep_BRBottom pressure recorders)
Shallow and Coastdleredter anddedicatedo deep ocean, shallow waters and coastal regesmectively

The altimetryderived time seriesaise more processing and accuraggsues, with a strongependencen the
mission orbit and duratiofwhich firstly determinehe level of contamination of the tidal analysis by ntdal
ocean signa). Clearly, the twenty years and more duration of the Tdpeseidon and Jason sera@sa nearly
tenday repeat orbit allows for deriving outstandingly higlality alongtrack and crossover datasstof tidal
harmonic constant§TopexPoseidon JasoAl and Jaso are three CNES/NASA satellites, successively
launched, having exactly the same grotmattk and repetitivity, and similar dmard instruments and radar
technologies; sicethe FES2014 release, the series has been continued with the3JasdnlasoiCS satellites

at the end of their nominal missiorssatellités orbitis changedoward an exactlyinterleaved groundrack,
hence doubling the mission spatial samplinglanpossible movéo a geodetic orbit or final decommissioning;
interleaved tracks observations are not continuotisne andthushave shorter records comparedhe nominal
track records Moreover the altimetry dataset benefits from new altimstandardswhich allow a better
observation othetidal signalsGDR-D and REAPER orbits, ERMNTERIM Dynamic Atmospheric Correction
for ERS and TOPEX missions, improved wet tropospheric, sea sate bias and ionospheric coraectioas/
meansea surfag profiles computedover a 20-year period Carrére and Lyard, 200 arrere et al, 2016).
TOPEXInterleavedand Jasoi-interleavedtrack (denoted TPNJLN) also provides an accurate crossover
dataset, butvith largeruncertaintiegshanthe 2 yearsof TP-Jason series, due to the shqrtamulativeperiod

of 6 years availableERS/Envisat series an@deosat Follow OnGFO) series do not havthe same level of
accuracy, as their orlsibffer higherspatialcoverage at the price of a lower temporal cove(tiges sampling of

35 days for ERS/Envisat and #lays for GFO).The temporalundersampling of tidal observations affedhe
apparent tidal periods (aliasing effect) which dependhentrue tidal period and on the mission temporal
repetitivity. Becauseof the red nature athe ocean energy spectréne longer the aliased period, tlaeger the
contamination ofhetidal signal by nortidal signas. The TP/Jasonorbit was deliberately chosen to maiint the
aliased period in a reasonable ran@erversely, sunsynchronous orbits (such as ERS/Envisat/Altikag
disadvantageous that matternot onlyarethe S1 and S2 tides projected omiafinite period (mean state), but
many other tidal constituén show a rather large aliased peri@fl Table 2). This would prevent us to use
ERSEnvisat derived data, and concentratmly on the TopexJasondataset, however the inclination of

TopexJasoris rather low and EREnvisatremains the only choice for very high latitudes and polar J¢as
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for the purpose of theES2014 tide modetrossovers and alortgack data from TOPEX/JasetvJasor? were
prefared andwere complenerted with somecrossover data from TRBILN and ERSEnvisat series irsome
shallow water regions and at high latitsdespectively.Table 3 presents the altimeter dataset used for the

estimation othe harmonic constas within the FES2014 project

3.1Tidal loading effect

As the standard tidal atlasesretargeed on the ocean tide componenttidal loading correction needs to be
appliedto the altimeter measuremer{is addition to the sealled solid earth deformation correctioh) a first
step, he GOT4v8ac tidal loadinmodelwasapplied(Ray 2013) taking into account the recent correction of the
tidal geacenter motion proposed by Desai and Ray (20T4jese data have been usedhe data assimilation
process fothe preliminary version of thecean tidemodel, denoted FES2014an a second step new tidal
loadingatlaswascomputed from this FES2014a ocean solutatem ot ed A FES2 0 1 4 a settiond a |
6.3). Then,this FES2014a tidal loadingplution wasusedto producea secondversion of thealtimeter dtaset

which was assimilated intihe final version of the tide modebmedFES2014b.

3.2Non-tidal signal at K1 aliased periodprior removal

Due to the aliasing effectthe K1 diurnal frequencyis aliasedto the semiannual frequency with the
TOPEX/Jasorsampling ando the annual frequency with the ERS/Envisat oftft Table2). Annual and semi

annual signals are quite large in the ocean, and contamination of tidal analffsenbtidal signalis severe.

By virtue ofthe Parevalldentity (the idetity asserts that the sum of the squares of the Fourier coefficients of a
function is equal to the integral of the square of the function, see Johnson and Riesghi98@htamination
decreasewith time as the square root of the recording durafidme. presenteferencel OPEX-Jason time series
benefits from P years of continuous measuremenand allove a very accurate estimation of all tidal
components including K1However, forthe TPN interleaved and the ERS orbits available time series are

not long enough to guarag® an accurate separatiafithe K1 tidal signal from the serannual(resp.annua)

ocean variabilityA large portion otheannual and serannual ocean surface signal is due to the low frequency
atmospheric surface pressure, ahérefore is removed by applying a storm surge or inverted barometer
correction. Howevertheocean circulation contributes also to this signal, s tidal harmonic contamination.

To tackle this issue, and thémprove the K1 tidal signal observatiamthe TPN and ERS/Envisa¢cords a
specific processing has been applied, consisting in removing an estimationoctdmnnual(Sa)and semi
annual(Ssa)nontidal signals prior to the analysi$his estimatioris computedrom the GLORYS2V1 global

ocean reanalysis provided by Merca@cean Ferry et al., 2012 GLORYS produces and distributes global ocean
reanalyses at edepyermitting (1/4°) resolution that aim to describe the mean andwvangng state of the ocean
circulation, including a partfahe mesoscale eddy field, over recent past decades with a focus on the period since
when satellite altimetry measurements of sea level provide reliable information on ocean eddies (i.e. from 1993 to
present). The numerical model used is the NEMO OGCMh& ORCA025 configuration developed withine
DRAKKAR consortium (global with se&ce, 1/4° Mercator grid). Assimilated observations arsiintemperature and
salinity profiles, satellite sea surface salinitySST) and along track selavel anomaliesobtained from satellite
altimetry. GLORYS2v1 products are free of atmospheric surface pressure effects (i.e. they are not taken into account
in the NEMO model forcing and am®rrected foiin the assimilated SSH data). Consequently, they are comparable to

IB-corrected sea level (at Sa and Ssa frequencies) in altimetry and tide gauge obsefShtRRYS2V1 sea
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surface height §SH has beenharmonially analyzedat semiannual and annual frequencpredicted at
observation location and time and removedrfraltimetric SSHmeasurementsThe efficiency of the notidal

ocean signal contamination has been assessed at TP/Jasenversssvhere the K1 harmonionstantmisfits
between ascending track and descending track analysis are dimifishgtbwn inFigure4, the amplitude of

the correction is well above a few centimeters in some large ocean regions. A specific study (Gulf of Tonkin)
was performed by examining thH€l analyzedtidal constant misfit at crossvers (asceridg track versus
descending track)The ocean circulation contamination will appear as an incoherent contribution aoddil

be different for ascending and descendirgks.Such differences were found to bensistently reduced when
applying the GLARYS correction, hence demonstratitig benefts of the modebased correction for thigdal

analysis accuracy

3.3 S2 tidal constituent processing

S2 tide harmonic analysis needs a special attention boffGirand altimetry time series. Because of the
significant S2 atmospheric tide, especially in the tropics, bottom pressure records must be precisely corrected
from air pressure contribution to retrieve the S2 ocean sigidilis is easily done for coastdliGs from
dedicated or neighbouring atmospheriegsure records. Deapoorings in remote ocean regions are more
problematic, especially for records made before the quite recent availability of hourly pressure fields in
operational atmospheric produchs altimetry missionobservatns the S2 tidal constituent is challenging as it
is aliasedto infinite period and thus iaot observabléy the EREEnviSatsunsynchronous orbit as mentioned
before. The TP-Jason orbit is adequafer the observation omostof the maintidal constituents However
because oits 58.74dayaliased period, the S2 tidsea surface sign& mixed with theresidualMeanSeal evel
(MSL) signalvisible at the same frequenaythe TP-Jason time seriesvhich in turnis linked toinaccuracy in
thebd angl e i n MYAblairt et alp2010 Zawadekn et al. 2026 Consequently S2 harmonic
analysis will be contaminated by tHBEDR processinglependensignal (with a possible feethack througtthe
tidal corrections in the GDRsnaking this issueeven morecomplicatedl. As this problem is largefor the
TOPEX-POSEIDON mission GDRs (as reported inZawadzki et al.,, 2006 sveral analyss have been
performed using either the entire TOPHXson time series or only the Jadddasor? relatively recert records
But due to themuchshorterduration of the latterthe estimation errois larger for theJ1-J2 only analysis and
the assimilated solutioproved finally to be more accurat@sing TG data as sea truthising theanalysisfrom

the entire altimeg¢r series.Notice that thanks tdts primaly emphasison accuratehydrodynamicmodelling
further moderatelytuned by data assimilatiqithusallowing areduced weight ofhe dataand dataerrorsin the
global FES solutiop the FES2014S2 solutionis less affected byhis residualGDR processing signdahan
empirical models with in addition a beneficial effect on reducing the residual MSL efrosed for tidal

corrections in GDR processin@gawadki et al, 2016)

3.4Numerical Rayleigh criterion

When extracting acomprehensive tidal spectrum froensea leveltime series, the question dfequency
separatiormust be examinedarefully (Cherniawsky et al., 2d9. Not only can the contamination mpn-tidal
signals at the aliased frequentye comparableto a given constituent amplitudéespecially the minor

constituents) but alsothe minimum observation duration for a propempartion is greatly increased in the
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aliasedfrequeng space For instance the N2 and T2 pair needs about a minimisaven years duratioim(TP-
Jasorobservationsfor a proper separation instead of the useataysin the nonaliasedfrequeny space. The

data assimilation spectrum in FES2014isiitigation between the objectives of extending the tidal correction
spectrum and limiting data assimilation to accurately observable tidal constituents, and we have developed a new
numerical approactotaddress the frequency separation ishu¢he case of a continuous (i.e. uninterrupded
sparsely interruptedime series, the Rayleigh criterionassicallyused to determinfrequency separatioand
someadditional parameterization (based on sheoothness credmr admittancdscan be implemented to ease

the harmonic system solvingor TGs aswell as for most of the altimetigterived time series, the Rayleigh
criterion will be appropriate to predict rather accuratbly harmonicseparation pedimance However, in the

case of higHatitude altimetric time series, the seasonal sea ice cover is responsiblent@lly unbalanced
observationswith data gapslurationthat can becomparable to the aliased wave frequency. In that case, it has
beenobserved thathe Rayleigh criterion will return ovearptimistic diagnostics. This turns intm ill -defined
harmonic system, and consequendyger errors in the harmonic constants dedldem its solving.Neither
high-latitude data setmanualediting nor entiredataset rejectionwere optiors, the former bein@g gigantic task

and thelatter an extremelydamagingloss of data in already poorly documented regidnstead, we directly
examing the ratio between the afjonal and extrdiagonal terms in the numerical harmonic matrix, and we
used an analogy with the Rayleigh criteriéor continuous time series (and the corresponding harmonic matrix)
to decideon a maximum ratio (extrdiagonal/diagonal) above wiiichefrequency separatiowas considered
deficient. The maximum ratio is set by analogy with the Rayleigh criterion. Ideally, i.e. in case ofifiras

time series, the harmonic matrix will be qudggonal. The shorter the time series, the largee ttross
terms/diagonaterms ratio in the matrix, which reflects the loss in separation efficiency. In the case of a
regularly sampled, continuous time series (no data missing), the usual Rayleigh criterion (at least 1 period
difference between two diffent constituents over the time series duration) is equivalent to a maximum ratio of
~0.15 in any row of the harmonic matrix. In the caden 2 constituents show a ratio larger than 0.15, we check
whether admittance can be used to infer the onethéthowest astronomical potential or not. If not the case or if
at least one is a nemstronomical constituent,is dismissed from the harmonic analysis spectrum

3.5Filtering internal tide signatures

FES2014 is a barotroptade model and iis not ained toincludethe small scale®f theinternal tide signals by
definition. Thus internal tide surface signatures have to be removed from the altimetgrridatéo data
assimilationand validationprocesss Internal tides have much shorter wavelenfghd much lower phase
speed}than barotropic tides, and their juxtaposing with barotropic tideats well known ripples in the along
track harmonic analysidue to inphase/oubf-phase changg&gbert and Ray, 20010 lowpass filtering is a
convenientway (still imperfectas it is vulnerable tthe baroclinic waves propagation angle wittsspect tathe
groundtrack to separate barotropic and baroclitide components for each frequency. Based on gravitye
vertical modes theoryGill, 1982), new estimatesf the firstvertical mode paroclinic wavelengths have been
computedfor the main waves M2, N2, S2, K1 and Q&jng WOA200%limatology (Locarnini et al., 2010,
Antonov et al., 2010 First mode baroclinic tides show the largest wavwgils, which are roughly in the 100 to
150km range inthe deep ocean and much shorter on shelf s&t. barotropic tideshaveshort wavelengttn

their amplitude and phase distributjdar instanceclose to amphidromic points at shelf edgerossing, that

13



10

15

20

25

30

35

40

should not be filtered out. The barotropide wavelength has beemumericallycomputed fromthe FES2012
atlas(by estimating the local wavenumbers from the ratio of the complex Laplacian of the tidal elevation field
and the tidal elevain field itself) and both bastropic and baroclinic estimategerethen used to compute the
alongtrack low-pass filtering cutting length scalewhich is the minimum between twice the baroclinic
wavelength and 1/450f the barotropic oneFigure5 shows thefiltering cutoff length scalén km: it goes to

zero in nearamphidromic point areas and in shallow watefdseng the wavelength of the barotropic tide

becomeshorter.

4 Data assimilation

The data assimilatiomethod used in FES2014 is quite similar to the one used in FES2@A4he notable
exception that the ensemble approach has been subshiuted variational one. This change in our approach,
initiated after FES2004 completion, is motivated by thdiadifty to prescribe bathymetry errors aight
handsideforcing terms errors, asvariational technique would ask for. More generathge ensemble technique
is much more flexible and natural, especially when dealing withijhnighomogeneousrror souces, in nature

and magnitudeas is the castr shelf and coastal tides.

4.1 SpENOI assimilation code

The SpEnOI(Spectral Ensemble gimal Interpolation)data assimilation code is an evolution of thede
ddAssimilati on Oc ®a n iégenteursgADOR) tata agsifitation abdt yadde 897, Rsedb r
up toFES2004)based on a variational approach using representer mettigihally inspired from Bennett and
Maclntosh(1982. The main difference lies in the fact that CADOR uses a variatienadulation to infer the
tidal elevation error covariance matrix, using an adjoint sysédthoughthe variational approach is quite well
designed to capture model errors arising from the 4figintd side of the tidal equatiofisyear forcing terms)it
turns to be poorlyableto account for bathymetrgerived and notinear terms (bottom friction) errorshat
usually dominate modelling errors in coastal and shelf seasthiSoreason, an ensemble approach has been
constructedo improve the realism arftexibility of the modelling error prescription$he optimal interpolation
denomination isa misnomeras the error covariansef the state vector are nadealized covariancesuch as
Gaussiarshaped distribution)outarejustified by the norincremental nature of the data assimilation due to the

frequencydomain space where it applies.

4.2 Ensemblesconstruction

In the ensemble assimilation approach, a large number of simulatiensn in orderto describe the model

errors. This ensemble of simutais is generated by varying the parameters and input datasets to which the

model is the most sensitive. In the case of the FES2014 tidal model, the perturbations were made on the bottom

friction coefficient, theinternaltide drag coefficient, the bathyrtrg and theLSA. All the simulations were
validated against the altimetry and th& databasesin order to identify potential outlierdn addition, the
dispersion of the ensembland the distance dhe ensemble meawo the reference hydrodynamic simtida

were computed, in order to verify that the ensembierecentered on the referencl total, the whole
ensemblecontains 432 simulation members for each tidal constituent, built by following the methodology

describd in the next sections.
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Perturbation of the loading tide Numericalexperimentshave shownthat the model ivery sensitive to the
explicit LSA forcing, with tidal species dependemcNamely the diurnal tidal components (K1, O1) are
improved when using the FES20d2rivedLSA, while the smidiurnal tidal components (M2, S2) are better
resolved when using the FES®@rived LSA. The latter result needs some explanatiditst the FES2014
hydrodynamic configuration has been adjusted (i.e. bottom frictiorirdeihal wave draglue to barotpic to
baroclinic energy conversipdenotedWD) in simulations using the FES99 LSA, aimd¢luding clearlyan error
compensation contribution i.e. configuration adjustmentcompensate forthe FES99 LSA defects
Consequently, consideig thehigh level of accuracy of the hydrodynamic solutiared thus the sensitivity to
any minor changedheyare not fully appropriatefor a simulationforced with anothet. SA atlas second, the
most sensitive component fhe adjustmentprocess is clearly M2, as bottom friction is truly riémear for M2,

as it haghe strongst currents and the dominatéhe velocity amplitude in thenontlinear friction term, andas

the other constituents hawnsequentlya kind of quasilinear friction n the presence of M2 dominant
velocities. So using a momodernand more accurate LSA, will usualprofit all constituentsdout M2, as it
would requirere-processinghe adjustmenstepsto get back at least to a similar or improved accurbcgrder

to obtain a thorough description of the model errors, all the simulations based on perturbations were done twice,
using the FES99 and the FES2012 loading tides as input, respectively. This doubled the number of members in
the ensembles described hereieaft

Perturbation of the bottom friction roughness Figure6 shows the energy dissipated by the bottom friction in
the FES2014hydrodynamic model, for the M2 tidal component. As expected, the areas where the dissipation is
the largest correspond to the shelaesl coastal sea3he model is consequently more sensitive to the bottom
friction coefficient in these areaBollowing this map, thirteepolygons, highlighted in reth Figure 6, were
defined in order to generate local perturbations of the bottom friction coefficiesignificant bottom friction

tidal dissipation regiondThe definition of tuning polygons is a compromise to include the most significant sites
for tidal dissipation ando limit the number of polygons (to avoid too many members in our ensembtes).
each of these polygons, the bottom frictimughnessvas assigneckeight different values ranging around the
globataveragevalue set for the reference hydrodynamic simutat{@0®m). As presented above]l ahe
simulationswere done twice, with the FES99 and the FES2012 loading tides respectively asangtite
ensemble of bottom friction perturbatiofirsally contains 208nembers

Perturbation of the wave drag coefficien: Contrary tothe bottom friction the energy dissipation due to the
energy transfer from thbarotropictidesto the baroclinictides (internal tide dragdloes not happen in very
specific and local regions, bih various dispersedsloping bottom topogaphy regions(shelf edges, ocean
ridges)where thetidal currentscross thebathymetry gradientamakingit difficult to isolate each single active
site. In addition, energy transfer efficiency strondggpendsn local ocean stratification, whids not precisdy
known in standard climatology adDcean General Circulation Model®GCMS. The perturbations of the wave
drag coefficient were consequently done at shbdivided basin scalgequatorial/tropical, midatitudes and

high latitudes suldivisions) shown in Figure 7. For each of these ten regions, ti@dimensionalwave drag
coefficient was locally variedver sevenvalues ranging around the glokmleragevalue set for the reference
hydrodynamic simulationi.e. 75). The wave drag perturbationsnemble finally containsl40 members(70
perturbations run witeach ofthe FES99 and FES2012 LSA)
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Perturbation of the model bathymetry: Several approaches are possilite the hydrodynamic model
bathymetry perturbationsuch adinear canbinations of various datasets miodifications in specific regions
using eithersynthetic or heterogeneous bathymetry datableé latter was used in the case of the FES2014
model, as it enables to betmntrol the perturbations and ¢bhoose the most responsive regioHse reference
hydrodynamicmodel bathymetryis replaced bydepths extracted fromvhat we callfigridone, 1 minute
resolution from GEBCQand Smith&Sandwell 15.1 releasan each ofthe 19 regions displayeth Figure8 and
chosen either for their dynamical impact on tidal solutions or for the large uncertaihtihe oeference
bathymetry quality(such as théatagonian shelf). Howevehe construction of the ensemble simulations has
highlighted that the twdathymetryperturbations in the Weddell Sé&outhern Atlantic Ocean)resulted in
solutions showing erroiis semidiurnal tides up tawo to four timeslarger than theveragesimulations with a
largeincrease of errorm the whole Atlantic Ocean, in the Indian Ocean and in the Southern Pacific Odéan
comes from the free water depth reduction due to the We&ael iceshelf immersion,which has been
corrected in our reference bathymetry, but nothiegridoneand Smith&Sadwell patches because of project
schedule constraints. Desplieingconsidered as potentially critical for the model error spteeyWeddellSea
region wasdiscarded from the bathymetpyatchesensembleconstruction which effective set contains 36
memlers.

A few additionalmembers haveeen added from thg@erturbations othe model minimatepththreshold It is
usually setto 10 m in the TUG@n hydrodynamic global ocearmodel. Depth threshold aims to minimize
frequencydomainmodelling validity limitations in very shallow wate(§-UGOm has the ability to modulate
the threshold as a function of local tidal range, it was not used in FES2014 to avoid additional complexity in the
model configuration settingbut more importantly to deal with tlexisience ofunrealisticallyshallowdepthsin
most bathymetrylatasetsThe depths found in most bathymetry databases in-tt@n® (and probabl®-20m)
range is anything but reliable. In most places, the depths are linearly varying with distance from &stliaé co
to the 10m isobaths, which is not the usual morphology one will find in the true ocean. Such audigial
shallowwater patches can have a damaging impadhe bottom friction budget in coastal areas. The 10 m
limitation has been verifietb be quite reasonable by experiments in the last 2 decades of tidal modeailing.
course in regionswherebathymetry databases are highly accurate, it is preferable to keep the true depths (and
use awetting/dryingscheme if running the tirgteppirg modg. But it represents only a tiny portion of the
global ocean coastal regionBotential errors arising from this parametavéibeen taken into account by
producing six members withlobal values centerearoundthe standardvalue (10 m) In total, he ensemble of
bathymetry perturbations contains &kmbers(42 perturbations run witleach ofthe FES99 and FES2012
LSA).

4.3 Data selection

As described in section 3, tA& and altimetry sea surface height observations were processed with a harmonic
andysis in order to retrieve the tidal harmonic constituents (amplitude and phase lag) for about fifteen tidal
components (M2, K1, S2, 01, e Trea@alimetaymata werke processed atthe at e d
crossover points for the TP/JL/IRN/JIN and E1/E2/EN series, and along the tracks for the TP/J1/J2 series.

This means a large amount of data, with more th@@Mcrossover points for each of the TP/J1/32 and TPN/J1N

series, about 6@00 crossover points for the E1/E2/EN series, mady more pointsalong the TP/J1/J2 tracks.
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In addition to severe computational c¢SpENOI code is solvingn assimilation problem in the data space),
usingdataof the entire dataseis not optimal. First TPN/J1N and E1/E2/EN data canaiargrrors larger than

the prior solutios 6 @mdassociated error bars are not fully reliable, so their inclusion can degrade the
resulting data assimilation accuracy. Second, previous studies have shown that a limited subsefualityigh
data can erform as well as the full dataset. Thirdly, it is the lguing objectives of FES atlases to keep the
weight of data assimilation at the lowest possible level@aderveas feasibleof the hydrodynamic properties

of the solutions (needed forstance to perform energy budgets). B@selectionof the observations for the data
assimilation process idriven by the following generalguidelines keep the overall assimilation dataset as
limited as feasiblegiving priority to the TP/J1/JZrossover data, with a partial decimati@speciallyat high
latitudes to favar the homogeneous repartition of thesimilatecbbservations all over the global oceandadd
(possibly decimatedalongtrack TP/J1/J2datato constrain moreclosely the nodel with the observations in
problematicregions i.e. where problems have been identified in the hydrodynamic sojutiostly linked with
deficient bathymetryThose regions lie mostly in shelf and coastal setigredata couldalsobe takenfrom
TPN/J1IN and E1/E2/EN alortgack/crossover dataets However due to the 20 years of data availathlging

the TP/J1/J2 orbiat FES2014 production erthetidalc 0 n s t irétrievals at sh@P/J1/J2 crossover points
andalong the tracks are morecacate than the tidal retrievals at the TPN/J1IN and E1/E2/EN crossover points.
Consequently, TPN/JIN and E1/E2/EN aldragk/crossover datasets were not used, excepsome rare
exceptionsOf course the Topex/Jason orbiiteing limited to 66° in laitude, the E1/E2/EN datare definitely
neededas a complement in thaorthernhigh latitudes(E1/E2/EN data were not consideredbasng accurate
enough in southern high latitudes)

The altimetry assimilation datasetas built in two steps. First, a systatic decimation was performed,
following the criteria detailed imable4. A threshold on the error estimatéthe M2 tidal constituents was also
usedas a selection criteriorAs some observationgovide accurateestimaes for somegiven tidalcomponert
andshowstrong erros for other ons, data weredecimated specifically by applying a threshold value to the error
estimate associated with the considered tidal compohemarticular, egarding the S2 tidatonstituent no
E1/E2/EN datavereselectedbecause of itgfinite aliasing periodsunsynchronous orbit)

The second step of the construction of the altimetry assimilation datassistedof re-ingesting TP/J1/J2
crossover and alonack data that were discadl by the spatial decimation in regions where the model needed
more closeconstraing, using an empiricalterative procedure The final dataset of altimetry crossover points
selected for the data assimilation process is present&igure 9, with a specific color for each altimetry
mission. One can notidbere ardewer observations in thenajor oceansurface circulatiorareas (Gulf Stream,
Kuroshio, Agulhas Currenthecauseof the potentially large contamination lmyesescale dynamicgthe non

tidal oceandynamic contamination is estimated by looking at sea surface signal spectral energy close to the
considered constitueitaliased frequency, and data showing vahigher tharthe thresholds given iTable4

are dismissed frorthe assimilation dataset)n the subAntarctic region, theseasonapresence of sea ice limits

the availability ofusableE1/E2/EN altimetry data andill be rejected by the numeric&ayleighcriterion at
hamonic analysis steprhe TP/J1/J2 alongzack data,shown in Figure 10, clearly enableus to densify the
assimilation dataset on the shelves and near the coasts, where the amplitude of the tide and the errors of the

model are the largesind tidal wavelength the shortest
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The TG dataset for the data assimilation process obtainedfrom severaltidal data setsthe WOCEGLOSS
coastaldatabaseopen ocean BPRatabas@rovided by R. Ry (and used as validation dataset in Stammer et al,
2014, anopen ocean BPR database in Antarctiompiledby LEGOS,an Arctic database from Kowaliland
Proshutinsky (1994}he International Hydrographic Office (IHQJata settheresearch ofsjevik and Straume
(1994),andsome additional data compiled bfGOS, and fourGst at i ons of R. Raybés shel
North of Florida. Any inevitable redundancy due toeighbaring observations were identified and the
consstency between theeighbairing stations was systematically verifiebh total, theTG database contains

600 stationgFigure 11) with a relatively homogeneous geographidaitribution For efficiency reasons, rad
because the TG time series needed to comuutgerich error estimates were not available for the full dataset,

the TG data error estimates were fixatbitrarily andempirically to 3 mm for the deep ocean stations and to 1

cm for the shelf and cotd stations. The idea was to limit thenstrains on the model at the tide gauge stations

on the shelf and close to the coast in order to avoid drawing the solution to fit some very local tide features
observed by the coastal stations that may be instems$ with the larger scale tidal patterns that can be accurately
solved at the resolution and/or bathymetry of the model.

Finally, iterative data assimilatioexperimentgroved the need fosome additional observations [rarticular
regions,whereneitherTG nor standard altimetry data were availaldedicated oastal altimetryderived tidal
observations provided bthe French Observation Service dedicatedsatellite altimetry studies (Centre of
Topography of the Oceans and the Hydrosph#eaeotedCTOH, ctoh.legos.obsnip.fr), based on the harmonic
analysis of TP/J1/J2 GDRwere used to better constrain the model in these specific cases: 1 point North of
Tierra del Fuego, 1 point in the Pamlico Bay (North Carolina) and 2 plaitgeenthe Southern islands of
Japan.The total assimilation dataset contains622 observations for the M2 tidal component ahghtly less

for the other components, depending on the esstimats associated with the tidal constituewtsbecause of
constituentspecific aliasing issues

It should also be noticed that the M4 tidal component received a special treatment for the construction of the
assimilation dataset. Indeed, the #dimear M4 tidal componenmostly develops on the continental shelves
Because of g small amplitude irthe open ocean, it is difficult to separsite M4 signalfrom the other ocean
signalswith similar space and temporal scalesid the nois¢éo-signal ratio inthe M4 analysis is much too large

to provide appropriate dato the assimilation. Consequently, only shelves and coastal seas data have been kept
in the M4 assimilaion datasetThe complete M4 assimilation dataset contains altimetry crossover points from
TP/J1/32, TPN/JIN and E1/E2/EMlong track data from TP/IR, the four CTOH TP/J1/J2 coastal points

previously mentioned and only oii&, the Avormouth station, in the BristaChannelUK).

5 Atlas assessment and validation

The validation of the FES2014 tidal atlas is based fsacuencydomain (harmonicyalidaion of the ocean tide
componerd plusa temporal validation of the total geocentric tide compa et ocean tideplusloading tide)
The FES2014 performanceas compared to statef-the-art global tidal models available at the time of the study,
namely GOT4v8/GOT4v10, DTU10, TPXW2, EOT11A and FES201Zplease note that FES2014c and
FES2014b have identicaihain long period,diurnal, semidiurnal and suiharmonics solutionsand the
FES2014c long period extension is identitathe one implicitly nade inside the prediction software, the
following validations will mention FES2014b only and will hold for FES2014c as)wglle FES2012 and
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FES2014a atlass have been included imperformanceinter-comparisonassessmentso demonstratethe
beneficialimpact of the followingevolutions FES2012/FES2014a differencemstly illustrate the improvement
coming fromthe significantly higher accuracyf the FES2014arior hydrodynamic solution in the assimilated solutions,
while FES2014a/b differences mostljuitrate the improvement coming fraime FES2014aderivedLSA forcing in the
hydrodynamic model anith theassimilated altimetrgata processin@hrough theidal loading correctiompplied in GDR}

The prediction code used for the time domain validatipresented in 5.3 is the operationalJ&3on GDRs
processing code. The tidal prediction software isvailable on a bitbucket depasit
https://bitbucket.org/cnes_aviso/fes/src/mastéris appropriate not only to be used with FES atlases, but also
with other popular atlases, such as GOT or TPXO reled¢disout gettinginto deep detailsthe tidalprediction
includes all tidal constituents provided by an atlas, but it alses ugferencetechniqueto add some significant,
missing astronomical consténtswhennot given as a predictianput fle( na me |, y 3 2 , L2, T2,
d2, 2Q1,0 1, } -1, M1-2vidl 1, J1iQ@qQl)and & quite comprehensive number of long period
constituentgup to 106 from secondegree terms andl7 from third degreeterms of the gravitational tidal
potentia) are addedisingthe tidal equilibrium approximationThe inference formulae and thextensivelist of

the tidal constituents thare computedusing inferencéequilibrium approximationsare listel in the code.
Contrary to the tidal models inteomparison exercise iStammer et al(2014, we made the choicef not
restraining the tidal prediction @ common set of constituents when making comparisonstigtlsOT4v10
atlas, inorder to take ird account both the accuracy and the omission error of the mtlied&eeping close to
real life performanceHowever,the implementationinside he prediction softwaregf the inferencemethodto
increase the prediction spectrigfficiently compensates fahe impact of missing astronomical constituents
the GOT4v10 atlas, so mosttbk differences irthe actualprediction spectrurwill be limited tothe differences

in theavailability of compound tié and overtideconstituents

5.1 Description of FES2014 tidal spectrum

FES2014 is the only global tidal atlasthat offers a comprehensiveidal spectrum of 34idal components
includinglinear components (K1, M2, N2, O1, P1, Q1, S1, S2, K2, 2N2, EPS2, J1, L2, T2, La2, Mu, Nu2, R2),
nonlinearcomponentgM3, M4, M6, M8, MKS2, MN4, MS4, N4, S43and longperiodcomponentgMSf, Mf,

Mm, MSgm, Mtm,Sa, Ssh Late extension to eight additionalwéliprium, mass conservative lofgeriod tides,

The Doodson numbers of which a®&55555 (MO0), 0565545, 0585545 (Sta), 0655556, 0656553, 0735555
(MSf), 0753555 and 0754556, has been recently made to FES2014b and, as previotishethehe extended

atlas is denoted as FES2014te MSf tide was already presenin FES2014b, but resulted from ntnear
dynamics (M2/S2 interaction) only because its astronomical potential was accidentally dismissed at production
time. In the FESQl4c atlas, the corresponding complementary equilibrium solution filaleimted
MSf.FES2014c.LPequi_only.nc, and should be used in conjunction with the FES2014b solution file.

Despite providinghe S1 tide,we discourage its use in tidal correctiomsenstorm surges or DAC corrections

that include diurnal atmospheric effects (i.e. not filtered out) are availatiieally, the astronomical part of S1

is rather negligible, and it is mostly forced by the atmospheric surface pressure, which shows sigaedszmal

and interannual variability. So any harmonic S1 solution willthereflectionof the mean othe S1 tideover a

given time period (of simulation and/or data assimilation), and would ideally need to be completed with a

consistent resigal S1 DAC correction to account for its intrinsic variabjlitvhich would be technically quite
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tedious to perform in a fully consistent wayp to now,the accuracy of the S1 DAC solution has been quite
limited by the temporal resolution of trevailable atmosphericpressureforcing products At present the
operational processing of GDRs data is based on a DAC filtered ¥hith the mean S1 atmospheric
componentshave been filtered outand the S1 tide (both atmospherically and gravitationally &rée then
removed by the S1 tidabhkition in the tidal predictionHowever, lecause othe recent improvements in the
atmospheric productgénotably in their time sampling)the FES group is in fawp to revise the present
operational data processing paigm by leaving S1 correction to be accounted for in the high frequency storm
surge correction (DAC) instead in the tidalcorrection forthe next generatiownf altimetry products

FES2014 containgither free hydrodynamicsolutions or data assimilatiorresults. he choice of the tidal
components that benefited from data assimilation was made upon two criteria. First, the accuracy of the non
assimilated tidal component with regards to its amplitude: the smallest tidal components were not assimilated.
Semnd, the capability to separate the tidal components in the altimetryG@uadbservations, in terms of signal

to noise ratio: the longeriod tidal components were not assimilated. Finally, the following 15 tidal components
benefited from data assimilatioK1, M2, N2, O1, P1, Q1, S2, K2, 2N2, EPS2, L2, La2,2MNu2 and M4.

Most of he diurnal semidiurnal and nonrlinear tides were computedusing the frequencydomain solver,
especially the assimilated ones (for ensemble computational cost red$mnspaller linear and nofineartidal
constituentgnot targeted by the data assimila)idd, M3, M8, MKS2, N4, R2, S1, S¥hdT2 were computed in
time-steppingsimulations,with atmospheric forcindERA-INTERIM) in addition to the usual tidal potential
forcing. As earlier mentioned, theorrectionof S1 tide musbe consistent with DAC correction conteatd this

is presently the case in the operational altimetric data proce3siegaldition of the atmospheric forcing not
only provides an S1 solution,but alsoguarantees more accurate S2 tide representation and consequently a
more accuratenodelling ofnontlinear processes. This leads to a modelling strategy dilemnthgasse of the
sufficient highfrequency atmospheric forcing(1-hour sampling)also raisesa potential risk of partially
duplicated correction with DAC, especially for the R2, T2 and S4 constituehish should ideally be removed
from the DAC correction. Let us also mention the ¥RIM2 tides that have a small but significant atrpberic
contribution, which is already taken into account in the tidal solutinmmeighthe data assimilation. Definitely,

the possible overlapping between tidal and DAC correstiand dynamical coupling) is a serious issue that
should be addressed iretfuture altimetric data processiigo admittance relationship was used for these minor
waves.The longperiod components (Mf, Mm, Mtm, MSgm, MSf, Sa, Ssare computed in timstepping
mode without atmospheric forcing

A major, novelinterest of the FE2014 tidal atlas is the availability of mangn-linear tidal constituentsThese
components are generally not provided by other models although their amgptitudeeach severakntimetres

in shallowseasand even 1 cm ithe deep oceain the case othe M4 wave.The FES2014tlas is originally
designedfor the tidal de-aliasing correctionof the altimetry sea surface height observations, for which the
missionaccuracy requirements are set to 2 ionthe open ocearso each(accuratg contribution to the tidal
spectrum is of importanceAnother asset othe FES2014 atlas is thsupplying of six longperiod tidal
components(Mf, Mm, Mtm, MSgm Sa and Ssa see previous comment about M$fcomputed from the
dynamical model forced with graetional forcesThese longperiod components are generally approximated by
the equilibrium solutiorin the other global ocean tidal modelst least for the constituents of period shorter than

one month, the overall ocean (dynamical) tide sheignificart differences with equilibrium approximations. In
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addition, hese dynamical solutionsan show regional, fully unbalancednhancementue to topography
trapped wavegfor example in the Southeast Pacifitp compute the totajeocentridide, needed foaltimetry
observations correctigrthe FES2014aloading tidemust beadded to the FES20h4ocean tide, both being
consistent as thEES2014doading tide was removed from tladtimetry dataused in data assimilation stégf

section2.6).

5.2Validation in the frequency domain

The validation in thdrequencydomain(i.e. of constituent harmonic constangjables to easily identify and
locate potentiatieficienciedn tidal atlags The performance of the tidal model can be quite different from one
region b arother, but also from one tidal componentawwther. As for the hydrodynamic simulations, the
optimal tidal atlas (i.e. with data assimilatidgs beervalidated by computing the vector differences between
the observations (altimetry afdss) for each tidal componenEigure12 shows the vector differences between
the TG databases provided by R. Ray (and used as validation databases in Stamnz01e} ahd the most
recent global tidal model$or four main tdal components (M2, K1, S2 and OHere, it must be reminded that
most ofthe deep oceahG database was included in the assimilation dataset for FES2014b. As a consequence, it
is expected that the vector difference between this database and the FESR2828t4didal modelshould be
very low (still, it indicatesthatthis dataset was found to be setinsistent in thelata assimilation procesgjo a
lesserextent, shelf and coastal datasets inevitably contain some assimilateflafiaddly, the amountof quality

TG data is not large enough to allow for a distinct data assimilation anebaleliced validation datasets
Moreover, if aquality-checkedy al i d at i data deherstiate® soresdivergence withattassolution, it
would be then extremely usefub include it in the final dataset for assimilatidn addition, because of the
ensemble/data representers approach, the assimilation solution will not easilyTi® theta if not consistent
with model error covariance and othéata, including altimetry data. Internally, we also made consistency
checks by assimilating altimetry data only, then com@asolutionswith TG data and reached very close
numbersSo there is &avourablebut moderatdias in terms of accuracy when cpaning our final solution with
thevalidationdatasetStill, the comparison to the other databases (shelf and coastal) shawsiidéexcellent
performance of the FES2014b tidal atlas, whateverctimsideredidal component. This highlights thather
uniform accuracyof the FES2014 atlas compared to somether competing atlas that sometimesshow
uneven accuracy estimatessostrongly depending on the tidebnstituent

In this validation againstG data, FES2014b and TPX@B(recently releasedpril 2020, EgbertandErofeeva
2002 show the best agreement with dafae TPXO%atlas is a 1/30 degree resolution fully global solution,
obtained by combininthe 1/6 degree base global solutid®XO%atlasand thirty 1/30 degree resolution local
solutions for all coastal areabo some extent, the regional patcheshia TPXO9%2 reproduce the (seamless)
FES unstructured grid flexible s@lution, and therefore explain the similarities in termpe@fformancen shelf

and coastal seal these comparisons, viwave chosen tdisplaythe latestreleaseof TPXO atlasesand not the
release available at FES2014 production time (TPXO8), wpicked to be significantly less accurdten
FES2@4in a similar diagnosticThe gap in accuracy is much reduced with TPXO%2, which hasprobably
taken advantageof longer time series for altimetry data, and possibly improved bathymetry for its prior

simulations (or any other improvementsfie regionahydrodynamianodels configurations).
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5.3Variance reduction in satellite altimetry observationsand in tidal gauges

A complementary validation consists in estimating the variance reduction obtained for altimeter observations or
tidal gaugesmeasurementswhenusing the FES20bitidal atlas as a correction for the barotropic tide sea
surface height and comparing with other tidal atldseduding FES2012 and FES2014a atlases to demonstrate
the gradud progres®n, coming fromimproved prior solutions and loading, toward the final FES2014 atlas)
This temporal approach allows taking into account the solution error as well as the omission error for the missing
tidal constituents. Notice thathile the geocentric tide solutiqine. ocean tide solution plus earth tide and ocean
tidal loading solution)s used forcorrectingaltimeter data, only the oceanic solution is used for tigalge
corrections as gauges follow the tidally induced bottom moBecause of data assimilatiogrrors inthe LSA

atlas used in altimetryassimilationdata correctios will reflect in the ocearassimilatedsolution (and will
participate tahe misfits with TG data), while they wilancelif performing altimetry validation data correction

with the same LSA atlas as used in data assimilation procegamgecommended for GDRs operational
processing).

Figure 13 shows the maps of variance reduction at tgtlgesites fromthe GLOSSnetwork, when using the

new FES2Q@4b tidal model and compared ttee GOT4v10 solution; although some of these tidal gauges have
been assimilated withithe FES2014 model, this diagnostic still permits to give information about the quality

of the solution in coastal regignzarticularlyon the French coasts where no data has been assimilated. Results
indicate a significant variance reduction when using the new FES2014b solution compheg8®@d model for

nearly all sites. A few tidal gauge sites show an increased variance bul Geare located in very complex or
enclosed regions and are thus not representative of the coastal ocean variability observable with a global ocean
tide model. A complementary validation was performed using some independeinfoF@ation along the
Canadian Mantic coasts (cfFigure 14); it shows an important mean variance reductionrl@fcm? for the 10

TG when usinghe FES2014a solution instead thie GOT4v10 one.

The impact of using the FES2014 tidal correctionthe global ocean is estimated by computing the altimeter
SSH differences between ascending and descending tracks at crossoversithsintpe new correction @&
reference one. Crossover points with time lags shorter than 10 days within one cysd¢eated in order to
minimize the contribution of the ocean variability at each crossover location. This diagnostic allows an accurate
estimation of the impact of the tide correction on the tirfghuency part of the altimeter SSH. This diagnostic
gives irformation on the temporal variance of the SSH differences in the small boxes of 4°x4° used for the
computation. The analysis has been performed using several missions and many different global tidal atlases, but
we will only present the results for JasomdaAltiKa missions:the Jason is the reference and very accurate
mission and AltiKa is independenf all the models testedrigure 15 and Figure 16 show the maps of SSH
variance differenes when comparing FES2iwith GOT4v10 and FES2012 tidal modet¢spectively Results
demonstrate aery good performances of the FES2014b tidal solution compared to the other models, with a
strong variance reduction noted in all shallow water regionggnioan 10 cm? when comparing to both
FES2012 and GOT4v10) and also in some deep ocean areas. SfatihitdiKa are a bit noisier compared to
Jasononesdue to the shorter time series available, but they give valuable information for high latitudes:
FES20144&n particularshows a strong improvement compared to FES20120ist ofthe Arctic Ocean regign

except inthe Laptev and Kar&eas. It is difficult to estimate how significant is thiscal deteriorationin
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variance reductionjust it must be remembered thée Altika mission suffers from shorter (in duration) and

fewer (in repetitivity) exact repeat observations compared to Jason time series. In consequence, the variance
reduction diagnostic is therefore made @ less significant statistical basis, and the overall variance reduction
map shows many || ocal, Anoi syo outliers (compared t
ice in the Arctic Sea is furthermore diminishing the number of availedid observations, hence potentially
increasing the uncertainty on the variance reduction estimates. Some independent validation was performed to
compare FES2012 and FES2014 (see R. Ray et al.,, 2019) and showed the clear improvement in FES2014,
exceptfor M2 in the Kara and Laptev Sea, where comparison with Altika measurements s$ligitlyaweaker
performance of FES2014. Unfortunatetire lack ofa more comprehensiveG datasetmakes any stronger
conclusions quite difficult to drawFES208b also strongly redusehe variance compared to GOT4v10 in
northern high latitudesexceptfor a slightrise of variance noted north of Baffin Bay when comparinghe

GOT model.

To pursue the analysis further to the coast, we consider -alatg sea level anomaliesdénoted SLA)
calculated from 1 Hz altimetric measurements. Although -fighuency signals are aliased in the lower
frequency band following the Nyquisteoryas appropriatéo each altimeter samplin@LA time series @ntain

the entire ocean variability spectrufigure17 shows the difference of SLA variance when udingFES2014a

tide model instead of FES2012 (resp. GOT4v10) modelhiAltiKa mission and as a function of distance

the coast. This diagnostic shows the very strong improvement of the new tidal solution witlinstte® km

from the coastompared to that fahe global ocegnwith a mean variance reduction reaching more than 20 cm?
within the first 30 km from the coast when comparing FES2014a and GOT mo8eilgprisingly, FES2014
improvement versus FES2012 chas itsmaximum at some distance from the caadtout 15km) The near

shore performangeboth in FES2012 an8ES2014, is probablylimited by local bathimetry accuracy and

coastal detail discretization, and ensemble/representers being less able to properly desceilreristadistics,

so data assimilation improvementsHES2014 propagate only partially toward nesinore zones.

6 FES2014 atlas addibnal derived products

The primary objective of the FES2014 project is to improve the tidal elevation prediction used in satellite
altimetry data daliasing. However, additional tidal estimates are available from the modeling and data
assimilation outputdParticularly new global tidal current maps, estimations of tidal energy baduyéteglobal

ocean and loading and seltraction components are presented here.

6.1 Tidal currents

Tidal currents have been estimated on the finite element mv@ghhthe elementwise discontinuousnon
conformingP1 discretizationone estimate in the middle of each element, estimated separately for each triangle)
The FES20184 tidal currents benefited from the data assimilatadnthe tidal elevationglata through the
dynamical correlation computed from the assimilation enseniiiie tidal currentsire provided on a 1/16° grid

like the elevations

Contrary to sea surface elevation where tigiethe major contributoto variabilityin most ocean regiondhe
validation oftidal currents is quite challenging as it requires lengugh (several months to years) accurate

current metetime series to accurdyeextract current harmonic constants from tlal harmonic analysis. In
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addition to be useful for consistent compams the currentmeter gaugesmust be moored in sites that are
representative of theurroundingtidal dynamics.The main resulting constraint is to discard arshowing
pronounced uneven bottom topography, as currents are highly sensitive to locatdinthyhich cannot be
captured properly by the model grid resolutiéfi.theseconstraint{together with the fact that the access to the
data is often restricted) imply that very f@mliservationsare finally available for the tidal velogitvalidation.
Luckily, for more than 10 years Australia has been maintaining a netw@& ADCP instruments all around

the continent principally through its governmesupported Integrated Marine Observing System (IMOS). The
Australian continental shelf has a wide ganof tidal regimes ranging from masetidal to micretidal, thus
providing ideal conditions to thoroughly test a modehe ADCP observations are accessible via the IMOS
portal (https://imos.org.au)An additional issue is that FES2@d4idal currents areepresentative of depth
averaged curreni@sthey arebased on the shallow water 2D equatiomas)dvertical profiles of tidalcurrens

will potentially contain some baroclinic tidal current signal, those currents bepuagsibly one order of
magnitude drgerin the vicinity of intense internal tide generation sites. In this case, predominance of internal
tides currents makethe barotropic currentretrieval quite difficult, and would require full wateolumn
auxiliary data (potential density &ast) to be conducted precisely by using the vertical mode decomposition
approach (Cao et al., 2018ugroho, 201Y. In this paper, théDCP time seriesvere specifically processed by
CSIROwith regard tothe computation of thdepthaveragedcurrentswhich comparabldo currents computed
with a barotropic shallowwater model. Then, aharmonic analysisvas performed in each current direction
separatelyfU eastward and Varthwarg for five main tidal components (M2, K1, S2, ON2).

These in situ tidal harmonic constituents esenparedo the FES2014 model tidal currents itermsof vector
differences and tidal current ellipsbaracteristidifferences The latter gives ayntheticdescription of the tidal
current for a give tidal componentThe length of the semmajor axis gives the maximuamplitude of the tidal
current andhe orientation of the ellipsgives the angle between the main current direction an@dkevard
direction The parameters of the ellipse (orierdatand lengths of the minor and major axes) are computed from
the tidal velocity harmonic constituents estimated in both directions (eastward and northward). The tidal current
ellipses computed from the curtemeter observations (in red) and from the F&EBR model (in blue) are
displayed for the M2 and K1 tidal componemtd-igure 18 andFigure19 respectively. The green dots show the
positions of the curremhetermoorings For somemoolings, the ellipses are not visible on the figures due to the
very low amplitudes of the tidal currents inesh micro-tidal sites.Overall there is a very good agreement
between the FES20l4model and the observations, at most of the m#dad sites.At somespecific moorings
(Darwin station and some stations inside the Great Barrier Reefie large discrepancies are observed, that are
due to the fact that these stations are very close to the coast, in very shallow areas where the agsidtution
bahymetry of the FES2014 global tidaheshis too coarse to accurately solve the currents. At some other
stations (Coffs Harboumooring), located in the open ocean, the model shows very strong unrealistic eastward
components. This is due to a lack of reiolu in the model gridjn this caseat the shelf break (the Coffs
Harbour station is located close to a steep bathymetry slopis).is awell-known numericalartefactof the
discontinuous numerical discretization of the tidal curreppearing where ghmodel grid hasccidentally
insufficient resolutionover steep bottom topographgtespite all the care taken in the mesh construction (
which the builtin constraint forslope intopographyimposes resolution to be proportario H/grad(H)). After

appropriateverification, it appears that this issue occurs only in a few locations of the FES2014 Thesh
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validation of the FES20Mbdtidal currentsnot only depics the overall fit with observations, but cafsosuggest
a carelll additionalscreening for future FES grid design, complementargiagnostics made from the tidal
elevation validation

6.2 Energy budget

Barotropic tides energy budgetdawvaluable diagnostic to examine the model performance and accuracy, and to
undestand more precisely how tidal dynamics wom@ks an energy generation, transport and dissipation
mechanismlt can also be a proxfpr the interaction of ocean tides with ocean circulation and stratification
(bottom friction and internalide drag rats of work) and be a feeding parameter to general ocean circulation
models that do not solve explicitly for the tides and neqzhtameterizé¢heir effects, mostly on mixindgnergy

budget has been estimated both from the prior, dynamically balanced diddiorss (thanks to their

unprecedented accuracy), and from the data assimilation solutions. The latter are of course more accurate in

elevation and currents, but are not perfectly balafdgdamicaly consistent)However the limited action of the
data asimilation due to the prior solutions accuracy, andsbenehow)ynamicalpropertiesof themodel error
covariancecomputed from the ensembies d y n a mi c¢ allow foreneslmiegfulsenergy budget estimates.
Among other possible energy estimates (uottfriction, potential forces, etc... rate of workhetenergy
conversion rate from barotropic tides toward baroclinic internal (Eiggire 20) is very valuable diagnostic to
identify and quantify internal tides genecai. For instance it can be used t@rovide additional vertical
diffusion information in ocean circulation models where tides are not explicitly resolMedvadays, some
global ocean circulation models explicitly resolve tigdtaraldi et al., 2012Kodaira et al., 2016Arbic et

al.,2018, and can produce a similar conversion rate estinmtewith a lower accuracy in terms of barotropic

tide solutions.In FES2014 estimates, uncertainties come from the parameterization used in the dynamical model.

In other words, our energy diagnostics bring a complemenitasigpendeninformation to a still evolving and

uncertain knowledge.

6.3Loading/self-attraction atlases

New maps of the loading arsklf-attractioneffects have been estimated taking into accd@tpreliminary
FES2014tidal elevationsin thepre FES2014 eral SA atlases were computed frahe projection of the native
finite element tidal elevation upon a high resolution regular grid, either using spherical harbawgasimbers
approach or aequivalent Greehm function convolution. However,-UGOm tidal models needs the gradient of
LSA, obtained first through a projection back to finite element dallibwed by a numericatlerivation. The
two-ways projection can trigger some undesirable nigakeffects, and a new software has been developed to
directly derive the LSA atlases on the finite element grid, using @rdenctions convolution l{yard et al,
2020, inpreparatiopn Figure 21 showsthe amplitude of theesultingM2 LSA computed from th&ES2014a
atlas and the differences with the GOT4v8ac loading effects.

As the computation of a tide model is an iterative process, thES2014 LSA maps have been used to
compute the final tidamodel versiors FES2014kc, showing an improveant of the global performancés

terms of tidal correctioas showrin Figure22.
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6.4 LowestHighest Astronomical Tides (LAT, HAT)

Lowest astronomical tides are commonly usetlydrographic services as the reference level for nautical charts
and terrain models. It is also a valuablerameterin maritime engineering and risk assessment studies.
FES2014 LAT (and HAT, highest astronomical tides) chart has been comiduben an twentyyears tidal
prediction (to account for nodal fluctuation in tidal amplitudes) based on all available tidal corsiituitet
FES2014 atlas (Figure 23). Mean Lower Low Watertides (MLLW) and Mean Higher High Watertides
(MHHW) tide levels(as used by NOAANd some otheysould be obtained in a similar wags well & some
additional ancient hydrographidatum as mentionedn Pugh and Woodwortt§2014. FES2014 LAT is
routinely ued at LEGOS to conveltathymetry fromhydrographic services into ocean mdawvel bathymetry

as needed in numerical ocean modelling, especially in coastal arshoearconfigurations.

7 Conclusions

Despite the tremendous efforts devoted worldwide taraweg tidal corrections for altimetrguring the last two
decadeswe still face challenging isssi@ shelf and coastal seas, as well as in high latitude oceans, thbere
accuracyof tidal atlasesemairs too limited for precise altimetry data processir@onsidering this mattethe
FES2014 atlasan be considered asverysignificant step forwardkeeping close to other atlases in the deep
ocean but showing a lot of improvemeimsshallow water seagnd some significant ones in the high latitude
seas

After competitive evaluation procedurésostly based on variance reduction of altimetry time series when
applying tidal corrections predicted from various tidal atlas candidateshas been selected fdahe
CNES/NASA/ESAEUMETSAT operationaland reprocessingaltimetry data deliasing correction, and more
recently as the standard correction in IPBREOconventionsy the International Earth Rotation and Reference
Systems Service (IERSThanks to the (accidental) unusual delay betwberFES2014 atla release and this
publication, the project team and the user commumése able taccumulate extensive experience on FES2014
atlas performance ithetidal prediction/correction domain. Namebesides spaceborne applications, it is now
widely and sucessfully used for regional modelling and in situ data processing applications, supporting our
confidence in its remarkable accura@g. a matter of factpne can consider that, even five years after its release,
FES2014 is well placed in the most usefublgll ocean tide atlas shortlist because afs extended tidal
spectrum (34 constituentamong whichl5 were optimally adjusted by data assimilation), its unprecedented
accuracy in shelf and coastal seas andetailed coastajrid.

The forthcomingSuface Water Ocean TopograpBWOT) altimetry mission will especially profit from these
specific characteristics as it will offer coastal and r&are nearly continuous, high resolution coverage
(Morrow et al., 2019)However the FES project team is atfganaking plans to design the next FES atath
emphasi®n SWOT mission requirements and needs, which should be available within three yeaSparcé.
attention will be paid to complex coastal regions (such as fjords, narrow channels andasthe#s)km to 4km
overall coastal resolutiorgnd to polar seas where the tidal atlases accuracy is weakened by the difficulty of
gathering quality tidal data for data assimilation and model validafibimking about more detailed shallow
water observatio detiding, the improvement of the hydrodynamic model will be one of the critical issues, and

will need to aggregate further accurate weslide bathymetry, which ia tedious and complicated task as the
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attempt to access national hydrographic servicés idaoften frustrating, especially when existimgplic data
release is limited by nescientific considerations. To some extent, we foresee that future atlas improvements
and overall accuracy will beorrelated withthe level of cooperation of nationarsices in this matter. New or
improved spacéorne bathymetry estimates (gravimetry/sea surface inverBBESAT-2 laser processing,
surface wavevavelength inversion from optical data) might hopefully ease the issue, especially in remote or
poorly acessible ocean parts, but opended international cooperation ar@penpublic data accesemain a

key factor for next generation tidal products. Meanwhile, we believehb&ES2014 tidal atlawill remain a
usefulbasefor tidal prediction and correiohn, in terms of surfee elevatioras well agidal currents, in present or
future altimetric or gravimetric satellite observations and in many maritime applications.

Among the new challenges that will be faded the futureis the question of ocean tidesn-stationarity as
possibly induced by the timearying icecover friction (Kowalik, 1981, Godin, 1986Lyard, 1997) the
barotropic to baroclinic tides energy conversion, storm surges or estuarine river disctesegtions with tides

As it is the ase for existing global tidal atlases, gtationarity of barotropic tidess not questionecheither in
hydrodynamic modelling nor data processidgwever it is quite a challenge for the future atlases in the context
of SWOT, which will provide data iestuaries and deltas, and in very high latitude regions. Also tides/storm
surgeinteractions need to be considered in altimetry high frequency corrections in shelf and coastal seas, but will
requirerenewingthe present correction paradigm (separatestated stornsurgecorrections) in the operational

data processing.ast but not least, theofe tides WWahr, 1985Carton andVahr, 198) havenot been targeted in

the FES tidal atlases as they are already corrected in GDRs by a specific cob@stidom Desai et al(2015.
However, further investigations are planned in the frame of the FES2022 project, especially for-the non
equilibrium response of the ocean to the pole tide forésga conclusion, we should insist on the fact that

accuracyof the tidal correction in altimetry products far from being a resolved probla and further

improvements will need to tackle details and issues that have been usually left aside in the past decades, and that

of course the FES atlas production ef§owill be continued.

Acknowledgements

The FES2014 project has been supported by the French space agency (@WN&SJrants n°131678, n°160306

and grants n°161431 (general grant framewdtk4026) and through the OSTST/TOSCA (INSU) scientific
fundings.The authors warmly thank David Griffin from CSIRO for providing tlepthaveragedADCP current

time series at the IMOS stations around Australia and for all the fruitful discussions about the comparison with
the FES2014 tidal current$hey thank P. GégoyGET, Toulouse) and J.P. Boy (IGSP, Strasbourg) for their
assistance in developing the unstructured grid loadinggieéction softwareand D. Greenberg (BIO, Canada)

for his long-lasting support in providingexpertise and data for the Hudson Bay arahdtlian Archipelago
modelling They also thank their colleagues of the OSTST tidal community for theirlésting support and

collaborations, with a special thought for R. Ray.

27



10

15

20

25

30

35

40

References

Amante, C. and Eakins, B. W.: ETOPO1 1 AMinute Global Relief Mdel: Procedures, Data Sources and
Analysis. NOAA Technical Memorandum NESDIS NGE@, National Geophysical Data Center,
NOAAhttps://doi.org/10.7289/V5C8276M, 2009.

Antonov, J. I., Seidov, D., Boyer, T. P., Locarnini, R. A., Mishonov, A. V., Garcia, HB&anova, O. K.,
Zweng, M. M., and Johnson, D. R.. World Ocean Atlas 2009, Volume 2: Salinity,
ftp://ftp.nodc.noaa.gov/pub/WOAQ09/DOC/woa09_vol2_text.pdf, 2010.

Arbic, B.K., M.H. Alford, J.K. Ansong, M.C. Buijsman, R.B. Ciotti, J.T. Farrar, R.W. Hallp&de. Henze,

C.N. Hill, C.A. Luecke, D. Menemenlis, E.J. Metzger, M. Miiller, A.D. Nelson, B.C. Nelson, H.E. Ngodock,
R.M. Ponte, J.G. Richman, A.C. Savage, R.B. Scott, J.F. Shriver, H.L. Simmons, |. Souopgui, P.G. Timko, A.J.
Wallcraft, L. Zamudio, and ZZhao, A primer on global internal tide and internal gravity wave continuum
modeling in HYCOM and MITgcm, New frontiers in operational oceanography, E. Chassignet, A. Pascual, J.
Tintore, and J. Verron, Eds., GODAE OceanView,-392, doi:10.17125/gov201h13, 2018

Baines, P.: On internal tide generation models, Deep Sea Research Part A. Oceanographic Research Papers, 29,

307 338, https://doi.org/10.1016/0198.49(82)90098, 1982.

Bell, T. H.: Topographically induced internal waves in the open qQckamal of Geophysical Research (1896
1977), 80, 320327, https://doi.org/10.1029/JC080i003p00320, 1975.

Bennett, A. F. and Mcintosh, P. C.: Open Ocean Modeling as an Inverse Problem: Tidal Theory, Journal of
Physical Oceanography, 12, 100018,
https://da.org/10.1175/152485(1982)012<1004:0O0MAAI>2.0.CO;2, 1982.

Bennett, A. F.: Inverse Methods in Physical Oceanography, Cambridge Monographs on Mechanics, Cambridge
University Press,
https://doi.org/10.1017/CB0O9780511600807, 1992.

Berrisford, P, Dee, D.,Poli, P., Brugge, R., Fielding, K., Fuentes, M., Kallberg, P., Kobayashi, S., Uppala, S.
and Simmons, A., The ERMterim archive, version 2.CERA report series. 1. Technical RepdBCMWF
pp23 2011

Carreére, L. and Lyard, F.: Modeling the barotropic response of the global ocean to atmospheric wind and

pressure forcing comparisons with observations, Geophysical Research Letters, 30,
https://doi.org/10.1029/2002GL016473, 2003.

28


http://centaur.reading.ac.uk/view/creators/90000464.html

10

15

20

25

30

35

40

Carere, L., Faugeére, Y., and Ablain, M.: Major improvement of altimetry sea level estimations using pressure
derived corrections based on ER#Mterim atmospheric reanalysis, Ocean Sci., 12, i8285,
https://doi.org/10.5194/e$2-8252016 2016

Carton,J.,Aand Wahr , J. M. : Model ling the pole tide and
International, 84, 121137,
https://doi.org/10.1111/j.136846X.1986.tb04348.x, 1986.

Cao, A:Z., Li, B.-T., and Lv, X-Q.: Extraction of Internal TidaCurrents and Reconstruction of FOlepth
Tidal Currents from Mooring Observations, Journal of Atmospheric and Oceanic Technology, 32,4414
https://doi.org/10.1175/JTEGB-14-00221.1, 2015.

Cherniawsky, J. Y., Foreman, M. G. G., Crawford, W. Rd Henry, R. F.: Ocean Tides from TOPEX/Poseidon
Sea Level Data, Journal of Atmospheric and Oceanic Technology, 1i&G49
https://doi.org/10.1175/1520426(2001)018<0649:OTFTPS>2.0.CO;2, 2001.

Desai, S. D. and Ray, R. D.: Consideration of tidal vanatio the geocenter on satellite altimeter observations
of ocean tides, Geophysical Research Letters, 41,2459, https://doi.org/10.1002/2014GL059614, 2014.

Desai, S., Wahr, J. & Beckley, B. Revisiting the pole tide for and from satellite altim&@god 89, 12331243.
https://doi.org/10.1007/s001911 508487, 2015

Egbert, G. D. and Ray, R. D.: Estimates of M2 tidal energy dissip&tiom TOPEX/Poseidon altimeter data,
Journal of Geophysical Research: Oceans, 106, 22227502, https://doi.org/10.1029/2000JC000699, 2001.

Egbert, G. D. and Erofeeva, S. Y.: Efficient Inverse Modeling of Barotropic Ocean Tides, Journal of
Atmospheric and Oceanic Technology, 19, 11834, https://0di.org/10.1175/1520
0426(2002)019<0183:EIMOB0>2.0.C0O;2, 2002.

Ferry, N., Parent, L., Garric, G., Bricaud, C., TestutEC.Galloudec, O. L., Lellouche,-M., Drévillon, M.,
Greiner, E., Barnier, B., Molines, -M., Jourdain, N., Guinehut, S., Caband&3, and Zawadzki, L.:
GLORYS2V1 global ocean reanalysis of the altimetric era (18939) at meso scale, Mercator Ocean Quaterly
Newsletter, 44, 2839, https://www.mercatencean.fr/en/oceascience/mercatenceanjournal/newsletted4-

variousareasof-berefit-usingthe-mercatoroceanproducts/, 2012.

Savcenko, R. and Bosch, W.: EOT Xampirical ocean tide model from muttiission satellite altimetry, DGFI
Report, 89, http://epic.awi.de/id/eprint/36001/1/DGFI_Report_89.pdf, 2012.

GEBCO Compilation Group GEBCO 2020 Grid (https://doi.orgl0.5285/a29¢5466138234de053
6c86abc04b9), 2020.

29


https://doi.org/10.1007/s00190-015-0848-7

10

15

20

25

30

35

40

Gjevik, B., Ngst, E., and Straume, T.: Model simulations of the tides in the Barents Sea, Journal of Geophysical
Research: Oceans, 99, 383350, https://doi.org/10.1029/93JC02743, 1994.

Gill, A.: AtmosphereOcean Dynamics, ifnternational Geophysics, vol. 30, Academic Press, 1st edn., 1982.

Godin, G.: Modification by an Ice Cover of the Tide in James Bay and Hudson Bay, Arctic, i3, 65
https://www.jstor.org/stable/40944Q 1986.

Hendershott, M. C.: The Effects of Solid Earth Deformation on Global Ocean Tides, Geophysical Journal of the
Royal Astronomical Society, 29, 38902, https://doi.org/10.1111/j.136516X.1972.tb06167.x, 1972.

Holgate, S. J., Matthews, A., &gdworth, P. L., Rickards, L. J., Tamisiea, M. E., Bradshaw, E., Foden, P. R.,
Gordon, K. M., Jevrejeva, S., and Pugh, J.: New Data Systems and Products at the Permanent Service for Mean
Sea LevelJournal of Coastal Resear2B(3), 493504, 29, 493504, https://doi.org/10.2112/JCOASTRHS
12-00175.1, 2013.

Johnson, L. W. and Riess, R. D.: Numerical Analysis, Addis@sley Publishing Company, 2nd edn., 1982.

Kodaira, T., Thompson, K. R., and Bernier, n. p. (2016), Prediction of M2 tidal swimmnts by a global
baroclinic ocean model and evaluation using observed drifter trajectorg@spghys. Res. Oceans, 121, 6159
6183, doi10.1002/2015JC011549

Kowalik, Z.: A Study of the M2 Tide in the IceCovered Arctic Ocean, Modeling, Identification and Control, 2,
201 223, https://doi.org/10.4173/mic.1981.4.2, 1981.

Kowalik, Z. and Proshutinsky, A. Y.: The Arctic Ocean Tides, Plodar Oceans and Their Role in Shaping the
Global Environment, 85, 13158, https://doi.org/10.1029/GM085p0137, 1994.

Lefévre, F., Lyard, F. H., Provost, C. L., and Schrama, E. J. O.: FES99: A Global Tide Finite Element Solution
Assimilating Tide Gaugeral Altimetric Information, Journal of Atmospheric and Oceanic Technology, 19,
1345 1356, https://doi.org/10.1175/152@26(2002)019<1345:FAGTFE>2.0.CO;2, 2002.

Le Provost, C. and Vincent, P.. Some tests of precision for a finite element model of oesaddidnal of
Computational Physics, 65, 2781, https://doi.org/10.1016/00:2091(86)90208, 1986.

Le Provost, C. and Lyard, F.: Energetics of the M2 barotropic ocean tides: an estimate of bottom friction

dissipation from a hydrodynamic model, Progrés Oceanography, 40, 352, https://doi.org/10.1016/S0079
6611(97)0002, 1997.

30


https://www.jstor.org/stable/40510440
https://doi.org/10.1002/2015JC011549

10

15

20

25

30

35

40

Le Roux, D. Y., Rostand, V., and Pouliot, B.: Analysis of Numerically Induced Oscillations irDliwensional
Finite-Element Shallow/Vater Models Part I: Inerti@ravity Waves, SIAM Journal on Scientific Computing,
29, 331 360, https://doi.org/10.1137/060650106,

2007.

Locarnini, R. A., Mishonov, A. V., Antonov, J. I., Boyer, T. P., Garcia, H. E., Baranova, O. K., Zweng, M. M.,
and Johnson, D. R.: World Ocean Atlas 2009w 1: Temperature,
ftp://ftp.nodc.noaa.gov/pub/WOA09/DOC/woa09_voll_text.pdf, 2010.

Lyard, F. H.: The tides in the Arctic Ocean from a finite element model, Journal of Geophysical Research:
Oceans, 102, 15 6115 638, https://doi.org/10.1029/96JC0259897.

Lyard, F. H.: Data Assimilation in a Wave Equation: A Variational Representer Approach for the Grenoble Tidal
Model, Journal of Computational Physics, 14831, https://doi.org/10.1006/jcph.1998.5966, 1999.

Lyard, F., Lefevre, F., Letellier, Tand Francis, O.: Modelling the global ocean tides: modern insights from
FES2004, Ocean Dynamics, 56, https://doi.org/10.1007/s10286086x, 2006.

Lynch, D. R. and Gray, W. G.: A wave equation model for finite element tidal computations, Computers &
Fluids, 7, 207228, https://doi.org/10.1016/004%30(79)9003%, 1979.

Maraldi, C., Chanut, J., Levier, B., Reffray, G., Ayoub, N., De Mey, P., Lyard, F., Cailleau, S., Drévillon, M.,
Fanjul, E. A., Sotillo, M. G., Marsaleix, P., and the Mercator Team: REbh the shelf: assessment of the
Iberia Biscayi Ireland configuration, Ocean Sci. Discuss., 9, 1883, https://doi.org/10.5194/064499-2012,
2012.

Morrow, R., Fu, L-L . Ardhui n, F. ., Benkiran, M. , Ch a plle,&n , B.
T., Lapeyre, G., Traon, F.. L., Pascual, A., Ponte, A., Qiu, B., Rascle, N., Ubelmann, C., Wang, J., and Zaron,
E. D.: Global Observations of Fiffecale Ocean Surface Topography With the Surface Water and Ocean
Topography (SWOT) Mission, Fronteein Marine Science, https://doi.org/10.3389/fmars.2019.00232, 2019.

Nugroho, D.: The Tides in a general circulation model in the Indonesian Seas, Ph.D. thesis, Université Toulouse
3 Paul Sabatier (UT3 Paul Sabatier), http://tel.archiwegertes.fr/tel01556796v2, 2017.

Pugh, D. and Woodworth, P.: Skavel Science: Understanding Tides, Surges, Tsunamis and MedreBda
Changes, Cambridge University Press, https://doi.org/10.1017/CB09781139235778, 2014.

Ray, R. D.: Precise comparisons of bottprassure and altimetric ocean tides, Journal of Geophysical Research:
Oceans, 118, 457@584, https://doi.org/10.1002/jgrc.20336, 2013.

31



10

15

20

25

30

35

40

Ray, R. D., Loomis, B. D., Luthcke, S. B., and Rachlin, K. E.: Testecehntide models by analysis of
satelliteto-satellite range measurements: an update, Geophysical Journal International, 217,178,74
https://doi.org/10.1093/gji/ggz062, 2019.

Smith, W. H. F. and Sandwell, D. T.: Global Sea Floor Topography fronlliteafdtimetry and Ship Depth
Soundings, Science, 277, 193862, https://doi.org/10.1126/science.277.5334.1956, 1997.

Stammer, D., Ray, R. D., Andersen, O. B., Arbic, B. K., Bosch, W., Carrér&;Heng, Y., Chinn, D. S,
Dushaw, B. D., Egbert, G. D., Erofeeva, S. Y., Fok, H. S., Green, J. A. M., Griffiths, S., King, M. A., Lapin, V.,
Lemoine, F. G., Luthcke, S. B., Lyard, F., Morison, J., Miller, M., Padman, L., Richman, J. G., Shriver, J. F.,
Shum, C. K., Taguchi, E., and Yi, Y.: Accuracy assessment of global barotropic ocean tide models, Reviews of
Geophysics, 52, 24282, https://doi.org/10.1002/2014RG000450, 2014.

Tarantola, A.: Inverse Problem Theory and Methods for Model Parameter Estinfatieer Titles in Applied
Mathematics, SIAM, https://doi.org/10.1137/1.9780898717921, 2005.

Timmermann, R., Brocq, A. L., Deen, T., Domack, E., Dutrieux, P., G&léazi, B., Hellmer, H., Humbert, A.,
Jansen, D., Jenkins, A., Lambrecht, A., Makinson,Ndederjasper, F., Nitsche, F., Ngst, O. A., Smedsrud, L.

H., and Smith, W. H. F.: A consistent data set of Antarctic ice sheet topography, cavity geometry, and global
bathymetry, Earth System Science Data, 2] 283, https://doi.org/10.5194/es8261-2010, 2010.

Wahr, J. M.: Deformation induced by polar motion, Journal of Geophysical Research: Solid Earth, 90, 9363
9368, https://doi.org/10.1029/JB090iB11p09363, 1985.

Woppelmann, G. and Marcos, M.: Vertical land motion as a key to understandingvekaHange and
variability, Reviews of Geophysics, 54,i®2, https://doi.org/10.1002/2015RG000502, 2015.

Yongcun C. and Andersen O. B.: Improvement in global ocean tide model in shallow water regions. Poster,
SV.1-68 45, OSTST, Lisbon, Oct.1®, 2010.

Zawadzki, L., Ablain, M., Carrere, L., Ray, R. D., Zelensky, N. P., Lyard, F., Guillot, A., and Picot, N.:
Investigating the 5®ay Error Signal in the Mean Sea Level Derived From TOPEX/Poseidon,-Iasoml
Jasor2 Data With FES and GOT Ocean Tide Mod¢EE Transactions on Geoscience and Remote Sensing,
56, 32443255, https://doi.org/10.1109/TGRS.2018.2796630, 2018.

32



150W 120W 90W 60W 30W OE 30E 60E 90E 120E 150E

150w 120W 90w 60W 30w 0E 30E 60E 90E 1208
5 5 10 15 20 30 40 50
— | | |

150W 120W 90W 60W 30W 0E 30E 60E 90E 120E 150E

150W 120W 90W 60W 30w OE 30E 60E 90E 120E 150E
1 1.5 2 2.5 3 5

Figure 1: Element-wise resolution (in km) of the FES2014 unstructured grids (upper panel) andhe FES2014

10 resolution divided by FES2004 resolution ratio (lower panel). Resolution increase has been mostly focused on ocean
ridges, shelves and shores (wherever reasonably accurate bathymetry was made available to the project). The
numerical resolution of the fequency domain solutions is half the elemenwise resolution due to second order basis

functions (Lagrange P2).
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Figure 2: Vector differences plack circles) between the purely hydrodynamic solutions of FES2012ipper panel) and
FES2014 lower panel), and the deep TPJ1J2 altimeter crossover points, for the M2 tidal componenthe accuracy
improvement between the FES2012 and FES2014 prior solutions is a key ingredient in the accuracy improvement
between the FES2012 ral FES2014a/b/c assimilated solutionsThe size of the black circles is proportional to the
square root of the amplitude of the vector difference between the solutions and the observations (see bottom left
normalized symbols, units in metres). The line indde circles shows the vector difference phas@he background
colour shows the amplitude of the M2 tidal component from the model (imetres).
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Figure 3 : Vector differences (black circles) between the purely hydrodynamic solutions of FES2012 (upper panel) and
FES2014 (lower panel), and the deep TPJ1J2 altimeter crossover points, for thkd tidal component The accuracy
improvement between the FES2012 and FES2014 prior solutions is a key ingredient in the accuracy improvement
between the FES2012 and FES2014a/b/c assimilated solutiof&e size of the black circles is proportional to the
square root of the amplitude of the vector difference between the solutions and the observations (see bottom left
normalized symbols, units in metes). The line inside circles showshe vector difference phase.The background
colour shows the amplitude of the M2 tidal component from the maal (in metres).
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Figure 4: Maps of amplitude in metres of Sa (upper panel)and Ssa (lower panel) ocean signals estimated from
GLORYS2v1 reanalysis GLORYS2v1 products are free of atmospheric surface pressure effecse. they are not
taken into account in the NEMO model forcing andare corrected for in the assimilated SSH data)Consequently, they
are comparable tolB -corrected sea leve{at Sa and Sa frequencie$ in altimetry and tide gauge observations.
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1Hz alongtrack points, to be multiplied by a factor six to retrieve the equivalent wavelength ikilometre)
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Figure 6: Energy (W/m?) dissipated by bottom friction in the FES2014 hydrodynant model, for the M2 wave, and
polygons used for the perturbations of the bottom friction coefficient.
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Figure 8: Bathymetry (in metres) used as input in the FES2014 hydrodynamic simulation and polygons where the
bathymetry perturbations were implemented for the bathymetry ensemble(Nota: the members related to the
perturbation of bathymetry in the Weddell Sea have been disgded from the final data assimilation ensemble, see the
data assimilation section for comments)
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green.
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Figure 10: TP/J1/J2 alongtrack data selected for the data assimilation.

Figure 11: the 600TG stations selected for the data assimilatiant includes: 151 BPR deep ocean TG from R. Ray,
249 GLOSScoastal TG, 33 Antarctica BPR deep ocean TG, 164 TG from LEGOS composite database (including 15
TG in the Canadian Archipelagoand 13 in the Baffin Sea)4 TG from R. Ray shelf databasenorth of Florida (Gray's
Reef, Georgia, US, denoted GR R2, offshae GR; RS, offshore GR, R6, offshore GR), 1 TG from British
Oceanographic Data Centre BODC) at Avonmouth
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