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Abstract

Since the midl 99060 s , a series of FES (Finite El ement Solution) global

and released with the primary objectieeprovide altimetry missions with tidal g@giasing correction at the best
possible accuracy. We describe the underlying hydrodynamic and data assimilation design and accuracy
assessments for tHetest FES2014 release (finalized in early 2016), esplciar 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 sglutions{ Mis en forme : Couleur de police :
Bleu

and use of ensemble data assimilation technique.

Mis en forme : Couleur de police :
Texte 1

spectrum has been significantiytended, the overall resolution augmented, and additional scientificduyucts

such as loading and sedftraction, energy diagnostics or lowest astronomical tides have been derived from the
atlas and are available. Compared to the other available gboeahn tidal atlases, FES2014 clearly shows

improved dealiasing performances in most of the global ocean areas and has consequently been integrated in

satellite altimetryGeophysical Data RecordSDR9GDBRs and gravimetric data processing, and adopted in {Mis en forme : Couleur de police :
Texte 1

recently renewed ITRBtandards(International Terrestrial Reference System, 2020)also provides very
accurate open boundary tidal conditions for regional and coastal modelling.
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Abstract. Since the miel 9 9 0 6 s a seri of Finite EIl ement Sol uti

produced and released with the primary objective to provide altimetry missionsawittal dealiasing

es on

correction at the best possible accuracy. We describe the underlying hydrodynamic and data assimilation designs

for the ldesst FES2014 release (finakd in early 2016)and-some-accuracy-—assessmaspecially for the

altimetry dealiasing purposes. The FES2014 atlas shows extremely significant improvements compared to the
FES2004(Lyard-et-al—2006and (intermediary) FES2012 atlases, in all oceaionsg especially in shelf and

coastal seas; these advances are due to the unstructured grid flexible resolution, recent progress in the (prior to

(FES)

gl o

assimilation) hydrodynamic tidal solutiQremnd to the use of an ensemble data assimilation technique. Cdmpare [ Mis en forme
Bleu

to earlier releases, the FES2014 available tidal constituspectrum has been significantly extended, the

: Couleur de police :
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overall resolutionaugmentedand additional scientific bproducts such as loading and ssfifraction, energy Texte 1
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diagnostics or lowest astronomi¢ales have been derived from the atlas and are avaisdsee-nevadditional

: Couleur de police :

Compared to the other available global Texte 1
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ocean tidal atlases, FES2014 clearly shows improvealidsing performance in most of the global ocean areas.

It has consequently been integrated in satellite altin@éyphysical Data RecordSDRg and gravimey data Mis en forme

Bleu

processing, and adopted in recently reneWdRF standards (International Terrestrial Reference System, 2020)
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It also provides very accurate open boundary tidal conditions for regional and coastal modelling.
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1 Introduction

The FES2014 global oae atlas is the latest release of a twamsrslong effort to improve tidal predictions
needed in satellite altimetry @diasing. It is based on the hydrodynamic modelling of tidesulpuse
UnstructuredGrid Oceanmode| further denoted FUGOmM) 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 ofl Mis en forme
Bleu

asimilated data accuracy and the model performance. To some extent, FES2014 can be considered a

: Couleur de police :

{Mis en forme

iterative step of the FES2012 atlas, mostly motivated by the overwhelming progress made in the hydrodynar Texie 1

: Couleur de police :

solutions accuractowardthe end of the FES20¥#oject and which could not be incorporated due to the project | Mis en forme

Bleu
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schedulesAs #-will be further mentioned in this publicatiomhe efficiency of data assimilatiorincreases

Mis en forme

significantly with prior solutions accuracynd for two main reasons. First, depia rigorous theoretical Texte 1
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the penalty function is criticafl{e most commonly used nom is-horm, which is consistent withGaussian

Mis en forme

framework, data assimilation relies on strong assumptions in which the choice of the vector norm chosen to b{ Mis en forme
[Texte 1
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Aassigned todata sets So while correcting prior (hydrodynamigplutiors gerrors, it can also inject some

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

tends to oveweight outliers in data or simulation valyeseeBennef, 1992 and Tarantola, 20p5Data {Mis en forme
Bleu

assimilation must also be fed with quasnpiricd, partially subjective parameters, such as gpmrariance

: Couleur de police :
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methodologial errors in the assimilation solutions, more or less proportional to tbegistance between the

: Couleur de police :

observations and the numerical solutions. Second, as we use an ensemble technique to assess the prior mo v :
IS en forme

error covariances, and as those covariances will strongly dictate data assimilation innovation in model regi¢ Texte 1

: Couleur de police :
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where asimilation data density igery sparse (sparse must be understood as compared to the tidal wavelengt b
Bleu

: Couleur de police :

hence being quite different in shallow water seas compared to deep ocean regions), the prior hydrodyna Mis en forme

Texte 1

ﬁ/%

realism is critical to consistently propag&téormation from data locations (where data/prior model traffiés

: Couleur de police :

(Y | U, U | U | U, W

actually solved) toward Aremoted model regions. Theref

or e, co

and thanks to the financial support of CNESCe nt r e

: Couleur de police :

. Texte 1
rapidly upgrade the FES2012 atlas toward the FES2014 atlas. exte
Mis en forme

Nat i ones) thedetiidn wasermde $op a {MIS en forme
The FES atlaserieshasstartegwith the FES94 release, quickly followed with the FES95 one (Le Provost et al: ,{meu

: Couleur de police :

1998), whichincludeds some upgrades and fixes forricaus issues detected after the FES94 official release. A | Mis en forme

: Couleur de police :

similar scenario occurred for the FES98 and FES99 (Lefevre 208R) FES2002 and FES2004, FES2012 and

Mis en forme
FES2014 atlases production. Despite intensive quality checking dimérgroduction phaseany new major

: Couleur de police :

version of FES atlas release is followed by an extended verification/validation phase from the FES team {M'stenlfo"“e
Texte

: Couleur de police :

: Couleur de police :
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other worldwide-spread specialists through the science applications thsed-use the new atlas. The iM'S on forme
upgrading/fixing step is limitetb issues that do not demand any major changes in the production process (sug Bleu
as unstructured grid modifications) but still will bring valuable improvements for the final TseFES2014 H";tgnlforme
atlas denomination is quite misleading, as its final versiorbbas delivered in early 2016. This has left time to {M,S en forme
the project team to precisely assess the FES2014 accuracy and performance in altimetryaliasingle Bleu

: Couleur de police :

Mis en forme

correction, and to make some final adjustments to guarantee the best possible quality at thattoies. in 3 Texte 1

: Couleur de police :

available FES2014 releases. FES2014a is the first guess traggdhta assimilation set where altimetry data Mis en forme

: Couleur de police :

were corrected from tidal loadimgovided bythe GOTv8 model(Desai and Ray, 2014)ts production allowed Bleu
. . o . . . Mis en forme : Couleur de police :

for internal verificdion checksand data assimilation adjustmengnd finally the production of the self Texte 1

consistentFES2014é&tidal loading atlas used withithe FES2014b altimetry assimilation data processirtge {MIS en forme : Couleur de police :
Bleu

FES2014a atlawas nofgimedintendedto be widely distribute or advertised. FES2014bwasthe first official -
Mis en forme : Couleur de police :

release andafter regridding from the native unstructured grid onto a regulardegyree resolution grjdt has {Texre 1

been made availableon the AVISO+ website (https://www.aviso.altimetry.frien/data/products/auxiliary {M'S en forme : Couleur de police :

products/globatide-fes.htm). To provide a more comprehensive, coherent tidal spectrum for tidal predlCtIOﬂS{Mls en forme : Couleur de police -

particularly for thegeodgsic community, several long periotides constituents were explicitly added in 2019 Texte 1

(computed from the usual massnservative equilibrium approximation) to the FES2014b atlas. It must be noticed{'V“Sts”lfo"“e * Couleur de police :

that similar long period constituents are implicitly adédretdal prediction if nocorrespondingxternal solution filés
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provided. To avoid confusion in public releases, the extended FES2014b atlas has received the FESZOT Mis en forme

: Couleur de police :

: Couleur de police :

: Couleur de police :

denomination. Texte 1
The objectives of our communication are to concisely present the FE@8844nain construction details, the {'\B/'I'sue” forme
validation diagnostics and the available-fnpducts, and not to propose a dissertation about tidal sciencel Mis en forme
findings based on this atlas which would lead us much too far. Consequently, in the following sections, v T(?Xtel

intend to provide to the readevith information on the major ingredients of the FES2014 atlas production w;tgnlforme

: Couleur de police :
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(hydrodynamic modelling, data processing and data selection for assimilation and validation, assimilation

processing), and basic accuracy assessmentrei@v. Complementary to the present publication, sonditahal

information onpresent and earlidfES atlasesindg link to the associated prediction softwaran be foundn the
AVISO+ website
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2 Hydrodynamic prior solutions

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

dependeneupon altimetryderived datand altimetry errors (Zeadzki et al, 2019.

2.1 T-UGOm time-stepping and frequencydomain solvers

T-UGOm (Toulouse Unstructured Grid Ocean mqddkercurial repository at https://hg.legos.ab#p.fr/tugo)
is a2D/3D unstructured grid model developedtheL a b or at o i eneGéaplysqueied ©cganographie

Spatiales (EGOS). It can accommodata variety of numericalliscretizatios (continuous and disontinuous Mis en forme

Bleu

: Couleur de police :

finite elemeng, finite volumes) on triangle or quadrangle elemebésed oithe usual NavierStokes equation in {
Mis en forme

the Boussinesq approximation, wiimon-hydrostatic pressure solver availabliecan be used in tirstepping Texte 1

: Couleur de police :

(TS) or frequencydomain (FD) mode. In 2005, based on FES2004 experience, an internalwalee drag
parameterizatior{ITWD) has been implementddr 2D shallowwater simulationgcharacterizing the energy
transfer from the barotropic tides to the internal, baroclinic tidesg ITWD parameterizationoriginally

developed from the piondag work of Bell; (1975; and Baines(1982; proved to be gsential in tidal and storm Mis en forme

: Couleur de police :

. . . : — . ! BI
surges simulation accuracgs tidal energy conversigrccouns for a significant portion of the total barotropic e

Mis en forme
energy dissipationMost of the critical dynamical parameters (such as bottom roughness, internal tide dra{ Texte 1

: Couleur de police :

coefficiert, etc...) can be neaniformly prescribed inside the domainitially, the frequencydomain mode has Mis en forme

: Couleur de police :

beenintegrated inthe original Feulouse—Unstructured-Grid-Ocean—mofelUGOMm) time-stepping codeo

dynamicallyand consistentlgownscale tidal bendary conditions fodomairlimited, time-stepping simulation

Mis en forme
Texte 1

: Couleur de police :

(actually, some classes of open boundewyditiors fime-steppingschemes, such as Riemann invariants, require M'S en forme

: Couleur de police :

Mis en forme
Texte 1

sensitive to bathymetry and grid resolution, and a simple interpolation from a globalvatladifferent

: Couleur de police :

bathymetry and resolutiomay not meet thaecessargonsistencyith the domaidimited configuration. A FD Mis en forme

: Couleur de police :

simulation, where only elevations are prescribed at open boundaries, will produce a properly downscal

prescribing tidal velocities in conjunction with tidalevatios. Contrary to edvations, velocities are very {
{MIS en forme

velocity field over the domaitimited grid, including open boundariesfhe FD solver is run for each tidal

: Couleur de police :

Mis en forme

component separatelit basicallyassembles frequencydomain wave equation arlde solution is obtained by Texte 1

: Couleur de police :

(Y, U | U | U, U | U | W, U | W |

a simple inversion of the systeiaturally,the FD solver is based upon linearized equations, and subsequently
nortlinear processes require an iterative approach to converge toward the fulipesnsolutionsThe number

of iterations is rather limited for the major astronomical tidal componértends to increase when addressing

compoundtides and rerlineanvertideg In any case, the numerical cost of the FD solver is extremely small {Mis en forme

Bleu

: Couleur de police :

compaed tothe TS solver cost (more than 1000 tisnemaller). In terms of solution accuracy, FD and TS

solvers are quite equivalent, with of course a limited advantadbetdS solver in nofinear tides cases. Texte 1

{Mis en forme :

Couleur de police :

Therefore, m the perspective of data assimitetiusing ensembles for the major ocean tides comportéets,

ensemble members have been computed in the FD mode (details of data assimilation are described in a dedicated
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section of the article). Another major advantage of the FD sblseduced numericatost is the possibility to
conduct a wide range of experiments in order to (globally or regiortey)numerical developmentsalibrate

the model parameters such as bottom friction and internal tide drag coefficients, verify bathymetry
improvements, oexamine loading and sedtraction consistencyt must be noticed that the optimal parameter

set for the FD mode will also meiite TS mode requirementBoth solvers are discretized through the standard
finite element, variational (weak) formulatioBonsequently, solutions must be handled in a consistent manner,
conservation | aws (which hold in a

especially when expressing

2.2 FD discrete equations

The TTUGOmM FD solver is originally inspired from th€ode au Eléments Finis pour la Marée Océanigue
(CEFMO model, Le Provost and Vincent1997; Lyard et al., 2006frequencydomain 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. Consequentlyve will confine ourselves

to the main differences between the CEFMO aAd@Om formulatioss. The FES2014 mesh is built on triangle

elements. Variouaumericaldiscretizationdor glevatiors 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 bee

designed in terms of spatial resolution for continuous L@R2retization(quadatic Lagrange Polynomials
basis functionsallowing for about 4 times more numerical nodes compardihéar Lagrange Polynomials,
denotedLGP1). Among other available options, tidatlocity discretization isslementwise, discontinuousNon

Conforming Inear interpolation functiorNCP1). This choice has two maj@dvantagesthe elevation gradient

discrete space is identical to the tidal currents space, and the discrete momguation system is diagonal,

easing the construction and solving of the wageation Non-diagonal terms, such as horizontal momentum

diffusion, must be left in the rigtand side vector and converged in an iterative manner, or simply disriissed

time-stepping codes, momentum diffusion acts mostly as a temporal schemeestalitizh is not needed in

Mis en forme
Bleu

: Couleur de police :

Mis en forme
Texte 1

: Couleur de police :

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 {Mis en forme

(Gauss quathture).

2.3TS discrete equations

Quite similarly to the FD equation, the P® shallowwater equations in -DGOm are based on the-salled

generalized wave equatiomspiredfrem-by Lynch and Gray-1977), and continuously developed singke

approab has evolved from application to the globatas, now up to the inclusion gearshore-it-has-been
adaptedor-the global-ecean-up-ticludenearshoreand estuarine numerical applicatiomsth wetting/drying
2and nonhydrostatigsurface wave dynansgcapabilities PespiteAlthoughthatit allows for pressure instability
modes, the discretization used in FES2014 simulations is (linear) LGP1 both for elesatiocurrentsfor its

numerical efficiency As a matter of factthe potential pressure i@abilities will appear only in some peculiar

local mesh geometry arade easilyavoided by precisely controlling the mesh construcflaroux et al., 2007)
From its earlier versions,-UGOm includes an embeddedulti-level, time sukcycling that allowsfor locally
modifying the numerical time step. It is coupled to a simulation stability control procedure, aogckng is
locally triggered and disabled following the need to control this stalititthe fly This turns out to be a very

Bleu

: Couleur de police :

Mis en forme
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Bleu

: Couleur de police :

Mis en forme
Texte 1

{Mis en forme

: Couleur de police :

Mis en forme
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Mis en forme
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Texte 1

: Couleur de police :

Mis en forme
Bleu

: Couleur de police :

Mis en forme
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{
{
{
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efficient way b relax time step limitation due-to the CouraritFriedrich§ Lewy (CFL) stability GF--stability
condition (already eased by-UGOm semiimplicit time scheme) and therefore to profit from the natural

Mis en forme
Bleu

: Couleur de police :

Mis en forme

flexibility of unstructured triangle grid€ontrary tothe FD solver, horizontal momentum diffusion is needed to | Texte 1

: Couleur de police :

fully stabilize the temporakentredtin-time Jeapfroglike scheme, and is provided by a Laplacian operator with- | mis en forme

Bleu

Smagorinskyos coefficient scheme.

: Couleur de police :

di ffusion
Mis en forme
Bleu

: Couleur de police :

2.4Model grid settings Mis en forme

Texte 1

: Couleur de police :

Since the firstruly global ocean atlas (FES2004), the unstructured FES modellrasdieenipgraded by using Vis en forme

Bleu

L\/ﬁ/ﬁ/ﬁ —

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

: Couleur de police :

Mis en forme

contain a high level admall scalecoastal detigs, much more than needed for a global ocean nEstse small Textol
X

: Couleur de police :

scale detaileonsequently need to be filtered gutcordindy fo the targeted coastal resoluti@onversely it is Mis en forme

Bleu

necessary to maintain and assemble together some packets ofstaicds bat will form a macreobstacle to

: Couleur de police :

Mis en forme

the tidal propagation. Considering the tedious task -@h@shing most of the ocean shorelines, automated tools Texte 1

: Couleur de police :

have been developed to optimize the meshing operation. The targeted resolution for coastalyarealyid0

Mis en forme
Bleu

kilometreers or less in terms of triangle sidength Shownin, Figure 1Figure-1; the mesh detailvill, not be‘

: Couleur de police :

Mis en forme
Texte 1

visible on a printedjlobal ocearfigure, the authors have provided a zoomable supplementary pda‘vﬁiﬂﬁble‘

: Couleur de police :

on the Ocean Science websitgtps://www.oceasscience.ngt The resolution has been augmented to about 1.5

Mis en forme

km in some where coast al Bleu

— N

specific places geomet.r

: Couleur de police :

Mis en forme

Special attention was paiw regions where the accuracy arfe tprecision of the available bathymetry are Blou

: Couleur de police :

known to be adequate with higher mesh resolution, i.e. where mesh details will truly teddmttom Mis en forme

topography complexityOn the other hangbnly minor upgrades were made in regions where the bathymetry Bleu

: Couleur de police :

Mis en forme

remains poorly known(such as the Patagonian and Siberian shelves). As a matter of experience, increasi( g,

: Couleur de police :

resolution in those regions would likely have a model accuracy worsening effect. An additional constraint' was| mis en forme

limit the hydrodynamic solver memory uge30Gbytesin order to keep computation load at a tractable level (at Bleu

: Couleur de police :

Mis en forme

the time of production)Despite thelarge increase in resolution compared to FES2004, the FES2014 mesh| gleu

: Couleur de police :

Mis en forme
Texte 1

resolution isstill clearly not sufficient in some highly complex coastlineghwarrow channels of dynamical

: Couleur de police :

significance, or topographically trapped wave generatios, sitel it could result in a loss of details/accuracy in v -
IS en forme

such regions. This i®r instancethe case of the western Canadian and Alaska coastal regions (wherej¢icée Bleu

: Couleur de police :

Mis en forme

failed to access angccurate baymetry databasat the time of production and so left resolution at a standard s e
exte

: Couleur de police :

NN Y

level), and it has resulteth a loss of details/accuracy in aflisof this areg especially away from assimilated

Mis en forme
data Pesteriori-tfrollowing the FES2014 atlas release and thanks to our collaboration with the Canadian tida{ Mis en forme
research community, this issue has been identified as quite dam@bgisgssue and similar onsachasaround [Mis en forme
the Tierra del Fuego (Argentina and Chile)l be fixed in g future FES atlas releasehere the number of [Mis en forme
computational nodes should be increbatleast by a factor five comparedthe FES2014 grid ['V”S en forme

[Mis en forme
2.5Model bathymetry [ Mis en forme
[Mis en forme
When dealing with tides, bathymetry remains one of the most critical paranggeeral global ocean databases [Mis on forme
were available athe FES2014 production timeGeneral Bathymetric Chart of the Oced@EBCQ_GEBCO [Mis en forme

compilation group, 2020 Earth TopographyETORO, Amanteand Eakins2009, Smith&SandwellSmith and [Mis en forme

Sandwell, 199Y etc... Their successive releases have shown tremendous improvements during the last ten yee{ Mis en forme

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

directly in our global ocean tides modellirigpr example, satellite inverted bathymetry accuracy is very limited

onshelvesaninc oast al regi ons ( Sphiefical@arsnones fe€hrique, undentainties arisirtg h e

from sediment densityeice—€) , and consequently should not be used in sudtitots except in some specific

Mis en forme
Texte 1

: Couleur de police :

Mis en forme

areas, namely ifheabsence of any other more accurate bathymetry. It must be ntitatete latest GEBCO Bleu
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tidal solutions.Thanks tothe FD solver, extensive simulation testingn be performedncluding the necessary
re-calibration loop needed when modifgirsignificantly the model bathymetry, evem aregionallevel, as
earlier calibratiorsettingswould be biased to compensate errors due to the former model bathyDespite
those efforts, &thymetry still remains unfortunately the limiting error to guior hydrodynamic solutions in
most of the global ocean, and also impdleé data assimilation accuracy in shallow waters regions. For most of
Northern American, European and Japanese wdiatBymetrylinked erros are reducing with time, allowing

for distinguishing more subtle error sourcEsr instance, thanks to the impressively accurate new bathymetry of
the European shelf (as available througlke European Marine Observation and Data Network (EMODnet)
website, https://femodnet)eunost of errorgiue to bathymetry have dramatically reduced, so we could clearly

demonstratdin a regional configurationthat a wetting/dryingime-steppingscheme is necessary to reach the
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2.6 Loading and selfattraction effects
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simulations, internal wave drag coefficients are tuned using a global ocean regional partition (distinguishir{
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TP/J1J2 (deep ocean) crossover point databasetantytdrodynamic simulations of t&ES2012and FES2014
tidal models, for the M2 and K1 tidal components, respectively. Global values of vector differences are given
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indicate that the FES2014 hydrodynamic solution reaches an unprecedented accuracy level, close to other gl .= ="
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hydrodynamic solutionsje-aliasing corrections and data processirsy) alditional discussionon S1 and S2

constituenissuesare given in the following sectigns [Mis en forme
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3 Tidal harmonic constant data processing

TGs and altimetryderived harmonic constant data have been usedaliglation of simulationsand data Mis en forme
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assimilation steps. Concernitite TG data, preference was givenT&sfor whichthe original time seriesvere
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available and documented, hence for which basic quality control could be perfoymmedans oharmonic
analysis and/or operational reports. In most cases, the time werigl®ng enough so that a wide tidal spectrum
could be analyzedwith the best podilsle accuracy. To some extefi selection (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 balanced distribution all ovez bcean regionSeveral tidajgaluges Mis en forme
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tenday repeat orbit allows for deriving outstandingly highelity alongtrack and crossover catases of tidal ['\B"Iiesue“ forme
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Atmospheric Correction for ERS and TOPEX missions, improved wet tropospheric, sea sate bias a{ g:lsuen forme
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Lyard, 2003;Carrere et al, 2016l OPEX-Interleavedand Jasoi-interleavedtrack @denoted TPNJ1N) also :/:tz:forme
provides an accurate crossover datasetwiithtlargeruncertaintieghanthe 2 yearsof TP-Jasorseries, due to {Bleu
the shortercumulativeperiod of 6 years availabl&RS/Envisat series ar@eosat Follow OnGFO), series do w;;zflfmme
not havethe same level of accuracy, as their arbifer higherspatialcoverage at the price of a lower temporal {Mis en forme
coverage(time sampling of 35 days for ERS/Envisat anddb¥s for GFO).The temporalundersampling of Bleu
tidal observations affesthe apparent tidal periods (aliasing effect) which depenthetrue tidal periog and H";t;”lf"’me
on themissiontemporalrepetitivity. Becausef the red nature dheocean energy spectitiie longer the aliased Mis en forme
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Corversely,sunsynchronous orbits (such as ERS/Envisat/Altiieg disadvantageoum that matter not only

arethe S1 and S2 tides projected on iafinite period (mearstate), but many other tidal constituents show a
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rather large aliased periq@df Table 2Fable2). This would prevent us to use ERisatderived data, and
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concentrateonly on the TopexJasondataset, however the inclination dfopexJasonis rather low and
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ERSEnvisatremains the only choice for very high latitudes and polar Jéas for the purpose of tl&S2014
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tide model, crossovers and alofigack data from TOPEX/JasetVJasor? were prefered and were

complamerted withsomecrossover data from TRBILN and ERSEnvisat series isomeshallow water regions
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and at high latituderespectively,Table 3Fable3 presents the altimeter dataset used for the estimatitimeof
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harmonic constas within the FES2014 project
Mis en forme
Texte 1

: Couleur de police :

3.1Tidal loading effect

As the standard tidal atlaseare targeed on the ocean tide componenttidal loading correction needs to be
appliedto the altimeter measuremer{ia addition to the s@alled solid earth deformation correctiohy) a first
step, he GOT4v8ac tidal loading modeiasapplied(Ray 2013) taking into account the recent correctiortrod
tidal geacenter motion proposed by Desai and Ray (2014)ese data have been usedhe data assimilation

process fothe preliminary version of thecean tidemodel, denoted FES2014dn a second stem new tidal

loading atlaswas computed fromhis FES2014a ocean solutiagn ot ed A FES2 0 1 4 a settiond a | |l oadingo (cf

6.3). Then, this FES2014a tidal loadingplution wasusedto producea secondversion of thealtimeter dataset

which was assimilated intiie final version of the tide modeamedFES2014b.

3.2Non-tidal signal at K1 aliased periodprior removal

Due to the aliasing effectthe K1 diurnal frequencyis aliasedto the semiannual frequency with the
TOPEX/Jason sampling arnd the annual frequency with the ERS/Envisat oftiit Table2). Annual and semi
annual signals are quite large in the ocean, and contamination of tidal analgfsenbyttidal signalis severe.

By virtue ofthe Paseval ldentity (the identity 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 Riessthi®8@ntamination
decreasgwith time as the square root of the recording durafltre presenteferencel OPEX-Jason time series
benefits from B years of continbus measurementand allove a very accurate estimation of all tidal
components including KIHowever, forthe TPN interleaved and the ERS orbitse available time series are

not long enough to guaragan accurate separatiaf the K1 tidal signal fronthe semiannual(resp.annua)

ocean variabilityA large portion otheannual and serannual ocean surface signal is due to the low frequency

atmospheric surface pressure, and therefore is removed by applying a storm surge or inverted barometer

correctbn. Howeverthe pcean circulation contributes also to this signal, smiw tidal harmonic contamination. Mis en forme
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To tackle this issue, and themprove the K1 tidal signal observatiomthe TPN and ERS/Envisatcords a e
Mis en forme
specific processing has been applieghgisting in removing an estimation of tbeeanannual(Sa)and semi {Texte 1

: Couleur de police :

annual(Ssa)norttidal signals prior to the analysiFhis estimatioris computedrom the GLORYS2V1 global
ocean reanalysis provided by Merca@cean Ferry et al., 2012 GLORYS prodices and distributes global ocean
reanalyses at edeyermitting (1/4°) resolution that aim to describe the mean anduangng state of the ocean
circulation, including a part of the mesoscale eddy field, over recent past decades with a focus ondtengeri

when satellite altimetry measurements of sea level provide reliable information on ocean eddies (i.e. from 1993 to
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DRAKKAR consortium (global with sei&e, 1/4° Mercator grid). Assimilated observations aresiin

: Couleur de police :
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from satellite altimetryGLORYS2v1 poducts are free of atmospheric surface pressure effects (i.e. they are not take Mis en forme

Bleu

{Mis en forme
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: Couleur de police :

dedicated or neighbouring atmospheric pressure records. Deepngs jn remote ocean regions are more Texte 1
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problematic, especially for records made before the quite recent availability of hourly pressure fields
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operational atmospheric producBn-thealtimetry-sidgn altimetry missionobservationsthe S2 tidal constituent
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is challenging as it ialiasedtq, infinite period and thus irot observableby the ER#EnviSatsunsynchronous .
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orbit as mentioned befor&he Mereeve P-Jason orbit is adequater, the observation afnostof the maintidal ['V”S en forme
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Mis en forme

serieswhichin turnsis linked toinaccuracy ifthebd angl e i n MEAblaincebampolZawadzkp n

Mis en forme
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FES2014releaseS2 solutionis less affected hythis residualebservation-err@ddDR processing signahan
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empirical models with in addition a beneficial effect on reducing the residual MSL dfrosed for tidal [

corrections in GDR processip@awadzki et a|,2016),
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When extracting acomprehensive tidal spectrum froemsea leveltime series, the question dfequency
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separatiormust be examinedarefully (Cherniawsky et al., 2d). Not only can the contamination by ntidal

signals at the aliased frequenish

Texte 1

: Couleur de police :
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observation duration for a proper separation is greatly increased in the &lspsehgiesspace For instance Bleu

: Couleur de police :

Mis en forme

the N2 and T2 pair needs about a minimahgeven years duratiofhf TP-Jasopobservationk for a proper Terton
exte

{
[
{Mis en forme
[
|

: Couleur de police :

Mis en forme
Bleu

separation instead of the ustahdaysin the noraliasedfrequengiesspace. The data assimilation spectrum in a[
FES2014 isa mitigation between the objectives of extending the tidal correction spectrum and limiting dat
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system solvingFor TGs aswell as for most of the altimetrgterived time series, the Rayleigh criterion will be
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the case of a regularly sampled, continuous time series (no data missing), the usual Rayleigh criterion (at le
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beinga gigantic task and thatter an extremelydamagingloss of data in already poorly documented regl(gns %
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0.15, we check whether admittance can be used to infer the one with the lowest astronomical potential or no{ Mis en forme

not the case or if at least one is a fastronomical constituenit is dismissed from the harmonic aysis Mis en forme

spectrum Mis en forme

Mis en forme

Mis en forme

3.5Filtering internal tide signatures
Mis en forme

FES2014 is a barotroptede model and itis not aimed toncludethe small scale®f theinternal tide signals by Mis en forme

definition. Thus internal tide surface signatures have to be removed from the altidetprior to data Mis en forme
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assimilationand validationprocesss Internal tides have much shorter wavelen¢ahd much lower phase

speed}han barotropic tides, and their juxtaposing with barotropic tidestg well known ripples in the alonrg {Mis en forme
Bleu

track harmoni@nalysisdue to inphase/oubf-phase changg&gbert and Ray, 200150 lowpass filtering is a

: Couleur de police :

convenient way till unperfectimperfectas it is vulnerable tghe baroclinic waves propagation angle with Texte 1

{Mis en forme

: Couleur de police :

Mis en forme
Bleu

respect tdhe groundtrack) to separat®éarotropic and baroclinitdes components for each frequency. Based on

: Couleur de police :

gravity waves yertical modes theoryGill, 1982) new estimatesof the first vertical mode, baroclinic

wavelengths have beemomputedfor the main waves M2, N2, S2, K1 and Qkjing WQA2009 climatology

: Couleur de police :

Mis en forme

(Locarnini et al., 2010, Antonov et al., 201Girst mode baroclinic tides show the largest wavelengths, which b
eu

: Couleur de police :

are roughly in the 100 to 150km rangetlire deep ocean and much shorter on shelf se#i§. barotropic tides

Mis en forme

can-sheynave short wavelengthn their amplitude and phase distributidor instanceclose to amphidromic Texte 1

: Couleur de police :

points orat shelf edge crossing, that should not be filtered out. The barotidpicwavelength has been

: Couleur de police :

numerically computed fromthe FES2012 atlas(by estimaing the local wavenumbers from the ratio of the

complex Laplacian of the tidal elevation field and the tidal elemafield itself) and both bastropic and

: Couleur de police :

baroclinic estimateserethen used to compute the alemgck low-passfiltering cutting lengthscale which is

: Couleur de police :

: Couleur de police :

the filtering_cut-off wavelengthlength scalein km: it goes to zeran nearamphidromic point areas and in

shallow waters Were the wavelength of the barotropic tllecomeshorter.

: Couleur de police :

: Couleur de police :

4 Data assimilation

: Couleur de police :

The data assimilation method used in FES2014 is quite similar to the one used in FEG200% notable

exception that the ensemble approach has been subsbiutbd variational one. This change in our approach,

: Couleur de police :

Mis en forme

initiated after FES2004 completion, is motivated by the difficulty to prescribe bathymetry erroighas Texte 1

: Couleur de police :

handsideforcing terms erras, asa variational technique would ask for. More generatlhg ensemble technique Mis en forme

: Couleur de police :

is much more flexible and natural, especially when dealing withijhighomogeneousrror sources, in nature
Mis en forme

the minimum between twice the baroclinic wavelength and™éf3he barotropic ongtigure S5Figure5 shows {Mis en forme
{Texte 1

and magnitudeas is the casir shelf and coastal tides.

: Couleur de police :
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4.1 SpENOI assimilation code

: Couleur de police :

The SpENOI(Spectral Ensemble @mal Interpolation)data assimilation code is an evolution of fBede QJ Mis en forme
d6Assimilation Oc®ani que @ADOR)Hatm assimitation abdiyatdd 397, Bsecp 1 @ oo

Mis en forme
up toFES2004)based on a variational approach using representer mettiguhally inspired from Bennett and ‘ Texte 1

: Couleur de police :

Maclintosh(1982. The main difference lies in the fact that CADOR uses a variational formulation to infer the
tidal elevation error covariance matrix, using ajoat systemAlthoughthe variational approach is quite well
designed to capture model errors arising from the -figimid side of the tidal equatio(iyear forcing terms)it

turns to be poorlable to account for bathymetigterived and notinear terns (bottom friction) errorghat

usually dominate modelling errors in coastal and shelf seaghiBesereason, an ensemble approach has been | wis en forme

Bleu

: Couleur de police :

constructedo improve the realism and flexibility of the modelling error prescriptidh& optimal interpolation
Mis en forme

denomination isa misnomeras the error covariansef the state vector are natlealized covariancesuch as Texte 1

: Couleur de police :

Bleu

: Couleur de police :

frequencydomain space where it applies. -
Mis en forme

Gaussiarshaped distribution)utarejustified by the nofincremental nature of the data assimilation due to the [Mis en forme
{Texte 1

: Couleur de police :

(Y W W | G

14



10

15

20

25

30

35

40

4.2 Ensemblesconstruction

In the ensemble assimilation approach, a large number of simulatiemsn in orderto describe the model
errors. This ensemble of simulations is generated by varying the parameters @ndatagets 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 bathymetry and th8A. All the simulations were
validatedagainst the altimetry and tHEG databasesin order to identify potential outlierdn addition, the
dispersion of the ensembkland the distance dhe ensemble meawo the reference hydrodynamic simulation
were computed, in order to verify that the embles werecentered on the referenckn total, the whole
ensemblecontains 432 simulation members for each tidal constituent, built by following the methodology
describél in the next sections.

Perturbation of the loading tide: Numericalexperimentshaveshownthat the model iwery sensitive to the
explicit LSA forcing, with tidal species dependemcNamely the diurnal tidal components (K1, O1) are
improved when using the FES2082rivedLSA, while the semdiurnal 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 frictiojrdechal wave draglue to barotropic to Mis en forme

Bleu

baroclinic energy conversipmenotedWD) in simulations using the FES99 LSA, apért-ofitisincluding

: Couleur de police :

Mis en forme

clearlyan error compensaticsterycontribution i.e. configuration adjustmesitompensate fothe FES99LSA Bleu

: Couleur de police :

Mis en forme
Bleu

defects Consequently, considering thegh level of accuracy of the hydrodynamic solutiomsd thus the

: Couleur de police :

sensitivity to any minor changegheyarenot fully appropriatefor a simulationforced with anothet SA atlag

Mis en forme

: Couleur de police :

Mis en forme

truly nontlinear for M2, as it hashe stronggtr currents and the domingtghe velocity amplitude in thenon Toren
\ exte

: Couleur de police :

linearfriction term, andasthe other constituents hagensequenthakind of quasilinear friction inthe presence Mis en forme

of M2 dominant velocities. So using a moneodernand more accurate LSA, will usuallyrofit te—all Bleu

: Couleur de police :

Mis en forme

constituentput M2, as it would requiree-processinghe adjustmer stepsto get back at least to a similar or Toxte 1

second, the most sensitive componentdiiustmenthe gdjustmentprocess is clearly M2, as bottom friction is {Bleu

: Couleur de police :

Mis en forme

improved accuracylin order to obtain a thorough description of the model errors, all the simulations based (1
Bleu

perturbations were done twice, using the FES99 and the FES2012 loading tides as input, respectively.

: Couleur de police :

Mis en forme

doubled the number of members in the ensembles destwdvemhafter. Bleu

: Couleur de police :

Perturbation of the bottom friction roughness Figure 6Figure§ shows the energy dissipated by the bottom Mis en forme

Texte 1

friction in the FES2014hydrodynamic model, for the M&dal component. As expected, the areas where| the

: Couleur de police :

dissipation is the largest correspond to the shelmescoastal sea¥he model is consequently more sensitive to | || gleu

: Couleur de police :

Mis en forme
Texte 1

the bottom friction coefficient in these areksllowing this map, thirteepolygons, highighted in redin Figure

: Couleur de police :

6Figure, weredefined in order to generate local perturbations of the bottom friction coeffitieignificant v .
IS en Torme

bottom friction tidal dissipation régns The definition of tuning polygons is a compromise to include the most || Texte 1

[
{
{Mis en forme
[
{

: Couleur de police :

significant sites for tidal dissipation and to limit the number of polygons (to avoid too many members in OL{ ¥is enlfomle
exte

: Couleur de police :

ensembles)For each of these polygons, the bottom frictrmughnesswas assignedeight different values Mis en forme

ranging around the globalveragevalue set for the reference hydrodynamic simulatiorifi)0 As presented Texte 1

: Couleur de police :

Texte 1

: Couleur de police :

andthe ensemble of bottom friction perturbatidmally contains 208nembers Mis en forme

Perturbation of the wave drag coefficient Contrary tothe bottom friction the energy dissipation due to the Texte 1

: Couleur de police :

Mis en forme

Texte 1

above, # the simulationsveredone twice, with the FES99 and the FES2012 loading tides respectively as input[ Mis en forme
energy transfer from thbarotropictidesto the baroclinic tides (internal tide dragjloes not happen in very {

: Couleur de police :

(Y | U, U, U | U | U | U | U | U | U | W | W | U U | U | U, W

15



10

15

20

25

30

35

40

specific and local regions, bin various dispersedslopng bottom topographyegions(shelf edges, ocean
ridges)where thetidal currentscross thebathymetry gradientamakingit difficult to isolateeach single active

site. In addition, energy transfer efficiency strondgpendwon local ocean stratification, whidé not precisty

known in standard climatology gdcean General Circulation Model®GCMs), The perturbations of the wave {Mis en forme
Bleu

drag coefficieh were consequently done at thebdivided basin scalgequatorial/tropical, midatitudes and

: Couleur de police :

Mis en forme
Texte 1

high latitudes sudlivisions) showned jn Figure 7FigureZ, For each of these ten regions, tim-dimensional

: Couleur de police :

Mis en forme
Bleu

wave dragcoefficient was locally variedver sevenvalues ranging around the glokmleragevalue set for the

: Couleur de police :

reference hydrodynamic simtian (.e. 75). The wave drag perturbationenemble finally contains140
memberg70 perturbations run withach othe FES99 and FES2012 LSA)

Mis en forme
Texte 1

: Couleur de police :

Perturbation of the model bathymetry: Several approaches are possilite the hydrodynamic model Tone
exte

: Couleur de police :

bathymetry perturbations such Esear canbinations of various datasets modifications in specific regions Mis en forme

Texte 1

{Mis en forme

using eithersynthetic or heterogeneous bathymetry databeeé latter was used in the case of the FES2014

: Couleur de police :

o o .

model, as it enables to betwmwntrolthe perturbations and to choose the most responsive regiomeeference

hydrodynamicmodel bathymetryis replaced bydepths extracted fromvhat we callfigridone, 1 minute

resolution from GEBCQand Smith&Sandwell 15.1 releasein each ofthe 19 regions displayegba-in Figure Mis en forme

8Figure-8 and chosen either for their dynamical impact on tidal solutions or for the large uncertainties o Bleu

: Couleur de police :

Mis en forme

reference bathymetry qualitfsuch as thePatagonian shelf). Howevethe construction ofthe ensemble Texte 1

: Couleur de police :

Mis en forme
Texte 1

simulations hasighlighted that the twbathymetryperturbations in the Weddell S€outrern Atlantic Ocean)

: Couleur de police :

resulted in solutions showing errors semidiurnal tides up tatwo to four times larger than theaverage

Bleu

: Couleur de police :

Pacific OceanThis comes from the free water depth reduction due to the We8eel iceshelf immersion,
Mis en forme

which has been corrected in our reference bathymettynduin the gridoneand Smith&Sandwelpatches Texte 1

: Couleur de police :

because of project schedule constraints. Degpifeg considered as potentially critical for the model error | mis en forme

Bleu

space,the Weddell Searegion wasdiscarded from the bathymetgyatchesensembleconstruction which

: Couleur de police :

Mis en forme

simulations with g largeincrease of error the whole Atlantic Ocean, in the Indian Ocean and in the Southern {Mis en forme
{Texte 1

effectivesetcontains3é members.

: Couleur de police :

e Ju o Je

A few additionalmembers haveeean added from th@erturbations othe model minimatepththreshold It is

usually setto 10 m in the TUG@n hydrodynamic global ocearmodel. Depth threshold aims to minimize

frequeng-domainmodellingvalidity limitations in very shallow watef§-UGOm hégsve the ability to modulate Mis en forme

Bleu

the threshold as a function of local tidal range, it was not used in FES2014 to avoid additional complexity in tl

: Couleur de police :

Mis en forme

model configuration settingbut moreimportantly to deal with thexistence ofinrealisticallyshallowdepthsin Texte 1

: Couleur de police :

most bathymetrylatasetsThe depths found in most bathymetry databases in-th@n® (and probabl@-20m)
range is anything but reliable. In most places, the depths are lineaylpy with distance from Om at coastline

to the 10m isobaths, which is not the usual morphology one will find in the true ocean. Such axtéigial

shallowwater patches can have a damaging impach the pottom friction budget in coastal areas. Titem Mis en forme

: Couleur de police :

limitation has been verified to be quite reasonable by experiments in the last 2 decades of tidal modelling.

: Couleur de police :

(anduse awetting/dryingscheme if running the tirgtepping modge But it represents only a tiny portion of the Mis en forme

: Couleur de police :

global ocean coastal regionBotential errors arising from this parametavébeen taken into account by v .
IS en Torme

Mis en forme
course in regionswerewherepathymetry databases are highly accurate, it is preferable to keep the true dept){ Texte 1
{Texte 1

producing six members witglobal values centerearoundthe standardvalue (10 m) In total, the ensemble of

: Couleur de police :

o o
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bathymetry perturbations contains &kembers(42 perturbations run witlieach 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
Mis en forme

analysis inorder to retrieve the tidal harmonic constituents (amplitude and phase lag) for about fifteen tid{ Bleu

: Couleur de police :

: Couleur de police :

components (M2, K1, S2, 01, esfTreallimetaynlaia werk processed at the jMisenforme
crossover points for the TP/J1/JZN/J1N and E1/E2/EN series, and along the tracks for the TP/J1/J2 serie: Texte 1

Mis en forme
This means a large amount of data, with more th@@®crossover points for each of the TP/J1/J2TdPd/J1N Bleu

: Couleur de police :

series, about 6@00 crossover points for the E1/E2/EN series, g

Texte 1

: Couleur de police :

TP/J1/32 trackdn addition to severe computational c@SpEnOl code is solvin@nassimilation problem in the v -
IS en Torme

Bleu

any more points along the { Mis en forme

data space)singthe dataof the whele-entire datasefis not optimal. First TPN/JIN and E1/E2/EN data can

: Couleur de police :

Mis en forme

contain errors larger than the prior solugod
Texte 1

@amdassociated error bars are not fully reliable, so their

: Couleur de police :

Mis en forme

inclusion can degrade the resulting data assimilation accuracy. Second, previous studies have shown th‘
Bleu

limited subset of higlyuality data can perform as well as the full dataset. Thirdly, iteddnggoing objectives

: Couleur de police :

Mis en forme

of FES atlases to keep the weight of data assimilation at the lowest possible leyebssmdeas—muchas Texte 1

: Couleur de police :

Mis en forme

selectionof the observations for the data assimilation procedgven by the followinggeneralguidelines keep Bleu

: Couleur de police :

Mis en forme

feasibleof the hydrodynamic properties of the solutions (needed for instance to perform energy budgkes). So t{
{Texte 1

the overall assimilation dataset as limited as feasjblejlege giving priority tothe TP/J1/J2 crossver data,

: Couleur de police :

with a partial decimatiorspeciallyat high latitudes to fawe the homogeneous repartition of thssimilated Mis en forme

: Couleur de police :

observations all over the global oceanpadd (possibly decimatedjongtrack TP/J1/J2atato constrain more Bleu
. . R . . : X . ) Mis en forme : Couleur de police :
closelythe model with the observations pnoblematicregions i.e. where problems have been identified in the {Texte 1
hydrodynamic solutionmostly linked with deficient bathymetryThose regions lie mostly in shelf and coastal {Mis en forme : Couleur de police :
Bleu
seas,and-where data couldalso be takenfrom TPN/JIN and E1/E2/EN alorgack/crossover dataets
) ) ) ) ) Mis en forme : Couleurde police :
However due to the 20 years of data availabteduringthe TP/J1/J2 orbiat FES2014 production erthetidal {Texte 1
c on st iretrievals atthéP/J1/J2 crossover points aatbng the tracks are moecurate than the tidal {Mlis en forme : Couleur de police :
Bleu
retrievals at the TPN/JIN and E1/E2/EN crossover poidtsmsequently, TPN/JIN and E1/E2/EN along - -
{MIS en forme : Couleur de police :
track/crossover datasets were not used, excein some rare exception©f course the Topex/Jason orbit Texte 1
beinglimited to 66° in latitude, the E1/E2/EN daaee definitely neededas a complement in theorthernhigh w;;gnlforme : Couleur de police :
latitudes(E1/E2/EN data were not considerecbaigaccurate enough in southern high latitudes) {Mis en forme : Couleur de police :
The altimetry assimilation datasetas built in two steps. First, a systematic decimation was performed, (Texte1
following the criteria detailed ifTable 4Fable4. A threshold on the error estimatéthe M2 tidal constituents {'\B’:':uen forme + Couleur de police :
was also useds a selection criteriorAs some observationgrovide accurategstimats for somegiven tidal {Mis en forme : Couleur de police :
Lcomponerg and show strong erros for other one, data weredecimated specifically by applying a threshold Textel
. . X . . . . . Mis en forme : Couleur de police :
value to the eor estimate associated with the considered tidal compolmeparticular, egarding the S2 tidal {Bbu
constituentno E1/E2/EN datavereselectedbecause of itmfinite aliasing periodsunsynchronous orbit) {Mis en forme : Couleur de police :
Texte 1
The second step of the construction of thématry assimilation datasetonsistedof re-ingesting TP/J1/J2
) . . o . Mis en forme : Couleurde police :
crossover and alonAgack data that were discarded by the spatial decimation in regions where the model need{ Texte 1
more closeconstraing, using an empiricalterative procedure The final datasetf altimetry crossover points {Mis en forme : Couleur de police :
Texte 1
selected for the data assimilation process is presented Figure 9Figure9, with a specific color for each {Mis en forme : Couleur de police -
Texte 1
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Jeighbaring stations was systematically verifieth total, the TG database contains 600 statioftSgure
\

altimetry mission. One can notitigere ardewer observations in thenajoroceansurface circulatiorareas (Gulf

Mis en forme

Stream, Kuroshio, Agulhas Currerthgcaus®f the potentially large contamination by mesmle dynamicéhe Texte 1

: Couleur de police :

nontidal oceardynamie contamination is estimated by looking at sea surface signal spectral energy close to th] Mis en forme
Texte 1

: Couleur de police :

considered constituebtaliased frequency, and data showing valbigher thanthe thresholds given ifTable Vis on forme
I

4TFable4 are dismissed frorthe assimilation dataset)n the subAntarctic region, theseasonapresence of sea Texte 1

: Couleur de police :

Mis en forme

ice limits the avadbility of usableE1/E2/EN altimetry data andill be rejected by the numeric&ayleigh Blo

: Couleur de police :

Mis en forme
Texte 1

enableusto densify the assimilation dataset on the shelves and near the coasts, where the amplitude of the

: Couleur de police :

Mis en forme

and the errors of the model are the largest tidal wavelength thehortest Bleu

: Couleur de police :

The TG dataset for the data assimilation processs built—obtained from several initial—tidal recerds
distributionglata sefsthe WOCEGLOSScoastaldatabaseopen ocean BPRatabasgrovided by R. Ray (and

Mis en forme
Texte 1

: Couleur de police :

Mis en forme

used as validation dataset in Stammer eR@l4), anopen ocean BPR database in Antarcticanpiled by Texte 1

: Couleur de police :

LEGOS, an Arctic database from Kowaliland Proshutinsky (1994j)he International Hydrographic Office
\
(IHO), data settheresearch oGjevik and Straume (1994andsome additional data compiled b GOS, and'

Mis en forme
Bleu

: Couleur de police :

criterion at harmonic analysis stephe TP/J1/J2 alongack data,shown ined-enFigure 10Figure-10, clearly {

Mis en forme

four TGst ati ons of R. Rayds isohIédrida.AII@e(iﬂee;;i!ebiasiya)e‘rred;emelaln&eem3@1\“t El[

Mis en forme

inevitable redundancy due toeighbaring pbservations were iaéified and the consistency between the

Mis en forme

Mis en forme

Mis en forme

11Figure1d) with a relatively homogeneous geographidaitribution For cemmedityefficiency reasons, anég

dataset, lte TG data error estimates were fixatbitrarily andempirically to 3 mm for the deep ocean statiéfns Mis en forme

because the TG time series needed to computeericgily error estimates were not available fbie full |! [Mis en forme

Mis en forme

and to 1 cm for the shelf and coastal stations. The idea was to limibttséraipst on the model at the tide

iMis en forme

gauge stations on tthelf and close to the coast in order to avoid drawing the solution to fit some very Iodal tid

\ Mis en forme
features observed by the coastal stations that may be inconsistent with the larger scale tidal patterns that ca[ Mis en forme
accurately solved at the resolution andiathymetry of the model. [Mis en forme

Finally, iterative data assimilatiggxperierceexperimentgproved the need faome additional observations in Mis en forme

particularregions, whereneither TG nor standard altimetry data were availatidedicated oastal aItimetryl Mis en forme

derived idal observations provided kijne French Observation Service dedicatedsatellite altimetry studies ‘ Mis en forme

(Centre of Topography of the Oceans and the Hydrosphere, detib@#, ctoh.legos.obsnip.fr), based on the Mis en forme

. . . . . Mi f
harmonic analysis of TP/J1/J2 GDR$PR//I2were used to better constrain the model in these specific cases: S en forme

1 point North of Tierra del Fuego, 1 point in the Pamlico Bay (North Carolina) and 2 points beheeen < o forme

Southern islands of Japaithe total assimilation dataset contains 622 observationgor the M2 tidal Mis en forme

Mis en forme

component andlightly less for the other components, depending on the estonats associated with the tidal

(
(
(
(
I
[MIS en forme
[
(
(
(

constituent®r because afonstituentspecific aliasing issues Mis en forme

It should also be noticed that the M4 tidal component received a special treatment for the construction of (Mls en forme

assimilation dataset. Indeed, the #iorear M4 tidal componeninostly develops on the continental shelves. | [ Mis en forme

Because of & small amplitude irthe open ocean, it is difficult to separatee M4 signalfrom the other ocean Mis en forme

Mis en forme

signalswith similar space and temporal scalesid the nois¢o-signal ratio inthe M4 analysis is much too large " .
IS en Torme

to provide appropriate data to the assimilation. Consequently shelves and coastal seas data have been kept Mis en forme

in the M4 assimilaton datasetThe complete M4 assimilation dataset contains altimetry crossover points from( s en forme

Mis en forme
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TP/J1/32, TPN/JIN and E1/E2/EHlong track data from TP/J1/J2, the four CTOH TP/J1/J2 coastatspoi
previously mentioned and only ofi&, the Avormouth station, in the BristaChanne{UK).

5 Atlas assessment and validation

The validation of the FES2014 tidal atlas is based fsacquencydomain (harmonicyalidation of the ocean tide

componerg plusa temporal validation of the total geocentric tide companget ocean tideplusloading tide)

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

: Couleur de police :

The FES2014 performanceareis compared to statef-the-art global tidal models available at the time of the {Mis en forme
study, namely GOT4v8/GOT4v10, DTU10, TPE®, EOT11A and FES201@lease note that FES2014c and -
FES2014b have identicaiain long period,diurnal, semidiurnal and sutharmonics solutionsand the w;t:nlforme
JFES2014c long period extension is identitathe one implicitly made inside the prediction software tfso [Mis en forme
following validations will mention FES2014b only and will hold for FES2014c as)welle FES2012 and '\B/:iesuen pa—
FES2014a atlas have been includedbgrformancenter-comparisorassessment® demonstratéhe beneficial {Texte 1
impact of the followingevolutions FES2012/FES2014a differencesstly illustrate the improvement coming from {'\Bﬂli:uen forme
the significantly higher accuracyof the FES2014aprior hydrodynamic solution in the assimilated solutiondile

FES2014a/b differences mostly illustrate the improvement corfimm the FES2014aderived LSA forcing in the {Mis en forme
hydrodynamic model anid theassimilated altimetrdata processin(through thetidal loading correctiompplied in GDRs :;;(tz:forme
The prediction code used for the time domain validations presented in 5.3 is théoopefBR®Jason GDRs {meu
processing code. The tidal prediction software isvailable on a bitbucket depaosit [Mis en forme
https://bitbucket.org/cnes_aviso/fes/src/mastéris appropriate not only to be used with FES atlases, but also {:/th;forme
with other popular atlases, such as GOT or TPXO releasfhout gettinginfo deep detailsthe tidal Texte 1
predictiors jncludes all tidal constituents provided by an atlas, but it alse irsferencetechniqueto add some H";;znlfmme
significant, missing astronomical constituemtisennot given as a predictiomput fle( na me |, y 3 & , L 2{ Mis en forme
a2, 2N220102, ¢1 M2, © 1, J1,(0D1)andfalguite comprehensive number of long /[ Bleu

: Couleur de police :

period constituentéup to 106 from secondegreeterms andL7 from thirddegreeterms of the gravitational tidal

: Couleur de police :

potentigtdevelopment are addedusing the tidal equilibrium approximationThe inference formulae and the

extensivdist of the tidal constituents thatecomputedusinginferencéequilibrium approximationare listed in

: Couleur de police :

the codeContrary to the tidal models inteomparison exercise iBtammer et al (2014, we made the choice

: Couleur de police :

of not restraining the tidal prediction ® common set of constituents when making comparisons tivth

GOT4v10 atlas, irorder to take into account both the accuracy and the omission error of the ,ntbatels

: Couleur de police :

i S

keeping close to real life performandemightseungiowever;

: Couleur de police :

alargerspectrum-than-other-atlases; dtédlusémplementationinside the prediction softwaref the inference

: Couleur de police :

astronomical constituenis the GOT4v10 atlas, so mosttbie differences irthe actualprediction spectrupwill

: Couleur de police :

be limited tothedifferences in thavailability ofcompound tie and overtidgconstituents

: Couleur de police :

5.1 Description of FES2014 tidal spectrum

: Couleur de police :

FES2014 is the only global tidal atlas that offers a comprehensiveidal spectrum of 34idal components

: Couleur de police :

: Couleur de police :

method-_to increase the prediction spectriefficiently diminishescompensates fothe impact of missing %

: Couleur de police :
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Mis en forme

Mm, MSgm, Mtm,Sa, Ssp Late extension to eight additional equilibrium, mass conservativegderigd tides, {
Bleu

The Doodson numbers of which gwhich-Doedsen—nuimers—are0555555 (M0), 0565545, 0585545 (Sta),

: Couleur de police :

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

MIS en forme

0655556, 0656553, 0735555 (MSf), 0753555 and 0754556, has been recently made to FES2014b and ool

: Couleur de police :

previously mentioned, the extended atlas is denoted as FESZM&/ST tide is-was already presenin

Mis en forme

FES2014b but resulted from nofinear dynamics (M2/S2 interaction) only because its astronomical potential ( Blev

: Couleur de police :

was accidentally dismissed at production time. In the FES2014c atlas, the corresponding complement

Bleu

: Couleur de police :

equilibrium solution file isderpted MSf.FES2014c.LPequi_only.nc, and should be used in conjunction with the ( jis en forme
FES2014b solution file. Texte 1

{Mis en forme

: Couleur de police :

Mis en forme

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

: Couleur de police :

Texte 1

: Couleur de police :

is rather negligible, and it is mostly forced by the atmospheric surface pressure, which shows significant seas
Mis en forme

and interannual variability. So any harmonic S1 solution willthe reflectreflectionof the mean ofhe S1 tide Bleu

: Couleur de police :

Mis en forme

that include diurnal atmospheric effects (i.et filtered out) are availabléctually, the astronomical part of S1 %\Ais en forme
){Texte 1

: Couleur de police :

consistent residual S1 DAC correction to account for its intrinsic varigbilitych would be tehnically quite -
Mis en forme : Couleur de police :
tedious to perform in a fully consistent wdyp to now,the accuracy of the S1 DAC solution has been quite {Bleu
limited by the temporal resolution of trevailableatmospherigressureforcing products At the-preseryt the H"Stenlf‘"me : Couleur de police :
exte
operationalprocessing of GDRs data is based on a DAC filtered froinich the mean S1 atmospheric {MIS en forme : Couleur de police -
componentshave been filtered ouiand the S1 tide (both atmospherically and gravitationally forced) is then ( Texte 1
removed by the S1 tidabkition in the tidal predictionHowever, kecause othe recent improvements in the w;tgnlforme - Couleur de police :
atmospheric product$notably in their time sampling)the FES group is in fawp to revise the present [M,S en forme : Couleur de police :
operational data processing paradigm by leaving S1 correction to be accounted for in the high fretiquency Bleu
. . . . . . . Mis en forme : Couleur de police :
surge correction (DAC) insteant in the tidalcorrection forthe next generatiopf altimetry products [Texre 1
FES2014 containgither free hydrodynamis solutionsor data assimilation results.h& choice of the tidal Mls en forme : Couleur de police :
components that benefited from data assimilation was made upon two criteria. First, the accuracy of the n
L . . . i . AW Mis en forme : Couleur de police :
assimilated tidal component with regards to its amplitude: the smallest tidal components were not assimilat( gleu
Second, the gebility to separate the tidal components in the altimetryTa@Babservations, in terms of signal [MIS en forme : Couleur de police :
Texte 1
to noise ratio: the longeriod tidal components were not assimilated. Finally, the following 15 tidal components -
Mis en forme : Couleur de police :
benefited from data assimilation: K1, M22NO1, P1, Q1, S2, K2, 2N2, EPS2, L2, La2, Miu2 and M4. {Bleu
Most of the diurnal semidiurnal and nonlinear tides were computedusing the frequencydomain solver, W'Ste“lfom‘e * Couleur de police :
exte
especially the assimilated ones (for ensemble computational cost redsensjnaller lineaand norlineartidal [MIS en forme : Couleur de police -
constituentgnot targeted by the data assimilajidd, M3, M8, MKS2, N4, R2, S1, S$hdT2 were computed in Bleu
time-steppingsimulations,with atmospheric forcindERA-INTERIM) in addition to the usual tidal potential w;t:“lforme + Couleurde police :
forcing. As earler mentioned, thesecorrectionof S1 tide muspe consistent with DAC correction conteanhd {M,s en forme : Couleur de police :
this is presently the case in the operational altimetric data procesgihg aldition of the atmospheric forcing Bleu
. . . . M f : Couleur d lice :
not only provids gn S1 solution, but alsguarantees more accurate S2 tide representation and consequently a{T;tznl orme. - Louleurde police

more accuratenodelling ofnonlinear processes. This leads to a modelling strategy dilemntheasse of the Mis en forme

Bleu

sufficient highfrequency atmospheric forcing(1-hour sampling)also raisesa potential risk of partially

: Couleur de police :

Mis en forme

duplicated correction with DAC, especially for the R2, T2 and S4 constitughish should ideally be removed Texte 1

: Couleur de police :

Bleu

: Couleur de police :

contribution, which is already taken into account in the tidal solutiermsighthe data assimilation. Definitely, i .
IS en Torme

from the DAC correction. Let us also mention the&2IM2 tides that have a small but significant atmospber {Mis en forme
[Texte 1

: Couleur de police :
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the possible overlapping between tidal and DAC correst{and dynamical coupling) is a serious issue that
should be addressed in théute altimetric data processingo admittance relationship was used for these minor
waves.The longperiod components (Mf, Mm, Mtm, MSgm, MSf, Sa, Seare computed in timetepping
mode without atmospheric forcing

A major, novelinterest of the FES2@1tidal atlas is the availability of mampnlinear tidal constituentShese

components are generally not provided by other models although their anmplitade reach several

SOINITITCH S

centimetersentimetresin shallow seasand even 1 cm ihe deep ocearin the case othe M4 wave. The {Mis en forme : Couleur de police :

Texte 1

FES2014atlas is originallydesignedfor the tidal de-aliasing correctionof the altimetry sea surface height
observations, for which thmissionaccuracy requirements are set to 2inrthe open ocearsp each(accuratg
contribution to the tidal spectrum is of importanéamother asset othe FES2014 atlas is theupplyingof six

long-period tidalcomponentgMf, Mm,_Mtm, MSgm-—Mtm, SaandlSseh seepreviouscomment about MJf

. . o . ‘ 20
computed from the dynamical model forced with gravitational forddsgese longperiod components are P
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generally approximated by the equilibrium solutionthe other global ocean tidal modelst least for the Bleu

: Couleur de police :

Mis en forme
Bleu

constituents of period shorter than one mottik, overall ocean (dynamical) tide stesignificant differences

{Mis en forme

: Couleur de police :

with equilibrium approximations. In additiorhése dynamical solutionsan show regional, fully unbalanced, i ;
IS en Torme

: Couleur de police :

enhancementiue totopography trapped waved$or example in the Southeast Padififo compute the total Bleu
geocentrictide, needed for altimetry observations correctithe FES2014doading tidemust beadded to the {'\B"Iis en forme
eu

: Couleur de police :

Mis en forme

FES2014 ocean tide, both being consistent asFES2014doading tide was removed from tladtimetry data {
Texte 1

: Couleur de police :
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used in datassimilation stejcf section2.6).

5.2 Validation in the frequency domain

The validation in thdrequencydomain(i.e. of constituent harmonic constanes)ables to easily identify and

locate potentiatleficienciesn tidal atlags The performance of thiédal model can be quite different from one

region toarother, but also from one tidal componenatother.Such-#s for the hydrodynamic simulations, the {Mis en forme
Bleu

optimal tidal atlas (i.e. with data assimilatidrgs beervalidated by computing the vector differences between

: Couleur de police :

the observations (altimetry affGs) for each tidal componerjEigure 12Figure-12 shows the vector differences Texte 1

{Mis en forme

: Couleur de police :

between thd G databases provided by R. Ray (and used as validation databases in Stamn2€x1ét ahd the Mis en forme

Texte 1

: Couleur de police :

Mis en forme

Texte 1

most recent global tidal moder four main tidal components (M2, K1, S2 and (Hgre, it must be reminded
that most of the deep ocealG database was inafled in the assimilation dataset for FES2014b. As a {

: Couleur de police :
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consequence, it is expected that the vector difference between this database and the FESS20¥ididal

Bleu

: Couleur de police :

model is-should bevery low (still, it indicatesthat this dataset was found to be setinsistent in thedata J Mis en forme

assimilation process)lo alewer]esserextent, shelf and coastal datasets inevitably contain some assimilate

Mis en forme

: Couleur de police :

data.Actually, therumberamountof quality TG data is not large enough to allow for a distinct data assimilation ‘ Texte 1
and weltbalanced validation dataset§loreover, if aquality-checked,v a | i d at i aata déraohs&rates t 6{ Mis en forme
Bleu

: Couleur de police :

some divergence with thatlassolution, it would behen extremely usefub include it in the final dataset for i .
IS en forme

assimilation In addition, because of the ensemble/data representers approach, the assimilation solution will 1 Texte 1

: Couleur de police :

Bleu
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Internally, we also made consistency checks by assimilating altimetry data only, thenembsglationswith Mis en forme

easily fit theTG data if not consistent with model error covariance and other data, including altimaédry d {Mis en forme
{Texte 1

TG data and reached very close numb8gsthere is davourablebut moderatéias in terms of accuracy when

: Couleur de police :
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comparing our final solution witthevalidationdatasetStill, the comparison to the other databases (shelf and
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coastal) shows theverall excellentperformance of the FES2014b tidal atlas, whateverctesideredtidal Mis en forme

Texte 1

: Couleur de police :

component. This highlights theather uniformaccuracyof the FES214b atlas compared to somether " .
IS en Torme

competing atlass that sometimesshow uneven accuracy estimateslso strongly depending on the tidal Texte 1

: Couleur de police :

constituent

Code de champ modifié

Mis en forme

In this validation againsIG data, FES2014b and TPX@B(recently released, April 202&gbertandErofeeva Toxto 1

: Couleur de police :

2002 show the best agreement with datae TPXO%atlas is a 1/30 degree resolution fully global solution,

Code de champ modifié

obtained by combininghe 1/6 degree base global solutid?XO9-atlasand thirty 1/30 degree resolution local Mis en forme

Texte 1

: Couleur de police :

solutions for all coastal areabo some extent, the regional patcheshe TPXO2 reproduce the (seamless)
Mis en forme

FES unstructured grid flexible s&lution, and therefore explain the similarities in terms of performanesbelf Bleu

: Couleur de police :

and coastal seat these comparisons, weave chosen tdisplaythe verylasfatestreleaseof TPXO atlases Mis en forme

Texte 1

: Couleur de police :

and not the release available at FES2014 production time (TPXO8), whigled to be significantly less " .
IS en Torme

accuratehan FES2014n a simlar diagnosticThe gap in accuracy is much reduced wita TPXO9v2, which Bleu

: Couleur de police :

Mis en forme

hasprobablytakenprefitadvantagef longer time series for altimetry data, and possibly improved bathymetry s en
exte

: Couleur de police :

for its prior simulations (or any other improvements in the regibpatodynamis models configurations). Mis on forme

Bleu
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5.3 Variance reduction in satellite altimetry observationsand in tidal gauges Mis en forme

Texte 1

: Couleur de police :

A complementary validation consists in estimating the variance reduction obtained for altimeter observations( yis en forme

Texte 1

: Couleur de police :

tidal gaugegneasuremeni@enoted-FG) whenusing the FES20bfdtidal atlas as a correction for the barotropic
tide sea surface height and comparing with other tidal atiaselsiding FES2012 and FES2014a atlases to

Mis en forme
Bleu

: Couleur de police :

demonstrate thgradugte progrespnes coming from improved por solutions and loading, toward the final Mis en forme

Texte 1

: Couleur de police :

FES2014 atlas)This temporal approach allows taking into account the solution error as well as the omissio
Mis en forme

error for the missing tidal constituents. Notice thelile the geocentric tide solutiofi.e. ocean tide solution Vis on forme

plus earth tide and ocean tidal loading solutisn)sed forcorrectingaltimeter data, only the oceanic solution is Mis en forme

used for tidalgauge gcorrections as gauges follow the tidally induced bottom motiecause of data Mis en forme

assimilaion, errors inthe LSA atlasused in altimetryassimilationdata correctios will reflect in the ocean Mis en forme

assimilatedsolution (and willparticipate tothe misfits with TG data), while they wiltancelif performing Mis en forme

altimetry validation data correction wittheé same LSA atlas as used in data assimilation proce¢aing Mis en forme

. . Mi f
recommended for GDRs operational processing). 5 en forme

Mis en forme

Figure 13Figure13 shows the maps of variance reduction at tiglalge sites fromthe GLOSSnetwork, when

Mis en forme

using the new FES2014b tidal model and compareghegsOT4v10 solution; although some of these tidal

Mis en forme

gauges have been assimilated wittieFES2014 model, this diagnostic still permits to give information about ("\is en forme
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assimilated. Results indicate a significant variance reduction when using the new FES2014b solution compa[ Mis en forme

to the GOT model for nearly all sites. Aew tidal gauge sites show an increased variance but flesg@re ['V”S en forme

located in very complex or enclosed regions and are thus not representative of the coastal ocean variab| M €n forme

. . N . . Mi f
observable with a global ocean tide model. A complementary validation was petiffaosimg some independent S en forme
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The impact of using the FES2014 tidal correctiamthe global ocean is estimated by computing the altimeter (7.~ =~

SSH differences between ascending and descending tracks at crossoversjtlsiniiie new correction @& Texte 1

: Couleur de police :

reference one. Crossover points with time lags shorter than 10 days within one cysééeeted in order to Texte 1

: Couleur de police :

minimize the contribution of the ocean variability at each crossover location. This diagnostic allows an accurd yjis en forme

{Mis en forme

estimation of the impact of the tide correction on the tifghjuency part of the altimeter SSH. This diagnostic Texte 1

: Couleur de police :

. . . . . . Mis en forme
gives irformation on the temporal variance of the SSH differences in the small boxes of 4°x4° used for t){ Téxtel

: Couleur de police :

computation. The analysis has been performed using several missions and many different global tidal atlases[ Mis en forme

: Couleur de police :

we will only present the results for JasamdaAltiKa missions:the Jason is the reference and very accurate
mission and AltiKa is independeat all the models testegrigure 15Figure15 andFigure 16Figure g show the,

Mis en forme
Texte 1

: Couleur de police :

maps of SSH variance differences when comparing FESR0ith GOT4v10 and FES2012 tidal models

: Couleur de police :

respectively Resultsdemonstrate aery good performances of the FES2014b tidal solution compared to the Vis en forme

wh( Texte 1

{MIS en forme

other models, with a strong variance reduction noted in all shallow water regions (more than 10 cm?

: Couleur de police :

comparing to both FES2012 and GOT4v10) and also in some deep ocean areass 8iatfdtiKa are a bit Blou

: Couleur de police :

noisier compared tgasonéonesdue to the shorter time series available, but they give valuable information’ for Mis en forme

[Mls en forme

: Couleur de police :

high latitudespartieularhyFES20144dn particularshows a strong improvement compared to FES2018ast Bleu
. . . c e . Mis en forme : Couleur de police :
of the Arcic Ocean regionatexcept inthe Laptev and Kargsegspetable-exeeptiart is difficult to estimate [Bleu
how significant is thidocal deteriorationin variance reductionjust it must be remembered thgihe Altika JMIS en forme : Couleur de police :
mission suffers from shorter (in duration) and fewer (in repetitivity) exact repeat observations compared to Ja Texte 1
Mis en forme : Couleur de police :
time series. In consequence, the variance reduction diagnostic is therefore made on a less significant statis gq,
basis, and the overallvai ance reduction map shows many | ocal , |Misenforme : Couleurde police :
" Lo . . T .| Texte 1
general tendency). In addition, seasonal ice in the Arctic Sea is furthermore diminishing the number of availal .

Mis en forme
valid observations, hence potentially increasing the maicdy on the variance reduction estimates. Some ‘ Bleu

: Couleur de police :

independent validation was performed to compare FES2012 and FES2014 (see R. Ray et al.,
Texte 1

: Couleur de police :

the clear improvement in FES2014, excepfor M2 in the Kara and Laptev Sea, where comparison aliika

Mis en forme

2019) and sh({ Mis en forme
{ Bleu

measurements showsséightly weaker performance of FES2014. Unfortunateéhg lack ofreliablea more

: Couleur de police :

Mis en forme

comprehensivelrG dataseimakes any stronger conclusions quite difficult to dr&iES2014b also strongly Toxo1
exte

: Couleur de police :

reduce the variance compared to GOT4vitOnorthern high latitudegxceptfor a slightraiserise of variance

Mis en forme

noted north of Baffin Bay when comparingtte GOT model. Bleu
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To pursue the analysis further to the coast, we consider -tiacig sea level anomalieslehoted SLA) Texte 1

: Couleur de police :

calculated from 1 Hz altimetric measurements. Although -fighuency signals are aliased in the lower
p22)
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frequency band following the Nyquigteory applicationas appropriatgo each altimeteampling SLA time
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series contain the entire ocewariability spectrumkFigure 17FigureL7 shows the difference of SLA variance Bleu

: Couleur de police :

when usinghe FES2014a tide model instead of FES2012 (resp. GOT4v10) mod#igialttika missionand as Mis en forme

a function of distance tthe coast. This diagnostic shows the very strong improvement of the new tidal solution Mis en forme

within the first 60 km from the coagtompared to that femn the global ocegrwith a mean variance reduction Mis en forme

reaching more than 20 cm? withtihe first30 km from the coast when comparing FES2014a and GOT models Mis en forme
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Surprisingly, FES2014 jmprovement versus FES2012 cbas itsmaximum at some distance from the coast
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describe locakrrois statistics, so data assimilation improvement§i52014 propagate only partially toward

Texte 1

nearshore zones.

Mis en forme : Couleur de police :
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6 FES2014 atlas additional érived products {Texte 1

e .

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 outputarticularly new gldal tidal current maps, estimations of tidal energy bugigetheglobal

ocean and loading and saelftraction components are presented here.

6.1Tidal currents

Tidal currents have been estimated on the finite element mvébhthe elememwise discontinuousnon
conformingP1 discretization(one estimate in the middle of each element, estimated separately for each triangle)
The FES201# tidal currents benefited from the data assimilatainthe tidal elevationdata through the
dynamical correfdon computed from the assimilation ensemflee tidal currentsare provided on a 1/16° grid

like the elevations

Contrary to sea surface elevation where tigdiesthe major contributoto variabilityin most ocean regionshe
validation of tidal currets is quite challenging as it requires leeigough (several months to years) accurate
current metetime series to accurdyeextract current harmonic constants from tigl harmonic analysis. In
addition to be useful for consistent comparisotise curent meter 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 local bathymetry which cannot be
captured properly by the model grid resolutiéfi.theseconstraintgtogether with the fact that the access to the
data is often restrict¢dmply that very fewobservationsare finally available for the tidal velogitvalidation.
Luckily, for more than 10 years Australia has been maintaining a netwet& ADCP instruments all around

the continent principally through its governmesupporéd Integrated Marine Observing System (IMOS). The
Australian continental shelf has a wide range of tidal regimes ranging from -ticddréo microtidal, thus
providing ideal conditions to thoroughly test a modéie ADCP observations are accessible wia tMOS

portal (https://imos.org.au)An additional issue is that FES20d4idal currents are representative of depth
averaged curreni@sthey arebased on the shallow water 2D equatios)dvertical profiles of tidalcurrens

will potentially contain some baroclinic tidal current signal, those currents bepuagsibly one order of
magnitude largem the vicinity of intense internal tide generation sites. In this case, predominance of internal
tides currents makeke barotropic currenpreciseretrieval quite difficult, and would require full wateolumn
auxiliary data (potential density at least) to be conducted precisely by using the vertical mode decomposition

approach (Cao et al., 201Hugroho, 201Y. In this paper, thé\DCP time seriesvere specifically processed by

CSIRO with_regard tothe computation of thelepthaveragedcurrents which is—net—exadly—similar-but
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comparableto currents computed with a barotrophallowwater model. Then, aharmonic analysisvas
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performed in eaclourrent direction separate(y) eastward and Varthwarg for five main tidal components Texte 1
(M2, K1, S2, O1, N2). {Mis en forme
These in situ tidal harmonic constituents eoenparedo the FES2014 model tidal currents itermsof vector Bleu
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differences and tidal current gliecharacteristisdifferences The latter gives ayntheticdescription of the tidal
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current for a given tidal componeiithe length of the seamhajor axis gives the maximuamplitude of the tidal
current andthe orientation of the ellipsgives the an@ between the main current direction and ¢astward
direction The parameters of the ellipse (orientation and lengths of the minor and major axes) are computed from
the tidal velocity harmonic constituents estimated in both directions (eastward andandjthrhe tidal current

ellipses computed from the curtemeter observations (in red) and from the FES2014 model (in blue) are

Mis en forme
Texte 1

displayed for the M2 and K1 tidal componeintgEigure 18Figure 18 andFigure 19Figure-19 respectively. The

: Couleur de police :

green dots show the positions of the curmaetermoorings For somamoorings the ellipses are not visible on
Mis en forme

the figures due to the very low amplitudes of the tidal cesremttese micro-tidal sites.Overall, there is a very Texte 1

: Couleur de police :

good agreement between the FES20Dfibdel and the observations, at most of the m#dad sites.At some
Texte 1
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Bleu

understand more precisely how tidal dynamics woak an energy generation, transport and dissipation

: Couleur de police :

mechanism It can also be a proxfpor the interactios of ocean tides with ocean circulation and stratification | Texte 1

: Couleur de police :

(bottom friction and interngides drag rate of work and be a feeding parameter to general ocean circulation-| mis en forme

: Couleur de police :

models that do not solve expligitfor the tides and need parameterize¢heir effects, mostly on mixingnergy
Mis en forme
budget has been estimated both from the prior, dynamically balanced tidal solutions (thanks to th¢ Texte 1

E

{MIS en forme
|

{

: Couleur de police :

o Ju

unprecedented accuracy), and from the data assimilation solutions. fEneatat of course more accurate in
elevation and currents, but are not perfectly balafdgdamicaly consistent)However the limited action of the

data assimilation due to the prior solutions accuracy, an(stimehow)Xynamicalpropertiesof the model error

Mis en forme

covariancecomputed from the ensembfes d y n a mi c allow forengsiniegfulsenergy budget estimates. Texte 1

: Couleur de police :

Among other possible energy estimates (bottom friction, potential forces, etc... rate of \werldnergy Mis en forme

Texte 1

: Couleur de police :

diagnostic to identify and quantify internal tides generation.iffstance it can be used tprovide additional

Commentaire [I3]:
NEMO HyCOM

etcé

REFERENCES

vertical diffusioninformationin ocean circulation models where tides are not explicitly resolMesvadays,

Mis en forme : Couleur de police :

some global ocean circulation models explicitly res@ideskA(Maraldi et al., 2012Kodaira et al., 2016Arbic et

conversion rate from barotropitdes toward baroclinic internal tidg§igure 20Fi is very valuable %

Mis en forme : Couleur de police :

|
|
|
|
|

25



10

15

20

25

30

35

40

al.,201§, and can produce a similar conversion rate estintatewith a lower accuracy in terms of barotropic iMis en forme
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CNES/NASA/ESAEUMETSAT operationaland reprocessingaltimetry data dealiasing correction, and more Mis en forme
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recently as the standard correction in IPREOconventionsby the International Earth Rotation and Reference
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FES2014 is well placed in the most useful global ocean tideeatdmrtlist because ats extended tidal Texte 1

: Couleur de police :

Mis en forme

Bleu

widely and successfully used for regional modelling and in situ data processing applications, supporting ({Mis en forme
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specific charactestics as it will offer coastal and nesinore nearly continuous, high resolution coverage
(Morrow et al., 2019)However the FES project team is already making plans to design the next FEBititlas,
emphasion SWOT mission requirements and needs, witohuld be available within three years orSpecial
attention will be paid to complex coastal regions (such as fjords, narrow channels andasthaéts)km to 4km
overall coastal resolutiorand to polar seas where the tidal atlases accuracy is weshksnthe difficulty of
gathering quality tidal data for data assimilation and model validafibimking about more detailed shallow
water observation diding, the improvement of the hydrodynamic model will be one of the critical issues, and
will need b aggregate further accurate wevlitle bathymetry, which ia tedious and complicated task as the
attempt to access national hydrographic services data is often frustrating, especially whenpiitiirdata
release is limited by nescientific consideations. To some extent, we foresee that future atlas improvements
and overall accuracy will beorrelated wittthe level of cooperation of national services in this matter. New or

improved spacéorne bathymetry estimates (gravimetry/sea surface inverBRESAT-2 laser processing,
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usefulbasefor tidal prediction and correction, in terms of sedalevatioras well agidal currents, in present or
future altimetric oigravimetric satellite observations and in many maritime applications.

Among the new challenges that will be faded the futureis the question of ocean tides rstationarity as
possibly induced by the timearying icecover friction (Kowalik, 1981, Go¢h, 1986, Lyard, 1997) the
barotropic to baroclinic tides energy conversion, storm surges or estuarine river discteaegtions with tides

As it is the case for existing global tidal atlases, sketionarity of barotropic tidess not questionedheither in
hydrodynamic modelling nor data processikgwever it is quite a challenge for the future atlases in the context

of SWOT, which will provide data in estuaries and deltas, and in very high latitude regions. Also tides/storm
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especially for the noequilibrium response of the ocean to the pole tide forcigga conclusion, we should i .
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Desai et al. (19852015, However, further investigations are planned in the frame of the FES2022 project{ Mis en forme
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insist on the fact thahe accuracyof the tidal correction iraltimetry products isar to-bgrom beinga resolved

problem and further improvements will need to tackle details and issues that have been usually left aside in
past decades, and that of course the FES atlas production efforts will be continued.
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Figure 1%: Elementwise resolution (in km) of the FES2014 unstructured grids (upper panel) anthe FES2014
resolution divided by FES2004 resolution ratio (lowerpanel). 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 frequency domain solutions is half the elementise resoluton due to second order basis
functions (Lagrange P2).
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Figure 2121: upper panel, M2 tidal loading, vertical displacement (cm); lower panel, M2 tidal loading vector
difference between FES2014 and GOT4.10 (cm) Wavelike patterns visible in some regions are likely due to
di fferences bet ween Greenods
harmonics based computation (GOT)
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