10

15

20

25

30

35

[Mis en forme : Anglais (Royaume-Uni)

JTitle page

FES2014 global oceaitledide atlas: design angerfermancegserformance (Mis en forme : Anglais (Royaume-Uni)

[Mis en forme : Anglais (Royaume-Uni)

Florent H.Lyard, LEGOS/CNRS, ToulousErance / florent.lyard@legos.cbsp.fr
Damien JAllain, LEGOS/CNES, Toulousé&rance / damien.allain@legos.etdp.fr
MathildeCancet, NoveltisToulouseFrance / mathilde.cancet@noveltis.fr
LorenCarrére, CLSToulouseFrance / Icarrere@groupcls.com

Nicolas Picot, CNES, Toulouse, France / nicolas.picot@cnes.fr

florent.lyard@legos.obsnip.fr  Code de champ modifié
https://orcid.org/000@001:60442642 (Mis en forme : Anglais (Royaume-Uni)
Abstract

Since the midl 9906 s , a series of FES (Finite El ement Solution) global 0«

and released witthe primary objective to provide altimetry missions with tidabdlasing correction at the best
possible accuracy. We describe the underlying hydrodynamic and data assimilation design and accuracy
assessments for the FES2014 release (finalized in €@ithy) 2especially for the altimetry d@diasing 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 seds, ttenks
unstructured grid flexible resolution, recent progress in the (prior to assimilation) hydrodynamic tidal solutions
and use of ensemble data assimilation technique. Compared to ear.|l
spectrum has beergsiificantly extended, the overall resolution augmented, and additional scientiodycts

such as loading and selftraction, energy diagnostics or lowest astronomical tides have been derived from the
atlas and are available. Compared to the otheilada global ocean tidal atlases, FES2014 clearly shows
improved dealiasing performances in most of the global ocean areas and has consequently been integrated in

satellite altimetryGDRs and gravimetric data processing, and adopted in recgmtiywed| TRF standards [Mis en forme : Anglais (Royaume-Uni)

Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)

(International Terrestrial Reference System, 20R@Iso provides very accurate open boundary tidal conditions

for regional and coastal modelling. [Mis on forme - Anglals (Royaume-um)
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FES2014 global ocean tides atlas: design and performances
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Correspondence td:. Lyard(florent.lyard @legos.obmip.fr),

Abstract. Since the midl 9 906 s , a series p(ESFdlobal acean titlal atlaisesnhas b8em | [Mis en forme : Anglais (Royaume-Uni)
produced and released with the primary objective to provide altimetry missionsavgittal dealiasing [Mis en forme : Anglais (Royaume-Uni)

correction at the best possible accuracy. We describe the underlying hydrodynamic and data assimilation designs
for the last FES2014 release (finalized in early 2016), and some accuracy assessments especially for the
altimetry dealiasingpurposes. The FES2014 atlas shows extremely significant improvements compared to the
FES2004 (Lyard et al. 2006) and (intermediary) FES2012 atlases, in all ocean regions, especially in shelf and
coastal seas; these advances are due to the unstructaréidble resolution, recent progress in the (prior to

assimilation) hydrodynamic tidal solutions and to the use of an ensemble data assimilation technique. Compared

to earlier releases, the FES2014 available tdaktituenisonstituenspectrum has beesignificantly extended, [Mis en forme : Anglais (Royaume-Uni)

the overall resolution augmentgdpme new additional scientific fgroducts have been derived from the atlas | mis en forme : Anglais (Royaume-Uni)

and are available, including the loading and -aéifaction effects, energy diagnostiesang the lewest Mis en forme : Anglais (Royaume-Uni)

astronemicaltides-Lowest AstronomicalTides Compared to the other available global ocean tidal atlases, | mis en forme : Anglais (Royaume-Uni)

consequently been integrated in satellite altim&iibRsand gravimetry data processing, and adopted in recently-( mis en forme : Anglais (Royaume-Uni)

JrenewedTRF standardg(International Terrestrial Reference System, 2Q0R@Iso provides very accurate open Mis en forme : Couleurde police : Bleu,

Anglais (Royaume-Uni)

boundary tidal conditions for regional and coastal modelling.

FES2014 clearly shows improved-diasingperfermanegserformancgn most of the global ocean areas. It has [Mis en forme : Anglais (Royaume-Uni)

Mis en forme : Anglais (Royaume-Uni)

1 Introduction

The FE014 global ocean atlas is the latest release of a tweatslong effort to improve tidal predictions [Mis en forme : Anglais (Royaume-Uni)

needed in satellite altimetry ddiasing. It is based on the hydrodynamic modelling of tidesulpuse

UnstructuredGrid Oceanmode| further denoted T-UGOm-unstructured—grid—meogelcoupled to an ensemble

Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)

data assimilation codeSpectral Ensemble Optimal Interpolatiasienoted SpENO). It is a very significant

Mis en forme : Anglais (Royaume-Uni)

Mis en forme : Couleur de police : Bleu,

upgrade compared to both FES2004 (Lyard et al., 2006) and FES2012 (Stammer et al., 28%4jratlds to
{ Anglais (Royaume-Uni)

the improvement of the assimilated data accuracy and the medekmancgserformance To some extent,

FES2014 can be considered as an iterative step of the FES2012 atlas, mostly motivated by the overwheln[ Mis en forme : Anglais (Royaume-Uni)

progress made in the hydrodynansblutions accuracite-atowargthe end of the FES2012 project and which [Mis en forme : Anglais (Royaume-Uni)

Mis en forme : Anglais (Royaume-Uni)

could not be incorporated due to the project schedules. As it will be further mentioned in this pubtieation,
efficiency of data assimilationcreases significantly with pricolutions accuragyandfor two main reasons.
First, despite a rigorous theoretical framework, data assimilation relies on strong assumptions in which the
choice of the vector norm chosen to build the penalty function is critical (most commonly usedlzamris,

which is consistent with Gaussiahaped error probability density assumption and which leads to easily
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resolved linear systems, but also which tends to-esgght outliers in data or simulation valjiesee Bennet,

1992 and Tarantola, 20p5Data assimilation must also be fed with qemsipirical, partially subjective [Mis en forme

: Anglais (Royaume-Uni)

parameters, such as errepvariances—set—gnvarianceassigned todata sets So while correcting prior [Mis en forme

: Anglais (Royaume-Uni)

(hydrodynamic) solutions errors, it can also inject seasthedelegionethomlogical errors in the assimilation [Mis en forme

: Anglais (Royaume-Uni)

solutions, more or less proportional to the prior distance between the observations and the numerical soluti{ Mis en forme

: Anglais (Royaume-Uni)

Second, as we use an ensemble technique to assess the prior modelling error covariances, and as those
covaiances will strongly dictate data assimilation innovation in model regions where assimilation data density is

prettyvery sparse (sparse must be understood as compared to the tidal wavelength, hence being quite differer[ Mis en forme

: Anglais (Royaume-Uni)

shallow water seas compareddeep ocean regions), the prior hydrodynamic realism is critical to consistently

propagate information from data locations (where data/prior modelorddé i s actually sol ved)

model regions. Therefore, considering the significant potenti@ovements and thanks to the financial support

towar d

of CNES( Centre Nat i on a]lthedetision wasemade Bopapidly upgrads the FES2012 atlas [Mis en forme

: Anglais (Royaume-Uni)

toward the FES2014 atlas.

The FES atlas series has started with the FES94 release, quickly folldtveéieM=ES95 onéle Provost et al.,

1998) which includes some upgrades and fixes for various issues detected after the FES94 official release. A
similar scenario occurred for the FES98 and FE&@8%vre et al.2002) FES2002 and FES2004, FES2012 and

FES2014 atlases production. Despite intensive quality checking during production phase, any new major version

of FES atlas release is followed by an extended verification/validation phase from the FES team and other world

spread specialists through the scie applications that used the new atlas. The upgrading/fixing step is limited to

issues that do not demand any major changes in the production process (such as unstructured grid modifications)

but still will bring valuable improvements for the final usgthe FES2014 atlas denomination is quite [Mis en forme

: Anglais (Royaume-Uni)

misleading, as its final version has been delivered in early 2016. This has left time to the project team[Mis on forme

: Anglais (Royaume-Uni)

precisely assess the FES2014 accuracypmwtbrmanegserformancgn altimetry data daliasing correction

[Mis en forme

: Anglais (Royaume-Uni)

and to make some final adjustments to guarantee the best possible quality at that time. It results in 3 avail{ Mis en forme

: Anglais (Royaume-Uni)

[Mis en forme

FES2014 releases. FES2014a is the first guess lmsé&ek—selfattraction—-anddata assimilation set where

. Anglais (Royaume-Uni)

| Mis en forme

: Anglais (Royaume-Uni)

altimetry data were corrected frotidal Joading{LSA)-provided byGOTthe GOTv8 modeland-usefDesai and/

Mis en forme

: Anglais (Royaume-Uni)

Ray, 2014) lIts production allowedor internal verification checkandtherdata assimilation adjustmengnd

Mis en forme

: Anglais (Royaume-Uni)

finally, the production of the setfonsistenEES2014b-SALatlasdsES20144didal loadingatlasused withinthe

Mis en forme

: Anglais (Royaume-Uni)

JFES2014b altimetry assimilation data processitithe FES2014a atlaggas not aimed to be widely distributed
or advertised. FES2014b is the first official relgas®tithas-been-made-availahlgfter re-gridding from the

Mis en forme

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

| Mis en forme

: Anglais (Royaume-Uni)

native unstructured grid onto a regular 11t&gree resolution gridit has been made availalpe the AVISO+
X . . Mis en forme

website he C bt = Sl A 619 o—extend peivod

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

(https://www.aviso.altimetry.fr/en/data/products/auxili@npducts/globatide-fes.htm). To provide a

Mis en forme

: Anglais (Royaume-Uni)

comprehensive, coherent tigglectrunte-tew-frequency-componentsby-usfogtidal predictions particularly for

Mis en forme

: Anglais (Royaume-Uni)

the geodesic community, several long period tides constituents were explicitly iad@@ti9 (computed fronthe

Mis en forme
police : Bleu

usual massonservative equilibriurtidesapproximation to the FES2014b atlalt. must be noticed that similarrg

: Police :9.5 pt, Couleurde

Mis en forme

period constituents are implicitly added in tidal prediction ifcoorespondingexternal solution filés provided ,To police : Bleu

: Police :9.5 pt, Couleurde

avoid confusion in public releases, the extended FES2014b atlas has received the FES2014c denomination. { mis en forme

The objectives of our commugition are to concisely present the FES2014 atlas main construction details, thi.P21ce : Bleu

: Police :9.5 pt, Couleurde

A . ) . . . . . Mis en forme
validation diagnostics and the available-fopducts, and not to propose a dissertation about tidal science| pjice : Bleu

: Police :9.5 pt, Couleurde
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Mis en forme

: Anglais (Royaume-Uni)

Ar emc


https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.html

10

15

20

25

30

35

40

findings based on this atlas which would lead us much too far.eGoestly, in the following sections, we

intend to provide to the readernthetiovith, information on the major ingredients of the FES2014 atlas [Mis en forme

: Anglais (Royaume-Uni)

production (hydrodynamic modelling, data processing and data selection for assimilation and validation,

assimildion processing), andseme, basic accuracy assessment overviégdomplementary to the present [Mis en forme

: Anglais (Royaume-Uni)

publication, some atitional information onpresent and earlieFES atlasesand link to the associated prediction

softwarecan be founan theAVISO+ website Mis en forme

police : Bleu

: Police :9.5 pt, Couleurde

2 Hydrodynamic prior solutions

One primary objective in the FES2014 atlas production idyt@mically modethe ocean tides with the best [Mis en forme

: Anglais (Royaume-Uni)

possible accuracyandto keep the data assimilation correction as limited as feasibleelimiting the atlas

dependenayependengupon altimetryderived datand altimetry errors (Zawadzki et ,&2018§.

[Mis en forme

: Anglais (Royaume-Uni)

2.1T-UGOm time-stepping and frequencydomain solvers

J-UGOm (Toulouse Unstructured Grid Ocean moddkercurial repository alttps://hg.legos.obmip.fr/tugo) [Mis en forme

: Anglais (Royaume-Uni)

Jis a2D/3D unstructured grid model developedtae L. a b or at oi re do6Etudes en G®[Mis en forme

: Anglais (Royaume-Uni)

Spatiales (EGOS), It can accommodate variety of numerical discretization (continuous andatistinuous Mis en forme

finite elemens, finite volumes) ortriangle or quadrangle elemenkmsed oheusual NavierStokes equation in

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

the Boussinesq approximation, winon-hydrostatic pressure solver availaliecan be used in timstepping i ;
IS en Torme

: Anglais (Royaume-Uni)

(TS) or frequencydomain (FD) mode. In 2005, based on FES2004 esipace, an internal tidevave drag

o e e

Mis en forme

: Anglais (Royaume-Uni)

parameterizatiof TWD) has been implemented for 2D shallowater simulationgcharacterizing the energy

transfer from the barotropic tides to the internal, baroclinic tideésg ITWD parameterizatioporiginally [Mis en forme

: Anglais (Royaume-Uni)

developed from theieneepioneeing work of Bell, 1975, and Baines, 198&oved to be essential in tidal and [Mis en forme

: Anglais (Royaume-Uni)

storm surges simulation accura@s tidal energy conversion account &@oeuta significant portion of the total [’V"S en forme

. Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

barotropic energyidsipation Most of the critical dynamical parameters (such as bottom roughness, internal tidi Mis en forme

drag coefficiety etc...) can be neaniformly prescribed inside the domalnitially, the frequencydomain mode

has beerntegrated irthe originaf-J&OniToulouse Unstructured Grid Ocean modE{GOm), time-stepping [Mis en forme

: Anglais (Royaume-Uni)

codeto dynamicallyand consistentlydownscale tidal boundary conditions fdomairlimited, time-stepping

simulatiors:_(actually, some classes of open boundary conditiime-steppingschemes, suchs Riemann

invariants, require prescribing tidal velocities in conjunction with tidal elevation. Contrary to elevations,

velocities are very sensitive to bathymetry and grid resolution, and a simple interpolation from a global atlas

with different bathyretry and resolutionmay not meet théecessaryconsistencywith the domaidimited

configuration. A FD simulation, where only elevations are prescribed at open boundaries, will produce a

properly downscaled velocity field over the dombinited grid, induding open boundariesThe FD solver is [Mis en forme

: Anglais (Royaume-Uni)

run for each tidal component separatdlybasicallyassembles frequencydomain wave equation arttie
solution is obtained by a simple inversion of the systBiaturally, the FD solver is based upon linearized
equations, and subsequently Alamear processes require an iterative approach to converge toward the fully non
linear solutionsThe number of iterations is rather limited for the major astronomical tidal comppiteatgls

to increase when addressingrqmound and notinear tides. In any case, the numerical cost of the FD solver is

extremely small compared tine TS solver cost (more than 10@Bretimeg smaller). In terms of solution [Mis en forme

: Anglais (Royaume-Uni)

accuracy, FD and TS solvers are quite equivalent, with of course a limited advantiag@& $osolver in non

5
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The TUGOm FD solver is originally inspired frofine iCode aux Eléments Finis pour la Mai®eéaniqué

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

linear tides cased.herefore, m the perspective of data assimilation using ensembles for the major ocean tides

components,the ensemble members have been computed in the FD mode (details of data assimilation are

described in a dedicated section of the article). Another major advantage of theleBolve©, seduced [Mis en forme

: Anglais (Royaume-Uni)

numerical cost is the possibility to conduct a avidnge of experiments in order to (globally or regionadgj
numerical developments;alibrate the model parameters such as bottom friction and internal tide drag

coefficients, verify bathymetry improvements, or examine loading anehtedftion coristency.It must be

noticed that the optimadarametergarameteiset for the FD mode will also mettte TS mode requirements [Mis en forme

: Anglais (Royaume-Uni)

Both solvers are discretized through the standard finite element, variational (weak) form@atisaguently,

solutions must bbeandled in a consistent manner, especially when expressing conservation laws (which hold in a

ifweak senseod) or estimati Mis en forme

ng energy budgets

: Couleur de police : Bleu,

Anglais (Royaume Uni)

2.2FD discrete equations Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

(CEFMO {model,l e Provost and Vincenfl997; Lyard et al., 2008requencydomain tidal model that was Mis en forme

: Couleur de police : Bleu,

Anglais (Royaume Uni)

previouslyused for the FES atlases (such as FES2004). The freqdenwin tidal equations arnitie wave i ;
IS en forme

equation construction have been extensively describéaeiliterature. Consequentlyve will restrairtonfine

: Couleur de police : Bleu,

Anglais (Royaume Uni)

ourselvego the main differences between the CEFMO aAdd@Om formulatios. The FES2014 mesh is built Mis en forme

=D Vo

: Couleur de police : Bleu,

Anglais (Royaume Uni)

on triangle elements. Variousumeri@al discretizationsfor elevation and currentsan be defined on triangle Mis en forme

elements, i.econtinuous or discontinuous, high or low ord&ince its early releases, the FES tidal atlases mesh

: Couleur de police : Bleu,

Anglais (Royaume Uni)

has been designed in terms of spatial resolution for continuoug Id&®retization(quadratic Lagrange Mis en forme

: Anglais (Royaume-Uni)

. . . . . . . Mis en forme
Polynomialspasis functionsallowing for about 4 times more numerical nodes compardihéar Lagrange

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

Polynomials.denoted GP1). Among other available options, tidedlecities/elocity, discretization islement

Mis en forme
wise, discontinuousNon Conforming linear interpolation functiofNCPL), This choice has two major

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

advantagesthe elevation gradient discrete space is identical to the tidal currents space, and the 'discr¢ Mis en forme

terms, such as horizontal momentum diffusion, must be left in theh@it side vector and converged in an

iterative manner, or simply dismisséd time-stepping codes, momentum difan acts mostly as a temporal

scheme stabilizer, which is not needed in the frequelocyain solver)Tidal currents are expressed under a

standard Galerkin procedure and this is one of the major differences witiCER&O model where

: Couleur de police : Bleu,
Anglais (Royaume-Uni)
Mis en forme : Couleur de police : Bleu,
Anglais (Royaume Uni)
Mis en forme : Couleur de police : Bleu,
Anglais (Royaume Uni)
Mis en forme : Couleur de police : Bleu,

Anglais (Royaume Uni)

. . . . Mis en forme
edrrenturrengwere estimated at numerical integration nodes (Gauss quadrature).

: Couleur de police : Bleu,

Anglais (Royaume Uni)

Mis en forme

: Anglais (Royaume-Uni)

2.3TS discrete equations Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

generalized wave equatiomspired from Lynch and Grayl977, and continuously developed sindehas been
Mis en forme

: Anglais (Royaume-Uni)

adaptedefor theglobal ocean up tmcludenearshore and estuarine numerical applicatiovith wetting/drying

Mis en forme

: Anglais (Royaume-Uni)

capabilities Despitethat jt is—knewn-to—alovallows for pressure instability modes, the discretization used in Mis en forme

: Anglais (Royaume-Uni)

FES2014 simulations is (linear) LGP1 both &evatierelevatiorg and currentsfor its numerical efficiencyAs Mis en forme

: Anglais (Royaume-Uni)

amatter of factthe potential pressure instabilitiedll appear only in some patiar local mesh geometry arade Mis en forme

: Anglais (Royaume-Uni)

easilyavoided by precisely controlling the mesh construetibaroux et al., 2007)From its earlier versions,-T Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

momentumequation system is diagonasng the construction and solving of the wave equaltion-diagonal {[
UGOm includes an embeddecdhulti-leveldeve] time subcycling that allows forlocally modifying the E

Mis en forme

: Anglais (Royaume-Uni)




numerical time step. It is coupled to a simulation stability control procedure, aruydiny is locally triggered
and disabled following the need to control this stabditythe fly This turns out to be a very efficient way to

relax time step limitatin due toSLFCFL, stability condition (already eased byUGOm semiimplicit time [Mis en forme : Anglais (Royaume-Uni)

scheme) and therefore to profit from the natural flexibility of unstructured triangle @riggrary to the FD

solver, horizontal momentum diffusion is neededuily stabiize the temporal, centred in time leapfidge

scheme, and is provided by a Laplacian operator V\{Misenforme:Anglais(Royaume-Uni)

2.4Model grid settings

Since the first truly global ocean atlas (FES2004), the unstructured FES moddiaslesanupgraded by using [Mis en forme : Anglais (Royaume-Uni)

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

contain a high level ofmall scalecoastal details, much more than needed for a global ocean-awesihat [Mis en forme : Anglais (Royaume-Uni)

Thesesmall scale detajlsonsequently need to be filtered -efteverselyaccordingly to the targeted coastal [Mis en forme : Anglais (Royaume-Uni)

resolution Converselyit is necessary to maintain and assemble together some packets efstaimis that will [Mis en forme : Anglais (Royaume-Uni)

form a macreobstacle to the tidal ppagation. Considering the tedious task efmeshing most of the ocean
shorelines, automated tools have been developed to optimize the meshing operation. The targeted resolution for

coastal areas igpically, 10 kilometers or less in terms of triangle sldegth Eigure1Figured). The resolution Mis en forme : Couleurde police : Bleu,
Anglais (Royaume-Uni)

has been augmented to about 1.5 km in some specific places where coastal geometry is more challenging (
Mis en forme : Anglais (Royaume-Uni)

as fjords, estuaries, atii t s , etceée). S p e to iegidns where tkee rmtcurazynanditize pregisian ofl

the available bathymetry are known to be adequate with higher mesh resolution, i.e. where mesh details will

truly refled the bottom topography complexityreverselpn the other hapdminor upgrades were made in [Mis en forme : Anglais (Royaume-Uni)

regions where the bathymetry remains poorly kngsuth as the Patagonian and Siberian shelves). As a matter
of experience, increasing resolution in those regions would likely have a model accuracy wofféectingre
additional constraint was to limit the hydrodynamic solver memory use @03@-orderto-keep-computation

load-ata-tractable-level{at the- time-of preducti@l)ytesin order to keep computation load at a tractable level
(at the time of prodttion). Despite thdargeincrease in resolution compared to FES2084, KES2014 mesh

resolution isstill clearly not sufficienin some highly complex coastlines, with narrow channels of dynamical

significance, or topographically trapped wave generatitss, and itcould resulin a loss of details/accuraay

such regions. This ifr instancehe case othe western Canadian and Alaska coastal redighsre the project

failed to access amngccurate bidnlymetry databasat the time of production and $eft resolution at a standard

level), and it has resulteth a loss of details/accuracy in all this areapecially away from assimilated data

Posteriori tothe FES2014 atlas releassnd thanks toour collaborationwith the Canadiantidal research

community this issue has been identified as quite damadihgs issue and similar onssichasthe Tierra del Mis en forme : Anglais (Royaume-Uni)

Fuego (Argentina and Chil&)ill be fixed in futureFES atlas releasahere the number of computational nodes’ /_Mis en forme : Anglais (Royaume-Uni)

Mis en forme : Couleur de police : Bleu,

should be increaget least by dactor five compared tthe FES2014 grig Anglais (Royaume-Uni)

Mis en forme : Couleur de police : Bleu,

2.5Model bathymetry Anglais (Royaume-Uni)

When dealing with tides, bathymetry remains one of the most critical pargntateeral global ocean databases /| Anglais (Royaume-Uni)

were available athe FES2014 production timeGeneral Bathymetric Chart of theceans(GEBCG-), Earth Mis en forme : Couleur de police : Bleu,

Anglais (Royaume-Uni)

Topography ETORD;), Smith&Sandwel-and-their etc... Teir successive releases have shown tremendous

| Mis en forme : Couleurde police : Bleu,
improvements during the last ten yeatdnfortunately, none of those global databases have the effective | Anglais (Royaume-Uni)

{Mis en forme : Couleur de police : Bleu,

Mis en forme : Anglais (Royaume-Uni)
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resolution nor the accacy needed to be used directly in our global ocean tides modeNifgr example,

satellite inverted bathymetry accuracy is very limitetshelves andhc o a st a |l regions (Gibbodos effect due

spherical harmonictechnique, uncertainties arising fr@adiment density  e)t, and consequently should not

be used in such locations except in some specific areas, namely in absence of any other more accurate

bathymetry. It must be noticetlatthe latest GEBCO distributions now include patches coming fnwerted

bathymetries, which is a serious issue for using recent GEBCO distributions in FES model bathymetry

Consequently, afor the earlier FES atlases, a composite bathymetry has been built from available global ar{ Mis en forme

: Anglais (Royaume-Uni)

regional databases. In some cases, a regional digital terrain model (DTM) has been specifically constructed from
depth sounding and/or multeam dataA special teatment is applied to the Ross and Weddell seas, where the
free water column depth must be processed by substractisgetfemmersion to the bottom topography, using

theRFORPORTopo-1 datase{Timmermann et a)., 2010, Many regions of the world oceare now quite well J Mis en forme

: Couleur de police : Bleu,

Anglais (Royaume-Uni)

documented in terms of bathymetry, however two major continental shelves, namely the Patagonian shelf
‘ Mis en forme

: Anglais (Royaume-Uni)

the Siberian shelf, do not match modern standards inpahjeathypublicly, available databas@athymetry [M_ .
IS en torme

: Anglais (Royaume-Uni)

selection, reconstruon and merge is a tedious task, and quite uncertain because of the lack of independe[ Mis on forme

: Anglais (Royaume-Uni)

validation dataFinally, the most practical way to assess bathymetry changes remains the examination of the

tidal solutions computed from the candidate bathymetryurddhy this is not a perfect measure of accuracy, as

errors in bathymetry can compensate some other modelling errors, but soHavegdways found consistent [Mis en forme

: Anglais (Royaume-Uni)

results between improvements in bathymetry and tidal solufidresiks tothe FD solver, extensive simulation {Mis en forme

: Couleur de police : Bleu,

Anglais (Royaume-Uni)

testingcan be performedncluding the necessary-palibration loop needed when modifying significantly the
model bathymetry, eveat-regional-extents,—as-earlier-calibrations-would-contain-error-compensation bias

regonal level, as earlier calibratiosettingswould be biased to compensate errors due to the former model

bathymetry Despite those efforts, athymetry still remains unfortunately the limiting error to our prior

hydrodynamic solutions in most of the glolbgkean, and also impadhe data assimilation accuracy in shallow

waters regions. For most of Northern American, European and Japanese beatgnsetrylinked erros are

reducing with time, allowing for distinguishing more subtle error sourées instance, thanks to the

impressively accurate new bathymetry of the European shelf (as available thhmudfuropean Marine

Observation and Data Network (EMODnei&bsite https://emodnet.qumost of errors due to bathymetry have

dramatically redued, so we could clearly demonstréite a regional configurationthat a wetting/dryindime-

steppingscheme is necessary to reach the best tidal accuracy in the North Sea. Using more ancient bathymetry

would have totally blurred this point, making any clusions uncertainBut in most of the global ocean,

improving the model bathymetry remains the first and overwhelming priority, and enormous efforts have been

dedicated to this in FES20hdrodynamic configuration settings {Mis en forme

: Couleur de police : Bleu,

Anglais (Royaume-Uni)

2.6Loading and selfattraction effects

Geometrical loading and gravitational satfraction terms(SA) are essential in tidal simulations, especially in [Mis en forme

: Anglais (Royaume-Uni)

global ocean tidal modellinfHendershott, 1972)Those can be implicitly accounted for in the hydrodynamic

tidal equations, butta totally prohibitive computational cost. As rather accut&®a atlases are available since

the early 20106s, i t i s LSAuindhe simutatiors, netforflyifor doraputatiotalcostu s e e x pl i ci t

reasongnonsparse dynamical matrices in FExpensive convolutions ibSA computation) but also because it

tends to offer a relaxation toward the tidal atlases from wihiehSA have been computed (actually, this is the
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onlynonf ree i ngr edi e hytrodgnamicsinulatiorfs)pAa somé an@malies were detected in the

SALLSA atlases deduced from FES2004, we used insteaBEB89derived LSA-atlagatlasesRay,2013-to Mis en forme : Anglais (Royaume-Uni)

produce a firsatlasversion(FES2044aFES2014% from which a new.SA atlas has been computed. As it will Mis en forme : Anglais (Royaume-Uni)

be mentioned in the following sectionsistmewLSA atlaswasused in the finaFES2014bFES2014frelease : Anglais (Royaume-Uni)

Mis en forme : Anglais (Royaume-Uni)

production.

Mis en forme : Anglais (Royaume-Uni)

(
{
[Mis en forme
(
(
(

Mis en forme : Anglais (Royaume-Uni)

2.7FES2014hydrodynamic (assimilation-free) solutions

Some parameters of thedGOm hydrodynamic kel need to be calibrated in order to obtain the most accurate [Mis en forme : Anglais (Royaume-Uni)

hydrodynamic solution, either to improve model realism or provide useful error compensation. The two main
parameters to which the model is the most sensitive are the bottom friction coeffitdetite internal tide drag

coefficient. Most of TUGOM model parameters captionally be tuned locally using various methods {pre

defined regions, polygons inclusionr, by meshnodes or elements vector). In the FES2014 atlas simulations,

internal wave thqg coefficients aréunedusing a global ocean regional partition (distinguishing north, tropical,

Mis en forme : Anglais (Royaume-Uni)

and south basins in the various oceans plus Arctic sea and Mediterranean Sea), and bottom frictions coeffici

Mis en forme : Anglais (Royaume-Uni)

are tuned by using polygorsvering thdarge bottom friction dissipation areas. A global default value is locally

Mis en forme : Couleur de police : Bleu,

usedin regionsnot beingtargeted bythe userdefined partitiofpolygonstuning list Several simulations of the Anglais (Royaume-Uni)

Mis en forme : Couleur de police : Bleu,

main tidal components (limited to M2, K1, S2 and O1 constituératgg been performed by extensively varying
Anglais (Royaume-Uni)

these two parameterénostly globally exceptin a few regions fothe internal tide drag coefficiéptand each

Mis en forme : Anglais (Royaume-Uni)

resulting simulation was compared to the altimetry gdd gauge(later denoted TGyalidation databases.

Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)

Figure 2Figure2 and Figure 3Figure-3 show the vector differences betweee #rJ4EIIP/J1J2 (deep ocean)
crossover point database and the hydrodynamic simulations BE82064ES2012and FES2014 tidal models, ,’:\A:\;zins Igon;zuhg_‘)&l%urde police : Bleu,

1, for the samethredwq, hydrodynamic simulationlus FES2004 These results clearly point out the  (An9/ais (Royaume-Uni)

Mis en forme : Couleur de police : Bleu,

improvement that has been achieved from the FES2004 to the FES2014 free simatatioaglobal ocean, Anglais (Royaume-Uni)

with a global vector difference RM@&duced bynearlydivided-bya factorof three from FES2004 to FES2014 Mis en forme : Anglais (Royaume-Uni)

(M2 tidal component) in the deep ocean. The improvements are also very strong in the shelf regions, and for| Mis en forme : Anglais (Royaume-Uni)

other main tidatomponents. Moreover the histograms displayetthérfis.2 Validation5-2-Validationd section Mis en forme : Anglais (Royaume-Uni)

indicate that the FES2014 hydrodynamic solution reaches an unprecedented accuracy level, close to other gl.2d¢ d¢ champ modifié

Mis en forme : Anglais (Royaume-Uni)

ocean modelperformancestikeerformanceas suchGOT48/10 (Ray, 2013) EOT11a Savcenko and Bosch,

Mis en forme : Anglais (Royaume-Uni)

2012),DTU10 (Yongcun and Andersen, 2016) FRXO9TPXO9v2 (EgbertandErofeeva 2002) which are all

Mis en forme : Anglais (Royaume-Uni)

empirical or assimilated models. Mis en forme

for the M2 and K1 tidal components, respectively. Global values of vector differences are dgredfeitiable [Mis en forme : Couleur de police : Bleu,

: Anglais (Royaume-Uni)

The case of the S2 tidal components was specifically addressed, as it derives both from atmospheric {Mis en forme

: Anglais (Royaume-Uni)

gravitational forcing. It is even more the casetf@S1 tide, which originates mostly from atmospheric forcing, \ | Mis en forme

: Anglais (Royaume-Uni)

but becausef the intrinsic variabity of the atmosphere weeo.consider that it must be dealt with time storm Mis en forme

: Anglais (Royaume-Uni)

surge correction (DAC)and hot in oceantidal corrections. Some other tidal constituents hawdeaclearly

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

atmosphericallforced component (such &.K2 and even M2ide9, but at a much lower level. Consequently,

(
(
[Mis en forme
(
(

Mis en forme

: Anglais (Royaume-Uni)

to insure the best possible prior solution, the S2 wave was computed in the spectral domain using atmosph[ v ;
IS en forme

: Anglais (Royaume-Uni)

pressure forcing at S2 frequency, based on #Rérim 3hour data. Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)
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(
[Mis en forme
(

Mis en forme

: Anglais (Royaume-Uni)



javascript:;
javascript:;

10

15

20

25

30

35

40

3 Tidal harmonic constant data procesing

Fide-gaugeEGsg and altimetryderived harmonic constant data have been bséeHn-simulatios-if, validation

Mis en forme

: Anglais (Royaume-Uni)

of simulationsand data assimilation steps. Concernihg tide—gaug&G, data, preference was given tide Mis en forme

M SITRAIALIVTIOC

: Anglais (Royaume-Uni)

gauge3 Gs for which the original time seriesvere available and documented, hence for which basic quality (Mis en forme

: Anglais (Royaume-Uni)

control could be performedirougheddy means gharmonic analysis and/or operational reports. In most cases, Mis en forme

: Anglais (Royaume-Uni)

the time seriesverelong enough so that a wide tidal spectremold be analyzedwith the best possible accuracy.

. Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

To some extentide-gaug@ G, selection (either for validation or data assimilation purpdsespre a question of (Wis en Torme

. Anglais (Royaume-Uni)

how-rueh representative are the tides captured by the instrunfespecially in coastal seaahd keeping a

(
(
(
(
[Mis en forme
(
(
(

Mis en forme

. Anglais (Royaume-Uni)

balanced distribution all over the ocean regidBeveral tidal gages databasebave beerusedwithin the
FES2014project:a harmonic analysis was performed on time series fBI®SS (Holgate and al., 2018hd

SONEL (Wo6ppelmannn and Marcgd016;), databasesGLOSShbeing a global observation network and SONEL | wmis en forme

: Anglais (Royaume-Uni)

providing measurements on all French territorteen three validated databases provided by R. Ray have been| Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

used (Rayet al, 2013), named Deep_BRRBottom pressure recorde[sShallov and Coastahereafter and

: Anglais (Royaume-Uni)

respectively dedicated to deep ocean, shallow waters and coastal regimively

: Anglais (Royaume-Uni)

The altimetryderived time seriesshewaise more processing and accuracissues, with a strong Mis en forme

: Anglais (Royaume-Uni)

dependenayependengen the mission orbit anduration(which firstly determine théevel of contamination of

Mis en forme

: Anglais (Royaume-Uni)

(
[
[
[Mis en forme
[
(
(

the tidal analysis by netidal oceansigratignal). Clearly, the twenty years and more duration of the Topex | mis en forme

: Anglais (Royaume-Uni)

Poseidon and Jason ser@sa nearly terday repeat orbit allows for deriving @tandingly highquality along

track and crossover datasetof tidal harmonicconstants (TopexPoseidon Jasorl and Jascf are three

CNES/NASA satellites successively launchedhaving exactly the same groutrdck and repetitivity, and

similar onrboard instruments and radar technologies; since FES2014 release, the series has been continued with

the Jasor8 and JasoCS satellites at the end of their nominal missions, satellites orbit is cha rdan

exactly interleaved groundrack, hencedoubling the mission spatial sampling until a possible move on a

geodetic orbit or final decommissioning; interleaved tracks observations are not contimtiimesandthushave

shorter records compared the nominal track recoriisMoreover the altimeyr dataset benefits from new [Mis en forme

. Anglais (Royaume-Uni)

altimeter standardsyhich allow a better observation tfe tidal signals:GDR-D and REAPER orbits, ERA
INTERIM Dynamic Atmospheric Correction for ERS and TOPEX missions, improved wet tropospheric, sea sate

bias and ionosphericorrections and new mean profiles computed ar20-year period Carrere and Lyard,

2003; Carrere et al, 2016)TOPEXInterleavedtrack (etedienoted TPN-JIN) also provides an accurate Mis en forme

: Anglais (Royaume-Uni)

crossover dataset, bsii-with a-highererrer-levéhrgeruncertaintiethanthe 2 yearsof TP-Jason series, due Mis en forme

: Anglais (Royaume-Uni)

to the shortercumulativeperiod of 6 years availabl&ERS/Envisat series and GFO series do not tiaesame Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

level of accuracy, as their orbioffer higher spacgpatiglcoverage at the price oflawer temporal coverage
Mis en forme

: Anglais (Royaume-Uni)

(time sampling of 35 days for ERS/Envisat anddbys for GFO).The timetemporglundersampling of tidal

(
(
(
[Mis en forme
(
(

Mis en forme

: Anglais (Royaume-Uni)

observations affesthe apparent tidal periods (aliasing effect) which depentti@tmue tidal period andon the
mission terporal repetitivity. Because of the red nature the ocean energy spectréye contamination othe

tidal signal by nottidal signas will increase with the value of the aliased peridthe TP/Jsonorbit was

deliberately chosen to maintain the aliasedqukin a reasonable rangeeverselZonversely sunsynchronous [Mis en forme

: Anglais (Royaume-Uni)

orbits (such as ERS/Envisat/Altikaye disadvantageous that matter not only arethe S1 and S2 tidesre [Mis en forme

: Anglais (Royaume-Uni)

projected on ainfinite period (mean state), but many other tidal constituents show a rather large aliased peric[ Mis en forme

: Anglais (Royaume-Uni)

(cf Table 2Fable-2). This would prevent us to use ERBwisatderived dataand concentratenly on the
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TopexJasondataset, however the inclination dbpexJasonis rather low and EREnvisatremains the only

choice for very high latitudes and polar s€Hsus for the purpose of tHES2014 tide modekrossovers and

alongtrack data from TOPEX/JasebVJasor?2 were prefered andwere completedomplenerted with some

[Mis en forme

: Anglais (Royaume-Uni)

crossover data from TRBUN and ER&Envisat series irsomeshallow water regions and at high latitade
respectively.Table 3Fable-3 presents the altimeter dataset used for the estimatidhedfarmonic constéds
within the FES2014 project

3.1Tidal loading effect

As thestandard tidal atlasesetargetindargeed on the ocean tide componentidal loading correction needs [Mis en forme

. Anglais (Royaume-Uni)

to be appliedntq the altimeter measuremerfis addition to the sealled solid earth deformation correctioin [Mis en forme

: Anglais (Royaume-Uni)

a first step,lie GOT4v8ac tidal loading modehsapplied(Ray 2013) takinginto account the recent correction [’V"S en forme

: Anglais (Royaume-Uni)

of the tidal geecenter motion proposed by Desai and Ray (2017hese data have been usaedthe data

assimilation process fdhe preliminary version of thecean tidemodel, retedlenoted FES2014aln a second [Mis en forme

: Anglais (Royaume-Uni)

step anew tidal loadingatlaswascomputed from this FES2014a ocean solutiergdienotedi FES2 01 4 a [Mis en forme

: Anglais (Royaume-Uni)

| oadi rsection6(3c Thenls):, this FES2014a tidal loadingplution wasusedto producea secondversion [Mis en forme

: Anglais (Royaume-Uni)

of thealtimeter datasetvhich was assimilated inthe final version of the tide modehmedFES2014b.

Mis en forme

: Couleur de police : Bleu

3.2Non-tidal Ktsignal at K1 aliased periodprior removal Mis en forme

: Couleur de police : Bleu

Due to the aliasing effecthe K1 diurnal frequencyis aliasedento, the semiannual frequency with the Mis en forme

: Couleur de police : Bleu

TOPEX/Jason sampling armhto, the annual frequency with the ERS/Envisat ofbft Table 2). Annual and Mis en forme

: Anglais (Royaume-Uni)

. Anglais (Royaume-Uni)

semiannual signals are quite large in the ocean, and contamination of tidal analyisésnoyrtidal signalis " .
IS en forme

: Anglais (Royaume-Uni)

Severe. By virtue oParceval-rul¢he Paiseval Identity (the identity asserts that the sum of the squares of the Mis en forme

: Anglais (Royaume-Uni)

Fourier coefficients of a function is equal to the integral of the square of the function, see Johnson and Rie

Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

(
(
(
(
[Mis en forme
(
(
(
(

1982), this contamination decreaseith time as the square root of the recording durafiér presenteference

. Anglais (Royaume-Uni)

TOPEX-Jason time series benefits fmo20 yearsof continuous measuremesnand allovs a very accurate

estimation of all tidal components including Kdlowever, forthe TPN interleaved and the ERS orbitse

available time series are not long enoughderantguarantégan accurate separatiofithe K1 tidal signal from [Mis en forme

: Anglais (Royaume-Uni)

the semiannual(resp.annua) ocean variability A large portion ofthe annual and ser@nnual ocean surface [Mis en forme

: Anglais (Royaume-Uni)

signal is due to the low frequency atmospheric surface pressure, and therefore is removed by applying a storm

surge o inverted barometer correction. However, ocean circulation contributes also to this sigisaljatidal [Mis en forme

: Anglais (Royaume-Uni)

harmeniebarmonigccontaminationTo tackle this issue, and thémprove the K1 tidal signal observatiamthe [Mis en forme

: Anglais (Royaume-Uni)

TPN and ERS/Envisakcords a specific processing has been applied, consisting in removing an estimation of

the oceanannual(Sa)and semiannual(Ssa)nontidal signals prior to the analysi$his estimatioris computed

Norridal g [Mis en forme

: Anglais (Royaume-Uni)

from the GLORYS2V1 global ocean reanalysis provided by Méoc@cean Ferry et al., 2012 GLORYS

produces and distributes global ocean reanalyses atpeddhtting (1/4°) resolution that aim to describe the mean and

time-varying state of the ocean circulation, including a part of the mesoscale eddy fieldeemrdrgast decades with

a focus on the period since when satellite altimetry measurements of sea level provide reliable information on ocean
eddies (i.e. from 1993 to present). The numerical model used is the NEMO OGCM in the ORCAQ25 configuration
developé within DRAKKAR consortium (global with seige, 1/4° Mercator grid). Assimilated observations are in

situ T&S profiles, satellite SST and along track-kEseel anomalies obtained from satellite altime®L.ORYS2V1

sea surface heighS6H has beerharmonially analyzedat semiannual and annual frequengyredicted at
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observation location and time and removed from altim&8& measurementslhe efficiency of the notidal

ocean signal contamination has been assessed at TP/Jasemversssvheréhe K1 harmonic constants misfits

between ascending track and descending track analysis are dimipdshstiown inFigure 4Figure4, the [Mis en forme

: Anglais (Royaume-Uni)

amplitude ofthe correction is welllaove a few centimeters in some large ocean regions. A specific study (Gulf
of Tonkin) was performed by examining tK& analyzedtidal constant misfit at crossvers (ascending track
versus descending tracklhe ocean circulation contamination will appearan incoherent contribution to K1,

therand will be different for ascending and descendiracks. Fhe-misfitsSuch differences were found to, be

[Mis en forme

: Anglais (Royaume-Uni)

[Mis en forme

consistently reduced when applying the GLORYS correction, hence demonstsltiageficeinthe benefts of

: Anglais (Royaume-Uni)

the modelbased correction for tftedal analysis accuracy

[Mis en forme

: Anglais (Royaume-Uni)

3.3S2 tidal constituent processing

FheS2 tide harmonic analysis needs a special attention bofGsand altimetry time series. Because of the

significant S2 atmospheric tide, especially in thapics, bottom pressure records must be precisely corrected

from air pressure contribution to retrieve the S2 ocean sigiidls is easily done for coastdiGs, from

dedicated or neighbouring atmospheric pressure recBelsp mooring in remote ocean regions are more

problematic, especially for records made before the quite recent availability of hourly pressure fields in

operational atmospheric productdn the altimetry sidethe S2 tidal constituent is challenging asist not [Mis en forme

: Anglais (Royaume-Uni)

observable by the ERBnviSat sunsynchronous orbit as mentioned before. Morepoweéth its 58.74day
aliasing period, the S2 tide is linked to tlesidualMeanSealevel MSL) signalvisible at the same frequency

this frequencythusneeds a

[Mis en forme

: Anglais (Royaume-Uni)

specific attention.Particularly this signal being stronger on TORE2XOSEIDON mission (linked to the [Mis en forme

: Anglais (Royaume-Uni)

inaccurate accountof tfi®® angl e i n o n e usedin MSk computation, ant semsitive to ths tidal

atlas used for the tidal correctigiseveral analyss have been performed using either the entire TOP&S$N Mis en forme

: Anglais (Royaume-Uni)

riod,the estimation

Mis en forme

: Anglais (Royaume-Uni)

erroris larger for theJ1-J2 estimatiomnalysis and the assimilated solution pravénally to be more accurate Mis en forme

: Anglais (Royaume-Uni)

(usingTG data as sea trutjusing theestimatiomnalysisfrom the entire altimefr seriesNotice that thanks tits Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

primarily hydrodynamicapproachuned by data assimilatiaandallowing areduced weight othe data errorsn

Mis en forme

: Anglais (Royaume-Uni)

the global FES solution, the FES2014 releiasiess affected bthis residual observation errtian empirical

Mis en forme

: Anglais (Royaume-Uni)

models(Zawadzki et al. 201§)
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(
(
1
[Mis en forme
|
(
(

| Mis en forme

: Anglais (Royaume-Uni)

3.4Numerical Rayleighcriterion

When extracting acomprehensive tidal spectrum fromsea leveltime series, the question dfequency [Mis en forme

: Anglais (Royaume-Uni)

separationmust be examinedarefully: (Cherniawskyet al., 200). Not only the contaminatioby nontidal

signal at aliased frequency can be comparable to a given constituent amgéambeially the minor

constituents) but alsothe minimum observation duration for a proper separation is greatly increased in the

aliased frequencies spad®r instance the N2 and T2 pair needs about a minimum seven years duration (In TP

Jason) for a proper separation instead of the uswadlaysin the nonraliased frequencies space. The data

assimilation spectrum in FES2014 is mitigation between the objectivesxtending the tidal correction

spectrum and limiting data assimilation to accurately observable tidal constituents, and we have developed a "N‘If' .
IS en forme

numerical approach to address the frequency separation Jisghe. case of a continuous (i.e. uninterrupted

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

[Mis en forme
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sparsely interruptgdime series, the Rayleigh criteriondssicallyused to determinequency separaticand
someadditional parameterization (based on the smoothness, @eddmittancéscan be implemented to ease

the harmonic system solvingor tide-gaugesGg aswell as for most of the altimetrgterived time series, the Mis en forme

: Anglais (Royaume-Uni)

Rayleigh criterion will be appropriate to predict rather

: Anglais (Royaume-Uni)

perfermanegserformanceHowever, in the case of hidatitude altimetric time series, the seasonal sea ice cover-| mis en forme

: Anglais (Royaume-Uni)

accuratehe harmonic separation [Mis en forme

is responsible foannually unbalancedbservationswith data gapsturatierduratiorg that can beomparable to Mis en forme

: Anglais (Royaume-Uni)

the aliased wave frequency. In that case, it has been observettheh@ayleigh cterion will return over

optimistic diagnostics. This turns intn ill-defined harmonic system, and consequehtih—tevel-ofarge[ [Mis en forme

: Anglais (Royaume-Uni)

errors in the harmonic constants dealfem its solving Neither highlatitude pointby-point clearingnor data

dismissirg were an option, the former beiagjigantic task and tHatteran extremelyamageabiamagingoss [Mis en forme

: Anglais (Royaume-Uni)

of data in already poorly documented regidnstead, we directly examidehe ratio between the diagonal and
extradiagonal terms in the numeridaarmonic matrix, and we ud@n analogy with the Rayleigh criterion on
continuous time series (and the corresponding harmonic matrix) to decide for a maximum ratio (extra
diagonal/diagonal) above which tfrequency separatiomas considered deficienthe maximum ratio is set by

analogy with the Rayleigh criterion. Ideally, i.e. in case of girdsiite time series, the harmonic matrix will be

quastdiagonal.The shorter the time series, the larger the etesas/diagonaterms ratio in the matrix, which

reflects the loss in separation efficiency. In the case of a regularly sampled, continuous time series (no data

missing), the usual Rayleigh criterion (at least 1 period difference between two different constituents over the

time series duration) is equilent to a maximum ratio of ~0.15 in any row of the harmonic matrix. In the case

where 2 constituents show a ratio larger than 0.15, we check whether admittance can be used to infer the one

with the lowest astronomical potential or not. If not the caskeatieast one is a neastronomical constituerit,

is dismissed from the harmonic analysis spectrum [Mis en forme

: Anglais (Royaume-Uni)

3.5Filtering internal tide signatures

JFES2014 is a barotropieledide model and iis not aimed tancludethesmall scale®f theinternal tide signals Mis en forme

: Anglais (Royaume-Uni)

by essenegefinition. Thus internatidedide surface signatures have to be removed from the altimetepdata

: Anglais (Royaume-Uni)

(
[Mis en forme
[Mis en forme

to dataassimilationand validationprocesss New—esﬁmatiens—ef—the—ﬁ#st—bameﬁni&maveleng&hs—hav&béen

: Anglais (Royaume-Uni)

performednternal tides have much shorter waveler(gifid much lower phase spe¢dn barotropic tides, and [Mis en forme

: Anglais (Royaume-Uni)

their juxtaposing with barotropic tideseate well known ripples in the alofigick harmonic analysdue to in

phase/oubf-phase changd&gbert and Ray2001) So lowpass filtering is a convenient way (still unperfect as

it is vulnerable to baroclinic waves propagation angle with grdrawk) to separate barotropic and baroclinic

tides components for each frequenBased on gravity waves vertical modbksory(Gill, 1982), new estimags

of the firstvertical modebaroclinic wavelengths have beeomputedfor the main waves M2, N2, S2, K1 and [Mis en forme

: Anglais (Royaume-Uni)

01, using WOA200%limatology(Locarnini et al., 2010, Antonov et a2910-—Fhey-werdhen-used-to-compute
the-alengtrackfiltering-wavelength010. First mode baroclinic tides show the largest wavelengths, which are

roughlyin the 100 to 50km range in deep ocean and msborter on shelf sedStill, barotropic tides can show

short wavelengtlin their amplitude and phase distributidar instanceclose to amphidromic points at shelf

edge crossingthat should not be filteredut The barotropic tides wavelength has baamericallycomputed

from the FE®2012 atlas(by estimating the local avenumbers from the ratio of the complex Laplacian of the

tidal elevation field and the tidal elevan field itself) and both bastropic and barocliniestimatesvere then
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used to compute the alotiack low-passfiltering cutting length scajewvhich isthe minimum between twice the Mis en forme

: Couleur de police : Bleu,

Anglais (Royaume-Uni)

baroclinic wavelength and 1/%f the barotropic ondrigureSFigure5 shows the filtering wavelength in km: it [
Mis en forme

: Anglais (Royaume-Uni)

goes to zeran nearamphidromic point areas and in shallow watehere the wavelength of the barotropic tide

getbecomeshorter.

ECOMES [Mis en forme

: Anglais (Royaume-Uni)

4 Data assimilation

Jhe data assimilation method used in FES2014 is quite similar to the one used in FE$200%e notable Mis en forme

: Anglais (Royaume-Uni)

exception thatite ensemble approach has been substitabsgthe variational one. This change in our approach, | Mis en forme

: Anglais (Royaume-Uni)

initiated after FES2004 completion, is motivated by the difficulty to prescribe bathymetry erroighias Mis en forme

: Anglais (Royaume-Uni)

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

: Couleur de police : Bleu,

Anglais (Royaume-Uni)

Mis en forme

. Anglais (Royaume-Uni)

and magnitudeasit;js the caséor shelf and coastal tides. -
Mis en forme

. Anglais (Royaume-Uni)

handsideforcing terms errogsasg variational technique would ask for. More generéifiyg ensemble technique {Mis en forme

Mis en forme

: Anglais (Royaume-Uni)

4.1SpEnOI assimilation code

The SpEnOI(Spectral Ensemble @imal Interpolation)data assimilation code is an evolution of the CADOR [Mis en forme

: Anglais (Royaume-Uni)

data assimilation cod@.yard 1997, used up tBES2004) based on a variational approach using representer

method, originally ingpired from Bennett and Maclntosh(1982), The main difference lies in the fact that [Mis en forme

: Anglais (Royaume-Uni)

CADOR uses a variational formulation to infer the tidal elevation error covariance matrix, using an adjoil{ Mis en forme

: Anglais (Royaume-Uni)

systemifAlthoughthe variational approach is quite wedsigned to capture model errors arising from the+ight [Mis en forme

: Anglais (Royaume-Uni)

hand side of the tidal equatiorfinear forcing terms)it turns to be poorlyractabl@ble to account for [Mis en forme

: Anglais (Royaume-Uni)

bathymetryderived and notlinear terms (bottom friction) errorshat usually dominate modielg errors in

coastal and shelf seas. For these reason, an ensemble approach has/bsmtonstructedo improve the

LONSUUCLES Mis en forme

: Anglais (Royaume-Uni)

realism and flexibility of the modellingrrersrrof prescriptionsThe optimal interpolation denominationdsi Mis en forme

: Anglais (Royaume-Uni)

abusa misnomeyas the error covariansenof, state vector are neteademicsejdealized covariancesuch as Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

the frequencydomain space where it applies. Mis en forme

: Anglais (Royaume-Uni)

Gaussiarshaped distribution)but isare justified by the norincremental nature of the data assimilation due to [Mis en forme

Mis en forme

: Anglais (Royaume-Uni)

4.2 Ensemblesconstruction

In the ensemble assimilation approach, a large number of simulatiogsun in orderto describe the model [Mis en forme

: Anglais (Royaume-Uni)

errors. This ensemble of simulations is generated by varying the parameters and input datasets to which[Mis en forme

: Anglais (Royaume-Uni)

model is the rast 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

internal [Mis en forme

: Anglais (Royaume-Uni)

validated against the altimetry and thi=-gaugd G databasesn order to identify potential outliertn addition, [Mis en forme

: Anglais (Royaume-Uni)

the dispersion of the ensembbnd the distance dfie ensemble meaa the reference hydrodynamic simulation
were computed, in order to verify that the ensembierecentered on # referenceln total, the whole

ensemblecontains 432 simulation members for each tidal constituent, built by following the methodology

Mis en forme

describd in the next sections.
(Royaume-Uni)

: Police :Gras, Anglais

Mis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

[Perturbation of the loading tide: Numerical experiencesxperimenishave shown that the model isvery [
sensitive to theexplicit LSA forcing, with tidal speciesdependenayependeng Namely the diurnal tidal [

Mis en forme

: Anglais (Royaume-Uni)
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components (K1, O1) are improved when using the FES@@fi2ed LSA, while the semdiurnal tidal
components (M2, S2) are bettesolved when using the FES@@rived LSA. The latter result needs some

explanationsfirst the FES2014 hydrodynamic configuration has been adjusted (i.e. bottom friction and IWD) in

simulations using the FES99 LSA, and part oisitan error compensatiostory; second, lte most sensitive

component in adjustment process is clearly, M&bottom friction is truly nofinear for M2, as it has the

stronger currents and the dominate theocity amplitude in thenonlinear friction term, andas the other

constituents haveonsequentha kind of quasilinear friction in presence of M2 dominant velocities. So using a

more modernand more accurate LSA, will usually profit to all constituents but M2, as it would reguire

processinghe adjustmentsteps to get back at least to a similar or improved accuhacgrder to obtain a [Mis en forme

: Anglais (Royaume-Uni)

thorough description of the model errors, all the simulations based on perturbations were done twice, using the
FES99 and the FES2012 loading tides as input, respectiVblg. doubled the number of members in the
ensembles described hereinafter.

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

: Anglais (Royaume-Uni)

friction in the FES2014hydrodynamic model, for the M2 tidal component. As expected, the areas where the

dissipation is the largest correspond toghelvesand coastal sea¥he model is consequently more sensitive to

the bottom friction coefficient in these are&sllowing this map, thirteepolygons, highlighted in redsin, [Mis en forme

: Anglais (Royaume-Uni)

Figure 6Figure-6, were defined in order to generate local perturbations of the bottom friction coeffiaient

significant bottom friction tidal dissipation regiofi$he definition of tuning polygons is a compromise to include

the most significant sigefor tidal dissipation and to limihe number of polygon&o avoid too many members

in our ensemblesFor each of these polygons, the bottom frictionghnessvasassigneceightdifferentvalues [Mis en forme

: Anglais (Royaume-Uni)

ranging around the globaleraggvalue set for the refence hydrodynamic simulation (3®). As presented [Mis en forme

: Anglais (Royaume-Uni)

above, # the simulationsveredone twice, with the FES99 and the FES2012 loading tides respectively as input,

andthe ensemble of bottom friction perturbatidmslly contains 20&imulationsmembers

[Mis en forme

. Anglais (Royaume-Uni)

WavePerturbation of the wave drag coefficient Contrary tothe bottom friction the energy dissipation due to

[Mis en forme

: Anglais (Royaume-Uni)

the energy transfer from thEarotropictidesto thebaroclinictides (internal tide dragjoes not happen in very

specific and local regions, bim various dispersedsleppisloping bottom topographyegions(shelf edges, [Mis en forme

: Anglais (Royaume-Uni)

ocean ridgesyvhere thetidal currentscross thebathymetry gradientamakingit difficult to isolate each single

active site. In addition, energy transfer efficiensystrongly dependemtependson local ocean stratification, [Mis en forme

: Anglais (Royaume-Uni)

whichis not precisi known in standard climatology or OGCMS$he perturbations of the wave drag coefficient [Mis en forme

: Anglais (Royaume-Uni)

were consequently done at theb-divided basin scaléequatorial/tropical, midatitudes and high latitudes sub

divisions) showedenin, Figure 7Figure7. For each of these teregions, thenon-dimensionalwave drag Mis en forme

: Anglais (Royaume-Uni)

coefficient was locally variedver sevenvalues ranging around the glokaleraggvalue set for the reference Mis en forme

: Anglais (Royaume-Uni)

hydrodynamic simulationi.¢. 75). The wave drag perturbationsnemble ef-wave-dragperturbationdinally

Mis en forme

. Anglais (Royaume-Uni)

Mis en forme

containsl40 memberg70 simuationsperturbations run witkach ofthe FES99 and FES2012 LSA)

: Anglais (Royaume-Uni)

BathymetryPerturbation of the model bathymetry; Several approaches are possifide the hydrodynamic

: Anglais (Royaume-Uni)

model bathymetry perturbations such Esear conbinations of various datasets modifications in specific Mis en forme

: Anglais (Royaume-Uni)

. . . . . Mi fi
regionsfremusing eithersynthetic or heterogeneous bathymetry datalet latter was used in the case of the 1S en orme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

FES2014 model, as it enables to bettmntrol the perturbations and to choosertiust responsive regionghe

reference hydrodynamimodel bathymetryis replaced bydepths extracted frorwhat we callfigridoneo, 1 Mis en forme

: Anglais (Royaume-Uni)
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minute resolution from GEBCGand Smith&Sandwell 15.1 releasgin each ofthe 19 regions displayean [Mis en forme

: Anglais (Royaume-Uni)

Figure 8Figure-8 and chosen either for their dynamical impact on tidal solutions or for the large uncertainties[ Mis en forme

: Anglais (Royaume-Uni)

onof, the reference bathymetry qualiisuch as th@atagonian shelf). Howevehg construction dthe ensemble

[Mis en forme

: Anglais (Royaume-Uni)

[Mis en forme

simulations hasighlighted that the twdbathymetryperturbations in the Weddell Sépehrgen—&outtern

: Anglais (Royaume-Uni)

Atlantic Oceaj resulted in solutions showing errarssemidiurnal tides up tawo to four timeslarger than the [Mis en forme

: Anglais (Royaume-Uni)

averagesimulations with largeincrease of errors the whole Atlantic Ocean, in the Indian Ocean and in the
Southern Pacific OceaThis comes from the free water depth reduction due to the We@8e&el iceshelf
immersion,which has been corrected in our reference bathymeut not inthe gridoneand Smith&Sandwell

patches because of project schedule constraints. Despite considered as potentially critical for the model error

space,the Weddell Searegion wasdiscarded from the bathymetgyatchesensembleconstruction which [Mis en forme

: Anglais (Royaume-Uni)

effectivesetcontains36 members. [ Mis en forme

: Anglais (Royaume-Uni)

A few additionalmembers haveeen added from th@erturbations ofhe model minimatlepththreshold It is [Mis en forme

: Anglais (Royaume-Uni)

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

frequencydomainmodellingvalidity limitations in very shallow water$T-UGOm have the ability to modulate

the threshold as a function of local tidal rani@asnot used in FES201# avoid additional complexity in the

model configuration settingbut more importantly to deal with thexistence ofinrealisticallyshallowdepthsin [Mis en forme

: Anglais (Royaume-Uni)

most bathymetrylatasetsPetential-errors-arising-from-this-parameterTiesdepths found in most bathymetry
databases in the-TOm (and probabl{)-20m) range is anything bugliable.

In_ most places, the depths are

linearly varying with distance from Om at coastline to the 10m isobaths, which is not the usual morphelogy

will find in the true ocean. Such artificjatery shallowwater patches can have a damaging impadiaitom

friction budget in coastal areas. The 10 m limitation has been verified to be guite reasonable by experiments in

the last 2 decades of tidal modellir@f course in regions were bathymetry databases are highly accurate, it is

preferable to keep ¢htrue depths (andse awetting/dryingscheme if running the timstepping mode But it

represents only a tiny portion of the global ocean coastal redtatential errors arising from this parameter

havebeen taken into account by producing six membétts global values centerearoundthe standardvalue [Mis en forme

: Anglais (Royaume-Uni)

(10 m) In total, the ensemble of bathymetry perturbations contais&@4ationsnemberg42 perturbations run [Mis en forme

: Anglais (Royaume-Uni)

with bethkeach gfthe FES99 and FES2012SA). [Mis en forme

: Anglais (Royaume-Uni)

4.3 Data selection

As described in section 3, thide-gaug@G and altimetry sea surface height observations were processed with a{ Mis en forme

: Anglais (Royaume-Uni)

harmonic analysis iorder to retrieve the tidal harmonic constituents (amplitude and phase lag) for about fiftee( Mis en forme

: Anglais (Royaume-Uni)

tidal (M2, K1, S2, O 1The akimmetryédpta weeregrocedsesl as s oc i
at the crossover points for the TP/J1/IRN/JIN ad E1/E2/EN series, and along the tracks for the TP/J1/J2

series. This means a large amount of data, with more tB&0 @rossover points for each of the TP/J1/J2 and

components

TPN/J1N series, about ®00 crossover points for the E1/E2/EN series, ermehmuch moe pointsalong the

ated error

TP/J1/32 trackdn addition to severe computational c¢8pEnOl code is solvinginassimilation problem in the [Mis en forme

: Anglais (Royaume-Uni)

data space), the daté the whole datases not optimal. First TPN/J1IN and E1/E2/EN data can contain errors

larger than th ene-ef-theprior selutiersolutiors 6  @ndassociated error bars are not fully reliable, so their [Mis en forme

: Anglais (Royaume-Uni)

inclusion can degrade the resulting data assimilation accuracy. Second, previous studies have shown th[ Mis en forme

: Anglais (Royaume-Uni)
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limited subset of higlyuality data can performs well as the full dataset. Thirdly, it is the legging objectives

of FES atlases to keep the weight of data assimilation at the lowest possible level and preserve as much as

orbit).

altimetry mission. One can notitieere ardewer observations in thenajor oceansurface circulatiomreas (Gulf Anglais (Royaume-Uni)

feasible the hydrodynamic properties of the solutions (needed for instapeefaom energy budgetsho he {Mis en forme : Couleur de police : Bleu,
Anglais (R -Uni
selectionof the observations for the data assimilation proceskiven by several-constraintghe computing nglais (Royaume-Uni
"""""""""""""""" Mis en forme : Couleur de police : Bleu,
limitations—in—terms—of—memonry—which—are—directlylinkellbwing general guidelines keep the overall Anglais (Royaume-Uni)
assimilation dataset as limited as feasilggvilege the TP/J1/J2 croswer data, with a partial decimation
especiallyat high latitudggo the-rumber-ef-assimilated-observatidagour, the homogeneous repartition of the Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)
assimilatedobservations all over the global oceahp-necessigdd (possibly decimatedjongtrack TP/J1/J2
Mis en forme : Couleur de police : Bleu,
datato constrain moreclosely the model with the observations jmoblematicregions{, j.e. where problems Anglais (Royaume-Uni)
have been identified in the hydrodynamic solutiomstly linked with deficient bathymetdy-ta—addition,—the Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)
guality. Those regions lie mostly in shedind the—avatability{in—particular—in—thgoastal regions)—efthe - -
Mis en forme : Couleur de police : Bleu,
altimetrnseas, andlataarecould also impertant-aspects—in-the-selectighetuallybe t&ken from TPN/JIN and Anglais (Royaume-Uni)
E1/E2/EN alongrack/crossover dataets Howevey due to the 20 years of data available on the TP/J1/J2 orblt Mis en forme : Couleurde police : Bleu,
Anglais (Royaume-Uni)
at FES2014 production eréhe tidal eenstitventsonstituers, detrievals at thelfP/J1/J2 crossover points and - - —
{MIS en forme : Couleur de police : Bleu,
along the tracks are more accurate than the tidal retrievals at the TPN/JIN and E1/E2/EN crossover, poil Anglais (Royaume-Uni)
HeweveConsequently, TPN/JIN and E1/E2/EN akiragk/crossover datasets were not used, except at some {Mis en forme - Couleur de police - Bleu,
Anglais (Royaume-Uni)
rare _exceptionsOf coursg the Topex/Jasonriit isbeing limited to 66° in latitude Whieh—means—tha;he {Mis en forme : Couleur de police : Bleu
E1/E2/EN datawill-bearedefinitely neededas a complement in thrthernhigh latitudes(E1/E2/EN data Were Anglais (Royaume-Uni)
not considered daseingaccurate enough in southern high latituges) \ L'\fr';lzg zgon;iu%gﬁrlﬁ)urde police : Bleu,
The altimetry assimilation datasetas built in two steps. First, a systematic decimation was performed, {Mis en forme : Couleur de police : Bleu,
following the criteria detailed ilable4Fable4. A threshold on therror estimatenof, the M2 tidal constituents Anglais (Royaume-Uni)
Mis en forme : Couleur de police : Bleu,
was also useds a selection criteriofAs some observationsil-provideaccurateestimatefor somegiven tidal { Anglais (Royaume-Uni)
component angdhowstrongerreterroig for anetheotherones, data wereghendecimated specifically by applymg {Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)
a threshold value to the error estimate associated with the considered tidal comipopariicular, egardmg
Mis en forme : Couleur de police : Bleu,
the S2 tidatonstituentno E1/E2/EN datavereselectedbecause of it finite aliasing perloc(sunsynmronous Anglais (Royaume-Uni)
Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)
The second step of the construction of the altimetry assimilation datssstedinof, re-ingesting TP/J1/J2 - ) —
{MIS en forme : Couleur de police : Bleu,
crossover and alorgack data that were discarded by the spatial decimation in regions where the model need( Anglais (Royaume-Uni)
more closeconstraing, using an empiricalterative procedure The final dataset of altimetry crossover points|| | Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)
selected for the data assimilation process is presentedigome 9Figure-9, with a specific color for each [Mis en forme : Couleurde police : Bleu,

Stream, Kuroshio, Agulhas Currenbecauseof the potentially large contamination by meszale dynamics

Mis en forme : Anglais (Royaume-Uni)

\ Mis en forme : Anglais (Royaume-Uni)

(the nonrtidal ocean dynamicsontamination is estimated by looking at sea surface signal spectral energy clos

1 Mis en forme : Anglais (Royaume-Uni)

to the considered constituéngliased frequency, and data showing valbigher thanthe thresholds given in

Mis en forme : Anglais (Royaume-Uni)

Mis en forme : Anglais (Royaume-Uni)

Table4 are dismissed from assimilation datashi)the subAntarctic region, theseasonapresence of sea ice [
limits the availability ofusableE1/E2/EN altimetry data andlill be rejected by the numericRlaighleyRayleigh [

Mis en forme : Anglais (Royaume-Uni)

criterion at harmonic analysis stephe TP/J1/J2 alongack data, showed orrigure 10Figure-10, clearly [Mis en forme : Anglais (Royaume-Uni)

enableenableus to densify the assimilation dataset on the shelves and near the coasts, where the amplitude[ Mis en forme : Anglais (Royaume-Uni)

the tide and the errors of the model are the lamestidal wavelength the shortest

Mis en forme : Anglais (Royaume-Uni)

[Mis en forme : Anglais (Royaume-Uni)
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The tide—gaug@G dataset for the data assimilation process was litoln several initial tidal records

[Mis en forme : Anglais (Royaume-Uni)

distributions WOCHGLOSS coastaldatabaseopen ocean BPRatabaseprovided by R. Ray (and used as
validation dataset in Stammer et 28152014, open ocean BPR database in Antarctiompiledby LEGOS,
Avrctic database frm Kowalik—BH}{ and Proshutinsky (1994)nternational Hydrographic Office (IHQGjevik
and Straume (1994andsome additional data compiled b GOS and fourtide-gaug€Gst at i ons o

shelf database, located North of Floridae (inevitably) redundant or neighboring observations were identifie
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and the consistency between the neighbor stations was systematically vémifiedal, thetide—gaug@G

database contains 600 statiofBigure 1111Figure—11) with a relatively homogeneous geographical
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d {Mis en forme : Couleur de police : Bleu,

repartitiordistribution For commodity reasons, and because the TG time series needed to compute numeric

a{ Mis en forme

: Anglais (Royaume-Uni)

error_estimates were not available for the fidtaset, e TG data error estimates were fixadbitrarily and [Mis en forme

: Anglais (Royaume-Uni)

empirically to 3 mm for the deep ocean stations and to 1 cm for the shelf and coastal stations. The idea vva[ Mis en forme

: Anglais (Royaume-Uni)

limit the constraint on the model at the tide gauge stations on the shelibaadathe coast in order to avoid [Mis en forme

: Anglais (Royaume-Uni)

drawing the solution to fit some very local tide features observed by the coastal stations that may be inconsistent

with the larger scale tidal patterns that can be accurately solved at the resoldfimnbathymetrgf the model {Mis en forme

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

Finally, iterative data assimilatioexperiences proved the need fewme additional observations irery

[Mis en forme
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peeuliaparticulay regions, whereneithertide—gaug&G, nor standard altimetry data were availalidedicated

[Mis en forme

. Anglais (Royaume-Uni)

coastal altimetryderivedtidal observations provided by the CTQHP/J1/J2)were used to better constrain the [Mis on forme

: Anglais (Royaume-Uni)

model in these specific cases: 1 point North of Tierra del Fuego, 1 point in the Pamlico Bay (North Carolina) and

2 points betweetthe Southern islands of Japafhe totalassimilation dataset contains 822 observations for [Mis en forme

: Anglais (Royaume-Uni)

the M2 tidal component arslightly less for the other components, depending on the error estimate associated
with the tidal constituentsr because afonstituentspecific aliasing issues
It should dso be noticed that the M4 tidal component received a special treatment for the constructiakaef the

assimilation dataset. Indeed, the fimear M4 tidal componentnostly develops on the continental shelves. Mis en forme

: Anglais (Royaume-Uni)

Because oftitg small amplitude irthe op@ ocean, it is difficult to separatee M4 signalfrom the other ocean Mis en forme

. Anglais (Royaume-Uni)

signalswith similar space and temporal scalesid the nois¢o-signalratierratiqin_the M4 analysis is much too Mis en forme

: Anglais (Royaume-Uni)

large to provide appropriate data to the assimilation. Consequently, only shelves and coastal seas data have  Mis en forme

: Anglais (Royaume-Uni)

kept fromin, the M4 initiaassimilaion dataset The complete M4 assimilation dataset contains altimetry LM n forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

crossover paits from TP/J1/J2, TPN/JIN and E1/E2/ENong track data from TP/J1/32, the four CTOH
Mis en forme

: Anglais (Royaume-Uni)

TP/J31/32 coastal points previously mentioned and onlytidregaug@G, the Aven-MeuthAvonmouth station,

| Mis en forme

: Anglais (Royaume-Uni)

in theBay-ofBristol ChannglUK).
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Mis en forme
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- Mis en forme
5 Atlas assessment and validan

: Anglais (Royaume-Uni)

The validation of the FES2014 tidal atlas is based mecquencydomain (harmonicyalidation of the ocean tide Mis en forme

: Anglais (Royaume-Uni)

compenertomponerg plus a temporal validation of the total geocentric t@enporentomponerg (i.e. ocean Mis en forme

: EspaceAvant : Automatique
Apres : Automatique

tide plus loading tide) The FES2014-performancdsES2014 performanceare compared to statef--the-art Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

and FES2012please note that FES2014c and FES2014b have idemiagallongperiod,diurnal, semidiurnal Mis en forme

: Anglais (Royaume-Uni)

and subharmonics solutionsand FES2014c long period extension is identicdhe one implicitly made inside Mis en forme

: Anglais (Royaume-Uni)

the prediction software, ghe following validations will mention FES2014b only and will hold for FES2014c as | Mis en forme

: Anglais (Royaume-Uni)

global tidal models available at the time of the study, namely GOT4v8/GOT4v10, DTU10,97R2XEDT11A [Mis en forme

Mis en forme

: Anglais (Royaume-Uni)

well). The prediction codeised for the time domain validations presented in 5.3 is the operationksbR
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GDRs processing code.The tidal prediction software is vailable on a bitbucket deposit

https://bitbucket.org/cnes_aviso/fes/src/mastdiris appropriate not only to be used with FES atlases, but also

with other popular atlases, such as GOT or TPXO reles¢ifisout getting in deep detailthetidal predictions

includes all tidal constituents provided by an atlas, but it alscsusierencetechniqueto add some significant,

missing astronomical constituentdiennot given as a predictianput file( na meél vy 3 & , L2, T2, 2, 2N2,

d2, 201,40 1 , 1-1, M1-2Vidl , ~ 1, JifiaQl)and & guite comprehensive number of long period
constituents(up to 106 from secondegree terms andl7 from third degreeterms of the gravitational tidal

potential development@re addedising the tidal equilibrium approximationThe inference formulae and the

extensivdist of the tidal constituents thatecomputedusinginferencéequilibrium approximationare listed in

the codeContrary to the tidal models inteomparison exercise in Stammer et 2014 we made the choicef

not restraining the tidal prediction &ocommon set of constituents when making comparisongh@®BOT4v10

atlas, inorder to take into account both thecuracyand the omission error of the modédlus keeping close to

real life performancelt might sound advantageous to FES2014 performances as it has a larger spectrum than

Co
N

other atlases, still the use of inference efficiently diminishes the impact of missing astronomical cogstituents {Mis en forme

: Couleur de police : Bleu,

Anglais (Royaume-Uni)

[ Mis en forme

: Police :12 pt

5.1 Description of FES2014 tidal spectrum

FES201L#ES2014 is theonly global tidalatlasthat offers arathey comprehensiveidal spectrum of 34idal : [Mis en forme

: Anglais (Royaume-Uni)

componentsincludinglinear components (K1, M2, N2, O1, P1, Q1, S1, S2, K2, 2N2, EPS2, J1, L2, T2, LaZ,[Mis en forme

: Anglais (Royaume-Uni)

Mu, Nu2, R2),nonlinear components(M3, M4, M6, M8, MKS2, MN4, MS4, N4, S4and longperiod
componentgMSf, Mf, Mm, MSgm, Mtm, Sa, Ssp Late-extension-to-additional-equilibrivm-lopgriod-tides
has-been-recentlyproducddite extension to eight additional equilibriumass conservative lofgeriod tides,

which Doodson numbers are 0555555 (M0), 0565545, 0585545 (Sta), 0655556, 0656553, 0735555 (MSf),
0753555 and 0754556, has been recently made to FES2014&sgm@viously mentionethe extended atlas is
denoted as FE®14c. MSf tide is already present in FES2014b, but resulted frorimeam dynamics (M2/S2
interaction) only because its astronomical potential was accidentally dismissed at production time. In the

FES2014c  atlas, the corresponding complementary equitibr solution file is dented
MSf.FES2014c.LPequi_only.pand should be used in conjunction with the FES2014b solution file

Despite providing S1 tideye discourage its use in tidal correctiomsenstorm surges or DAC corrections that

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

rather negligible, and it imostly forced by the atmospheric surfggessurewhich shows significanseasonal

and interannual variability. So any harmonic S1 solution will be itbféect of the mean of S1 tide over a given

time period (of simulation and/or data assimilation), and waiddlly need to be completed with a consistent

residual S1 DAC coection to account for its intrinsic variabilitwhich would be technically quite tedious to

perform in a fully consistent waWp to now,the accuracy of the S1 DAC solution has been guite limited by the

temporal resolution of thavailable atmosphericpressureforcing products At the present, the operational

processing of GDRs data is based on a O#t€red from the mean S1 atmospheric components, and thigl&1

(both atmospherically and gravitationally forced) is then removed b81tielal solutionin the tidal prediction

However, Bcause ofherecent improvements ithe atmospheriproducts(notably in their time samplingihe

FES grougs in favaur to revise the present operational data processing paradidgavigg S1 correction to be
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accounted for in the high frequency storm surge correction (DAC) insteadthe tidal correctiorfor next

generation altimetry products

JFES2014 containgither free hydrodynamics solutionsr data assimilation results.h& choice of the tidal [Mis en forme : Anglais (Royaume-Uni)

components that benefited from data assimilation was made upon two criteria. First, the accuracy of the non

assimilated tidal component with regards to its amplitude: the smallest tidal components were not assimilated.

Second, the capdity to separate the tidal components in the altimetry #aelgaug@ G observations, in terms [Mis en forme : Anglais (Royaume-Uni)

of signal to noise ratio: the lofmeriod tidal components were not assimilated. Finally, the following 15 tidal

components benefited from data assimilation; K2, N2, O1, P1, Q1, S2, K2, 2N2, EPS2, L2, La2Mu2, [Mis en forme : Anglais (Royaume-Uni)

Nu2 and M4 Most of he diurnal semidiurnaland norlineartideswerecomputedusingthe frequencydomain
solver, especially the assimilated ones (for ensemble computational cost red3nsmaller linear and nen
lineartidal constituentgnot targeted by the data assimila)idd, M3, M8, MKS2, N4, R2, S1, SthdT2 were
computed in timesteppingsimulationswith atmospheric forcingERA-INTERIM) in addition to the usual tidal

potental forcing As earlier mentioned, the use of S1 tide must be consistent with DAC correction cantent

this is presently the case in the operational altimetric jpiat@essingAddition of the atmospheric forcing not

only provides a S1 solution, but alspuaranéesa more accurate S2 tide representation and consequently a more

accuratemodelling of nontliner processes.This leads to a modelling strategy dilemma,tls use of the

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

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

from the DAC correction. Let us also mention thed®IM2 tides that have a small but sidicant atmospheric

contribution, which is already taken into account in the tidal solutiomsighthe data assimilation. Definitely,

the possible overlapping between tidal and DAC correstfand dynamical coupling) is a serious issue that

should be ddressed in the future altimetric data procesdémgadmittance relationship was used for these minor [Mis en forme : Anglais (Royaume-Uni)

waves.The longperiod components (Mf, Mm, Mtm, MSgm, MSf, Sa, Ssare computed in timstepping
mode without atmospheric forcing

A major, novelinterest of the FES2014 tidal atlas is the availability of mamylinear tidal constituentsThese
components are generally not provided by other models although their angpditideeach several centimeters
in shallowseasand even 1 cm ithe deep oeanin the case ofthe M4 wave.The FES2014tlas is originally
designedfor the tidal de-aliasing correctionof the altimetry sea surface height observations, for which the
missionaccuracy requirements are set to 2 ionthe open ocearso each(accuratg contribution to the tidal

spectrum is of importancéAnother asset othe FES2014 atlas is theupplying of six longperiod tidal Mis en forme : Couleur de police : Bleu,
Anglais (Royaume-Uni)

components NIf, Mm, MSgm, Mtm, Saand Ssg) computed from the dynamical modébrced with

gravitational forcesThese longperiod components are generally approximated by the equilibrium solation [Mis en forme : Anglais (Royaume-Uni)

the other global ocean tidal modelat least for the constituents of period shorter than one month, the overall
ocean (dynamical) tide shewsignificant differences with equilibsim approximations. In additionhése
dynamical solutiongan show regional, fully unbalanceshhancementlue totopography trapped wavétor
example in the Southeast Pacifidjo compute the totafjeocentrictide, needed for altimetry observations
correction, the FES2014doading tidemust beadded to the FES20k4cean tide, both being consistent as the

FES20144doading tide was removed from th#imetrydataused in data assimilation stég section2.6).
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5.2 Validation in the frequency domain

The validation in thdrequencydomain(i.e. of constituent harmonic constanésjables to easily identify and [Mis en forme

: Anglais (Royaume-Uni)

locate potentiatleficienciesin tidal atlags The performance of the tidal model can be quite different from one
region toarother, but also fim one tidal component grother.Such ador the hydrodynamic simulations, the

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

the observations (altimetry anide-gaugeEGg) for each tidatomponentFigure 12Figure12 shows the vector

[Mis en forme

. Anglais (Royaume-Uni)

differences between thede-gaug@G, databases provided by R. Ray (and used as validation databases‘il{ Mis en forme

: Anglais (Royaume-Uni)

Stammer et aR68152014) and the most recent global tidal modéts four main tidal components (M2, K1, S2 . k [ Mis en forme

: Anglais (Royaume-Uni)

and O1) Here, it must be reminded thatost ofthe deep oceatide-gaug@G, database was included in the . LMis en forme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

Mis en forme
database and the FES201BS2014didal model is very lowdtill, it indicatesthatthis dataset was found to be

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

self-consistent in thelata assimilation processjoweve o a lower extent, shelf and coastal datagsevitably Mis en forme

assimilation dataset for FES2014b. As a consequence, it is expbatethe vector difference between this E

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

Mis en forme

dat i data da

contain some assimilated dafectually, the number of quality G data is not large enough to allow for a distinct
data assimilation and weblalanced validation datasetdoreover, if aquality-checkedy a | i {

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

demonstrates some divergence withdhiassolution, it would behen extremely usefuib include it in the final {'V“S en forme

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

dataset for assimilationin addition, because of the ensemble/data representers approach, the assimilation

solution will not easily fitthe TG data if not consistent with model error covariance and other data, including

altimetry data. Internally, we also made consistency checks by assimilating altimetry data only, theedcompar

solutionswith TG data and reached very close numb&s there is afavourablebut moderatévias in terms of

accuracy when comparing our final solution with tredidation dataset.Still, the comparison to the other [Mis en forme

: Anglais (Royaume-Uni)

databases (shelf and coastal) showsotrerall excellenperformance of the FES2014b tidal atlakatever the
consideredidal component. This highlights thather uniformaccuracyof the FES2014 atlas compared to
someother competing atlasthat sometimesshowuneven accuracy estimatedso strongly depending on the

tidal constituent

In this validation againstde-gaugetG, data, FES2014b anBPXO9TPXO%Y2 (recently released, April 2020

Mis en forme

. Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

[Egbertand Erofeeva 2009 show the best agreement with dai@X0O%atlas is a 1/30 degree resolution fully

global solution, obtained by combining 1/6 degree base global solLEX®9%vt-atlasand thirty 1/30 degreel Mis en forme

: Anglais (Royaume-Uni)

resolution local solutions for all coastal are@is. some extent, the regional patchesFxO%he TPXO9v2 Mis en forme

: Anglais (Royaume-Uni)

reproduce the (seamless) FES unstructured grid flexisbduten, and therefore explain the similarities in terms

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

of perfermances-oin-sheli-and-ceastal-garformancen shelf and coastal seds.these comparisons, virve

Mis en forme

: Anglais (Royaume-Uni)

chosen talisplaythevery last releasef TPXO atlasesand not the release available at FES2014 production time

(
(
(
(
[Mis en forme
(
(
(

Mis en forme

: Anglais (Royaume-Uni)

(TPXO8), whichproved to be significantly less accurdlean FES2014n a similar diagnosticThe gap in

accuracy is much reduced withetTPXO9v2, which has probably taken profit of longer time series for

altimetry data, and possibly improved bathymetry for its prior simulations (or any other improvements in the

regional hydrodynamics models configuratigns). [Mis en forme

. Anglais (Etats Unis)

5.3Variance reduction in satellite altimetry observationsand in tidal gauges

A complementary validation consists in estimating the variance reduction obtained for altimeter observations[Mis en forme

: Anglais (Royaume-Uni)

tidal gauges measuremenis{edienotedTG), when using th&ES2014£ES2014 tidal atlas as a correction for [Mis en forme

: Anglais (Royaume-Uni)

the bardropic tide sea surface height and comparing with other tidal atlasgsding FES2012 and FES2014a [Mis en forme

: Anglais (Royaume-Uni)
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: Anglais (Royaume-Uni)
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using the new FES2014b tidal model aminpared to GOT4v10 solution; although some of these tidal gauges| Mis en forme

: Anglais (Royaume-Uni)

have been assimilated withFES2014ES2014 model, this diagnostic still permits to give information about | Mis en forme

: Anglais (Royaume-Uni)

the quality of the solution in coastal regigmmrticularly on the French coasts whemeneng data has been Mis en forme

: Anglais (Royaume-Uni)

final FES2014 atlag)This temporal approachllows taking into account the solution error as well as the [
omission error for the missing tidal constitugmistice thaif, while the geocentric tide solutigine. ocean tide {
solution plusearth tide anaceantidal loading solution)s used forcorrectingaltimeter data, only the oceanic
solution is used for tidal gaugeorrections as gauges follow the tidally induced bottom moBenause of data ; {
assimilation, errors irthe LSA atlasused in altimetryassimilationdata correctios will reflect in the ocean {
assimilatedsolution (and will participate tothe misfits with TG data), while they wittancelif performing
altimetry validation data correction with the same LSA atlas as used in data assimilation pro@ssing [
recommended foGDRsoperational processing). [Mis en forme
Figure 13rigure13 shows the maps of variance reduction at tidal gauges sitegtfeg@L.OSSnetwork, when [Mis en forme
(
(
(
(

- - - . . . . Mi fi
assimilated. Results indicate a significant variance reduction when using the new FES2014b solution comp. S en orme

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

to the GOT model for nearly all sites. A few tidghugegaugesites show an increadeariance but these TG are

[ Mis en forme

: Anglais (Royaume-Uni)

located in very complex or enclosed regions and are thus not representative of the coastal ocean variab[ Mis en forme

. Anglais (Royaume-Uni)

observable with a global ocean tide model. A complementary validation was performed using some independent

TG along theCanadian Atlantic coasts (gfigure 14Figure14); it shows an important mean variance reduction [Mis en forme

: Anglais (Royaume-Uni)

of -17 cm? for the 10 TG used when usthgFES2014a solution instead i GOT4v10 one. Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

(
[Mis en forme
[Mis en forme

The impact of using the FES2014 tidal correctiens, the global ocean is estimated by computing the altimeter

: Anglais (Royaume-Uni)

Mis en forme

: Anglais (Royaume-Uni)

SSH differences between ascending and descending tracks at crossoversitheirtpe new correction @
reference one. Crossavpoints with time lags shorter than 10 days within one cycle are selected in order to
minimize the contribution of the ocean variability at each crossover location. This diagnostic allows an accurate
estimation of the impact of the tide correction onhigh-frequency part of the altimeter SSH. This diagnostic
gives information on the temporal variance of the SSH differences in the small boxes of 4°x4° used for the

computation. The analysis has been performed using several missions and many diffesetidglatilases, but

we will only present the results for Jason and AltiKa missitinsJason is the reference and very accurate [Mis en forme

: Anglais (Royaume-Uni)

mission and AltiKa is independefitermof, all the models testegtigure 15Figure-15 and Figure 16Figure 1§ [Mis en forme

: Anglais (Royaume-Uni)

show the maps of SSthrianeesariancedifferences when comparing FES20Mith GOT4v10 ad FES2012 [Mis en forme

: Anglais (Royaume-Uni)

tidal modelsrespectively Resultsdemonstrate avery good performances of the FES2014b tidal solution ‘[’V“S en forme

: Anglais (Royaume-Uni)

compared to the other models, with a strong variance reduction noted in all shallow water regions (more than[ Mis en forme

: Anglais (Royaume-Uni)

[Mis en forme

: Anglais (Royaume-Uni)

[Mis en forme
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are a bit noi sier compared to Jasondones due to

[Mis en forme

: Anglais (Royaume-Uni)

Mis en forme
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information for high latitudes: particularly FES2014a shows a strong iraprent compared to FES2012a

is region,

the Laptev and Kara sea notable excepfidre Altika mission suffers from shorter (in duration) and fewer (in

repetitivity) exact repeat observations compared to Jason time series. In conseguence, the variance reduction

diagnostic is therefore made onesd significant statistical basis, and the overall variance reduction map shows
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t he

Arctic Sea is furthermore diminishing the number of availabledvatiiservations, hence potentially increasing

many | ocal, Ainoisyo outliers (compared to

the uncertainty on the variance reduction estimates. Some independent validation was performed to compare
FES2012 and FES2014 (see R. Ray et al., 2019) and showed the clear improvement in FES2014, except on M2

in the Kara and Laptev Sea, where comparison with Altika measurements shlaytdhaweaker performance

of FES2014. Unfortunately, the lack of relialli€& dataset makes any stronger conclusions quite difficult to

draw. FES2014b also strongly redsdiie \ariance compared to GOT4v10nerthern high latitudesexcept a

surroundi

ng

slight raise of variance noted north of Baffin Bay when comparitigggGOT model,

[Mis en forme

: Anglais (Royaume-Uni)
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Anglais (Royaume-Uni)

.To pursue the analysis further to the coast, we consider-fiacig sea level anomaliesdtedienoteqd SLA) [Mis en forme

calculated from 1 Hz altimetric measurements. Although -fighuency signals are aliased in the lower [M, .
IS en forme

: Anglais (Royaume-Uni)

frequency band following the Nyquist theory application to each altimeter sampling, SLA time series contain ﬁ[ Mis en forme

: Anglais (Royaume-Uni)

entire ocean variability spectrufigure 1 7~igureZ shows the difference of SLfarianeesariancgwhen using [Mis en forme

: Anglais (Royaume-Uni)

the FES2014a tide model instead of FES2012 (resp. GOT4v10) modéiefaltikKa mission and as a function | Mis en forme

: Anglais (Royaume-Uni)

of distance tdhegcoast. Tis diagnostic shows the very strong improvement of the new tidal solution within the | Mis en forme

: Anglais (Royaume-Uni)

: Anglais (Royaume-Uni)

the first 30 km from the coast when comparing FES2014a &@T models Surprisingly, FES2014 Mis en forme

: Anglais (Royaume-Uni)

first 60 km from the coast on the global ocean, with a mean variance reduction reaching more than 20 cm? witE Mis en forme
[Mis en forme

: Anglais (Royaume-Uni)

improvement versus FES2012 cbas itsmaximum at some distance from the coa&iout 15km) The near

shore performangéoth in FES2012 and FES201glprobablylimited by local bathymetry accuracy and coastal

detail discretization, and ensembépresenterbeing lessable to properly describe local errors statistiogata

assimilationmprovements in FES2014 propagate only parti@lyardnearshore zones. [Mis en forme

: Anglais (Royaume-Uni)

6 FES2014 atlas additional @rived products

The primary objective of the FES2014 project is to improve the tidal elevation prediction used in satellit[ Mis en forme

: Anglais (Royaume-Uni)

altimetry data daliasing. However, additional tidal estimates are available from the modeling and data

assimilation outputsParticularly new global tidaleurrentgurrent maps, estimations of tidal enerdpeget [Mis en forme

: Anglais (Royaume-Uni)

erbudgesin theglobal ocean and loading and satfraction components are presented here. [Mis en forme

: Anglais (Royaume-Uni)

6.1 Tidal currents

Tidal currents have been estimated on the finite element miékhthe elementwise discontinuousnon Mis en forme

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

conformingP1 discretization(one estimate in the middle of each element, estimated separately for each; triang|
seeFigure18)—The FES201)Y The FES201H tidal currents benefited from the data assimilatdrihe tidal

Mis en forme

: Couleur de police : Bleu,
Anglais (Royaume-Uni)

elevationsdata through the dynamical correlation computed from the assimilation ens@mblédal currents

: Couleur de police : Bleu,
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are provided on a 1/16° grite the elevations -
Mis en forme
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validation ofthetidal currents is quite challenging as it requisg-enough (several months to years) accurate Mis en forme

: Anglais (Royaume-Uni)

current metetime series to accurdyeextract current harmonic constants from tigal harmonic analysis. In Mis en forme

Contrary to sea surface elevatjarhere tidessarethe major contributoro variabilityjn most ocean regiondje
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addition to be useful for consistent comparisotite currentmetergaugesmust be moored in & that are

: Anglais (Royaume-Uni)

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 resolutidfi.theseconstraintgtogether with the fact that the access to the
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data is often restrictgdmply that very fewobservationsare finally available for the tidalelocities/elocity,
validation. Luckily, for more than 10 years Australia has been maintaining a netw48A@CP instruments
all around thecontinent principally through its governmésupported Integrated Marine Observing System
(IMOS). The Australian continental shelf has a wide range of tidal regimes ranging fromtidacto micre
tidal, thus providing ideal conditions to thoroughly test a motet ADCP observations are acdbisvia the

is thatFES20L£ES2014 tidal

representative of deptveraged curren{asitisthey arghased on the shallow water 2D equatipasidedrrens

IMOS portal__(https://imos.org.ay) An additional issue currents are

veloeity-vertical profiles _of tidal currens will potentially containsomebaroclinic tidal current signal, those

currents beingusualhpossibly one order of magnitude largeFhe in the vicinity of intense internal tide

generation sitesin this case, predominance of internal tides currents muideebarotropic currenfprecise

retrieval quite difficult, and would require full wateolumn auxiliary data (potential density at least) to be

conducted precisely by using the vertical modeodgmsition approach (Cao et al., 20MNaigroho, 201Y. In

this paper, thé&\DCP time seriesvere specifically processed by CSIRO with the computation ofetiadlepth

averagegurrentsat-a-mean-depthwhich ismerenot exady similar butcomparable t@urrents computed with a

barotropi¢ shallowwatef mode| Then, aharmonic analysisvas performed in each current direction separately

(U eastward and Varthwarg for five main tidal components (M2, K1, S2, O1, N2).
These in situ tidal harmonic constituerarecomparedo the FES2014ES2014 model tidal currents iterms
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careful additional screening for future FES grid design, complementargiagnostics made from the tidal
elevation validation

6.2 Energy budget

Barotropic tides energy budget ksmsically—a—veryvaluable diagnostiediagnosticto examine the model
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feeding parameter to general ocean circulation models that do not solve explicitly for the tides and need‘-w
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balanced tidal solutions (thanks to their unprecedented accuracy), and from the data assimilation solutions. The
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ocean circulation models where tides are not explicitly resolMesvadays, some global ocean circulation
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6.4 Lowest/Highest Astronomical Tides (LAT, HAT)

Lowest astronomical tides are commonly used in hydrographic services as the reference level for nautical charts
and terrain models. It is alsovaluable data in maritime engineering and #iskessmerassessmerstudies.

TheFES2014FES2014 LAT (and HAT, highest astronomical tides) chart has been computed freiglaeen Mis en forme
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recently as the standard correction HRF—coenventiondT RF2020 conventionsby the International Earth
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consider that, even five years after its release, FES2014 is well placed in the most useful global oceaadide atlas
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(Morrow et al., 2019)However the FES project team is already making plans to design thé-BE8xatlas
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generatiopwith emphasidgeonf SWOT mission requirements and needs, which should be available within three{ Mis en forme
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years or soSpecial attention will be paid to complex coastal regions (such as fjords, narrow channels and strai[ Mis en forme
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detailed shallow water observation-tiding, the improvement of the hydrodynamic model will be one of the
critical issues, and will need to aggregate further accurate wadiel bathymetry, which is tedious and

complicated task as ehattempt to access national hydrographic services data is often frustrating, especially

when existingdatapublic datarelease is limited by nescientific considerations. To some extent, we foresee [Mis en forme
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from optical data) might hopefully ease the issue, especially in remote or poorly accessible ocean parts, buc

openmindedinternational cooperation arshsedpenpublic data accesemain a key factor for next generation [Mis en forme
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tidal products. Meanwhile, we believe thiae FES2014 tidal atlawill remain a usefubasefor tidal prediction Mis en forme
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and correctionas-welin terms of surfee elevatiorareas well agidal currents, in present or futialtimetric or [Mis en forme
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gravimetric satellite observations and in many maritime applications.
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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, Godin, 1986Lyard, 1997) the

barotropic to baroclinic tides energy conversion, storm surges or estuarine river diguiesegptions with tides

As it is the case for existing global tidal atlas#®e stationarity of barotropic tidess not questionedheither in

hydrodynamic modelling nor data processiHgwever 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

surces interactions need to be considered in altimetry high frequency corrections in shelf and coastal seas, but

will require renewingthe present correction paradigm (separate tides and storm surges corrections) in the

operational data processingast but no least, the ple tides(Wahr, 1985 Carton andWahr, 198%) havenot

beentargeted in the FES tidal atlases they are already corrected in GDRs by a specific correeéised on

Desai et al.1985.However, further investigations are planned in the frame of the FES2022 project, especially

for the norequilibrium response of the ocean to the pole tide foréisga conclusion, we should insist on the

fact thatthe accuracyof the tidal correction iraltimetry products is far to be a resolved prablend further

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

of course the FES atlas production 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(lower panel). Resolution increase has been mostly focused on ocean
ridges, shelves and shores (wherever reasonably accurate bathymetry was made available to the project). The
numerical resolution of the frequency domain solutions is half the elememntise resolution due to second order basis
functions (Lagrange P2).
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Figure 2: Vector differences (red dots) between the purely hydrodynamic solutions f£S2004-(a)}FES2012 bupper
panel) and FES2014 ¢lower panel), and thedeep TPJ1J2 altimeter crossover points, for the M2 tidal component. The
size of the red dots is proportional to the vector difference between the model and the observations. The background
colour shows the amplitude of the M2 tidal component from the moddin cm).
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Figure 3 : Vector differences (red dots) between the purely hydrodynamic solutions &f£S2004-(a)FES2012 bupper
panel) and FES2014 €lower panel), and the deep TPJ1J2 altimeter crossover points, for the Kiidal component. The
size of the red dots is proportional to the vector difference between the model and the observations. The background
colour shows the amplitude of the K1 tidal component from the model (in cm).
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Figure 4 : mapdM aps of amplitude in meters of Sa (upper panel) and Ssa (lower panel) ocean signals estimated from
GLORYS2v1 reanalysis.
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Figure5 : alongtrack filtering wavelength used to remove internal tides surface signagupesgsein number

of 1Hz alongtrack points to be multiplied by a factor six to retrieve the equivalent wavelength in kilometer
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Figure 6: Energy (W/m?) dissipated bythe bottom friction in the FES2014 hydrodynamic model, for the M2 wave,
and polygons used for the perturbations of the bottom friction coefficient.
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Figure 7: Division used for the perturbations of the wave drag coefficient.

Figure 8: Bathymetry (in m) used as input in the FES2014 hydrodynamic simulation and polygons where the
bathymetry perturbations were implemented for the bathymetry ensemble (Nota: the members related to the
perturbation of bathymetry in the Weddell Sea have been discarded from the final data assimilation ensemble, see the
data assimilation section for comments)

45

[Mis en forme : Anglais (Royaume-Uni)






































































