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Abstract

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

possible accuracy. We describe the underlying hydrodynamic and data assimilation design and accuracy
assessments for the FES2014 release (finalized in early 2016), especitily &timetry dealiasing purposes.

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

and use of ensemble data assimilation technique. Com
spectrum has been significantly extendéd, overall resolution augmented, and additional scientifiprogucts

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

atlas and are available. Compared to the other available global ddebatlases, 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 receatlywed ITRFstandards
(Interrational Terrestrial Reference System, 2020also provides very accurate open boundary tidal conditions

for regional and coastal modelling.
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Abstract. Since the midl 9 9 0 6 s, a series of Finite EIl ement Soluti
produced and released with the primary objective to provide altimetry missions awtithal dealiasing
correction at the best possible accuracy. We describe the underlying hydrodynamic and data assimilation designs
for the last FES2014 release (finalized iarlg 2016), and some accuracy assessments especially for the
altimetry dealiasing purposes. The FES2014 atlas shows extremely significant improvements compared to the
FES2004 (Lyard et al. 2006) and (intermediary) FES2012 atlases, in all ocean regienwgllgsin shelf and

coastal seas; these advances are due to the unstructured grid flexible resolution, recent progress in the (prior to
assimilation) hydrodynamic tidal solutions and to the use of an ensemble data assimilation technique. Compared
to earler releases, the FES2014 available tidal constituent spectrum has been significantly extended, the overall
resolution augmented; some new additional scientifipimgducts have been derived from the atlas and are
available, including the loading and seffraction effects, energy diagnostiaad the Lowest Astronomical

Tides. Compared to the other available global ocean tidal atlases, FES2014 clearly shows impatigsihgle
performance in most of the global ocean areas. It has consequently beenedtageatellite altimetrysDRs

and gravimetry data processing, and adopted in receatlgywed TRF standards (International Terrestrial
Reference System, 2020} also provides very accurate open boundary tidal conditions for regional and coastal

modeling.

1 Introduction

The FES2014 global ocean atlas is the latest release of a tyearsiong effort to improve tidal predictions
needed in satellite altimetry ddiasing. It is based on the hydrodynamic modelling of tidesulpuse
UnstructuredGrid Oceanmodel further denoted FUGORM) coupled to an ensemble data assimilation code
(Spectral Ensemble Optimal Interpolatiatenoted SpEnQ). It is a very significant upgrade compared to both
FES2004 (Lyard et al., 2006) and FES2012 (Stammer et al., 20445 thanks to the improvement of the
assimilated data accuracy and the model performance. To some extent, FES2014 can be considered as an
iterative step of the FES2012 atlas, mostly motivated by the overwhelming progress made in the hydrodynamic
solutions accuracyowardthe end of the FES2012 project and which could not be incorporated due to the project
schedules. As it will be further mentioned in this publicatithe efficiency of data assimilatiorincreases
significantly with prior solutions accacy, and for 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 used nomyisdrm, whichis consistent with Gaussiashaped

error probability density assumption and which leads to easily resolved linear systems, but also which tends to
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overweight outliers in data or simulation valuese Bennet, 1992 and Tarantola, 200&ta assimilatiomust

also be fed with quasimpirical, partially subjective parameters, such as error covaramsigned talatasets

So while correcting prior (hydrodynamic) solutions errors, it can also inject some methodlodogics in the
assimilation solutiongnore or less proportional to the prior distance between the observations and the numerical
solutions. Second, as we use an ensemble technique to assess the prior modelling error covariances, and as those
covariances will strongly dictate data assimilatiemovation in model regions where assimilation data density is

very sparse (sparse must be understood as compared to the tidal wavelength, hence being quite different in
shallow water seas compared to deep ocean regions), the prior hydrodynamic reafisoalido consistently
propagate information from data locations (where data/prior modetorddé i s actual ly sol ved)
model regions. Therefore, considering the significant potential improvements and thanks to the financial support
of CNES( Centre Nat i on al thededtifidn wdsenrsade Soprapidly apyrade }he FES2012 atlas
toward the FES2014 atlas.

The FES atlas series has started with the FES94 release, quickly followed with the FE@@5Rmoost 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 FEG&@%vre et al.2002) FES2002 and FES2004, FES2012 and
FES2014 atlases production. Despite intensive qualitgkihg 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 science applications that used the new atlas. The uipgrapstgp 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 usdhe FES2014 atlas denomination is quite
misleading, asdts final version has been delivered in early 2016. This has left time to the project team to
precisely assess the FES2014 accuracy and performance in altimetry -déitesidg correction, and to make

some final adjustments to guarantee the best posgilality at that time. It results in 3 available FES2014
releases. FES2014a is the first guess basedata assimilation set where altimetry data were corrected from
tidal loading provided bythe GOTv8 model (Desai and Ray, 2014) Its production allowedfor internal
verification check&nd data assimilation adjustmerdadfinally the production of the setfonsistenFES2014a

tidal loadingatlas used withithe FES2014b altimetry assimilation data processitige FES2014a atlagas not

aimed to be widelyistributed or advertised. FES2014b is the first official releaseadtat regridding from the

native unstructured grid onto a regular 11t&gree resolution gridt has been made availalne the AVISO+

website (https://www.aviso.altimetry.fr/en/data/products/auxilignpducts/globatide-fes.htm). To provide a more
comprehensive, coherent tidal spectrum for tidal predictions particularly dogegbdesic community, several long

period tides constituents were explicitly added2019 (computed from the usual massnservative equilibrium
approximation)o the FES2014b atlak. must be noticed that similar long period constituents are impliadbed in

tidal prediction if nocorrespondingexternal solution fileis provided. To avoid confusion in public releases, the
extended FES2014b atlas has received the FES2014c denomination.

The objectives of our communication are to concisely present tB2FAE atlas main construction details, the
validation diagnostics and the available-grpducts, and not to propose a dissertation about tidal science
findings based on this atlas which would lead us much too far. Consequently, in the following sedions, w
intend to provide to the readerith information on the major ingredients of the FES2014 atlas production
(hydrodynamic modelling, data processing and data selection for assimilation and validation, assimilation

processing), and basic accuracy assesgmeverview.Complementary to the present publication, sonutiadal

4
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information onpresent and earliefFES atlasesnd link to the associated prediction softwaesm be foundon the
AVISO+ website

2 Hydrodynamic prior solutions

One primary objective ithe FES2014 atlas production isdgnamically modethe ocean tides with the best
possible accuracygndto keep the data assimilation correction as limited as feasibtecelimiting the atlas

dependeneupon altimetryderived datand altimetry error§Zawadzki et al 2018.

2.1 T-UGOm time-stepping and frequencydomain solvers

T-UGOm (Toulouse Unstructured Grid Ocean mqddercurial repository ahttps://hg.legos.obmip.fr/tugo)

is a2D/3D unstructured grid model developedthe L a b o r a t wlésree GédphyEitue et Océanographie
Spatiales ILEGOS). It can accommodata variety of numerical discretization (continuous and-atiatinuous

finite elemens, finite volumes) on triangle or quadrangle elemeb#sed orthe usual NavierStokes equatiomi

the Boussinesq approximation, winon-hydrostatic pressure solver availabliecan be used in timstepping

(TS) or frequencydomain (FD) mode. In 2005, based on FES2004 experience, an internalviaies drag
parameterizatiofI TWD) has been implemésd for 2D shallowwater simulationgcharacterizing the energy
transfer from the barotropic tides to the internal, baroclinic tidEkg ITWD parameterizationoriginally
developed from the piondag work of Bell, 1975, and Baines, 198&0ved to be esntial in tidal and storm
surges simulation accuracgs tidal energy conversion account for a significant portion of the total barotropic
energy dissipationMost of the critical dynamical parameters (such as bottom roughness, internal tide drag
coefficient, etc...) can be neaniformly prescribed inside the domainitially, the frequencydomain mode has
beenintegrated inthe original Toulouse Unstructured Grid Ocean mod&UGOm) time-stepping coddo
dynamicallyand consistentlgownscale tidal bowdary conditions fodomainlimited, time-stepping simulatios
(actually, some classes of open boundary conditiome-steppingschemes, such as Riemann invariants, require
prescribing tidal velocities in conjunction with tidal elevation. Contrary to &taws velocities are very
sensitive to bathymetry and grid resolution, and a simple interpolation from a globalvétladifferent
bathymetry and resolutiomay not meet theecessargonsistencyvith the domairimited configuration. A FD
simulation, where only elevations are prescribed at open boundaries, will produce a properly downscaled
velocity field over the domaitimited grid, including open boundariesfhe FD solver is run for each tidal
component separatelit basicallyassemblesa frequery-domain wave equation artde solution is obtained by

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

of iterations is rather limited for the major astronomical tidal componértnds to increase when addressing
compound and nelinear tides. In any case, the numerical cost of the FD solver is extremely small compared to
the TS solver cost (more than 1000 timemaller). In terms of solution accuracy, FD and TS solvers are quite
equivalent, with of course a limited advantagettie TS solver in nodinear tides caseslherefore, m the
perspective of data assimilation using enskes for the major ocean tides componetiits,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 the FD saveeduced numerical cost is thessibility to conduct a wide

range of experiments in order to (globally or regionatigdt numerical developmentsalibrate the model
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parameters such as bottom friction and internal tide drag coefficients, verify bathymetry improvements, or
examine loathg and seHattraction consistencyt must be noticed that the optimal parameter set for the FD
mode will also meethe TS mode requirementBoth solvers are discretized through the standard finite element,
variational (weak) formulatiorConsequentlysolutions must be handled in a consistent manner, especially when

expressing conservation | aws (which hold in a fAweak

2.2FD discrete equations

The T-UGOmM FD solver is originally inspired fromime fiCode aux Eléments s pour la Marée Océanique
(CEFMO model, Le Provost and Vincentl997; Lyard et al., 2006frequencydomain tidal model that was
previously used for the FES atlases (such as FES2004). The freqdenwin tidal equations and wave
equation construction haween extensively describedtite literature. Consequentlye will confine ourselves

to the main differences between the CEFMO add@Om formulatios. The FES2014 mesh is built on triangle
elements. Variousumericaldiscretizationdor elevation and urrentscan be defined on triangle elements, i.e.
continuous or discontinuous, high or low ord8mce its early releases, the FES tidal atlases mesh has been
designed in terms of spatial resolution for continuous L@R2retization(quadraticLagrange Blynomials

basis functionsallowing for about 4 times more numerical nodes compardihéar Lagrange Polynomials,
denotedLGP1). Among other available options, tidetlocity discretization ilementwise, discontinuousNon
Conforming linear interpolain function NCP1). This choice has two maj@dvantagesthe elevation gradient
discrete space is identical to the tidal currents space, and the discrete momenation system is diagonal,
easing the construction and solving of the wave equation-diagonal terms, such as horizontal momentum
diffusion, must be left in the rightand side vector and converged in an iterative manner, or simply disrfirssed
time-stepping codes, momentum diffusion acts mostly as a temporal scheme stabilizer, whicheisded in

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

(Gauss quadrature).

2.3 TS discrete equations

Quite similarly to the FD equation, the P® shallowwater equations in-UGOm are based on the-salled
generalized wave equatiomspired from Lynch and Grayl977, and continuously developed sindehas been
adaptedor the global ocean up tancludenearshore and estuarine numerical applicatjomsh wetting/drying
capabilities Despitethat itallows for pressure instability modes, the discretization used in FES2014 simulations
is (linear) LGP1 both for elevatigrand currerg, for its numerical efficiency As a matter of factthe potential
pressure instabilitiewill appear only in some peculiar local mesh geometryaedeasilyavoided by precisely
controlling the mesh constructiofLeroux et al., 2007) From its earlier &rsions, FTUGOm includes an
embeddedmulti-level, time sukcycling that allows fotocally modifying the numerical time step. It is coupled
to a simulation stability control procedure, and-sybling is locally triggered and disabled following the need
to control this stabilityon the fly This turns out to be a very efficient way to relax time step limitation due to
CFL stability condition (already eased byUGOm semiimplicit time scheme) and therefore to profit from the

natural flexibility of unstruaired triangle gridsContrary to the FD solver, horizontal momentum diffusion is

S
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needed tdully stabilize the temporal, centred in time leapftikg scheme, and is provided by a Laplacian

operator with Smagorinskyés diffusion coefficient sch

2.4Model grid settings

Since the first truly global ocean atlas (FES2004), the unstructured FES moddiandsenipgraded by using
regional patches. The main meshing difficulty consists in dealing with the shoreline details. Present databases
contain a high teel of small scalecoastal details, much more than needed for a global ocean Tieste small

scale detailgonsequently need to be filtered aatcordingly to the targeted coastal resolutidonverselyit is
necessary to maintain and assemble togedbare packets of micsislands that will form a macrobstacle to

the tidal propagation. Considering the tedious task -oh@shing most of the ocean shorelines, automated tools
have been developed to optimize the meshing operation. The targeted redofutimesstal areas tgpically 10
kilometers or less in terms of triangle sigagth Figurel). The resolution has been augmented to about 1.5 km

in some specific places where coastal geometry is more challenging (stich asr d s , estuari es, s
Special attention was pait regions where the accuracy and the precision of the available bathymetry are
known to be adequate with higher mesh resolution, i.e. where mesh details will truly tefdmottom
topograply complexity.On the other handninor upgrades were made in regions where the bathymetry remains
poorly known(such as the Patagonian and Siberian shelves). As a matter of experience, increasing resolution in
those regions would likely have a model accyravorsening effect. An additional constraint was to limit the
hydrodynamic solver memory use to GBytesin order to keep computation load at a tractable level (at the time

of production).Despite thdargeincrease in resolution compared to FES2084 RES2014 mesh resolution is

still clearly not sufficientn some highly complex coastlines, with narrow channels of dynamical significance, or
topographically trapped wave generationssigend itcould resultin a loss of details/accurady such regions.

This isfor instancethe case othe western Canadian and Alaska coastal regiahere the projectailed to

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

it has resultedh a loss of @tails/accuracy in all this argespecially away from assimilated da&@asteriori tathe
FES2014 atlas releasad thanks tour collaborationwith the Canadiartidal research communityhis issue has

been identified as quite damaginbhis issue and wiilar onessuchasthe Tierra del Fuego (Argentina and

Chile) will be fixed in futureFES atlas releasahere the number of computational nodes should be inctaase

least by a factor five comparedttee FES2014 grid

2.5Model bathymetry

When dealing vth tides, bathymetry remains one of the most critical parameiereral global ocean databases

were available athe FES2014 production timeGeneral Bathymetric Chart of the Oceq@EBCO), Earth

Topography ETOPRO), Smith&Sandwell etc... Their successe releases have shown tremendous improvements

during the last ten year&Jnfortunately, none of those global databases have the effective resolution nor the
accuracy needed to be used directly in our global ocean tides modéllingexample, satellitenverted

bathymetry accuracy is very limitedn shelves andn c oast al regions ( Gphercads ef f e
harmonicstechnique, uncertainties arising from sediment depsitye )t, anél consequently should not be used

in such locations except in sorspecific areas, namely in absence of any other more accurate bathymetry. It

must be noticedhat the latest GEBCO distributions now include patches coming from inverted bathymetries,
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which is a serious issue for using recent GEBCO distributions in FERIrbathymetry Consequently, afor

the earlier FES atlases, a composite bathymetry has been built from available global and regional databases. In
some cases, a regional digital terrain model (DTM) has been specifically constructed from depth sodfating an
multi-beam dataA special treatment is applied to the Ross and Weddell seas, where the free water column depth
must be processed by substracting-dbelf immersion to the bottom topography, usthg RTopo-1 dataset
(Timmermann et al.2010. Many regions of the world ocean are now quite well documented in terms of
bathymetry, however two major continental shelves, namely the Patagonian shelf and the Siberian shelf, do not
match modern standards in any publicly available dataBatkymetry selectio, reconstruction and merge is a
tedious task, and quite uncertain because of the lack of independent validatidfirddly. the most practical

way to assess bathymetry changes remains the examination of the tidal solutions computed from the candidate
bathymetry. Naturally this is not a perfect measure of accuracy, as errors in bathymetry can compensate some
other modelling errors, but so far wavealways found consistent results between improvements in bathymetry
and tidal solutionsThanks tothe FD solver, extensive simulation testirman be performedincluding the
necessary realibration loop needed when modifying significantly the model bathymetry, evearegional

level, as earlier calibratiosettingswould be biased to compensate errors tlu¢he former model bathymetry

Despite those efforts, athymetry still remains unfortunately the limiting error to our prior hydrodynamic
solutions in most of the global ocean, and also ingthet data assimilation accuracy in shallow waters regions.

For most of Northern American, European and Japanese waigts/metrylinked erros are reducing with

time, allowing for distinguishing more subtle error sourdesr instance, thanks to the impressively accurate

new bathymetry of the European shelf (asilabée throughthe European Marine Observation and Data Network
(EMODnet) website, https://emodnet.gu most of errors due to bathymetry have dramatically reduced, so we
could clearly demonstrafgn a regional configuratiorthat a wetting/dryindime-stgpping scheme is necessary

to reach the best tidal accuracy in the North Sea. Using more ancient bathymetry would have totally blurred this
point, making any conclusions uncertaBut in most of the global ocean, improving the model bathymetry
remains thefirst and overwhelming priority, and enormous efforts have been dedicated to this in FES2014

hydrodynamic configuration settings.

2.6 Loading and selfattraction effects

Geometrical loading and gravitational satfraction termsL(SA) are essential in tal simulations, especially in

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

tidal equations, but at a totally prohibitive computational cost. As rather act@&Atatlases are available since

the early 20106s, it i s UBAiothe simulatiens,adt dnly o cenmmptitatianal costs e e x |
reasongnonsparse dynamical matrices in FD, expensive convolutioh$& computation) but also because it

tends to offer a relaxation tasd the tidal atlases from whithe LSA have been computed (actually, this is the

onlynonf r ee i ngr edi e hytrodgnAmicsinutatiorfs)pAs somé an@malies were detected in the

LSA atlases deduced from FES2004, we used instea&Es®9derivad LSA atlases to produce a firatlas
version(FES2014% from which a new.SA atlas has been computed. As it will be mentioned in the following

sections, tis newLSA atlaswasused in the final FES2014b release production.
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2.7 FES2014hydrodynamic (assimilation-free) solutions

Some parameters of theUGOm hydrodynamic model need to be calibrated in order to obtain the most accurate
hydrodynamic solution, either to improve model realism or provide useful error compensation. The two main
parameters to whh the model is the most sensitive are the bottom friction coefficient and the internal tide drag
coefficient. Most of FTUGOM model parameters camptionally be tuned locally using various methods (pre
defined regions, polygons inclusioor, by meshnodesor elements vector). In the FES2014 atlas simulations,
internal wave drag coefficients aenedusing a global ocean regional partition (distinguishing north, tropical,

and south basins in the various oceans plus Arctic sea and Mediterranean Sea}pantfibbons coefficients

are tuned by using polygorsvering thdarge bottom friction dissipation areas. A global default value is locally
usedin regionsnot beingtargeted bythe userdefined partitiofpolygonstuning list Several simulations of the

main tidal components (limited to M2, K1, S2 and O1 constituents) have been performed by extensively varying
these two parametefshostly globally exceptin a few regions fothe internal tide drag coefficightand each
resulting simulation was comparéd the altimetry andide gauge(later denoted TGyalidation databases.
Figure2 andFigure 3 show the vector differences between theéJIB2 (deep ocean) crossover point database

and thehydrodynamic simulations of thEES2012and FES2014 tidal models, for the M2 and K1 tidal
components, respectively. Global values of vector differences are givérakile 1, for the sametwo
hydrodynamic simulationplus FEQ004 These results clearly point out the improvement that has been
achieved from the FES2004 to the FES2014 free simulations on the global ocean, with a global vector difference
RMS reduced bynearly a factoof three from FES2004 to FES2014 (M2 tidal gmment) in the deep ocean.

The improvements are also very strong in the shelf regions, and for the other main tidal components. Moreover
the histograms displayed ie 5.2 Validation 0 sectionindicate that the ES2014 hydrodynamic solution
reaches an unprecedented accuracy level, close to other global ocean models perfassanb@OT48/10

(Ray, 2013) EOT11la Savcenko and Bosch, 201Z)TU10 (Yongcun and Andersen, 201@y TPXQv2
(EgbertandErofeeva 2002) which are all empirical or assimilated models.

The case of the S2 tidal components was specifically addressed, as it derives both from atmospheric and
gravitational forcing. It is even more theseaforthe S1 tide, which originates mostly from atmospheric forcing,
butbecause of #intrinsic variability otheatmosphere we consider that it must be dealt withastorm surge
correction (DAC),andnot inoceartidal corrections. Some other tidaonstituents havelearlyatmospherically

forced component (such as K2 and eventM29, but at a much lower level. Consequently, to insure the best
possible prior solution, the S2 wave was computed in the spectral domain using atmospheric pressyi for

S2 frequency, based on ER#Aterim 3-hour data.

3 Tidal harmonic constant data processing

TGs and altimetryderived harmonic constant data have been usedalidation of simulationsand data
assimilation steps. Concernitize TG data, preferenceas given tol Gsfor which the original time seriesvere
available and documented, hence for which basic quality control could be perfoynmmedans oharmonic
analysis and/or operational reports. In most cases, the timewerig®ng enough so that aigde tidal spectrum
could be analyzedwith the best possible accuracy. To some exfe@tselection (either for validation or data

assimilation purposess more a question of how representative are the tides captured by the instruments
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(especially in coaat seaskhnd keeping a balanced distribution all over the ocean redtaveral tidal gages
databasebave beemsedwithin the FES2014project: a harmonic analysis was performed on time series from
GLOSS (Holgate and al., 2013nd SONEL(W&ppelmannn ah Marcos, 2016databasesGLOSS being a
global observation network and SONEL providing measurements on all French terrtterieshree validated
databases provided by R. Ray have been usedgRaly 2013), named Deep_BRBottom pressure recorders)
Shallow and Coastaiereafter andespectively dedicated to deep ocean, shallow waters and coastal regions
respectively

The altimetryderived time seriesaisemore processing and accuraggsues, with a strondependencen the
mission orbit and duratio(which firstly determine théevel of contamination of the tidal analysis by ntdal
ocean signa). Clearly, the twenty years and more duration of the Tdpeseidon and Jason serasa nearly
tenday repeat orbit allows for deriving outstandingighiquality alongtrack and crossover datasetof tidal
harmonic constants(TopexPoseidon Jasonl and Jaso are three CNES/NASA satellitesuccessively
launched,having exactly the same groutrdick and repetitivity, and similar eémoard instrumentand radar
technologies; since FES2014 release, the series has been continued with H3ealasdasoCS satellites at

the end of their nominal missions, satellites orbit is changedrd an exactlyinterleaved groundrack, hence
doubling the missiorspatial sampling until a possible move on a geodetic orbit or final decommissioning;
interleaved tracks observations are not continulotisne andthushave shorter records compartedhe nominal
track records Moreover the altimetry dataset benefiterfr new altimeter standardshich allow a better
observation ofhetidal signalsGDR-D and REAPER orbits, ERMANTERIM Dynamic Atmospheric Correction
for ERS and TOPEX missions, improved wet tropospheric, sea sate bias and ionospheric coraectioas/
mean profiles computed @0-year period Carrére and Lyard, 200&arrere et al, 2016Y.OPEX-Interleaved
track denoted TPNJ1N) also provides an accurate crossover datasetyithutarger uncertaintieghanthe 2
yearsof TP-Jason series, due teetshorter cumulativeperiod of 6 years availabl&RS/Envisat series and GFO
series do not havihe same level of accuracy, as their arbifer higherspatialcoverage at the price of a lower
temporal coveragétime sampling of 35 days for ERS/Envisatdal7 days for GFO).The temporalunder
sampling of tidal observations affethe apparent tidal periods (aliasing effect) which depenthetrue tidal
periods and on the mission temporalrepetitivity. Because of the red nature thie ocean energy speat the
contamination ofthe tidal signal by noftidal signas will increase with the value of the aliased peridtie
TP/Jsonorbit was deliberately chosen to maintain the aliased period in a reasonableGanggsely,sun
synchronous orbits (such BRS/Envisat/Altikajare disadvantageous that matternot onlyarethe S1 and S2
tides projected onrainfinite period (mean state), but many other tidal constituents show a rather large aliased
period (cf Table 2). This would prevent us to use ERSwisatderived data, and concentradaly on the
TopexJasondataset, however the inclination dbpexJasonis rather low and EREnvisatremains the only
choice for very high latitudes and polar seHsus for the purpose ohé FES2014 tide modekrossovers and
alongtrackdata from TOPEX/JasetVJasor? were prefered andwere complenerted withsomecrossover data
from TPNJ1IN and ERSEnvisat series isomeshallow water regions and at high latitsdespectivelyTabe 3

presents the altimeter dataset used for the estimatitwe barmonic constas within the FES2014 project
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3.1Tidal loading effect

As the standard tidal atlasearetargeed on the ocean tide componenttidal loading corection needs to be
appliedto the altimeter measuremer{ts addition to the s@alled solid earth deformation correctioh) a first

step, he GOT4v8ac tidal loading modeksapplied(Ray 2013) taking into account the recent correction of the

tidal geacenter motion proposed by Desai and Ray (2014)ese data have been usedhe data assimilation
process fothe preliminary version of thecean tidemodel, denoted FES2014dn a second stem new tidal
loadingatlaswascomputed from this FES2014ecean solutionden ot ed A FES2 0 1 4 a settiond a | I
6.3). Then,this FES2014a tidal loadingplution wasusedto producea secondversion of thealtimeter dataset

which was assimilated intihe final version of the tide modebmedFES2014b.

3.2Non-tidal signal at K1 aliased periodprior removal

Due to the aliasing effectthe K1 diurnal frequencyis aliasedto the semiannual frequency with the
TOPEX/Jason sampling and the annual frequency with the ERS/Envisat oftiit Table2). Annual andsemt

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

By virtue ofthe Parsevalldentity (the identity asserts that the sum of the squares of the Fourier coefficients of a
function is equito the integral of the square of the function, see Johnson and Riess, th@82pntamination
decreasgwith time as the square root of the recording durafidre presenteferencel OPEX-Jason time series
benefits from B years of continuous measuremts and allovs a very accurate estimation of all tidal
components including K1However, forthe TPN interleaved and the ERS orbite available time series are

not long enough to guara#an accurate separatiafi the K1 tidal signal from the serannuwal (resp.annua)

ocean variabilityA large portion otheannual and serrannual ocean surface signal is due to the low frequency
atmospheric surface pressure, and therefore is removed by applying a storm surge or inverted barometer
correction. Howevemcean circulation contributes also to this signal, smig tidal harmonic contaminatioio

tackle this issue, and thémprove the K1 tidal signal observation the TPN and ERS/Envisaecords a
specific processing has been applied, consisting in vielgan estimation of theceanannual(Sa)and semi
annual(Ssa)nontidal signals prior to the analysi¥his estimatioris computedrom the GLORYS2V1 global

ocean reanalysis provided by Mercat@cean Ferry et al., 2012 GLORYS produces and distrites global ocean
reanalyses at edepermitting (1/4°) resolution that aim to describe the mean andwuangng state of the ocean
circulation, including a part of the mesoscale eddy field, over recent past decades with a focus on the period since
when satllite 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 ORCA025 configuration developed within
DRAKKAR consortium (global with seece, 1/4° Merctor grid). Assimilated observations aresitu T&S profiles,

satellite SST and along track seael anomalies obtained from satellite altimeBLORYS2V1 sea surface height

(SSH has beerharmonially analyzedat semiannual and annual frequengyredcted at observation location

and time and removed from altimetr@SH measurementsThe efficiency of the nectidal ocean signal
contamination has been assessed at TP/Jasonouw@ss where the K1 harmonic constants misfits between
ascending track and seending track analysis are diminishé&s shown inFigure 4, the amplitude othe
correction is well above a few centimeters in some large ocean regions. A specific study (Gulf of Tonkin) was
performed by examining tH€1 analyzedidal constant misfit at crossvers (ascending track versus descending

track). The ocean circulation contamination will appear as an incoherent contribution aoddti)l be different
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for ascending and descenditrgcks.Such differences weretind to beconsistently reduced when applying the
GLORYS correction, hence demonstratititge benefts of the modelbased correction for thédal analysis

accuracy

3.3 S2 tidal constituent processing

S2 tide harmonic analysis needs a special attention inoTGs and altimetry time series. Because of the
significant S2 atmospheric tide, especially in the tropics, bottom pressure records must be precisely corrected
from air pressure contribution to retrieve the S2 ocean sigidlis is easily done for cotd TGs from
dedicated or neighbouring atmospheric pressure rec@esp 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 as it is not
observable by the ERBnviSat sunsynchronous orbit as mentioned before. Morepwdth its 58.74day
aliasing period, the S2 tide is linked to tlesidualMeanSealevel MSL) signal visible at the same frequency

for the TP-Jason time serie@Ablain et al. 2010 Zawadzki et al. 2016 this frequencythus needs a specific
attention. Particularly this signal being stronger on TORERSEIDON mission (linked to the inaccurate
accounofthebd angl e in one or sever al standards used in
for the tidal correctio); several analyss have been performed using either the entire TOP&6n time series

or only the Jasofi/Jasor? relatively recentrecords But due to the shorter peridithe estimation errais larger

for theJ1-J2 analysis andthe assimilated solution prosé&nally to be more accuratg@isingTG data as sea truth)

using theanalysisfrom the entire altimetr series.Notice that thanks tdéts primarily hydrodynamicapproach

tuned by data assimilatioand allowing areduced weight ofhe data errorsn the global FES solution, the

FES2014 releass less affected bthis residual observation errtiran empirical model&Zawadzki et al. 2016)

3.4Numerical Rayleigh criterion

When extracting acomprehensive tidal spectrum frommsea leveltime series, the question dfequency
separationmust be examinedarefully (Cherniawskyet al., 20Q). Not only the contaminatioiby nontidal

signal at aliased frequency can be comparable to a given constituent amgésmieially the minor
constituents) but alsothe minimum observation duration for a proper separation is greatly increased in the
aliased frequencies spad®r instancehe N2 and T2 pair needs about a minimum seven years duration-(In TP
Jason) for a proper separation instead of the usumatlaysin the nonraliased frequencies space. The data
assimilation spectrum in FES2014 is mitigation between the objectives of getiee tidal correction
spectrum and limiting data assimilation to accurately observable tidal constituents, and we have developed a new
numerical approach to address the frequency separation lisshe. case of a continuous (i.e. uninterrupbded
sparely interruptedl time series, the Rayleigh criteriondssicallyused to determinfrequency separaticaind
someadditional parameterization (based on the smoothness, @edomittancéscan be implemented to ease
the harmonic system solvingor TGs aswell as for most of the altimetrgterived time series, the Rayleigh
criterion will be appropriate to predict rather accuratbly harmonicseparation performancélowever, in the

case of higHatitude altimetric time series, the seasonal sea ice devasponsible foannually unbalanced
observationswith data gaps duratisrthat can becomparable to the aliased wave frequency. In that case, it has

been observed thélhe Rayleigh criterion will return oveasptimistic diagnostics. This turns intm ill-defined
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harmonic system, and consequené#yger errors in the harmonic constants dedlié®m its solving.Neither
high-latitude pointby-point clearingnor data dismissing were an option, the former beigigantic task and the
latter an extremelydamagingloss of data in already poorly documented regitmstead, we directly examide

the ratio between the diagonal and exti@gonal terms in the numerical harmonic matrix, and wel ase
analogy with the Rayleigh criterion on continuous time seead the corresponding harmonic matrix) to decide

for a maximum ratio (extrdiagonal/diagonal) above which tfrequency separatiowas considered deficient.

The maximum ratio is set by analogy with the Rayleigh criterion. Ideally, i.e. in case ofrtfiratd time series,

the harmonic matrix will be quasiagonal . The shorter the time series, the larger the ereisas/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 equivalent to a maximum ratio of ~0.15 in any row of the harmonic
matrix. In the case where 2 comgénts 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 case or if at least one is a non
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astronomical constituent,is dismissed from the harmonic analygiestrum

3.5Filtering internal tide signatures

FES2014 is a barotroptde model and iis not aimed tancludethe small scale®f theinternal tide signals by
definition. Thus internal tide surface signatures have to be removed from the altimetguridatéo data
assimilationand validationproceses Internal tides have much shorter wavelenfghd much lower phase
speed)than barotropic tides, and their juxtaposing with barotropic tideate well known ripples in the along
track harmonic analysidue to inphase/oubf-phase changgg&gbert and Ray, 2001%0 lowpass filtering is a
convenient way (still unperfect as it is vulnerable to baroclinic waves propagation angle with-geackhdo
separate barotropic and baroclinic tides componentsdohn frequencyBased on gravity waves vertical modes
theory(Gill, 1982), new estimagsof the firstvertical modeparoclinic wavelengths have beemmputedor the
main waves M2, N2, S2, K1 and Qising WOA200&limatology(Locarnini et al., 2010, Antwov et al., 201D
First mode baroclinic tides show the largest wavelengths, whictoaghlyin the 100 to 50km range in deep
ocean and mudrcshorter on shelf seaStill, barotropic tides can show short wavelengttiheir amplitude and
phase distributin, for instanceclose to amphidromic points at shelf edge crossinthat should not be filtered
out The barotropic tides wavelength has baamericallycomputed fronthe FES2012 atlas(by estimating the
local wavenumbers from the ratio of the compleplacian of the tidal elevation field and the tidal elewat
field itself) and both bastropic and barocliniestimatesvere then used to compute the alemgck low-pass
filtering cutting length scalewhich isthe minimum between twice the baroclini@velength and 1/150f the
barotropic oneFigure5 shows the filtering wavelength in km: it goes to zermearamphidromic point areas

and in shallow waters lrere the wavelength of the barotropic tlitlscomeshorter.

4 Data assimilation

The data assimilation method used in FES2014 is quite similar to the one used in FES200% notable
exception that the ensemble approach has been subshtuted variational one. This change in our approach,
initiated after FE52004 completion, is motivated by the difficulty to prescribe bathymetry errorgylas

handsideforcing terms errorsasa variational technique would ask for. More generalhg ensemble technique
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is much more flexible and natural, especially whenidgawith highly inhomogeneousrror sources, in nature

and magnitudeas is the casfr shelf and coastal tides.

4.1 SpENOI assimilation code

The SpENOI(Spectral Ensemble @@mal Interpolation)data assimilation code is an evolution of the CADOR
data asimilation codgLyard 1997, used up tBES2004) based on a variational approach using representer
method, originally inspired from Bennett and Maclntogh982. The main difference lies in the fact that
CADOR uses a variational formulation to infer ttidal elevation error covariance matrix, using an adjoint
system.Althoughthe variational approach is quite well designed to capture model errors arising from the right
hand side of the tidal equatiofiinear forcing terms)it turns to be poorlable to account for bathymetry
derived and notlinearterms (bottom friction) errorthat usually dominate modelling errors in coastal and shelf
seas. For these reason, an ensemble approach hasolmsenictedo improve the realism and flexibility of the
modeling error prescriptionsThe optimal interpolation denominationaamisnomeras the error covariansef

state vector are natlealized covariance&uch as Gaussieshaped distribution)but are justified by the non

incremental nature of the data assittibn due to the frequeneyomain space where it applies.

4.2 Ensemblesconstruction

In the ensemble assimilation approach, a large number of simulatiensn in orderto describe the model
errors. This ensemble of simulations is generated by varfi@gparameters and input datasets to which the
model is the most sensitive. In the case of the FES2014 tidal model, the perturbations were made on the bottom
friction coefficient, theinternal tide drag coefficient, the bathymetry and th8A. All the simuktions were
validated against the altimetry and th& databasesin order to identify potential outlierdn addition, the
dispersion of the ensembland the distance dhe ensemble meao the reference hydrodynamic simulation
were computed, in ordepo tverify that the ensemtdewerecentered on the referenck total, the whole
ensemblecontains 432 simulation members for each tidal constituent, built by following the methodology
describé in the next sections.

Perturbation of the loading tide: Numerical experimentshave shownthat the model ivery sensitive to the
explicit LSA forcing, with tidal species dependemcNamely the diurnal tidal components (K1, Ol1) are
improved when using the FES20@2rivedLSA, while the semdiurnal tidal componentdM2, S2) are better
resolved when using the FES@@rived LSA. The latter result needs some explanatiditst the FES2014
hydrodynamic configuration has been adjusted (i.e. bottom friction and IWD) in simulations using the FES99
LSA, and part of iis anerror compensation storgecond, ie most sensitive component in adjustment process

is clearly M2 asbottom friction is truly nodinear for M2, as it has the stronger currents and the dominate the
velocity amplitude in thenonlinear friction term, andas the other constituents haw®nsequentla kind of
quastlinear friction in presence of M2 dominant velocities. So using a mmé@ernand more accurate LSA,

will usually profit to all constituents but M2, as it would requiegorocessinghe adjustmets steps to get back

at least to a similar or improved accuralrtyorder to obtain a thorough description of the model errors, all the
simulations based on perturbations were done twice, using the FES99 and the FES2012 loading tides as input,

respectively This doubled the number of members in the ensembles described hereinafter.
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Perturbation of the bottom friction roughness Figure6 shows the energy dissipated by the bottom friction in
the FES2014hydrodynamic model, fothe M2 tidal component. As expected, the areas where the dissipation is
the largest correspond to the shelaesl coastal sea¥he model is consequently more sensitive to the bottom
friction coefficient in these areabBollowing this map, thirteepolygors, highlighted in redn Figure 6, were
defined in order to generate local perturbations of the bottom friction coeffidiegnificant bottom friction
tidal dissipation regionsThe definition of tuning polygons is ampromise to include the most significant site
for tidal dissipation and to limithe number of polygonfo avoid too many members in our ensemblEsy
each of these polygons, the bottom frictimughnessvas assignedeight different values ranging atnd the
globalaveragevalue set for the reference hydrodynamic simulation®¢i)0 As presented above]l ahe
simulationswere done twice, with the FES99 and the FES2012 loading tides respectively asaingtie
ensemble of bottom friction perturbatfinally contains 208nembers

Perturbation of the wave drag coefficient Contrary tothe bottom friction the energy dissipation due to the
energy transfer from thbarotropictidesto the baroclinictides (internal tide dragdloes not happen in very
specific and local regions, buh various dispersedsloping bottom topographyegions(shelf edges, ocean
ridges)where thetidal currentscross thebathymetry gradientamakingit difficult to isolate each single active
site. In addition, energy transfefficiency stronglydependson local ocean stratification, whids not precisty
known in standard climatology or OGCM3he perturbations of the wave drag coefficient were consequently
done at thesub-divided basin scal€equatorial/tropical, midatitudes and high latitudes swlivisions) showed

in Figure 7. For each of these ten regions, tl@dimensionalwave dragcoefficient was locally variedver
sevenvalues ranging around the glokmteragevalue set for the ference hydrodynamic simulationd. 75).

The wave drag perturbationsnemble finally containsl40 members(70 perturbations run witkeach ofthe
FES99 and FES2012 LSA)

Perturbation of the model bathymetry: Several approaches are possilide the hydrod/namic model
bathymetry perturbations such lsear canbinations of various datasets miodifications in specific regions
using eithersynthetic or heterogeneous bathymetry datableé latter was used in the case of the FES2014
model, as it enables to tber control the perturbations and to choose the most responsive refimreference
hydrodynamicmodel bathymetryis replaced bydepths extracted fromvhat we callfigridone, 1 minute
resolution from GEBCQandSmith&Sandwell 15.1 releasan each ofthe 19 regions displayedn Figure8 and
chosen either for their dynamical impact on tidal solutions or for the large uncertaihtithe oeference
bathymetry qualitysuch as thd?atagonian shelf). Howevethe constructon of the ensemble simulations has
highlighted that the twdathymetryperturbations in the Weddell S€8outlern Atlantic Oceal) resulted in
solutions showing errorigi semidiurnal tides up tdwo to four timeslarger than thaveragesimulations with
largeincrease of error the whole Atlantic Ocean, in the Indian Ocean and in the Southern Pacific. ®béan
comes from the free water depth reduction due to the We&a#a iceshelf immersion,which has been
corrected in our reference bathymetry, hot in the gridoneand Smith&Sandwelpatches because of project
schedule constraints. Despite considered as potentially critical for the model errottsp@deddell Searegion
wasdiscarded from the bathymetpatchesensembleonstruction which effective setcontains3é members.

A few additionalmembers haveeen added from th@erturbations othe model minimatepththreshold It is
usually setto 10 m in the TUGE@n hydrodynamigc global ocearmodel. Depth threshold aims to minimize

frequencydoman modellingvalidity limitations in very shallow water§-UGOm have the ability to modulate

15



10

15

20

25

30

35

40

the threshold as a function of local tidal ranigeyasnot used in FES201#% avoid additional complexity in the

model configuration settingbut more importamy to deal with theexistence ofinrealisticallyshallowdepthsin

most bathymetryatasetsThe depths found in most bathymetry databases in-tt@n® (and probabl®-20m)

range is anything but reliable. In most places, the depths are linearly varyiindistance from Om at coastline

to the 10m isobaths, which is not the usual morphologgwill find in the true ocean. Such artificjarery

shallow water patches can have a damaging impact on bottom friction budget in coastal areas. The 10 m

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

courseg in regions were bathymetry databases are highly accurate, it is preferable to keep the true deygtls (and

a wetting/dryingscheme if running théme-stepping modg But it represents only a tiny portion of the global

ocean coastal regiorBotential errors arising from this parametavébeen taken into account by producing six

members withglobal values centerearoundthe standardvalue (10 m) In total, the ensemble of bathymetry
perturbations contains 8demberg42 perturbations run witbach ofthe FES99 and FES2012SA).

4.3 Data selection

As described in section 3, tfié€ and altimetry sea surface height observations were processed haitmanic

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

components (M2,

K1,

S2,

o1,

e The @limetayata werk processed atthe at e d

crossover points for th&P/J1/J2TPN/JIN and E1/E2/EN series, and along the tracks for the TP/J1/J2 series.
This means a large amount of data, with more tha@®crossover points for each of the TP/J1/J2 and TPN/J1N

series, about 6@00 crossover points for the E1/E2/EN sgriandevenmuch morepointsalong the TP/J1/J2

tracks.In addition to severe computational c¢SpPENOIl code is solvingan assimilation problem in the data

space), the dataf the whole dataseés not optimal. First TPN/J1N and E1/E2/EN data can contaorslarger

than the prior solutih & @ndassociated error bars are not fully reliable, so their inclusion can degrade the

resulting data assimilation accuracy. Second, previous studies have shown that a limited subsejualityigh

data can perfon as well as the full dataset. Thirdly, it is the legmjng objectives of FES atlases to keep the

weight of data assimilation at the lowest possible level and preserve as much as feasible the hydrodynamic

properties of the solutions (needed for instamcperform energy budgetsyo he selectionof the observations

for the data assimilation processdgven by the following generalguidelines keep the overall assimilation

dataset as limited as feasibfgjvilege the TP/J1/J2 cross/er data, with a ptal decimationespeciallyat high

latitudes to favar the homogeneous repartition of thssimilatedobservations all over the global oceald

(possibly decimatedalongtrack TP/J1/J2datato constrain moreclosely the model with the observations in

problematicregions i.e. where problems have been identified in the hydrodynamic sojutiostly linked with

deficient bathymetryThose regions lie mostly in shelf and coastal seas, and data alsalde takenfrom

TPN/J1IN and E1/E2/EN alorgack/crossover dataets However due to the 20 years of data available on the
TP/J1/32 orbiat FES2014 production erthetidal constituens éetrievals at thé'P/J1/J2 crossover points and

along the tracks are more accurate than the tidal retrievals at thed INPlhd E1/E2/EN crossover points.

Consequently, TPN/JIN and E1/E2/EN aldrack/crossover datasets were not used, except at some rare

exceptions Of course the Topex/Jason orhiiteinglimited to 66° in latitude, the E1/E2/EN dadige definitely

neededas a complement in th@orthernhigh latitudes(E1/E2/EN data were not consideredbesng accurate

enough in southern high latitudes)
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The altimetry assimilation datasetas built in two steps. First, a systematic decimation was performed,
following the citeria detailed inTable4. A threshold on the error estimatéthe M2 tidal constituents was also
usedas a selection criteriorAs some observationwovide accurateestimatefor somegiven tidal component
andshowstrorg erros for other ons, data weredecimated specifically by applying a threshold value to the error
estimate associated with the considered tidal compotemtarticular, egarding the S2 tidatonstituent no
E1/E2/EN datavereselectedbecause of itifinite aliasing periodsunsynchronous orbit)

The second step of the construction of the altimetry assimilation datassistedof re-ingesting TP/J1/J2
crossover and alonack data that were discarded by the spatial decimation in regions whenedeeneeded

more closeconstraing, using an empiricalterative procedure The final dataset of altimetry crossover points
selected for the data assimilation process is presentdeigome 9, with a specific color for &h altimetry

mission. One can notidbere ardewer observations in thenajor oceansurface circulatiorareas (Gulf Stream,
Kuroshio, Agulhas Currenthecauseof the potentially large contamination by mesmale dynamics$the nor

tidal ocean dynamicsontamination is estimated by looking at sea surface signal spectral energy close to the
considered constituehtaliased frequency, and data showing vakigher tharthe thresholds given iTable4

are dismissed from assilmiion dataset)In the subAntarcticregion, theseasonapresence of sea ice limits the
availability of usableE1/E2/EN altimetry data andill be rejected by the numeric&ayleigh criterion at
harmonic analysis ste@he TP/J1/J2 alongack data, showd onFigure 10, clearly enablaus to densify the
assimilation dataset on the shelves and near the coasts, where the amplitude of the tide and the errors of the
model are the largeand tidal wavelength the shortest

The TG dataset for the data assimilation process was Inaith several initialtidal records distributions
WOCHEGLOSScoastaldatabaseopen ocean BPRatabasgrovided by R. Ray (and used as validation dataset

in Stammer et al2014, open ocean BPR datalka® Antarcticacompiledby LEGOS,Arctic database from

Kowalik and Proshutinsky (1994)nternational Hydrographic Office (IHQ)Gjevik and Straume (19943nd

some additional data compiled hGOS and fourTGst ati ons of R. Ragyllathahel f de
Florida. The (inevitably) redundant or neighboring observations were identified and the consistency between the
neighbor stations was systematically verifiediotal, theTG database contains 600 statigrgyure 11) with a

relatively homogeneous geographiahistribution For commodity reasons, and because the TG time series
needed to compute numerically error estimates were not available for the full datasel,G tdata error
estimates were fixedrbitrarily andempirically to 3 mm for the deep ocean stations and to 1 cm for the shelf and
coastal stations. The idea was to limit the constraint on the model at the tide gauge stations on the shelf and close
to the coast in order to avoid drawing the solutioffittdome 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 resolution
and/or bathymetrpf the model.

Finally, iterative data assimilatioexperienes proved the need feome additional observations jrarticular

regions, wheraeitherTG nor standard altimetry data were availalidedicated oastal altimetryderived tidal
observations provided by the CTQHP/J1/J2)were used to better constrain tnedel in these specific cases: 1

point North of Tierra del Fuego, 1 point in the Pamlico Bay (North Carolina) and 2 points bétw&suthern

islands of JaparnThe total assimilation dataset contains622 observations for the M2 tidal component and
slightly less for the other components, depending on the error estimate associated with the tidal coostituents

because ofonstituentspecific aliasing issues
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It should also be noticed that the M4 tidal component received a special treatment for thetomf the
assimilation dataset. Indeed, the #imear M4 tidal componenmostly develops on the continental shelves.
Because of # small amplitude irthe open ocean, it is difficult to separdte M4 signalfrom the other ocean

signalswith similar space and temporal scaglesd the nois¢o-signal ratio inthe M4 analysis is much too large

to provide appropriate data to the assimilation. Consequently, only shelves and coastal seas data have been kept

in the M4 assimilaion datasetThe complete M4ssimilation dataset contains altimetry crossover points from
TP/J1/32, TPN/JIN and E1/E2/EMlong track data from TP/J1/32, the four CTOH TP/J1/J2 coastal points

previously mentioned and only oiié&, the Avormouth station, in the BristaChanne{UK).

5 Atlas assessment and validation

The validation of the FES2014 tidal atlas is based fvecaiencydomain (harmonicyalidation of the ocean tide
componerg plusa temporal validation of the total geocentric tide compaiet ocean tideplusloading tick).
The FES2014 performance are compared to stafeéhe-art global tidal models available at the time of the
study, namely GOT4v8/GOT4v10, DTU10, TP82, EOT11A and FES201@lease note that FES2014c and
FES2014b have identicabain long perioddiurnal semidiurnal and suharmonics solutionsand FES2014c
long period extension is identictd the one implicitly made inside the prediction software trs® following
validations will mention FES2014b only and will hold for FES2014c as)wighle predicton codeused for the
time domain validations presented in 5.3 is the operationalaEBn GDRs processing codée tidal prediction
software is gailable on a bitbucket depasitttps://bitbucket.org/cnes_aviso/fes/src/mastiris appropriate not
only to be used with FES atlases, but also with other popular atlases, such as GOT or TPXO Veiteaes.
getting in deep detailshe tidal predictions includeall tidal constituents provided by an atlas, but it alsosuse
inferencetechniqueto add someignificant, missing astronomical constituemtiennot given as a prediction
inputfile( namel y 3&, L2, ?220Q1,(p12,, J2INVPL-2M10, 2 | ° 1d, J1, 01 )andklgyite
comprehensive number of long period constitu€nis to 106 fromseconddegree terms andl7 from third
degree terms of the gravitational tidal potential developmente addedusing the tidal equilibrium
approximation The inference formulae and thextensivelist of the tidal constituents thare computedusing
infererce/equilibrium approximationsare listed in the codeContrary to the tidal models inteomparison
exercise in Stammer et al., 2014 made the choicef not restraining the tidal prediction éocommon set of
constituents when making comparisons wvtita GOT4VL0 atlas, inorder to take into account both thecuracy
and the omission error of the modeahsiskeeping close to real life performand¢emight sound advantageous to
FES2014 performances as it has a larger spectrum than other atlasese stdketlof inference efficiently

diminishes the impact of missing astronomical constituents

5.1 Description of FES2014 tidal spectrum

FES2014 is the only global tidal atlas that offers a comprehensiveidal spectrum of 34idal components
includinglinear conponents (K1, M2, N2, O1, P1, Q1, S1, S2, K2, 2N2, EPS2, J1, L2, T2, La2, Mu, Nu2, R2),
nonlinearcomponentgM3, M4, M6, M8, MKS2, MN4, MS4, N4, S4and longperiodcomponentgMSf, Mf,
Mm, MSgm, Mtm,Sa, Sspa Late extension teightadditional equilibrium mass conservatieng-period tides
which Doodson numbers ar@555555(MO0), 0565545 0585545 (Sta), 0655556 0656553 0735555 (M Sf),
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0753555and0754556 has been recemyl madeto FES2014b and as previouslynentionedthe extendedtlasis
denoted a$ES2014cMST tide is already present IFES2014b, butresuled from nonlinear dynamicgM2/S2
interaction) only becauseits astronomicalpotential was accidentallyisinissed at production timén the
FE014 atlas, the coresponding complementary equilibrium  solution file is dented
MSf.FES2014c.LPequi_only.nand should be used @@njunctionwith the FES2014b solution file

Despite providing S1 tideye discourage itase in tidal correctionshenstorm surges or DAC corrections that
include diurnal atmospheric effects (i.e. not filtered out) are avail&lokeially, the astronomical part of S1 is
rather negligible, and it imostly forced by the atmospheric surfgressure which shows significant seasonal
and interannual variability. So any harmonic S1 solution will be rtbiéect of the mean of S1 tide over a given
time period (of simulation and/or data assimilation), and wadaelly need to be completed with ansistent
residual S1 DAC correction to account for its intrinsic variahilich would be technically quite tedious to
perform in a fully consistent wayp to now,the accuracy of the S1 DAC solution has been quite limited by the
temporal resolution fothe available atmosphericpressureforcing products At the present, the operational
processing of GDRs data is based on a Oi#t€red from the mean S1 atmospheric components, and thel&1
(both atmospherically and gravitationally forced) is thenaesd by theS1 tidal solution in the tidal prediction
However, lecause otherecent improvements ithe atmospheriproducts(notably in their time samplingjhe

FES grougs in favour to revise the present operational data processing paradidgavigg S1 correction to be
accounted for in the high frequency storm surge correction (DAC) instieadthe tidal correctiorfor next
generation altimetry products

FES2014 containgither free hydrodynamics solutionsr data assimilation results.h& choice ofthe tidal
components that benefited from data assimilation was made upon two criteria. First, the accuracy of the non
assimilated tidatomponent with regards to its amplitude: the smallest tidal components were not assimilated.
Second, the capability to separate the tidal components in the altimetiyGaoldservations, in terms of signal

to noise ratio: the longeriod tidal componentsere not assimilated. Finally, the following 15 tidal components
benefited from data assimilation: K1, M2, N2, 01, P1, Q1, S2, K2, 2N2, EPS2, L2, La&2,Nva and M4.
Most of he diurnal semidiurnal and nonlinear tides were computedusing the frequencydomain solver,
especially the assimilated ones (for ensemble computational cost red¢mnsinaller linear and ndimeartidal
constituentgnot targeted by the data assimila)idid, M3, M8, MKS2, N4, R2, S1, SthdT2 were computed in
time-steppingsimulations, with atmospheric forcindERA-INTERIM) in addition to the usual tidal potential
forcing. As earlier mentioned, the use of S1 tide must be consistent with DAC correction cangknhis is
presently the case in the operational altimetric gatecessing Addition of the atmospheric forcing not only
provides a S1 solution, but alsguarantesa more accurate S2 tide representation and consequently a more
accuratemodelling of nonliner processes.This leads to a modelling strategy dilemma,tlas use of the
sufficient highfrequency atmospheric forcing(1-hour sampling)also raisesa potential risk of partially
duplicated correction with DAC, especially for the R2, T2 and S4 constituehitsh should ideally be removed
from the DAC correctionLet us also mention the KihdM2 tides that have a small but significant atmospheric
contribution, which is already taken into account in the tidal soluttermeighthe data assimilation. Definitely,
the possible overlapping between tidal and DAC coimest(and dynamical coupling) is a serious issue that

should be addressed in the future altimetric data procedémnadmittance relationship was used for these minor

19



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

A major, novelinterest of the FES2014 tidal atlas is the availability of mamylinear tidal constituentShese
components are generally not provided by other models although their angptiudeeach seval centimeters
in shallowseasand even 1 cm ithe deep oceatn the case ofthe M4 wave.The FES2014atlas is originally
designedfor the tidal de-aliasing correctionof the altimetry sea surface height observations, for which the
missionaccuracy requements are set to 2 cim the open ocearso each(accuratg contribution to the tidal
spectrum is of importanceAnother asset othe FES2014 atlas is thsupplying of six longperiod tidal
componentsNIf, Mm, MSgm, Mtm, SaandSsg computed from the dyamical modeforced with gravitational
forces These longperiod components are generally approximated by the equilibrium sointibeother global
ocean tidal modelsAt least for the constituents of period shorter than one month, the overall oceamichi)
tide shove significant differences with equilibrium approximations. In additidvese dynamical solutiorean
show regional, fully unbalancednhancemendue totopography trapped wavéfr example in the Southeast
Pacific). To compute the totageocentrictide, needed for altimetry observations correctitiie FES2014a
loading tidemust beadded to the FES20th4cean tide, both being consistent askES2014doading tide was

removed from thaltimetrydataused in data assimilation stég section2.6).

5.2Validation in the frequency domain

The validation in thdrequencydomain(i.e. of constituent harmonic constan&s)ables to easily identify and
locate potentiatieficienciesn tidal atlags The performance of the tidal model can betedifferent from one
region toarother, but also from one tidal componentatomther.Such ador the hydrodynamic simulations, the
optimal tidal atlas (i.e. with data assimilatidmgs beervalidated by computing the vector differences between
the obserations (altimetry and Gs) for each tidal componenigure12 shows the vector differences between
the TG databases provided by R. Ray (and used as validation databases in Stamni01e} ahd the most
recent globalitdal models for four main tidal components (M2, K1, S2 and G4gre, it must be reminded that
most ofthe deep oceahG database was included in the assimilation dataset for FES2014b. As a consequence, it
is expected that the vector difference betwe&ndhtabase and the FES20/ES2014didal model is very low
(still, it indicatesthat this dataset was found to be setfinsistent in thelata assimilation process)o a lower
extent, shelf and coastal datasets inevitably contain some assimilatedalagdly, the number of qualitf G
data is not large enough to allow for a distinct data assimilation andalaticed validation datasebdoreover,

if a quality-checkedy a | i d at i data densonsaatee dodesdivergence withathessolution, itwould be
then extremely usefub include it in the final dataset for assimilatidm addition, because of the ensemble/data
representers approach, the assimilation solution will not easily ff@edata if not consistent with model error
covariance andther data, including altimetry data. Internally, we also made consistency checks by assimilating
altimetry data only, then compad solutionswith TG data and reached very close numbé&s.there is a
favourablebut moderatdias in terms of accuracy whieomparing our final solution with thealidationdataset.
Still, the comparison to the other databases (shelf and coastal) shometalk excellenperformance of the
FES2014b tidal atlas, whatever tbensideredidal component. This highlights thather uniformaccuracyof

the FES2014 atlas compared to somather competing atl@sthatsometimeshowuneven accuracy estimates

alsostrongly depending on the tidabnstituent
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In this validation againstG data, FES2014b and® X092 (recently releaed, April 202Q0EgbertandErofeeva

2002 show the best agreement with daiBXO%atlas is a 1/30 degree resolution fully global solution, obtained
by combining 1/6 degree base global solufil@#XO9-atlasand thirty 1/30 degree resolution local solutions for

all coastal areasTo some extent, the regional patchestie TPXO2 reproduce the (seamless) FES
unstructured grid flexible selution, and therefore explain the similarities in terms ofggenancein shelf and
coastal seasn these comparisons, vimve chosen tdisplaythe very last releasaf TPXO atlasesand not the
release available at FES2014 production time (TPXO8), whiolkred to be significantly less accurdten
FES2014in a smilar diagnostic The gap in accuracy is much reduced wita TPXO9v2, whichhasprobably

taken profit of longer time series for altimetry data, and possibly improved bathymetry for its prior simulations

(or any other improvements in the regional hygraimics models configurations).

5.3Variance reduction in satellite altimetry observationsand in tidal gauges

A complementary validation consists in estimating the variance reduction obtained for altimeter observations or
tidal gauges measurementier{oted TG), when using the FES2Qifidal atlas as a correction for the barotropic

tide sea surface height and comparing with other tidal atfasesiding FES2012 and FES2014a atlases to
demonstrate the graduate progresses, coming from improved prior s®lationloading, toward the final
FES2014 atlas)This temporal approach allows taking into account the solution error as well as the omission
error for the missing tidal constituentsotice that while the geocentric tide solutiofi.e. ocean tide solution
plusearth tide anaceantidal loading solution)s used forcorrectingaltimeter data, only the oceanic solution is

used for tidal gaugesorrections as gauges follow the tidally induced bottom motRecause of data
assimilation, errors ithe LSA atlas used in altimetryassimilationdata correctiosiwill reflect in the ocean
assimilatedsolution (and will participate tothe misfits with TG data), while they witancelif performing
altimetry validation data correction with the same LSA atlas as usathta assimilation processings
recommended for GDRsperational processing).

Figure 13 shows the maps of variance reduction at tidal gauges sitegsHe@LOSSnetwork, when using the

new FES2014b tidal model and cpaned to GOT4v10 solution; although some of these tidal gauges have been
assimilated within FES20b4model, this diagnostic still permits to give information about the quality of the
solution in coastal regionparticularly on the French coasts where atachas been assimilated. Results indicate

a significant variance reduction when using the new FES2014b solution compé#redtOT model for nearly

all sites. A few tidal gauge sites show an increased variance but these TG are located in very complex or
enclosed regions and are thus not representative of the coastal ocean variability observable with a global ocean
tide model. A complementary validation was performed using some independent TG along the Canadian Atlantic
coasts (cfFigure14); it shows an important mean variance reductiorl@fcm? for the 10 TG used when using

the FES2014a solution instead thie GOT4v10 one.

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

SSH differences between ascending and descending tracks at crossoversitlusintipe new correction @
reference one. Crossover points with time lags shorter than 10 days within one cycle are selected in order to
minimize the contributin of the ocean variability at each crossover location. This diagnostic allows an accurate

estimation of the impact of the tide correction on the fiighquency part of the altimeter SSH. This diagnostic
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gives information on the temporal variance of theHS8fferences in the small boxes of 4°x4° used for the
computation. The analysis has been performed using several missions and many different global tidal atlases, but
we will only present the results for Jason and AltiKa missitis:Jason is the referea and very accurate
mission and AltiKa is independenf all the models testedrigure 15 and Figure 16 show the maps of SSH
variance differences when comparing FES20di#th GOT4v10 and-ES2012 tidal modelespectively Results
demonstrate aery good performances of the FES2014b tidal solution compared to the other models, with a
strong variance reduction noted in all shallow water regions (more than 10 cm? when comparing to both
FES202 and GOT4v10) and also in some deep ocean areas. StdtisthdiKa are a bit noisier compared to
Jasonbones due to the shorter time series available
particularly FES2014a shows a strong improvenmmpared to FES2012 most ofthe Arctic Ocean regign

at the Laptev and Kara sea notable excepiitve Altika mission suffers from shorter (in duration) and fewer (in
repetitivity) exact repeat observations compared to Jason time series. In consedfuervariance reduction
diagnostic is therefore made on a less significant statistical basis, and the overall variance reduction map shows
many | ocal, Ainoi syo outliers (compared to the surrou
Arctic Sea is furthermore diminishing the number of available valid observations, hence potentially increasing
the uncertainty on the variance reduction estimates. Some independent validation was performed to compare
FES2012 and FES2014 (see R. Ray et al.9pahd showed the clear improvement in FES2014, except on M2

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

of FES2014. Unfortunately, the lack of reliali& dataset makes any stronger conclusiquie difficult to

draw. FES2014b also strongly redwscthie variance compared to GOT4v10narthern high latitudesexcept a

slight raise of variance noted north of Baffin Bay when comparitiggGOT model.

To pursue the analysis further to the coast consider alongrack sea level anomaliesighoted SLA)
calculated from 1 Hz altimetric measurements. Although -fighuency signals are aliased in the lower
frequency band following the Nyquist theory application to each altimeter sampling, SLAetie® contain the

entire ocean variability spectrufigure17 shows the difference of SLA variance when ushgFES2014a tide

model instead of FES2012 (resp. GOT4v10) modeltHerAltiKa mission and as a function ofstance tahe

coast. This diagnostic shows the very strong improvement of the new tidal solution witfiistt6® km from

the coast on the global ocean, with a mean variance reduction reaching more than 20 crtffenfttsir80 km

from the coast whermomparing FES2014a and GOT modetsirprisingly, FES2014improvement versus
FES2012 reeghes itsmaximum at some distance from the cqasbut 15km)The nearshore performangédoth

in FES2012 and FES201i4,probablylimited by local bathymetry accuraeyd coastal detail discretization, and
ensemblé&epresentersbeing lessable to properly describe local errors statistiss, data assimilation

improvements in FES2014 propagate only parti@iyardnearshore zones.

6 FES2014 atlas additional érived products

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

ocean and loading and selftraction components are presented here.
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6.1 Tidal currents

Tidal currents have been estimated on the finite element mvébhthe elementwise discontinuousnon
conformingP1 discretizationone estimate in the middle of each element, estimated separately for each triangle)
The FES201#4 tidal currents benefited from the data assimilatadnthe tidal elevationglata through the
dynamical correlatio computed from the assimilation ensemflee tidal currentsre provided on a 1/16° grid
like the elevations

Contrary to sea surface elevation where tigiethe major contributoto variabilityin most ocean regiondhe
validation of tidal currentss quite challenging as it requires leagough (several months to years) accurate
current metetime series to accurdyeextract current harmonic constants from tlal harmonic analysis. In
addition to be useful for consistent comparisptte curreh metergaugesmust be moored in sites that are
representative of theurroundingtidal dynamics.The main resulting constraint is to discard arshowing
pronounced uneven bottom topography, as currents are highly sensitive to local bathymetry whithbeann
captured properly by the model grid resolutiéil.theseconstrainttogether with the fact that the access to the
data is often restricted) imply that very f@lservationsare finally available for the tidal velogitvalidation.
Luckily, for morethan 10 years Australia has been maintaining a netwod8 &DCP instruments all around
the continent principally through its governmestpported Integrated Marine Observing System (IMOS). The
Australian continental shelf has a wide range of tidalmegi ranging from macstidal to micratidal, thus
providing ideal conditions to thoroughly test a moddie ADCP observations are accessible via the IMOS
portal (https://imos.org.au)An additional issue is that FES2Qi4idal currents are representatioé depth
averaged currenf@sthey arebased on the shallow water 2D equatipmsidvertical profiles of tidal currens

will potentially contain some baroclinic tidal current signal, those currents bepagsibly one order of
magnitude largem the vidnity of intense internal tide generation sités this case, predominance of internal
tides currents makeke barotropic currenpreciseretrieval quite difficult, and would require full wateolumn
auxiliary data (potential density at least) to becwaried precisely by using the vertical mode decomposition
approach (Cao et al., 2018ugroho, 201Y. In this paper, thé&DCP time seriesvere specifically processed by
CSIRO with the computation of thaepthaveragedcurrents, which isiot exadly similar but comparable to
currents computed with a barotropghallowwater model Then, aharmonic analysisvas performed in each
current direction separatefy) eastward and Varthwarg for five main tidal components (M2, K1, S2, O1, N2).
These in situ tidaharmonic constituents acemparedo the FES2018 model tidal currents itermsof vector
differences and tidal current ellipskaracteristics difference$he latter gives ayntheticdescription of the tidal
current for a given tidal componeifithe lergth of the semmajor axis gives the maximuamplitude of the tidal
current anadthe orientation of the ellipsgives the angle between the main current direction ana@akevard

direction The parameters of the ellipse (orientation and lengths of the mnitiomajor axes) are computed from

the tidal velocity harmonic constituents estimated in both directions (eastward and northward). The tidal current

ellipses computed from the curtemeter observations (in red) and from the FES2014 model (in blue) are
displayed for the M2 and K1 tidal componeimg-igure 18 andFigure19 respectively. The green dots show the
positions of the curremhetermoorings For somamoorings the ellipses are nefsible on the figures due to the
very low amplitudes of the tidal currents inesh micro-tidal sites.Overall there is a very good agreement
between the FES20lb4nodel and the observations, at most of the métda sites.At somespecific moorings

(Darwin station and some stations inside the Great Barrier Reafle large discrepancies are observed, that are
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due to the fact that these stations are very close to the coast, in very shallow areas wheodutiand/or
bathymetryof the FES2014 glmal tidal meshis too coarse to accurately solve the currents. At some other
stations (Coffs Harboumooring, located in the open ocean, the model shows very strong unrealistic eastward
components. This is due to a lack of resolution in the model grithis caseat the shelf break (the Coffs
Harbour station is located close to a steep bathymetry slope).is awell-known numericalartefactof the
discontinuous numerical discretization of the tidal currempearing where the model grid hascidentdy
insufficient resolutiorover steep bottom topographyespite all the care taken in the mesh constructidch
topography slopes builh constraint imposes resolution to be proportional to H/grgd(Mfter appropriate
verifications, it appears théitis issue occurs only in a felwcations of the FES2014 medrhe validation of the
FES2014 tidal currentsnot only depics the overall fit with observations, but calso suggest a careful
additional screening for future FES grid design, complementargiagnostics made from the tidal elevation

validation

6.2 Energy budget

Barotropic tides energy budget is valuable diagnostic to examine the model performance and accuracy, and to
understand more precisely how tidal dynamics woak an energy generati, transport and dissipation
mechanismlt can also be a proxfpr the interaction of ocean tides with ocean circulation and stratification
(bottom friction and internal tides drag ratef work and be a feeding parameter to general ocean circulation
models that do not solve explicitly for the tides and neeplt@meterizéheir effects, mostly on mixindznergy

budget has been estimated both from the prior, dynamically balanced tidal solutions (thanks to their
unprecedented accuracy), and from the defsimilation solutions. The latter are of course more accurate in
elevation and currents, but are not perfectly balafdgdamicaly consistent)However the limited action of the

data assimilation due to the prior solutions accuracy, antstimeehow)Xynamicalpropertiesof themodel error
covariancecomputed from the ensembies d y n a mi c¢ allow forenesmiegfulsenergy budget estimates
Among other possible energy estimates (bottom friction, potential forces, etc... rate of Werldnergy
conwersion rate from barotropic tides toward baroclinic internal t{#fgure 20) is very valuable diagnostic to
identify and quantify internal tides generatidror instance it can be used t@rovide additional vertical
diffusion information in ocean circulation models where tides are not explicitly resolMedvadays, some
global ocean circulation models explicitly resolve tides, and can produce a similar conversion rate, édsttmate
with a lower accuracy in terms of bamapic tides solutiondn FES2014 estimates, uncertainties come from the
parameterization used in the dynamical mottelother words, our energy diagnostics bring a complementary,

independeninformation to a still evolving and uncertain knowledge.

6.3 Loading/seltattraction atlases

New maps of the loading and seltractions effects have been estimated taking into accoumrétiminary
FES2014tidal elevationsin thepreFES2014 eral SA atlases were computed frahe projection of the native
finite element tidal elevation upon a high resolution regular grid, either using spherical harbevgasimbers
approach or an equivalent Gréefunction convolution. However,-UGOm tidal models needs the gradient of

LSA, obtained first through a projectidrack to finite element gridpllowed by a numericatierivation. The
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two-ways projection can trigger some undesirable numerical effects, and a new software has been developed to
directly derive the LSA atlases on the finite element grid, using @rdenctions convolution I(yard et al,

2020, inpreparatioph Figure21 shows the amplitude of theesultingM2 LSA computed from th&ES2014

atlas and the differences with the GOT4v8ac loading effects.

As the computation of a tide model is an iterative process, ti€s82014 LSA maps have been used to
compute the final tidamodel versiors FES2014kc, showing an improveent of the global performancés

terms of tidal correctioas shown offrigure22.

6.4 LowestHighest 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 also a valuable data in maritime engigenid risk assessment studies.

TheFES2014 LAT (and HAT, highest astronomical tides) chart has been computed freiglaeenyeartidal
prediction (to account for nodal fluctuation in tidal amplitudes) based on all available tidal corsiiutet
FES2014 atlas (Figure 23). Mean Lower Low Watertides (MLLW) and Mean Higher High Watertides

(MHHW) levels (as used by NOAANnd some otheyscould be obtained in a similar wags well 8 some
additional ancient hydrograjgthdatums, compiled in Pugh and Woodworth, 2CBBES2014 LAT is routinely

used at LEGOS to convdrathymetry fromhydrographic services into ocean méewel bathymetry as needed

in numerical ocean modelling, especially in coastal and-steare configuations.

7 Conclusions

Despite the tremendous efforts devoted worldwide to improve tidal corrections for altdnétrg the last two
decadeswe still face challenging isss@ shelf and coastal seas, as well as in high latitude oceans, thbere
accurag of tidal atlasesemairs too limited precise altimetry data processi@pnsidering this matteithe
FES2014 atlasan be considered asverysignificant step forwardkeeping close to other atlases in the deep
ocean but showing a lot of improvemeimsshallow water seag@nd some significant ones in the high latitude
seas

After competitive evaluation procedurésiostly based on variance reduction of altimetry time series when
applying tidal corrections predicted from various tidal atlas candidaiéshas been selected for
CNES/NASA/ESAEUMETSAT operationaland reprocessingaltimetry data dealiasing correction, and more
recently as the standard correction in IPREO conventiondy the International Earth Rotation and Reference
Systems Service (IER. Thanks to the (accidental) unusual delay between FES2014 atlas release and this
publication, the project team and the user commumése able taccumulate extensive experience on FES2014
atlas performance in tidal prediction/correction domain. Namisgide spacborne applications, it is now
widely and successfully used for regional modelling and in situ data processing applications, supporting our
confidence in its remarkable accura®g. a matter of factpne can consider that, even five yearsraifs release,
FES2014 is well placed in the most useful global ocean tideeatimrtlist because ots extended tidal
spectrum (34 constituentamong whichl5 were optimally adjusted by data assimilation), its unprecedented
accuracy in shelf and cstl seas and itdetailed coastajrid.

The forthcomingSurface Water Ocean Topograpl8WOT) altimetry mission will especially profit from these

specific characteristics as it will offer coastal and re@re nearly continuous, high resolution coverage
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(Morrow et al., 2019)However the FES project team is already making plans to design the next FE®ittlas,
emphasi®n SWOT mission requirements and needs, which should be available within three yeafSparcsd.
attention will be paid to complex astal regions (such as fjords, narrow channels and stnattsp 1km to 4km

overall coastal resolutiorand to polar seas where the tidal atlases accuracy is weakened by the difficulty of
gathering quality tidal data for data assimilation and model atiid Thinking about more detailed shallow
water observation diding, the improvement of the hydrodynamic model will be one of the critical issues, and
will need to aggregate further accurate weslide bathymetry, which ia tedious and complicated tass the
attempt to access national hydrographic services data is often frustrating, especially whenppiititrdata
release is limited by nescientific considerations. To some extent, we foresee that future atlas improvements
and overall accuracy Wibe correlated withthe level of cooperation of national services in this matter. New or
improved spac®orne bathymetry estimates (gravimetry/sea surface inverBREGAT-2 laser processing,
surface wavebs wavel engt h hopefullg easeithe issué, espatiallp ip termote aoit dat
poorly accessible ocean parts, but opgnded international cooperation arapenpublic data accesemain a

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

Among the new challenges thatll be facedfor 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 oriastuaer discharg@teractions with tides

As it is the case for existing global tidal atlastee stationarity of barotropic tidess not questionedeither in
hydrodynamic modelling nor data processiHgwever it is quite a challenge for the fuidwatlases in the context

of SWOT, which will provide data in estuaries and deltas, and in very high latitude regions. Also tides/storm
surges 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 not least, theote tides(Wahr, 1985 Carton andWahr, 19&) have not
beentargeted in the FES tidal atlasas they ee already corrected in GDRs by a specific correctiased 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 foréksga contusion, we should insist on the

fact thatthe accuracyof the tidal correction in altimetry products is far to be a resolved prohled further
improvements will need to tackle details and issues that have been usually left aside in the past dethaes, and

of course the FES atlas production efforts will be continued.
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Figure 1: Element-wise resolution (in km) of the FES2014 unstructured grids (upper panel) andhe FES2014
resolution divided by FES2004 resolution ratio (lower panel). Resolution increase has been mostly focusedocean

10 ridges, shelves and shores (wherever reasonably accurate bathymetry was made available to the project). The
numerical resolution of the frequency domain solutions is half the elementise resolution due to second order basis

functions (Lagrange P2).
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Figure 2: Vector differences (red dots) between the purely hydrodynamic solutions of FES201@pper panel) and
FES2014 lower panel), and the deep TPJ1J2 altimeter crossover points, for the M2 tidal component. The sizetbé

10 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 model (in cm).
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Figure 3 : Vector differences (red das) between the purely hydrodynamic solutions of FES2012ifper panel) and
FES2014 lower panel), and the deep TPJ1J2 altimeter crossover points, for the K1 tidal component. The size of the
red dots is proportional to the vector difference between the motl@nd the observations. The background colour
shows the amplitude of the K1 tidal component from the model (in cm).
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Figure 4: Maps of amplitude in meters of Sa (upper panel) and Ssa (lower panel) ocean signals estimatednfro
GLORYS2v1 reanalysis.
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Figure5 : alongtrack filtering wavelength used to remove internal tides surface signatoaegsedh number

of 1Hz alongtrack points to be multiplied by a factor six to retrieve the equivalentedength in kilometer
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10 Figure 6: Energy (W/m?) dissipated by 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.
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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)
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Figure 9: Altimetry crossover points selected for the data assimilation: TPJ1J2 in blue, TPNJ1IN in red, EIE2EN in
green.
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Figure 10: TP/J1/J2 alongtrack data selected for the data assimilation.

Figure 11: the 600TG stations selected for the data assimilatianit includes: 151 BPR deep ocean TG from R. Ray,
249 GLOSS coastal TG, 33 Antarctica BPR deep ocean TG, 164 TG from LEGOS composite database (including 15
TG in the Canadian Archipelagoand 13 in theBaffin Sea), 4 TG fromR. Ray shelf databasenorth of Florida (Gray's
Reef, GA, US, R2 offshore GA R, R5 offshore GA R, R6 offshore GA R), 1 BODC TG (Avon Mouth)
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