10

15

20

25

Major improvement of altimetry sea level estimatiors using pressure
derived corrections based ofeERA-rterirERA-INterim atmospheric
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Abstract. New Dynamic Atmospheric Correction (DAC) and Dryopospheric (DT) correction derived from the ERA-
Interim meteorological reanalysis have been conthute the 1992-2013 altimeter period. Using these perrections
improves significantly sea-level estimations foogltemporal signals (< 2 months); the impactiergger if considering old

altimeter missions (ERS-1, ERSTRTopex/Poseidoy for which DAC_ERA allows reducing theong-track SSH error by

more than 3 cmesidual-variance-at-crossoverstpre-thanl0-emzin the Southern Ocean and in some shallow water

regions. The impact of DT_ERA is also significamtfie southern high latitudes for these missions.

Concerning more recent missions (Jason-1, JasaneésnvisaENVISAT), results are very similar between ERA-Interim
and ECMWF based corrections: on average on glotedrg the operational DAC becomes slightly bettantDAC_ERA
only from year 2006, likely due to the switohthe operational forcintp a higherspatialresolutionef-eperationaforcing.

At regional scale, both DACs are similar in deegart but DAC_ERA raises the residual crossoversanee in some

shallow water regionsndicating a slight degradation on the most recgdrs of the studyOn the second decade of

altimetry, unexpectedly DT_ERA still gives bettesults compared to the operational DT.
Concerning climate signals, both DAC_ERA and DT_ER&ve a low impact on global MSL trend, but thep tave a

strong impact on long-term regional trends estiomtuntil several mm/yr locally.

1. Introduction

Since the 1990's, several altimeter missions hasenbmonitoring the sea level at global scale. Thatokits current
accuracy and maturity, altimetry is now consideesda fully operational and accurate observing systedicated to
scientific and operational applications, among Wwhimderstanding the global climate change anddlaed global Mean

Sea Level rise (MSL) and mesoscale applications gméority.
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Satellite altimetry has shown its efficiency toef#tearly changes in the global and regional M8hds (Willis and Church,
2012; Cazenave et al., 2014). However ensurindotig-term consistency and stability of altimeterasirements from one
or several missions is challenging.

The global MSL trend has been determined to berar@i2 mm/yr over the period 1993-2008, with aneutainty of 0.5
mm/yr (Ablain et al., 2009, 2015) mostly explaineg the orbit errors (Couhert et al., 2014), theirg®f the altimeters’
instruments, the drifts detected in radiometer t@pospheric correction (Legeais et al.,, 2014) andertainties due to
geophysical corrections.

In order to access the targeted ocean signal, etkinmeasurements are corrected from several imstrial and geophysical
corrections including the Dry Tropospheric correat{noted DT), and the Dynamic Atmospheric Cor@ti{iDAC) which
is one of the most critical after the tide correoti

The accuracy of DAC has been deeply improved dutirgglast 20 years. First, because the ocean hdsarn dynamic
response to atmospheric forcing at high frequenaie$ when considering large scales (Vinogradova Roate, 2007;
Mathers and Woodworth, 2001;Ponte and Gaspar, 18%9%&brand et al., 1980), taking into account a®#stead of an
static Inverse BarometdB-correction(noted IB) allowed a very significant improvement of altimefpyoduct Earrére

Carrereand Lyard, 2003). Then the quality of the DAC hasréased thanks to a better bathymetry field amigher
resolution mesh from 2007 (Carrere et al., 200%)l, Significant errors remain mostly due to akaaf resolution of the
model (in shelf seas but also in some deep ocegion®), to remaining bathymetry errors and also tuatmospheric
forcing fields uncertainties (Lamouroux et al. 20D8mouroux, 2006; Greenberg et al., 2007).

In this context, the main objective of the seale@€I project (Ablain et al, 2015), was to build proved long-term
altimeter sea level data records dedicated to téirstudies. For that purpose several algorithmstr(imental parameters,
orbit calculation, radiometer wet tropospheric eotion, atmospheric corrections derived from modeaeanic tidal
corrections, sea-state bias, ...) were developeadchpoove altimetry data and the processing to mexdgeneter missions
together.

Concerning the pressure derived corrections DAC @fidone of the main issues comes from the fadt e ECMWF
operational analysis used to force the barotromdeh are not compliant with climate and MSL apgiicns. The stability
is not ensured because many jumps exist in the aretgical temporal series due to ECMWF model etiohs or
upgrades: Ablain et al. (2009) showed a significgamgact of these jumps on the trends of the IB #edDry Troposphere
corrections which both depend on the atmosphegsgure field. Moreover the quality of the operaiometeorological
dataset is not homogeneous on the entire altinpetéod: early years are less accurate because afsth of old versions of
the analysis system (ECMWF) and this may impacestanation of mesoscale signals on the oldesty&arrere, 2003).
The methodology adopted is to use BieA-interimERA-Interim meteorological reanalysis (Dee et al., 2011) tomate the
new DAC_ERA and DT_ERA corrections and analysertimpact on sea level estimation at climate scadbes,also at
lower temporal scales for mesoscale applicationse Thain advantage of using meteorological rearmlysi the

homogeneous quality of the temporal series, btiteatost of a lower spatial resolution.

2



10

15

20

25

30

After a complete description of the datasets ardntfethods of comparison in section 2, we presenan analysis of the

differences of the atmospheric pressure derivedections in section 3, and timapact of the new corrections DAC_ERA

and DT_ERA on ocean short scale signals in se&ibrSection4-5 is dedicated to ocean long-term climate signals and

section5-6 gathers the discussion and concluding remarks.

2. Description of the datasets and method
2.1 Altimeter data

The altimeter measurements used were produced &lyoBsiacs and are distributed bgVISO (Archiving, Validation,
Interpretation of Satellite Oceanographic data, P01 with support from CNES

(http://www.aviso.altimetry.fr/en/data/products/seaface-height-products/global.hmIParticularly we have considered

level-2 altimetric products, with 1Hz along-tra@solution, usually called Geophysical Data Rec¢@BRs).
The altimeter period (from 1993) is sampled by alkmeter missions available on two different lalegm tracks:

TOPEX/Poseidonroted TP in the text and on figurgsJason-1r{otedJ1 on figure3 and Jason-2nptedJ2 on figure$,

which are the reference missions flying on therefee TP track with a 10-day cycle; and ERSxdt¢dE1 on figures,
ERS-2 (otedE2 on figure3, ENVISAT (notedEN_on figure$, which fly on a sun-synchronous orbit with 35-dagle. The

The different missions have been homogenized (AVEB®2, Ablain et al. 2015) and the temporal seoie3P, hsoni,
Jason?2 on one hand, and ERS-1, ERS-2 and ENVISAT orther hand, have been concatenated to produceotvgetérm
altimeter time series as describedrogure Figurel. Nearly 20 years of data for each different ohaive been used for the

present study, from 1993 onwards.

The altimeter Sea Surface Height (SSH) is definedhe difference between Orbit and Range, correfrmd several

instrumental and geophysical corrections:

SH = Orhit - Range - DAC - DT - Tide- Other _Corr (1)

where:
- DAC is the Dynamic Atmospheric Correction studiedhis paper
- DTis the Dry Tropospheric Correction also studiethia paper

- Tide includes de the geocentric tide, the solidiEtide and the pole tide corrections. The geo@etitte correction
comes from GOT4.7 model (Ray 1999).

| Code de champ modifié
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- Other_Corr includes the Wet Tropospheric correctthe lonospheric correction, the Sea State Biasction and
complementary instrumental corrections if needed.

iBLA is defined by

the difference between SSH and a mean profile (MdPj)epetitive orbits or a Mean Sea Surface (MS8)dfrifting or new

The Sea Level Anomaly (SLA

orbits. Mean profiles computed on the reference period -gkats (1993-1999)espectively for TP-Jason and ERS-
ENVISAT orbits,have been used for the present study (Hernande3amakffer, 2001).

2.2ERA-interim ERA-Interim_dataset

The ERA Interim meteorological dataset is the lat#sbal atmospheric reanalysis produced by theofeain Centre for
Medium-Range Weather Forecasts (ECMWF). Nearlyyiour years of data (from 01/01/1979) are avddain the N128
gaussian grid (equivalent to ~0.7°), which is thaive resolution chosen for the reanalysis. Moréaitie about the
configuration and the performances of the systesrgaren in the ERA-Interim reanalysis report (Dealg 2011)4#-When
compared to the ECMWF operational analysis, ERArint benefits from a constant resolution and a t@orismodel
version which makes it very useful for climate sésdin particular.ERA-interimERA-Interim resolution isimproved
compared-tbetter tharthe operational one on the first years of altimé®r.7° instead of 1°). Six-holyr ERA-interimERA-

Interim analysisgrids of sea level pressure and 10 meters wind speedshe®n used for the study.

2.3 The Dynamic Atmospheric Correction

The high-frequency (noted HF) ocean signal forcgdhle atmosphere has a strong variability and istindocated at high

latitudes and in shallow water regions (Willebraidal. 1980; Mathers, 2000); it is mostly barotooipiconsidering large

spatial scales (Vinogradova et al. 2007). This litfaa is aliased into the lower frequency band thu¢he bad temporal

sampling of satellite altimeters (time revisit d tlays for TP-Jason altimeters); if not correctbd signal thus pollutes

ocean circulation estimations from altimetry for sogcale or climate applications and also for stgeltalibration

campaigns. This HF ocean variability thus needsbéocorrected from an independent geophysical diboreavith

centimetric accuracy (Stammer et al. 2000).

Since 2004 the Dynamic Atmospheric Correction éddDAC) is used in altimeter GDRs; it is a comkimra of the high

frequencies of MOG2D-G barotropic model forced bggsure and wind (Carrere 2003) and the low frecjesr(noted LF)

of the Inverted Barometer, assuming a static respai the ocean to atmospheric forcing for low Giengies. The filtering

wavelength is based on TP/Jason-1/Jason-2 Nyqgeigtiéncy of 20 days (twice a cycle length), becdhisecorrection is

primarily a de-aliasing correction made for refe@altimeter missions (Carrere and Lyard, 2003).
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DAC = MOG2D-Gi (7 < 20 dayeyt IBLE (7 > 20 days @)

As far as ERS and ENVISAT missions are concernteal sampling Nyquist period is 70 days which meaas the DAC

does not remove all atmospheric forced high frequesignals aliased in the data. For altimeter mmlsions products

(AVISO, 2011), remaining aliased signals are smedtthanks to a long wavelength error correctionyéner for mono-

mission products like GDRs, these signals remaasedi in lower frequency signals and can intenfétk climate/seasonal

variability (Carrere et al., 2010).

The reference DAC correction is computed from tHeGrs ECMWEF operational analysis (sea level pmesand 10 meters
winds) as done in CNES/AVISO dataset (AVISO, 20Tarrere and Lyard 2003). The reference DAC is noted
DAC_ECMWE hereatfter.

2.3.1 Processing of S1 and S2 atmospheric tides

As far the Dynamic Atmospheric Correction for akditny is concerned, the diurnal (S1) and semi-diu¢82a) atmospheric

tides demand a specific processing because thesraterradiationnal tides at the same frequenciéseofliurnal and semi-

diurnal ocean tides. As the radiationnal and trevitgitional components cannot be well separatem fobservations, both

components are included in global ocean tide modieiss the radiationnal tides should not be alsduthed in the DAC

correction to avoid redundancy when correctingragtry data.

The methodology chosen to correct the operatioddl Brom S1 and S2 radiational tides and make itgiementary to the

ocean tide correction, is based on Ponte and R892§2 it consists in removing S1 and S2 atmosphprissure

climatologies from the DAC forcing. Climatologie®mputed from 11 years of operational ECMWF data98t2003;
Carrere, 2005) are used for the operational DAG,they are not coherent with the ERA-Interim datadkw monthly

climatologies based on 18 years of ERA-Interim pues data (1992-2009) have been computed and ¢neoved from the

DAC pressure forcing for the present study.

differences are lower than 100 Pa over oceans amde stronger on land.

2.3.2 The new Dynamic Atmospheric Correction derivé from ERA Interim

The ERA Interim DAC correction (noted DAC_ERA) Hasen computed while forcing the MOG2D barotropieast model

with the corrected ERA Interim meteorological ddéscribed above. The interest of using an atmogphwydel reanalysis

is to improve the quality of DAC on the oldest yeand thus improve the homogeneity of the corractio the entire

altimetric period; improving homogeneity helps estting more accurate trends. Same post-processitigeaone used for

the reference DAC (20-days filtering) has been grened. The new correction has been computed onl@9d4-2013
altimetric period.
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2.4 The Dry Tropospheric correction

The propagation velocity of a radio pulse is slowgdiry gases and the quantity of water vapouhénBarth’s troposphere.

The dry gas contribution is nearly constant andipees height errors of approximately -2.3 m. Tliigat can be modelled

as the gases in the troposphere contribute tontihexiof refraction. In details, the refractive irdiepends on pressure and

temperature. When hydrostatic equilibrium and tieal gas law are assumed, the vertically integreaede delay is a

function of the surface pressure only (Chelton,130The dry meteorological tropospheric rangeexiion is defined by

the following formulae:

Dry_Tropo = —2277* P, (1+ 0.0026 *cod2 * LAT)) ) | code de champ modifié

where R _is the surface atmospheric pressure in mbars, LA&Tthe latitude and Dry_Tropo is the dry troposphe

correction in mm.

As there is no straightforward way of measuring ilaelir surface pressure from altimetry, it is deieed from a global

atmospheric model. The operational dry tropospheoicection (named DT_ECMWEF hereatfter) is basedhenECMWF

operational analyses, which have a 6-hours timaugen (cf AVISO, 2011).

2.4.1 Specific processing for S1 and S2 atmosphetides

Concerning the dry tropospheric correction, thermili(S1) and semi-diurnal (S2) atmospheric tidee demand a specific

processing because they are not well sampled b§-ttmirs ECMWEF pressure fields due to Nyquist tizeor

The methodology chosen to correct the operatiomgl Dropo from S1 and S2 atmospheric tides, ithasn Ponte and

Ray (2002) to remove S1 and S2 atmospheric presdimmatology from the ECMWEF pressure field, as dis@d in the

DAC section 3.1.1. A second step consists in addorgect S1 and S2 atmospheric tides from a speaifnospheric tide
model (Ray and Ponte, 2003).

2.4.2 The new Dry Tropospheric Correction derivediiom ERA-Interim

The ERA Interim Dry Tropospheric correction (DT _ERS based on the ERA Interim atmospheric preséMigan Sea

Level Pressure field), with a 6-hour temporal resioh, and specific S1S2 climatologies describeseiction 3.1.1. The new

correction is available on the 1991-2013 period.

2.53 Method of comparison

In order to compare the studied corrections andstimate their impact on the accuracy of altimelsta, the first step
consists in interpolating bilinearly in space amde, the grids of DAC and DT corrections on thesBié¢s’ ground tracks.
Differences between ERA-interim based correctiams the operational ECMWF ones can then be investigalong-track

for each altimeter. The along-track interpolatetuga also allow computing the altimeter sea surfagight (SSH) using

6
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successively each of the corrections, ERA-basemperational ones. The differences in the sea leweients are analyzed
for different time and spatial scales. Notice thaen the pressure derived corrections solely depenthe state of the
atmosphere, considering several altimeters allaudygng different temporal periods: for example,, T#soni and dson2
are consecutive datasets. Moreover as TP and ERSndrtracks have different orbit characteristicgcie,
heliosynchronism), using these two types of ddtaal considering different aliasing problems.

The impact of DAC_ERA and DT_ERA is primarily estitad for short temporal scales (time lags lowenth@ days),
which are very significant for these correctionstlesy contain a large part of their variability (Migradova et al. 2007).
Moreover these short temporal scales are indirdicthed with climate scales since high temporatjfrency errors increase
the formal error estimation of larger temporal sc@gnals.

The impact of using eadlf thestudied corrections on the SSH performances imagtid by computing the SSH differences
between ascending and descending tracks at crassoveach altimeter, using successively the stud@rection and the
reference one. Crossover points with time lagstehdhan 10 daysvithin one cycleare selected in order to minimize the
contribution of the ocean variability at each cm&s locationAs-{The DAC is by essencehegh-highfrequencycorrection

as described in section 3\ith short temporal autocorrelation scales (Laroam, 2006; Mourre, 2004), arebthe DT is

directly proportional to pressure field (cf. senti®.2) thus; this diagnostic allows a good estimation of th@awt of the

DAC and thehigh-frequeneypart-of the- DT correction on thedF-high-frequencypart of the altimeter SSHocusing on
signals with periods below 10 days in the caséisfdrossovers diagnostics.

The maps of the variance difference of SSH diffeesmat crossover points using successively eachetiic components in
the SSH calculation are first computethey are computed on small boxes of 4°x4° an@ @giformation on the temporal
variance of the SSH differencebrelongterm-menitor e : e
each-altimeter—eyel@he long-term monitoring of SSH is_estimated trgtik the calculation of global statistics for each

altimeter cycle, all along the time span of eactssioin, and considering multi-missions concatendit@@ series as

described in Fig ;lit gives information about the temporal evolutimfithe spatial variance of the SSH differences. fath
diagnostics, the reduction of variance indicatestielb internal consistency of sea-level betweerradiag and descending
passes within a 10-days window and thus charaeteazbetter SSH performance. SSH differences asavers focuses on

HF variability and the spatial resolution of thisghostic is limited due to the localization of ssovers.

To gepursue the analysifurther to the coastye consider along-track observations instead ofsoeersthe along-track

SLA statistics are calculated from 1 Hz altimetrieasurement:

itsAlthough high frequency signals

are aliased in the lower frequency band followihg Nyquist theonapplied to each altimeter samplir§LA time series

contain the entire ocean variability spectrum. eestigate the impact of the new DAC near the spdbe differences of
SLA variances, computed by using successively BAIC corrections, can be plotted as a function cdstal distances
between 0 and 100 km.
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The analysis is finally focused on ocean long-tewnlution at global and at regional scales, whhelevant for climate
studies. The global and regional mean sea levelL{M&nds are computed for each altimetric missionsidered here
(from 1992 onwards), applying the MSL calculatioathod described on AVISO website:

mean grids of SLA are first computed for each cyfleach mission (every ~10 days); then the gloledn of each grid is o

computed for each cycle to estimate the global M®ipe for each mission. The regional MSL slopesefich mission are

then estimated using previous SLA grids for eactiecyand each mission and a least-square methodcht grid point.

Trends are estimated for each SLA using succegdivelstudied and the reference DAC and DT comastiNotice that the
trends of the altimetric missions can be very défe one to each other due to the impact of theions timespan on the
trend estimation, longer timespan allowing a mareugate trend estimation. Error-bar of the MSL tieestimation is about
0.5 mm/yr (Ablain, 2015).

3. Analysis of the differences offhe atmospheric pressure derived corrections

{

Mis en forme : Couleur de police :
Automatique

In_this section we analyses the differences betvtherreference (ECMWEF based) and the studied (BRédm based) - - ‘[Mis en forme : Normal

atmospheric pressure derived corrections, namel€ @Ad DT, at a global and regional scales; a lemgranalysis of these

differences is also presented on the 20 yeardiofetly data available.
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- - {Mis en forme : Titre 2

3.1 The Dynamic Atmospheric Correction

The monitoring of the global differences betwéehC ERA and DAC ECMWAHseth-corrections and also of the map of

the differences provide information concerning ith@act of the studied correction at the global eegional scale and for

9




different time scaleskigure Figure3 shows the monitoringf the standard deviation and the mean of the rdiffees

deviation) for the ERS-1, ERS-2 a8 ENVISAT missions, which cover the nearly entire altimepréciod considered.

The mean difference between both corrections isitathomm, with annual variations below a few tentfisnm for all
5 missions. The standard deviation of the differendearly evolves with time, with strong differencas the first years of
altimetry (until 1.6-1.8 cm for ERS-1 and TP) whidhcrease until year 2002 and then become stablm@r0.5 cm for
ENENVISAT, Jasoni and dson2. A low annual signal is likely explained by treasonal ice cover’s impact.
The maps of the differences also indicate strongéres for old altimeter missions: the mean ofedé#hces shows values
until 1 cm or even more in some large regions nydisdated in southern high latitudes for ERS-1, ER&nd in the Arctic
10 and other ocean regions for ERS-1. As expected tlmmatmospheric pressure and wind high frequereiability, the
standard deviation of differences shows weak difiees in the inter-tropical area (between latitut@S/40°N) and strong
differences of several cm (over 3 cm) in southégh hatitudes, in the Bering strait, in the Arctind in some shallow water
regions. The differences are stronger in the sontRacific for the three old missions considered significantly higher for
the oldest one, ERS-1.
15| Concerning more recent missions&sAsaENVISAT, mean differences maps show some patterns withl sliffarences
below 0.4 cm; and standard deviation maps indicakees below 0.8 cm on most of the global oceanentidi1.8-2 cm in a

few shallow water regions. Those results confirmt thoth atmospheric models considered are veryeabosrecent years,

but some differences remain in shallow waters yilkedplained by the lower resolution of the reanialys this period.
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3.2 The Dry Tropospheric correction

15| DT_ECMWEF corrections on 20 year perigéigure Gigure-6shows the map of the differences between botrections - { Mis en forme : Anglais (Etats-Unis) ]

(mean and standard deviation) for the ERS-1, ER8eEnRvisatENVISAT missions.
The mean difference between both corrections islyneall, with variations lower than a few tenth wfm for all missions.

As for the DAC, the standard deviation of the difeces is stronger for old missions, with lowereal than for the DAC
because the DT correction is a smaller amplitudeection: differences reach 0.4 cm foBBPEX-TP and ERS-1 missions,
20 and 0.1 cm for Jason-2 mission, one fourth of tiifer@nces observed for DAC. A low annual signahiso visible. We
notice a small but sharp lowering of the standeediation of differences at the beginning of yead&0this is likely
explained by the resolution change from N256 to NdDthe ECMWF native grid, and indicates that BWE correction is
more affected than DAC by the meteorological m@elutions (cf. ECMWF system evolutions website).
The maps of the differences indicate also strorgkres for the old missions — ERS-1 and ERS-2n fhathe more recent
25| EnvisatENVISAT mission: the global mean differences are low formassions (below 5 mm). Following the atmospheric
pressure variability pattern, the variability oettlifference is stronger in the southern highddés and reaches more than 1
cm for ERS-1 and until 0.7 cm for ERS-2, and onl2 @m for EnvisaENVISAT. We also notice some small scale
oscillations orenvisatENVISAT maps which are explained by some errors occurrirthe operational DT fields based on

gaussian grid of surface pressure (Gibbs oscifia)iosed since 2002 (Dibarboure, 2003).

11
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4. Ocean short temporal scales

Analyses presented in this section concern higlueacy signals (time differences lower than 10 Hapsorder to quantify
the impact of each correction in the SSH calcuhticrossovers and along-track analyses are pertbamedescribed in

previous section. We first focus on the impact gl ocean and then go further into details wime regional analysis.

4.1 DAC

The impact of the new DAC_ERA on the SSH perforneaiscfirst quantified by plotting the temporal evibn of SSH

respectively for th&OPEXTP/Jason-1/Jason-2 and the ERS-1/ERSa2isatENVISAT altimeter time series. We note that
DAC_ERA strongly reduces the SSH variance comptréde operational DAC on the first years of altigethe reduction
reaches 5-12 cm? on th89%-19921996 period, and it corresponds to a mean diminutiothefalong-track SSH error of 2-
3 cm when using DAC_ERA, which is a very importeggult. Then this impact diminishes until 2002, ltill remains
significant.

Concerning more recent missions (Jason-1, Jas@&mn2isaENVISAT), DAC_ERA andBAC-ECMWFDAC ECMWF
have comparable results in terms of crossoveranegi reduction: differences remain between +/- 2 emaverage on
2002-2014. DAC_ERA tends to raise slightly the aace compared to ECMWEF operational correction émisn 2006 and
onwards. The very close results of DAC_ERA aRdC-ECMWFDAC_ECMWEF on the recent altimeter period is
remarkable and not expected since the operatioBM\EF model has benefited from significant improvenseover time.
Evolution of ECMWF operational dataset is linked itoproved modeling, resolution and data assimifatfrocess:
operational database has a 0.5° resolution unfi62@ be compared to the 0.7° of ERA-Interim, tloperational model
resolution changed to N400 (~0.2°) in January 2@®@, to N640 in 2010 (cf. ECMWF evolutions websité)obal ocean
results suggest that modeling and data assimilatiggrovements contained iBRA-intedmERA-Interim have a very
important impact and overwhelm the lower resolutEsue ofERA-nterimERA-Interim on most of the studied period, even
until 2006. Only the last versions of ECMWF opesatll model tend to improve slightAC-ECMWEFDAC ECMWFE
compared to DAC_ERA on the recent years.

To investigate regional patterns, the maps of S&ttkce difference at crossovers using successilie)DAC_ERA and
the reference DAC, for each altimeter missionsotted inFigure &igure8: old ones ERS-1, ERS-ZOPEX-TP and
recent ones Jason-1, Jasoi=8yisaEVISAT. Regionally, the improvement of sea-level estiorais very significant using
the DAC solutions derived frorBRA-interimERA-Interim for all old missions tested, ESSR-1, ERS-2 andFrOREXTP:

DAC_ERA allows reducing the residual variance atssovers by more than 10 cm? in the Southern Owabane the high
frequency dynamic response of the ocean to atmospfacing is very important (Webb and de Cuev&92 2003;

Carrere, 2003; Vinogradova and Ponte, 2007). Tldeat®on is also significant in many shallow wategions like the

12
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Bering strait, the Hudson bay, the Patagonian shelfth Australia, in the Yellow sea..., and in thecic Ocean. In all
those regions, DAC_ERA correction allows diminighithe along-track error by more than 3 cm, compdoe®AC-

ECMWEFDAC_ECMWE, which is very significant. Those results showattthe ERA-intedmERA-Interim reanalysis is
much more accurate than the operational ECMWF madgth is used to compute the reference DAC, enfiist decade

of altimetry.

If considering the second decade of altimeEypisaENVISAT, Jason-1, Jason-2), both DAC have a similar impadeep
ocean regions but using DAC_ERA raises the SSBsoners variance in some shallow water regionsttikeBering strait,
the Arctic ocean, the China Sea, the Patagonialf 8haround Australia. This local variance raissde explained by the
better resolution of the operational forcing on teeent years, which is an asset to solve shotiasjsaales characteristic of

shallow-coastal areas; this raise is strongeEfrisatENVISAT and Jason-2 which are the most recent altimetacsest

previous results: DAC_ERA allows reducing the SL#&iance near the coasts for old altimeter missibiienit tends to

raise it slightly when considering more recent imoiss.

-

- { Mis en forme : Titre 2

4.2 Dry Tropospheric Correction

The impact of the new DT_ERA on the SSH performasavaluated thanks to the estimation of the temlpsvolution of
SSH variance differences at crossovers using ssieedg different DT corrections in the SSH calcidat as plotted in
Figure 1Gigure10. As for DAC_ERA, DT_ERA correction strongly redscthe variance compared to DT_ECMWEF on the
first years of altimetry: reduction reach&2-5 cm? on the 1992-1996 period, which corresponda tbminution of the
along-track SSH error by 1-2 cm. Even the impactDdf ERA is weaker than DAC_ERA's one due to the lgna
amplitude of the correction itself, the impact of IERA is very significant on the first decade dfraktry. Then this impact
diminishes until giving similar results as the ggé&mal DT_ECMWF on the 2002-2013 period. It is thonoting that the
SSH variance reduction obtained with DT_ERA remaiegative on the entire period, showing an improsemeven
slightly on last decade; this result was not exgect

The maps of SSH variance difference at crossov@mgsuccessively DT_ERA and DT_ECMWF (Efgure 1Figurell)
give information about the regional patterns oftimprovement for each altimeter. The maximum vergareduction is
localized at high latitudes, where the variabi6fyatmospheric pressure is maximum. The regionptavement of sea-level
estimation is very significant using the DT_ERAuw@n for all old missions, ERA-1, ERS-2 and TP: the variance gain is
the strongest for ERS-1 and reaches more than 2nctine high latitudes. For ERS-2 ah@PEXTP, the variance gain is a
bit smaller but remains significant in the south@eean.

If considering more recent missiorsafrisaENVISAT, Jason-1, Jason-2), we notice that DT_ERA stitived reducing the

SSH variance on the global ocean, even on moshtrgears (Jason-2). This unexpected result is wantferlining, as the
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operational ECMWEF pressure field benefits from #idsaesolution than ERA-Interim on this period ahishould improve
the quality of the DT_ECMWF correction. However sheesults suggest that the impact of the Delayea: Rssimilation
window used for ERA-Interim reanalysis (Dee et2D11) is more important than the spatial resofuta the quality of the

DT correction.

5. Ocean long-term climate signals

The impact of using the new ERA-Interim derived aspheric corrections (DAC_ERA and DT_ERA) insteddtte
operational correction is analyzed in terms of kergn trend of the altimete8SH-AnomalieSLA. Operational ECMWF
analyses are known to contain drifts due to thdutiom of the operational model upon time (change@mputational
methods and in the data assimilation system; ThantkVose, 2010), which can impact the MSL trertdregions (Ablain
et al. 2009). As meteorological reanalyzes ensteatgr homogeneity of the database over time, dheyhus more suitable
for long-term signals estimations as already disedsy Ablain et al. (2009) and Legeais et al. 20inoreover, reduced
high frequency errors thanks to the better qualitthe reanalysis as described in previous sectiitisdecrease the formal
error estimation of the long-term signals as theLMi®nd. MSL trends at global and regional scalesiavestigated as
described in section 2.3. Particularly as the diffiee between ECMWF and ERA-Interim based correstghows large
spatial patterns of strong variability, the regioM&L trends may be significantly affected by theewf the pressure derived

corrections based on ERA-Interim.

Global analysis shows that the new ERA-Interim Has@utions have a very small impact on the estomatf the global
than 0.07 mm/yr, which is one order of magnitudedothan the global MSL trend uncertainty: 0.5 mm{Ablain, 2015).
Even meteorological models can have instabilitiegumps due to model evolutions, this weak impattgtobal trends
could be expected as the mean pressure is removeerfiorm the IB and to force the barotropic modeld the DAC is
computed with an instantaneous zero mean. As seéiigare F-igure5, the DT is more affected by meteorological model
evolutions as it depends on the pressure fieldrdsutlts indicate that the impact on MSL trendegligible at a global scale.
Notice that the trend differences observed betwesmh missions are not significant, as they are Ignesplained by the

different lengths of the temporal series available.

The impact of using ERA-Interim based correctionstie regional MSL trends estimation is analyzedeims of spatial
distribution of the MSL trends for each mission sidered in the study (cEigure 1Figurel2 andFigure 1¥Figurel3).

Although no impact is detected on the global MSéntt, using DAC_ERA correction instead of DAC_ECMW&s a
significant impact on the estimation of regiona&lnis. Considerable trend differences are displéyethe oldest missions;

differences are locatedn-nearly everywhere orthe global ocean for ERS-1 (7 mm/yr) and are likexplained by the
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strong differences between DAC_ERA and DAC_ECMWFthis period, but also by the short time-span & BERS-1

temporal series, which makes the MSL trends esitimdéss accurate and less stable. MSL trendsrdiffees are mostly

located in the southern high latitudes for ERS-2.%tmm/yr) andFOREX-TP (+1.5 mm/yr), which correspond to the

regions where the differences between the DAC mwistthemselves are the greatest and also wher&3he variance
reduction is strong. Concerning more recent missiohe impact of DAC_ERA on regional MSL trendsireations is
smaller than for old missions, but it is still neégligible: differences reach locally 1-1.5 mm/gr ErvisaENVISAT,
Jason-1 and Jason-2. The impact of DAC_ERA on #tienation of regional trends is likely explained the fact that
DAC_ERA strongly reduces the high frequency vatigblocally as discussed in previous sections, #mgs the formal
error of the least square adjustment of the MShdseis also reduced; this impact is all the mongdrtant that the regional
trends are more affected by the oceanic variakilit§ annual/semi-annual signals than global trends.

Using the new DT_ERA correction instead of the DCMBWF has a weak impact on the regional MSL tremdsseen on
Figure 1¥Figured3: differences are lower than 0.3 mm/yr on the glauaan for most of missions. Differences are gfeon
for ERS-1 mission, reaching 0.5 mm/yr or even antwire on nearly the entire ocean, but these strovmjaes are likely
mainly due to the shorter time series availabletiegr mission.

The different diagnostics presented here poinsonte differences for long-term regional trendsnegtions, when using the
ERA-based corrections instead of operational ctioes, but they do not demonstrate which trendhis most realistic.
Comparisons with in-situ measurements (Valladeal, €012) as well as tide gauges or temperatulesalinity profiles do
not allow obtaining relevant results mainly duethe errors of the methods. However, as the DAC_ERA DT_ERA
introuvabler), and because these high frequencies are relatémver frequencies through the aliasing phenomema
contribute to the formal error estimation of longere-scales signals, we can assume that the DA®. &Rl the DT_ERA

corrections have a positive impact on regional Mi®hds estimation.

6. Discussion and conclusions

New DAC and DT corrections derived from the ERAehiin reanalysis have been computed on the entireetfic period.

These corrections have been extensively compar#tketoperational DAC and DT solutions using lormgetiseries of six
altimeter missions: ERS-1, ERSTRREXTP, EnvisaENVISAT, Jason-1 and Jason-2.

Concerning short temporal scales, the improvemésea-level estimations using ERA-based correctismeaximum on
first decade of altimetry due to the lower qualifyoperational ECMWF analysis during this periodheTimpact is more
important at high latitudes where the atmospheoicifig is more energetic, and DAC_ERA also showsigmificant

improvement in shallow waters where the ocean h&tsoag dynamic response to atmospheric forcingjgit frequencies.
Using the new DAC_ERA correction induces a dimiontof the along-track SSH error of ab@u81-2.4cm globally and

even more than 3 cm at high latitudes and in sivallaters. Although the DT correction has a lowetalkglity compared to
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the DAC, using the new DT_ERA allows reducing tleng-track SSH error by 1-2 cm on global ocean lapdnore than 3

cm at high latitudes.

Unexpectedly on the three recent missions studiegli¢aENVISAT, Jason-1 and Jason-2), ERA-based corrections show

similar performances as the operational correctati®ugh the meteorological reanalysis has a tapatial resolution than
the ECMWF operational analységdoreoverDT_ERA remains better then DT_ECMWF on the globzg¢amn even on the
most recent mission Jason-2. DAC_ERA and DAC_ECMNvdfe comparable results in deep ocean, but DAC_EERAs

to raise the residual crossovers variance in sdm#losv water regions, where the finer resolutionoperational forcing

seems more appropriated to solve small spatiatsadlaracteristic of shallow and coastal oceanrdima

Concerning long temporal scales relative to clinmsitelies, the present analysis shows that the Eftgd corrections do

not have a significant impact on the global MSintte. Using DT_ERA does not impact the regional M&nds either

onaerdifference e displaved for ERSission-bunre likel explained by the shorter time snan-aef thission-which

makes-MSL-estimations-less-aceurdiising DAC_ERA has a strong effect on long-termioeal trends estimation, with
trend differences of several mm/yr locally.

As the DAC_ERA induces a strong improvement whensitering short temporal scales, and because thigge

frequencies are related to lower frequencies thrdhg aliasing phenomena and contribute to the dberror of the MSL

trends estimation, we can assume that the DAC_E&%fahpositive impact on regional MSL trends esiionat

The results presented here allow recommending sleeofi DAC_ERA on first altimetry decade for ERSERS-2, and
TFOPRPEXTP missions. For more recent missions, DAC_ERA caa hisused at least for long-term signals estimatoget

rid of any discontinuity between both DAC correasio but at the cost of a slightly raised variancsome shallow water
regions. Indeed, if using a combination of DAC_ER®d operational DAC, the continuity between both@golutions at

regional scales will need to be checked at leadbfmy-term studies.

The Dry Troposphere correction derived from ERAetith pressure field is also of great interest fbmpplications, and

this correction can be used for all altimeter nussieven the most recent one studied here, Jason-2.

Given the results of the present study, the DAC_ERA the DT_ERA time series are still being congaléh delayed-time
with a few months delay. These ERA-based correstae used in several projects and products likeFRER (2014), CClI-
phase-2 project (Ablain et al, 2015), SALP (SSALDOACS 2015), FES2012 and FES2014 tidal models @Zaret al.
2012; 2014), Jason-1 reprocessing project (Jagmndbook, 2015) ...

7777777777777777777777777777777777777 Automatique

As the ERA-Interim meteorological prodyths a coarse spatial resolution compared to theatpeal database on recent - { Mis en forme : Couleur de police :
yearsnisses-a-smaller-spatial-resolutianperspective of this work will be to test a newospheric climatology with a finer
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spatial grid; this would likely help improving thesults presented here in shallow waters and algbe southern deep

ocean regions where the ocean response to metgmallforcing is enhanced on topography patterns.
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| Table 1: Cycles used for the analysis of each altife mission. - - { Mis en forme : Légende, Centré

Mission Cycles used Period
Topex/Poseidon 11-481 31/12/1992-08/10/2005
Jason-1 1-330 15/01/2002-26/12/2010
Jason-2 1-200 12/07/2008-16/12/2013
ERS-1 15-27 and 41-53 23/10/1992-02/06/1996
ERS-2 1-85 15/05/1995-02/07/2003
ENVISAT 10-93 30/09/2002-18/10/2010

20| Table 1-cycles-used-foreach-altimetermission.

estimation error (LSR) in mm/yr

‘ Table 2: Impact of ERA-Interim based corrections (DAC ERA and DT_ERA) on global MSL trends and the Least Squa Root <~ - - { Mis en forme : Légende, Centré

) MSL trend using ) )
Altimeter ) Difference of MSL trend: Difference of MSL trend: g == {-rameau mis en forme
o ECMWEF corrections
mission ECMWF - DAC_ERA ECMWF - DT-_ERA
(Referencejnmfyr +/-
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LSR (mml/yr)
ERS-1 6.34+/- 0.62 0.07 0.01
ERS-2 2.66+/- 0.15 0.01 -0.02
TP 3.12+/- 0.03 -0.02 0.01
EN 2.28+/-0.18 -0.04 -0.03
J1 2.55+/- 0.07 0 -0.02
J2 3.18+/- 0.15 0.07 0.07
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Figure 1: Aaltimeter long-term time series used in the stud'
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Figure 2: Difference of S1S2 atmospheric pressurdimatologies from ERA-irtermERA-Interim and ECMWF analyses where S1
and S2 respectively represent the diurnal and senaiiurnal atmospheric tides
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Figure 3: Ttemporal evolution of the global differences betwee®AC_ERA and the operational DAC seen by each altigter
missions :ERS-1,-ERS2-Envisatenleft—and-TP, Jason-1 and Jason-2n-fightabove and, ERS-1, ERS-2, Envisat belogmean
and standard deviation in cm).
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Figure 4: Sstatistics of differences between DAC_ERA and the opational DAC seen by ERS-1, ERS-2 and Envisat altieter

missions (mean and standard deviation in cm).
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| Figure 5: Ttemporal evolution of the differences between Dry-Trpo-ERA and the operational Dry Tropospheric Correctbn seen
by each altimeter missions series : TP, J1, J2 tingeries above, and ERS-1, ERS-2, Envisat time serieddve (mean and standard
deviation in cm).

27



Mean of DT_ERA - DT_ECMWF

Standard deviation of DT_ERA - DT_ECMWF
Mission el, cycles 15 to 53
T

Mission el, cycles 15 to 53
T

1
200

L
200

Mean (cm) Standard Deviation (cm)
N =
1.0 05 0.0 00 02 04 06 08 10
Mean of DT_ERA - DT_ECMWF Standard deviation of DT_ERA - DT_ECMWF

Mission 2, cycles 1 to 85
T

Mission e2, cycles 1 to 85
T

50

50

0 100 200 300 0 100 200 300
Mean (cm) Standard Deviation (cm)
I e — | == -
1.0 0.5 0.0 05 10 00 0.2 04 06 08 10

Mean of DT_ERA - DT_ECMWF

Standard deviation of DT_ERA - DT_ECMWF
Mission en, cycles 10 to 93
T

Mission en, cycles 10 to 93
T

Figure 6 : Maps of differences between DT_ERA and theCMWF operational DT seen by altimeter missions ERS51IERS-2 and
Envisat (mean and standard deviation in cm).
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| Figure 7: Temporal evolution of SSH variance diffeences at crossovers using successively tB&A-interimERA-Interim and

reference DAC solutions in the SSH calculation foTOPEX/Jason-1/Jason-2 time series (on left), and ERSERS-2/Envisat time
series (on right).
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Figure 8: Maps of SSH variance differences at crossers using successively thERA-interimERA-Interim and reference DAC
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| Figure 9: Difference of variance of SLA using sucasively theERA-interimERA-Interim

calculation, for each altimeter, and as a functiomf distance to coast.
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| Figure 10: Temporal evolution of SSH variance diffeences at crossovers using successively tB&A-interimERA-Interim and
ECWMF operational DT corrections in the SSH calculaton for TOPEX/Jason-1/Jason-2 series (on left), and ER1/ERS-2/Envisat
(on right).
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Figure 11: Maps of SSH variance differences at cresvers using successively theRA-interiERA-Interim and ECMWF
operational DT corrections in the SSH calculation foERS-1, ERS-2 and TOPEX on left, and for Envisat, Jased and Jason-2 on

right panel (cm2).
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Figure 12: Maps of MSL trend differences using sucasively the DAC derived fromERA-interimERA-Interim and from ECMWF
operational pressures fields (reference) for ERS-EERS-2 and TOPEX on left-hand panels, for Envisat, Jasel and Jason-2 on
right-hand panel (mm/year).
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Figure 13: Maps of MSL trend differences using sucasively the DT correction derived fromERA-irterimERA-Interim and from
ECMWEF operational pressures fields (reference) for EB-1, ERS-2 and TOPEX on left-hand panels, for Envisatlason-1 and
Jason-2 on right-hand panel (mm/year).

35



