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Key Points:

1 Spatialscaleof the transitiorfrom geostrophicallybalanced to unbalanced motions is
estimated regionallfrom satellite altimetrylata for the first time.

1 Results agree witim situobservations and predictions from higdsolution models
including tidal forcing

Abstract

The oceands sea surface height ( SSH) fiel
balance andinbalanced motions includingigh-frequency tides, internal tides and internal
gravity wavesBarotropic tides are well estimated for altimetric SSH in thenopcean, but

the SSH signals of internal tides remaifke transitionscalg Lt, at whichtheseunbalanced
ageostrophic motions dominate balanced geostrapbitons is estimatedor the first-time

using satellite altimetry.Lt is critical to define thespatial scalesabove whichsurface
geostrophic currents can be inferred from SétdientsWe use a statistical approach based

on the analysiof 1 Hz altimetric SSH wavenumber spectréo obtain four geophysical
parameters that vary regionally and seasonally: the background error, the spectral slope in the
mesoscale range, a second spectral slope at smaller scalés, @ahd mesoscale slope and
error levels are similar to previous studies basadsatellite altimetry. Thdreak in the
wavenumbespectra to a flattespectral slope can only be estimated in-aittude regions
where the signal exceeds the altimetric ntesel. Smallvalues of Lt are observed regions

of energeticmesoscale activity, whilarge values are observewards low latitudes and
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regions oflower mesoscalectivity. These results are consistent widtent analyses oh
situ observations ankigh-resolution modelsLimitations of our results andmplications for

reprocessedadir anduture swathaltimetric missions are discussed.
1 Introduction

Global maps of multmission satellite altimetry sea surface heig@®H)are widely used in
the ocean community, resolving the larger mesosbalamic scales greater than 1500 km
in wavelength (Chelton et aRQ11 Ballarotta et al.2019. Our understanding afpperocean
dynamicsin the smallermesoscale to submesoscalavelength rangéroughly 15200 km)
has seen great improvement in mcgearsdueto the combined use a@f situ measurements
and stateof-the-art highresolution ocean models (Sasadti al 2014 Rochaet al. 2016a,
2016b; Qiu et al. 2017 2018 Klein et al., 2019 Processes at these spatial scales
essentiain determining theupper ocearenergy budgethrough the kinetic energy cascade
and energy dissipatiofe.g. Ferrari and Wunsch 2Q0McWilliams, 2016;Rocha et al.,
2016). Additionally, they play acritical role in connecting thesurface ocean with the
interior, through the modulation of the mixed layer seasonalityreadtransfer Capet et al.,

2008; Klein et al., 20Q8Thomas et al., 20Q0&u et al., 2Q0; Siegelman, 2020

Kinetic energy and SSH variancat these15-200 km spatialscales is partitioned between
balanced(geostrophic)and unbalancedageostrophic)motions Quantifying he relative
importance of each component of the flagross the ocears capital for thecorrect
calculation of geostrophic currents frd@%H forall satellite altimetry missions, includirige

upcomingSurface Water and Ocean Topography (SWa@igh-resolutionaltimetry mission

Barotropic tides are well estimated for altimetric SSH in the open ocean, but the SSH signals

of other ageostrophic higihequency motions remainRecent results show thatepending

onthe location and season, theergyand SSH signaturassociated witluinbalanced motions
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(including neatinertial flows, internaltides,and inertiagravity waves)anovercome thaof
the balancednotionsat smaller scalegRocha et al., 2016IQiu et al., 2018Chereskin et al.,
2019) imposing awavelengthboundary beyond whictsSH measuremestprovided by
satellitealtimetry can no longer be used to infer upper ocean geostréiptis. Documenting
the spatial scale at which this occurs (thecalbed transition scale, Lfpr the world ocean
has beome one of the focal pombf recent efforts in thesatellite altimetry andSWOT

communites(Qiu et al., 2017, 2018Vang et al., 2018).

Tackling this problem needs highsolution ocean datadeally in space and tim&o date
progreson documentind-t has been achieved exclusivéityough the use aoh situ datan a
few limited regionsand highresolution global models, giventhe insufficient timespace
resolution ofsea surface heigh86H maps frommulti-missionaltimetry (these maps have
decorrelation scales of ~15 dagsd 200 kmChelton et al., 2011; Ballarotta et2019. In
constructing thaltimetric SSH mapsthe spatial scales below 200km are sevesghoothed
by the optimal interpolation algorithrasonservingonly a small portion of theignal at small

wavelengthge.g. Ray and Zaron, 261Dufauet al., 2016).

Alongtrack altimeter data have a finer spatial resolutttan the mapped datand recent
reprocessing now allows us to access oceanic scales down70 k@ for Jasaditlass
altimeters, and 350 km for SardAltiKa (Dufau et al., 2016Vergara et a).2019 Lawrence

and Callies, 2022 Most of the unbalanced internal tidenergy,and some of the internal

gravity wave energyoccurs at scaldargerthan 40 km wavelength and can be observed with
the latest alongtrack altimetry datdaron, 2019) Using alongtrack SSH data from recent
altimetric missionsand a statisticahpproach based on wavenumber spectral analysss
paper willdocument theglobal distribution of Lt Considering thenoise characteristics of

differentaltimetic missions welimit our Lt estimates to regions whetteey exceedhe local
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observability wavelength We also take into account thencertainties associated with the

altimetric measuremengd thanfluence of this error in our estimates

Our satellite altimetry wavenumber spectral Lt estimates are consistarrevious studies
based on modeling or4situ analysis:small valuef Lt are observed in the highly energetic
western boundary current systems and in the vicinity of the ACC (Rocha et al., 2016b, Qiu et
al., 2018)suggesting a dominance of geostrophychthlanced motions on ttseirfacekinetic

energy field. On theother handLt is large in the vast intertropical ocean (2028°N),
suggesting aignificant contributiorof energetiovavetype motions to the upper oce&sH

field here

2 Data and Methods

2.1 Sea Surface Height (SSH)Hz data

Alongtrack SSH data fromtwo missions with different technologies(Jasor3 1 J3
conventional nadir altimetrgnd SentineBA 1 S3 Synthetic Aperture Radar nadir altimétry
are analyzed at a global scale. Time period analyzedpanstheir commomd-year period

from March 205 to March 209.

Alongtrack SSH observations are maintained at their oridié observational positiowith

7 km spacing,and are corrected for all instrumentanvironmental,and geophysical
corrections (Taburet et al.,, 20). Only time dependent variations @ilongtrack SSH
measurementare considered, following Stammer (1997), Le Traon et al. (2008) and Xu and
Fu (2011, 2012). iBce S3 is on a new repeat trackeaSLevel Anmalies (SLAs) are
computed forboth missions by subtracting the Mean Sea Surface model CNES_CLS 2015

(Schaeffer et al. 201®ujol et al., 201Bfrom the alongtrack SSH measurements.

2.2 Unbiased wavenumber spectrunand spectral shape analysis



100 In order to obtaimegionally varyingspectral estintes we applythe methodology described
in Vergara et al (2019)We samplethe alongtrack SSHneasurements inside &°k12°
regionalbox and tlen subsample the track$ each pasmsiside ths regional boxto a constant
length of 200 km. Individual spectral estimates are then obtainegdyorming a spatial
Fast Fourier Transform (FFT) on eac20@ km subsampled Tukey window of 0.5 width is

105 applied to the data in order to minimize boundeffgctswhen performing the FFT over the
finite dataset(Tchilibou et al., 2018)Data overlapping isllowed but limited to a 25Gm
overlap.We verified that the overlapping scale is larger than the local spatial decorrelation
scale(estimated from the first zem@rossing of the local autocorrelation functigio) avoid an
artificial overrepresentation of certain spatial scales introduced by the overlapiag.

110 regional spectrum is theobtained by averaging the individual spectatimatesnside the
12°x12° box. Global coverage is obtained by iteratively repeatimg processvery 2° in

longitude and in latitude

For each average spectrum, we estimate the 1 Hz error level by fitting a dtedigjhe to
the SLA Power Spectral Density (PSDégvel for wavelengts between 15 and 30 Km
115 wavelength a similar techniquewas applied by Xu and Fu (20%1pufau et al. (2016)
Vergara et al (2019)This straightline fit is horizontal for J2and S3(white noise) The
spectrum shape of S3 showsl@ght slope over the 15 to 30 km wavelength rafrgd-type
noise) which is a characteristic effect of the wind wave fietd the SAR measurements
(Moreau et al., 2008 The difference®n the unbiased spectrum and our methodolelygn
120 applying eithera red noise or white noise fit to the-38 km band of S3 data are explored in

Appendix A

The spatial patterns of theoise levels forJasoR3 and SentineBA (Figure la, 2a)
approximatelyfollow the spatial distribution of significant wave heigbtufau et al., 2016)

with peaks in theegions of high seatate in theNorth Atlantic, Southern Oceaand off the
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coast of South AfricaThe increased SSH noisef the current generatiorof satellite
altimetersdueto surface waves is well documented for both radar and SAR altimétars (

et al., 2002;Moreau et al., 2018; 202 The latitudinal trendFigures 1c, 2cshowsan
increase of the noise levels from the equabwards the pels, in agreememith previous
studies (Dufau et al., 2016; Vergara et al. 20A®nual meanJasor3 wavenumber spectra
noise levels range from 1.8 crms at the equator to 2.8 cm rms in the Southern Ocean,
whereas the Sentin8l SAR noise floor is smaller (1.4 cm rms at the equator and 2.3 cm rms

in the Southern Oceanh general, noise levels observed for both satellites indeed show local

maxima in tke vicinity of the Gulf Stream, Kuroshio extension and the ACC, related to local

geophysicakffectssuch as rain cells and more importantly the local wind wave field. Despite

the relatively higher noise levels observed in these regions, the mesoscdles sitprastrong

and therefore the signal to noise ratmnainsfavorableover these highly energetic regions

(Figures 1b and 2b)
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Figure 1. (a) Average spectral noise level in meters RMS and (c) its zonal average for Jason

3. Noise level is computed as the average PSD value between 15 and 30 km wavelength. (b)
Observable Wavelength, or wavelength for signatoise ratio equal to 1 (in Km) antsi

zonal average (d). The observable wavelength is computed as the intercept wavelength for the
mesoscale spectral slope and the noise level. White contours represent the topography at 3000
m depth.
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Figure 2. Same as Figure 1, but for Senti3&| data.

This computedflat noise spectral level is then subtexttfrom the PSD estimates over the

150 entire wavenumber rangahich provides an unbiased estimate of thegionallyaveraged
spectrum(Xu and Fu, 2012)We then analyze the unbiased spectinrorder todetermine

two spectral slopes, taking inszcountthe variations ofspectralslope valuesn the fit. The

mesoscale spectral slopecalculatedvithin a geographically variable wavelength ranipe

maximummesoscale wavelengih wherethe spectral shapsignificantly (at 95%)departs

155 from theobservednesoscale spectral slofiesuallyoccurring at wavelengtHarger than 500

km), and theminimumregionalwavelengthimit is based on the locaddy length scaleas in



Vergara et al(2019) Wherepossible, asecondsmallerscalespectral slopés determinedat

wavenumbers between 30 km wavelengththedowermesoscale spectral slope limit.

In orderto analyzethetwo slopes from theegionalunbiasedspectrunshapewe leastsquare
160 fit a linear model to thewverage spectrum obtained frambservationsn the logarithmic

spacedefined as:

Qw o o (1)

wherex corresponds to the observB&H values after applying the Fourier transfoamand

& are the interceptand h and b the spectral slope3his model is therefore defined as the

165 sum of two straight lineg the loglog space each one representingdéferent part of the

spectrum and capturing a different variability reginmiEhe benefit of performing a
simultaneous doublft for analyzing the spectral shape compareduocessive individual
leastsquare fits is twdold: (1) consideringhe sum of two linear modefgeserveshe shape
of the observedinbiasedspectrumandalsoallows forcurvature where there is a shift in the
170 spectral sloperepresenting the observedesfrum in a realistic manng2) The uncertainty
associated witlour spectral slopestimatess continuousacross thentire wavelength range
considered by the modelhich is not the case if we consider twoccessivdits that will
minimize thefit errorsonly for a prescribed wavelength rangé&/e apply this model to each

regionallyaverageduinbiasedspectrumbpetween 30 km wavelength and tiygpermesoscale

175 wavelengthfollowing Vergara et al. (2019).

The fitting algorithm is initialized using first guessfor the spectral slopes across the
wavelength rangdor the mesoscale spectral slope we follow Vergara et al. (204@) the
change in spectral slopelatv wavenumber and the local eddy length scale aw#velength
bounds. The sma#icale fit is initially computeds a linear fitbetweenthe spectral signal at

180 30 km wavelength and tregnal at thdocal eddy length scale. These values are used for the
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first iterationand arerecomputed at each step of tkestsquareminimization procedure to
best resolve the double fit, maintaining #re points of th&0 kmwavelength and the slope
change at low wavenumbboundaries. The minimization procebgnadjuststhe mesoscale

and smahscale intercept to better capture the overall shape of the unbiased PSD.

An exampleof the results of this twslope methodology are presented in Figuredaa

region in the north Pacific Oceam comparison to the single mesoscale slope fit of Vergara
et al. (2019) in Figure 3bThe oneslope mesoscale slope fit in Figure 3b folloWe
wavenumber curve well within the defined mesoscale range (vertical dashed lines) with a
slope of K*°, and a change in spectral slope is clearly evident at scales smaller than 120 km in
wavelength. The twslope mesoscale fit is slightly steeper ie thesoscale range{R) but

the change in slope is well captured at smaller scales down to 30 km in wavel&Rytlakl

the sum of the two linear fits follows the change in curvature of the observed spectral slope
(bold solid line).Thetwo-slopelinear fit is constrained by inverseesighting the observations
according to the confidence intervall the average spectrum &grshading in Figure3a).

Using the 4years of data and multiple tracks within our 12°x12° ,bae can expect the
linear fit tobe well constrained in the mesoscale wavelength rangethe erroassociated

with the estimates of the slope ath@ intercept to be relatively lowOn the other handince

the confidence interval becomes largewards smaller wavenumbe(a consequence of
subtracting the noise levekhe uncertainty in the slope/intercept estimateseasesowards

shorterwavelengthsind the smallescale slope fit has higher uncertainty
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Figure 3. (a) Result of the dable slope methodology used to characterize the spectral shape
over the unbiase@ower spectral density?ED (full gray line). The originaland unbiased
PSD @lashed blue and gray linesnd the95% confidence interval of the average P3ié

and gray shathg) are shown. The mesoscadd smallscale spectral slopéts (dashed
black), combineddouble linear fit model (full blackjand thelt intercept of largeand smakH

scale spectral slopes (blue dot, including its uncertainty), are also illustrate8in(jb
mesoscale fit methodis in Vergaa et al.(2019. As a reference, the result of the PSD fit
from 3a is also plotted (dashed green lindnbiased average PSD (full gray line) and 95%
confidence on the average estimate (gray shading) analyzed thsingavelength range
depicted by the vertical dashed lines to characterize the spectral slope. Average spectral slope
and their corresponding-sigma values are indicated in the inserts. (c) Zone where the

average PSD sample is computed from J3 data2®is2019.

2.3 Observability wavelength

The Observability Wavelength (OWL) is defined as the threshold wavelength where the SSH
spectral signal exceeds this flat noise level B8R > 1). Given that the first Rossby radius
of deformation and the eddy length scales (Eden, 2007) both generally decrease towards

higher latitudes whereas the noise level incredsesto higher sestate one would expect
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that the OWL scales would iremse towards high latitudes. The zonal average of the
Observable Wavelength (OWL) for both satellites is summarized in Figures 1d and 2d. The
combined regional variability of the mesoscale spectral slope and the noise levels both
contribute to the complegbserved patterns of the OWL (Figures 1b, 2b). For regions with
strong mesoscale variability signals (e.g. Southern Ocean, Gulf Stream, Kuroshio, Agulhas
current),the local observable wavelength seort despite relatively high noise levels. The
observal® wavelength for Jased variesfrom 40 km in the western tropical Pacific,-60

km in the western boundary currents and can reach 90 km in the low energy Eastern North
Pacific due to the higher noise levels. Zonal averages across these regional leatetas
valuesbetween 6670 km (Figure 1d) whereas theonally averageddWL for Sentinel3

reaches 650 km in the mid latitudes, but only 50 km in the equatorial band.

2.4 Uncertainty analysisfor the intercept wavelength

In addition to the fitting parameters for the modelscribed byEqg. (1), we compute the
uncertainty associated with the leaguare fitting, related to each parameter. This helps us in
the interpretation of the resulksy allowingus to estimate the vdity of the spectral slope

values for the large and small wavelength rangesaksadheir intercept.

The uncertainty (or error) emerges from the confidence interval envelope obtained when
computing the regional average spectrum (glgded area in Figa and 3b). On this log
scale,the 95% envelope of the average P&fpears tagrow considerably towardkigh
wavenumbers. This is a consequence of the denoising method: the 95% envelope is impacted
by the subtraction of the noigdateau computed between 15 and 30 km wavelength and the
effect will become more evident in the high wavenumber part of the spectrum, givemethat t

smalleramplitude of the PSD values is closer te tloise level



Using the uncertainty estimates from thesoscalend smablscalespectral slopes, we can

245 determine the error associated with their intercept by propagating the uncexsainty

10 0 O )

whereL: is the intercept wavelength, and& the slopes andikand b the intercepts of the
two lines fitted to the observed PSThe 2l devi ati ons from the fitt

~

denoted by 4.
250 3. Results

In this section, we analyze tibemporal meamgeographical distribution of thmesoscaland
smallscale spectral slopeomputedusing the model described IBg. (1). Additionally, we
estimate (when possibléhe interceptwavelengthbetween thawo slopes in the spectral
space This claracteristic intercept wavelengtiay be considered as a firstder approach to
255 the transition scale ()_calculated from model analyses @u et al (208), and fromin situ
observations in Qiu et al (201 However,we do not analytically separate the contribusion
of the firstthreebaroclinic mode®f internal gravity wavesiGW) as in Qiu et al (208), so
the intercept scale that we present hegestatistical positiofrom SSH wavenumbespectral
slope changes, ambt a dynamicatalculation The spectral slope changesndelineate the
260 separationof mesoscale balanced motiofi®m a combination ofsmallscale balanced

motions,unbalancednotionsandaltimetric observatioerrors.
3.1Meso and smallscale spectral slopes

The methodology used to analyze the spectral shape does not exdeptyatethe
geostrophically balancednesoscaleregimes fromsmallscale regions of the spectrum.

265 However, it allowaus to inferther associated contributiorie the observed PSD by means of
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the change irspectral slopes and their intercepte will refer tothe results okitherpart of

the bilinear model asnese and smalscale spectral slopes
3.1.1Mesogale spectral slope

The geographical distribution of ttees@cale spectral gpevalues isvery close for the two
missions analyzed (Figures 4a and 5a), showing large slope values over the Western
boundary current systems, as well as the Antarctic Circumpolar Cumertative of the
energetic mesoscale circulation that is observed in both redibesobservedpgectral slope
valuesin thesehighly-energeticregionsvary between K and k° for both Jasor3 and
Sentinel3A, and are ingeneralagreement with the distribution reported in Vergara et al.
(2019). Conversely, the lowest spectral slope values are observed in the intertropical band
(equatorward of 15°), with slope values betweenakd K3, also consistent with values
obtainedusing asimple fit methodology (Xu & Fu, 2012; Dufau et al., 2016; Vergara et al.,

2019)
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Figure 4. (a) Mesoscaleand (b) smaikcale spectral slopes fitted to the observed unbiased
PSD from Jaso. (c) Zonal average of thmesoscalgLg SL) and smalscale(Sm SL)
spectral slopes in (a) and (olor shading around the average values correspond to the 95%

confiderce interval for the zonal meaWertical gray lines denote the'k® and k® spectral

slope values. Gray shading in (b) corresponds to zones where the uncertainty associated with
the slope estimate is higher théd6 of the slope value. Blanks zones in ¢brresponds to
zones where the double slope model does not describe the observed shape of the spectrum.

White contours represent the topography at 3000 m depth.
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Figure 5. Same as Figure 4 for Sentisfzl(a) Mesoscaleand (b) smalkcale spectral slopes
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(Lg SL) and smaklscale(Sm SL)spectral slopes in (a) and (I§olor shading around the
average values correspond to the 95% idenice interval for the zonal meavertical gray

lines denote thek’® and Kk® spectral slope values. Gray shading in (b) corresponds to zones
where the uncertainty associated with the slope estimate is highedQf@arof the slope
value. Blank areas ifb) correspond to zones where the double slope model does not describe
the observed shape of the spectridashed gray lines in (c) correspond to Ja3aronal

averages from Figure 4c. White contours represent the topography at 3000 m depth.

In some regions, thenesscale spectral slope valuesbtainedare slightly lower (flatter

slopes)for Sentinel3A thanfor Jasor3. This could be related to thvehite noise level model



usedfor S3A. Red noise is often observed in the 1Hz SAR data at small wavelengths related
to wave and swell impacts on the signal processing (Moreau et al., 2018). Our methodology
of removing a white noise level computed over the8@%m wavelength range could impac

305 the unbiased PSD up to ~150 km wavelenbgavinga remanent oénergyassociated with
the SAR processingof ocean swell effects (Moreau et al., 2021)er the mesoscale and
smallscale rangéhat will act toflattenthe spectral slope at the mesoseaderelengthrange.
We tested thalifferences in thespectral PSDevels related tditting a red or whitenoise
model for S3A in Appendix A, illustrated in Figure Alln general the difference in the

310 unbiased curves appears at high wavenumbers havsmader PSD amplitude but the

differences in the mesoscale spectral slopgenerallysmall

Indeed, thezonal annuameandistributionof the mesacale spectral slope valuedh® same
for both missiors (Figure 4c and5c, in blug, showinga profile that is nearly symmetrical
around the equator, witkialuesincreasing polewardranging between K/® and k® for
315 latitudes poleward of 20°S/30°knd decreasing sharply toward¥ kround the equator
These values confirm that the ratitude SSH mesoscalspectral slopesary within the
regimes of sQG to Q@ynamics,whereas the tropical barfiths much flatter spectral slopes
thatreach K, in agreement witlprevious altimetric studies (Xu and F)12; Vergara etal.;

2019).
320 3.1.2Smallscale spectral slope

The originality of this method is to estimatbe second smalécale slope from the
wavenumber spectrahen possibleThe wavelength rage for ths smallscale sloperaries
geographically, but is generallyetween30 to ~150km wavelength This region of the
spectrum is where we expect to observe the upper ocean dynamics to shift from a regime

325 dominated bygeostrophically balanced motieiieddylike mesoscale structur@san SQG or



QG regim@ towards awavelike regime where the SSHarigbility is dominated by
unbalanced motions.€., IGWSs, coherent internal tidesndthe cascade of energy fromon
phase locked internal tidedFor the current generation cfatellite altimetry observations,
these 30-150 km wavelengthsof the SSH spectruncan also be influenced byresidual
330 altimetric geophysicalerrors andmay approachthe observability capabilities of each
instrument(OWL). Therefore,the resultson the smaliscale SSHspectral slope estimates
need to benterpreted in light oftheir inherent limitationstaking into accounthe uncertainty

in the slope determinationesidual altimetric errorgnd thdocal observable wavelength.

On averagethe linearly fittedsmallscale spectral slopes vary betweehandk? for both
335 S3A and J3 (Figuredb and5b), with slightly higherslopevaluesover the westerpart of

each ocean basi(aroundk? at 30° of latitud¢ in mid-latitudes compared to the eastern

basins The meridional distributiorf valid slope valueshows adecrease of themallscale

spectral slope values towards the potes,well as a increasen thedispersion around the

average value§.e. the uncertainty envelope tends to growlastude increases)rhe zones

340 where the uncertainty associated with the sisedle slope estimate is higher thH96 of the
slope value are shaded in gr@his value was chosen order todiscardestimates with high
uncertaintyassociated with the bilear fitfrom the analysisThese regions argenerallyat
higher latitude, and with slopes close to, or less than, ks latitude increases, the first
baroclinic Rossby radiuslecreases and therefdiee mesoscale slope fitill be made over

345 progressivelysmaller wavelengthsThis pushedhe smalscalefit to be estimated over a very

narrow wavelength rangebove the 30 km noise cutpffavinglarge uncertainties

Note that tle optimal fitting algorithm is not able to separate the contribution of two different
spectral slopes in the intertropical baguatorward of ~201n this zone, webserve that the
SSH signal is essentially captured by fladter mesescale spectral slopef k2 (Figures 4c,

350 5c¢), extending to smalivavelengthsand although the leastquares double slope fit does



estimate asmallscale spectral slopat is not significant (reduced byseveral orders of
magnitude in terms of energy centcompared to the mesoscale slope contribyitibhese

cases have been left blank in Figugbsand5b.

The zonaimean values of thealid smallscale slopes (Figéc and5c) show a K- spectral
355 slope between 1Q0° latitude for both J3 and 83 These values come from isolated patches

in the western Pacific, the Indian Ocean, and in the zone of tropical instability (waves

~10°N) in the northeastern Pacific. In the midtitudes, fom 2045° in latitude, the small

scale slopelecreases from° to around k! for both missionswith higher valuesieark in

the western basing\ny differencesin the smallscale spectral slope for 83related to the
360 removal of thewhite spectralnoise,are small, and within themallscale error range in Figs

4c and 5c
3.2 Interceptwavelength

The intercept of the fitted @se and smalscalespectraklopes resultscan beused toobtaina
characteristic wavelengttor the change in their dynamical reginiewe consider thathe
365 mesoscale slopes reflect thalanceds)QG dynamics at mid latitudes, and tradid smalt
scale slopevaluesreflect the wavdike motions from internal tides or IGW#he intercept
wavelength thereforendicates theéboundary atwhich the SSHvariability would be mainly
driven by either dynamical regim&his wavelengthscale could be considered as a
approximatbon of the secalled transition scale from balanced to unbalanced motions (Qiu et
370 al. 20T7; 2018), which indicates the boundary betwe#re circulation dominated by either
geostrophically balanced or unbalanced motipnderms of SSH variability). Wk Qiu et
al. (20B) calculate the transition scale by explicithyfiltering the contribution of

balanced/unbalanced motiofitem the PSD in the wavenumber/frequency spasssompute
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the spatial scale directly from the observed PSD, assumingithahape captures both

dynamical regimes

Considering the limitations inherent watellite altimetry observationge.g. noise level,
residual errors from correctionand observability wavelengtlh, we also compute the
uncertaintyassociated with our estimatéor the intercept wavelengtie thenexcludeany
results thathavethe following criteria:(1) uncertainty in themesoscaleand/or smalscale
spectral slope higher than 40%2) intercept wavelength valubeing less than the local
observablewavelength QWL). Following these criteriathe intercept wavelengthwe can
interpretfrom alongtrack altimetrare reduced to a fraction of the world oceldavertheless,
within these constraintsntercept wavelength spatial distributishows higher values in the
tropical band and lower valugswards the polefor the two missions considere#ig. 6).
Both J3 and S3Ahowintercept wavelenggaround 100 km on average in mid latitudes from

25-45° reaching to 14@60 km in the tropenear 10° latitude (Figc and 6d.
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Figure 6. Intercept scale (in Km) between the largad smalscale spectral slopes for J3 (a)

and S3 (b). Shaded/hatched areas correspond to regions where the intercept scale is smaller
390 than the local observable wavelength (sigoahoise ratio equals 1). Blardreas in (a) and

(b) correspond to the regions where the observed PSD is accounted for using a single slope

approach. (c, d) Zonal averages of (a) and (b). Uncertainty envelope is also included in the

zonal averageOrange lines in panels (c¢) and (d) cepend to the zonal average of the

observable wavelength for J3 and S3A respectively (Figures 1d and 2d). Note that the average
395 intercept scale is always higher than the average OWL. We also verified that the first

baroclinic Rossby radius of deformationlasger than the computed intercept values. White

contours represent the topography at 3000 m depth.

Using a stat®f-the-art global ocean simulation, Qiet al. (2018) recently explored the

4100 geographical and seasonal variations of the balanced to unbalanced transition scale,

highlighting that the highly energetic western boundary current systems have relatively short
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transition scales, with the largest ts#ion scale values occurring in the relatively lemergy

regions bounded by the intertropical and subpolar bands. Their modelled reqgional distribution

reflected the local levels of mesoscale variability and the enerqy levels of unbalanced motions

(nearinertial flows, internal tides and inerggavity waves). Large transition scale values are

also observed where prominent bathymetric features exist (Qiu et al., 2018) such as the North

Atlantic Ridge, and the Western Equatorial Pacific.

The observed)3 and S3Ainterceptvaluesacross each basin are simitarrecent modelling
results of global estimates for the balanced/unbalanced motions transitionsttahorter
transition wavelengthkcated in theenergeticwestern boundary current regioasd longer
values in the eastern basins. Using the pdimé$ can be defined from our estimatédse
Kuroshio Extensionhas intercept values of around-200 km for both J3 and Sthe Gulf
Streamhaving values of around 60 krRigure7). Whereas the easteNorth Pacific intercept
wavelengths reach values of 12800 km.We note that S& with lower noisehas more
geographical coverage of Lt estimates within edefined box, leading to local differences in
the average meridional Lt distributiodbservations in the Antarctic Circumpolar Current are
unfortunatelynoninterpretableThe sharpmesoscalspectral slopeshbserved herérelated to
the highly energetidocal eddy activityat small Rossby radii result in an intercept
wavelength scale around &M or lessGiven the higher noise levels, from higher-séate in
the Southern Ocean, these intercept scalesbalew the local observable wavelength.
Observational results point out that the balanced/unbalanced transition scale for this region
often shows valuesraund 30 km (Drake Passage region; Rocha .et2@ll6a),which is

currently inaccessible with satellite altimetry observations.
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425 Figure 7. Meridional average of the intercept wavelength presented in Figure 4 over the
North Pacific (130°E,30°N40°E,50°N) and North Atlantic (280°E,30°360°E,50°N), for
Jasonr3 (a) andSentinel3A (b). The envelope around the averages indicates -Hignia

deviation.

430 Equatorward of 25°, the intercept scaleows the highest values often exceeding Kis0
which suggestthat thedynamical regime characterized by shallow spectral slispie main
contributor to the observed SSH variabiliodeling resultsshow that the kinetic energy of
the unbalanced motiondominates the SSH variability at the low latitude regiomgh

trarsition scale values exceeding 200 {Qiu et al., 2018)



435 4.Summary and discussion

We havaein this study explored theapability of currently available alongtrack datacépture
the changesn the circulation variabilityat wavelengthshorterthan 50 km. We used a
statistical approach consistirgf analyzing the shape of the SSldwer spectral density,
which can bendicative of the underlying circulation dynamids addition to the mesoscale
440 spectral slope, we compute secondary spectral slope at smaller spatial scales,
wavelength region that is characterized eoyegime change from geostrophically balanced
mesoscalanotions toa potentiallynongeostrophicregime The methodology used here
based on an unbiased slope estimate, after removal of a-twpgtenstrument noise.
However, the leastquares fit takes into accouhe variance of thesrrors associated with the
445 instrumental noisewhich growstowards the higlwavenumber part of the SSH spectram
the signal amplitude decreasesd thereforeincreases the uncertainty of thlestimated

parametersowardsshortwavelengths

A second outcomwas tocompute the intercept of the mesmd smalscale spectral slopes
estimated in order to obtain a characteridtiansition wavelength We interpret this
450 wavelengthas a proxy for thetransition scale that marks the boundary between the
geostrophically balanced and unbalanced motionthe SSH signalDespite thelimited
number ofintercept wavelength that pass our rigorous selection criteria, these intercept
wavelengthsshow a distinctive geographical patteHigher spectral slope ansitionvalues
are locatedhroundthe tropics sometimesexceeding 200 knm wavelength andtowards the
455 easterrocean boundariebetween 104150 km) in agreement witltirculation patters with
important wavelike variability at the mesoscale wavelength ran@eollmann, 2020
Tchilibou et al., 201Bcompared to the local eddy fiel@he shortestintercept wavelengths
are on the other hand observed ovenikesternboundaries and towards high latitudefere

the circulation vaability is dominated by an energetic mesoscale eddy field.



460 4.1Uncertainty in the mesoscalespectral slope

In our 2slope methodology, the larger mesoscale spectral slope estimate starts from a first
guess based on the geographically variakéelength range specified in Vergara et al
(2019). Then, the leasguares minimization of the-sddope fit allows this minimum
wavelength range to be adjuste®s opposed to previous studjese also include in our

465 spectral slope estimates thaherent ueertainty that is contained in the altimetric
observationsWe havecompared the redts ofthe mesoscale spectral slopes from the bilinear
solution against the observed spectrum .(BigFor consistency, we used the locally variable
wavelength rangproposed in Vergara et al. (2019) to computentlesoscalspectral slopes.
Overall, we observe that the differences in spectral slopes when diagakerghe optimal

470 fit solution or the observed spectra asenall, of order 0.1 across the world oceahe
differences are slightly highan the equatorial regiongfrom both datasetd)etween 0.3 to
0.5 (Fig. 8), but remainsmaller tharthe average uncertainty associated with the mekosca

spectral slope for the bilinear fiir these latitude@Figures4 and 5)
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475 Figure 8. Difference in the mesoscale spectral slope estimates computed over the fitted

solution (from eq. 1) and the observed spectrum using the simple linear fit approach of

Vergara et al. (2019). (a) JasB8rand (b) SentineBA.

4.2 Uncertainty in the snall-scale wavelength range
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At wavelengths shorter than5@ km, the analysis of the SSH spectral shape becomes
increasingly sensitive to thebservation errorsi.€. instrumental erroraccuracy of the
altimetric correctionsand thereforghe interpretation of the results at high wavenunnaed

to account for thencreased uncertainty compared to the mesoscale wavelength @unge.
methodology for the analysis of thaebiasedspectral shapassumes a white noise plateau for
the J3 and S3A1Hz observationsvhich is removed to reveal the SSH spectrum free of
instrumental errors. Using this first-order approximation for the instrumental error
significantly increases the uncertainty of the spectral estimates tolhighdseravenumbers
comparison to their weak amplitudiee. the 95% CI envelope grows as we move towtres
smallscale part of the spectrum)Thus the uncertainty in the estimateesmpared to the
signal is more important in the smadcale part of the spectrum than in the mesoscale
wavelength rangerlhis uncertainty alsaffectsthe estimates of the interceptavelengthin

equation (2).

In addition, in regions where tHest baroclinicRossby radius is small .¢e high latitudes)
andbr the mesoscale energyimgense the mesoscalgpectralslope dominatethe double fit
and extend down to small wavelengths. In this case, there is ut mavelength range
above 30 km to perform a secesldpe fit, and this combines with the larger error variaice
small scalesWe thereforeobservean inverse relationship between #reor associated with
the smaliscale spectral slope and thevelength range used to perform the sraadlle fit
(Fig. 9) (i.e. the range between thetercept wavelengthndthe 30 km wavelengtthe limit
for computing the noise plateatye note that Jase® (Fig9a) has higher error variance than
S3A (Fig 9b), as expected, and this larger erextendsover a longer wavelength range.
Whereas the 38 smallscale spectral slop® error ratiotend to be confined to smaller
wavelength rangedlote thatvalues ofsmaltscale slope erramtio > 0.4 were discarded from

the analysis of intercept wavelengths estimateshaving high uncertainty and Figure 9
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explains why more regions are eliminated with this 0.4 cutoff for Jasamalyses, than for
S3A (see Figures 4b, 5b and BJe also discared all the intercept wavelength estimates that
were below the SNR=1 level, which delimits the observable wavelength in altimetric
observationsThe smallintercept values observed at high latitu@a$en smaller than 50 km
wavelength)were therefore classified as nenterpretable even though their distribution
agrees with the results of Qiu et al (2018) for the $&bBkd transition scalkestimatesin

particular the short Lt values observed arotiredAntarctic Circumpolar region.
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Figure 9. Error in the determination of the smaltale spectral slope plotted against the
wavelength range between the computed intercept scale and 30 km wavelength (noise level
limit) for Jasm-3 (a) and Sentine63A (b).

At thesesmaller spatial scalesthe observed variabilitymay result from different sources
both geophysical anthstrument/platform relatedand the diagnosed smadicale spectral

slope is potentiallya combination of such elemensmong the dynamical contributions, it
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has been shown that a significant part of 38HPSD spectrunat wavelengths shorter than
150 kmis related tgphaselocked and non phadecked internal tidesRay and Zaron, 2016)
An importantcascade of energy is apparenthie SSH spectrum aroutite tropical latitudes
(Tchilibou et al., 2018 with anincreasedhigh-frequeng variability of tidal origin (mainly
nonphase lockedjor wavelengths shorter than 70 km (Tchilibou et al. 20@8)ng a high
resolution global OGCM, Qiu et al. (2018) exploreditifaience of the internal tides on their
estimates of Lt, concluding th#te removalof the phasdocked internal tide contribution
significantly reduces the values of by 50 to 100 km in many regionfoday, only a few
phaselocked tidal constituents are available as a potential altimetric correctmnM2;
Zaron, 2019). So aignificant portion of the SSIRSDin our analysis may bmfluencedby

internal tidevariability.

In addition to thedynamical contributionsthe altimetrybased smailscale spectral slope
estimatesnay alsobe influencedoy errorsin the altimetric measurements us€te source
of error that has been characterized vedivelengthsranging from 30 to 80 km are the
imprecisions related to the Mean Sea Surface MQd&S) used tocompute the altimetric
Sea Level Anomalie€SLA), which have been quantifieéd contribute as much as 30% of the
observed SLAvariability (Pujol et al 2018) The benefit ofthe latest MSS model
CNES_CLS_2015is a reduction of the associated error @iy leasthalf compared to
conventional models (Paij et al., 2018). Nevertheless, this costdl be a source of errors at
short wavelengths for recent uncharted missions such asV&8Aperformed sensitivity tests
on the impact of the MS#&odelon our estimateat smaliscale(not shown) revealingSSH
PSD may increase bihe spectral shape is preservadd therefore the estimates of the
smallscale spectral slope do not significantly change. This effect is compardhke noise

plateau differences presented in Appendix A for S3A.

4.3 Seasonality of thespectral shape andntercept wavelength
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The seasonal variability of the spectral characteristerdved fromaltimetric observations

has beendocumentedn recent literaturge.q. Dufay et al., 2016; Vergara et al., 2019;

Lawrence and Callies; 2023)ighlightingthe fact that thevariations of the spectral shaamse

related tochangesin both the underlying circulatiomand surface ocean stratificatias

expected but also tovariations of thealtimetric noise levels throughout the yedihe

methodology used in the present paper also reveals a nsgéednal change of the spectral

slopes, with variationsin the mesoscalavavelength rangeshowing sharper values during

summer months than during wintas a byproduct of the interaction betweenhiuiernoise

levels duringwinter and the presence of smaltale turbulencehat is generated through

vigorous vertical mixing (Sasaki et al., 2012allies et al., 2015 his smaliscale variability

is therefore partially masked by the increased noise léank increased uncertainty in our

slope estimatesfluring winter months On the other hand, during summer months the

instrumental noise levels dropence the SSH obsebility spars a large wavelength range

with favourablesignalto-noise ratio During summer month$igher spectral slope valuase

consistent withinterior QG dynamics, suggestingthat large eddies are formed through

baroclinic instabilities in the thermocline amdry little energycascadeso smalker scales

(e.g. Callies, et al., 2015T.he combination ofavourableconditions for the generation of

eddiesat mesoscale@arger than 10km) and lower noise levelgrovide an ideal altimetric

observability scenario during summer monthise seasonal variability of the mesand

smallscale spectral slopesdecumentedn Appendix B.

The intercept wavelengtlalso modulateseasonally suggesting thainformation about the

SSH variability in the sui00km wavelength range effectivelyreflectedby this parameter

computed from alontyack altimetryobservationgFigures 10 and 11Changes in thepper

ocean stratification i significantly modulate the energy levels of balanced and unbalanced

motions, thatollectively contribute to the SSH variability observed for wavelengths ranging




570 from 15 to 200km. During summer monthsa shallow mixed layewith a sharp density

gradient at its base works enhancehe surface unbalanced motikimetic energyRocha et

al., 2016b) that surpassthe energy levels of the geostrophic turbulermte<100 km

wavelength rangeConversely, the vigorous verticalixing observed during winteanergizes

the balanced motions in tlseallscale part of the spectrum, leading to a predominance over

575 unbalanced motionis the SSH variabilityduring this season (Rocha et &016b: Qiu etl.,

2017). The modeling results reported by Qiu et al. (2048w that this patteris nearly

ubiquitous in the global oceawith larger transition scale values observed during summer

than winter Our seasonal estimates the intercept scale show a simitattern both in terms

of easernwesern basinasymmetryand larger transition scales in summer in the zenal

580 averagegFigures 10 and T1Appendix B.
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Figure 10. Intercept scale (in Km) averaged during (a) AugbsptembeOctober and (b)

FebruaryMarch-April for Jason3. Shaded/hatched areas correspond to regions where the
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intercept scale is smaller than the local observable wavelength {gemaike ratio equall).

Blank areas in (a) and (b) correspond to the regions where the observed PSD is accounted for

using a single slope approach) Zonal averages of the nromasked areas of (a) and (b), but

only considering the pixels where the observations of (a) ahdare different at 95%

confidence. The percentage of data that meets this criterion is also indicated. White contours

in (a) and (b) represent the topography at 3000 m depth.
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Figure 11.Same as Fiqure 10, but for Sentiel

We note that our zonalsiveraged results are only calculated in the-maisked areas and

have partial coverage, but these first altimb@sedseasonalt modulation agrees with the

modeling results reported by Qiu et al. (2008)e altimeter spectralbasedseasonadlt values

are howevetongerthanthatreportedin Qiu et al., (2018jrom a modeledSSH by 30 to 70
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km (Bo Qiu, personal communicatior8everal keymethodological differences could explain

the observed differences. While Qiu et al (2018) use either a spectral filter over SSH field, or

aHelmholtz decompositionf the velocity field in ordeto determine Lt, we use the observed

SSH and the change inesgiral shape as a proxy for the boundary between-laragksmall

scale in the observed SSH spectrum. Opectralapproach although straightforwards

coarselin comparisongiven that the spectral srmanalyzel (over the wavelength range of

interest) contains a mixture of largeand smalscale dynamics and residuals of imperfect

instrumental corrections inherent to the satellite altimetry technigue. The overall influence of

these factors is accounted for by thecertainty envelope that is generated from our statistical

averagingyielding an uncertaintyof a few tens of km in some reqgiond/hereaQiu et al.

(2018) generates a precise separation between the &mgh lowfrequency parts of the

modelledSSH spettum, by filtering the SSH signal using a thorough methodology based on

the dataderived dispersion relation for higher dynamical modes and different tidal

constituents up to Qwhich are not readily available for the altimetric observations.

Although ouranalyses showhe possibility © partially diagnose the smadtale part of the

SSH spectrum, ghorough diagnosis of thinpact of theinstrumental noise levelsn the

methodologypresented in this paper shoudd alsocarried out.This could be built around a

series of Observing System Simulation Experiments that simulate the -hlaok

observations, and also isolate the different contribution to the SSH enerqgy spectrum. This is

planned for future work.

4.4 Implications for altimetric mapping and the SWOT mission

There are two major implications for these spectral analyses results. The first is that the
observable wavelength of all SSH signals above the instrument noise are limitedtdm®0

for Jasor3 and 5070 km for S3A (Figures 1 and 2). Sat present, anglongtrack altimetric
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studiesaddressing eithdralanced ocean dynamiosinternal tides or internal gravity waves
will be limited to these spatial scalég this instrument noise leveRecentimprovements in
high-resolution 20/40 Hprocessing techniques for th®ngtrackaltimetric signalaiming to
improve the SNPf existing datashow a reduction of the noise plateau in the ord&08b

for 1Hz data(Tran et al., 2021Quilfen and Chapron, 2021This may improve the lower
bound of our estimated OMY as recent results using the latest SAR processing suggest

(Moreau et al., 2021; Pujol et al., Z)2

The performance othe upcoming SWOT missig embarking a new generation of altimeter
technology,anticipatesnore than one order of magnitudenafiselevel reductioncompared

to current 1HzJasonobservationsKu & Ubelmann, 2014 Refined estimates for the SWOT
SNR including realisticwind-wave effectson the inerferometric technologwnticipatean
observability ranmg from around 15 kmn wavelengthat low latitudes to aroun80-45 km

in wavelengthtowards the poleswith an important longitudinal dependen@ang et al.
2019) This will greatlyextendour capacity to estimate the smaltgrectral slope, especially

atmid to high latitudes.

The second implication is for the Lt intercept wavelength. This wavelength vatugds|

when calculating geostrophic currents from altimetric SSH slopethe smallerslope at
shorter wavelengths is indeetbminated byageostrophic dynamics and internal tides or
internal gravity waves, these contributions will induce largersrin the geostrophic current
calculation In our analysis, we have not included any recent coorecto remove the phase
locked internal tide from the alongtrack altimetry data. Separate tests (not shown) indicate
that thesecoherentinternal tide corrections have a minor impact on our Lt results, since the
nonphaseocked internal tide remains, @rthe cascade of internal tide energy to smaller
scalescontributes to the smadicale slope over similar wavelengths. So this regignal

varying Lt value needs to be taken into account when choosing the appropriate spatial scales
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to calculategeostrophiccurrents: either for the&rosstrack geostrophic currents from the
alongtrack SSH slopes, or when mapping the alongtrack data onto a regula@itgndgh

our alongtrack Lt statistical values are not available globally, due to the limitations with the
curent generation of altimetric noise, thmited valuesare consistent with the modeling
results of Qiu et al. (2018). This suggests that 1) these changes of slope, predicted by the
model s, are observable in | i mitand?2)ithatdheons
global modeled Lt values can be used as a good estimation of the approgp@tialscales

for separating balanced motions for geostrophrcant calculationsvith altimeter data

Our results indicate that at low latitudes, the intereegvelength remains larg@00-150 km)
suggestinghat thechanges in the spectral slope will be well obseinetivo-dimensionsy

the future SWOT missiowith its reduced noise level. Thestimated observability at high
latitudes, particularly in the ACC cou#dill be achallengefor diagnosing the transition from
geostrophic to nogeostrophic circulation regimdrom SWOT observationalone unless
noisereduction techniques are alsopied to SWOTdata Wang et al. (2019¢stimate the
observedvavelengtls for SWOT in the ACC to be betweeB0 and45 km wavelength with

an important longitudinal dependen®ur very limitedalongtrackestimates in this region
indicate that thespectral slope break should occur in the6@0km wavelength range on
averageas do the modeling estimates from Qiu et al (2018)situ observations from the
Drake Passageesport thathalf of the near surface kinetic energy between 10 and 40 km
wavelengh is accounted for bpgeostrophic motions (Rocha et al., 2016a), likely dominated
by inertiagravity wavesOur estimates also reveal an inherent geographical variability of the
intercept wavelength, suggesting a localized dependainte different dynamical regimes
around theACC thatwas alsambserved by Wang et al. (201f@) the region This implies that

the observability in the ACC will not be constant threshold but ratheepatterndominated

by localizedand seasonafariability.
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Appendix A

Several studies have reported the effect of sea and swell omf@dRacquisition satellites
such as SentindlA (Moreau et al.,
that SAR-specific processing methods resultarnPSD signaturat high wavenumbers that

deviates fronthe expected random thermal noisae expected signature of a random signal

201&Rieu et al. 2021Moreau et al.,

in the high wavenumber part of the specturs a

(in the case of 1Hz SSHhis concerns wavelengths shorter than 30 km wavelerigtiie

case of SentinéBA, SSH datan this part of the spectrum exhibaslightly slantedshapeor

characteri
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Figure Al. Result of the doubldit algorithm over the denoised S3A data for the white
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(blackWN) and red (bluérRN) noise model for a 12°x12° box over the North Pacific (a) and
the South Atlantic (b). Considering the error associated with the optimal fit analysis, the

spectral slopes ¢hined for either the black or blue curves are not significantly different.
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Following Xu and Fu (202), in the present papeve analyze the shape of the unbiased SSH
spectrumand therefore wassume that the thermal noise signature that dominates the SSH at
wavelengths shorter than 30 kenessentially a whitaoise plateauwWe perform a sensitivity
690 test onthe effect of using a redtype noise plateawather than a whitéype plateaufor
wavelengths between 15 and 30 Km wavelengttompute the unbiased S3A spackigure
Al shows the result of using the two different functions asagigroximationfor the noise
plateau over selected reg®rrigure A2 shows thsepatial distribution of thenesoscale and
smallscale spectral slopes resultiitgm the observed PSD denoised using atyge noise.
695 Results show that the mesoscale spectral slope is not significantyediffoetween both
methods of denoising~(g. Al, Figures A2a and A2@nd thathe same geographical patterns
can be observed in the two cases (Figures 5a and ARe)red noise estimate reduces the
PSD levels particularly at smaller wavelengths, witlsmaall impact on the smabcale
spectral slopeThese smallscale spectral slope valueary betweenl.5 and 2.5 for all
700 latitudes equatorward of 40° (Fig. BR and themost importandifferences with the white
noise unbiased case are observetiveen 30° and 40°, with the latter showing stesjogres
(eg Figure Ala)albeit falling irside the uncertainty envelope on average (Fig. Adlore
evidentdifferences between the two methods arise at-latitudeswherethe smaHscale
spectral slopes for the revbise unbiased PSD are lower tHanits whitenoise counterpart
705 (Figures 5b and A2b)Theuncertainty associated with the srrsdhle spectral slope is also
higher for the redhoise unbiased PSPesultingfrom the additional energy that is subtracted
by the denoising process in comparswith a whiteplateau This is illustrated by the
different energy levels observed for the blue and black cunvésggure Al Therefore the
uncertainty associated with the spectral slopes at small scales are higher forrbeseed
710 unbiased spectra than for the whit@iseunbiased spectra (notkat theshaded areas iRig

A2b are more important than in Fig. 5b).
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Figure A2. (a) Mesoscaleand (b) smalkcale spectral slopes fitted to the observed unbiased
PSD from SentineBA. The noise function used to unbiased the full PSD corresponds to a
redtype noise function(c) Zonal average of theesoscal@and smalscale spectral slopan

(a) and (b). Vertical gray lines denote th&'kand k® spectral slope values. Gray shading in

(b) corresponds to zones where the uncertainty associated with the slope estimate is higher
than40% of the slope value. Blank areas in (b) correspond to zones where the double slope
model does not describe the ohsel shape of the spectruMashed green and purple lines in

(c) correspond to Jaséh and SentineBA zonal averages from Figures 4c and 5c

respectively. White contours represent the topography at 3000 m depth.

Appendix B

In thefollowing we present theesisonal resultef the meseand smalscale spectral slopes,

andfor the intercept wavelength #iree regionsThis analysis complements tkéscussion

presentedn Section 4.3.
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The seasonality of the spectral slopleserved by the two missioriEigure Bl) shows a

distinctive patterraround the average values (Figufieand 5), with maximum valuas the

vicinity of highly energetic regions (e.g. Kuroshio extension, Gulf Stream, A@®) rather

shallow slopes in the intertropical banth agreement with recent studies (e.g. Dufau et al.,

2016; Vergara et al., 2019%lope valueduring summerare higher tharduring winter,

indicative of acontrasting dynamical regime during both s@wss. These changes are

essentially related to theeasonathanges in the vertical structure of the upper ocean, which

would allowthe development of vigorous small eddéiging winter monthgRocha et al.,

2016b) thatend to flatten and redu¢lee mesoscalslopeof the spectruniFigures B1c)This

enhanced latavinter smaliscale energy may be transferredagale to largescale eddies in

summer at midatitudes (eqg Sasaki et al., 2014)increasingthe energy levels in the

mesoscalevavelengh rangeduring summer month3 here isnearly null seasonal modulation

in the equatorial band (10°8)°N), where the seasonal changes in stratificationrather

limited.
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Figure B1. Mesoscale spectral slope averaged durindA(mjustSeptembeOctober and (b)

FebruaryMarch-April for Sentinet3. (c) Zonal averages of (a) and (b). ASO (black line,

dotted shading) and FMA (gray line, hatched shading) zonal averages fot3Jas®ralso

plotted in (c). Thick gray lines in (c) demothe spectral slope values of 11/3 and 5. White

contours in (a) and (b) represent the topography at 3000 m depth.

Seasonal mall-slope valuesfollow a different patterncompared to the mesoscapectral

slopes, withzonally-averagedigherslopesduring wintercompared taummerFigure B2c).

These zonal statistics are dominated by the westeundaryregionsof the Kuroshio.the

EastAustralian Currentthe Gulf Streanand the BraziMalvinas Confluence regienThere

are smaller seasonal differencesver low eddy energy regions such as the Southeastern

Pacific. The wintersummer asymmetrsuggests change in the circulation variabiljtiied to

thedistinctive annual cycle observed in thellM Km wavelength range (Callies et 2015;
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Qiu et al., 201Yandmayindicate thaf wintertime energizatioof thesmall scaleselated to

mixed layer instabilities (e.qg. Lawrence and Callies, 20@2@)pesn the smaltscale pectral

slopes observed herds for the rest of thepaper, we restricted our analyses and zonal

averages to the zones where the spectral slope error is lower than 40%.
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Figure B2. Smallscale spectral slope averaged during (a) Au§esttembeOctober and (b)

FebruaryMarch-April for Sentinel3. Gray shading irfa) and(b) corresponds to zones where

the uncertainty associated with the slope estimate is highed®awf the slope value. Blank

areas in(a) and(b) correspond to zones where the double slope model does not describe the

observed shapof the spectrum(c) Zonal averages of the valid pixels in (a) and (b). ASO

(black line, dotted shading) and FMA (gray line, hatched shading) zonal averages fe8 Jason

are also plotted in (c). White contours in (a) and (b) represent the topograph§0am30

depth.
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In addition to theseasonal modulatioaf the intercept wavelengtilustrated by Figured0

and 11 we analyzed #h statistical distribution dft over threevestern boundarsegions(Fig.

B3). Longer intercept wavelengths are observed during summer mooii@ared to winter

(20-35 km longer significant at 95% with differences between the two sets of observations

of around 10 to 12 km.

A detailed analysis using the latest altimetric datailable with lower noise levels (Moreau

et al., 2021)over a longer timeseries is planned for future work, includicgmparisos

againstin situ measurements amdsults from recent literature (e.g. Qiu et al., 2017).
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Figure B3. Histogram andcumulative distribution function for the values of the intercept
wavelength observed during AugiBeptembeOctober (ASO) and Februaiarch-April
(EMA), for Jasor3 (full line) and SentineB (dashed line) over three regions: (a), (b) North
Western Pacdf (20-45°N; 135170°E); (c), (d) North Western Atlantic (2B°N; 280
320°E); South Western Atlantic (85%°S; 290320°E). Only the pixels with seasonal

differences significant at 95% confidence were considered.




