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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 situ observations and predictions from higgsolution models
including tidal forcing

Abstract

The oceands sea surface height ( SSH) fiel
balance andinbalanced motions includingigh-frequency tides, internal tidesa internal
gravity wavesBarotropic tides are well estimated for altimetric SSH in the open ocean, but
the SSH signals of internal tides remaifke transitionscalg Lt, at whichtheseunbalanced
ageostrophic motions dominate balangedstrophiamotions 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 spectralesdpsmaller scales, ahd. The mesoscale slope and
error levels are similar to previous studies based on satellite altimetrybrébk in the
wavenumbespectra to a flattespectral slope can only be estimated in-aittude regions

where thesignal exceeds the altimetric noiseel. Smallvalues of Lt are observed regions
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of energeticmesoscale activity, whiltarge values are observadwards low latitudes and
regions oflower mesoscalectivity. These results are consistent wittent 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 hei@®H)are widely used in
the ocean community, resolving the larger mesoscale dynamic scales greater th@@ &0
in wavelength (Chelton et aRQ11 Ballarotta et al.2019. Our undestanding ofupperocean
dynamicsin the smallermesoscale to submesoscalavelength rangéroughly 15200 km)
has seen great improvement in recent ydaeto the combined use a@f situ measurements
and stateof-the-art highresolution oceammodels (Sasaket 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@%sH forall satellte altimetry missions, includinipe

upcomingSurface Water and Ocean Topography (SWa@ighresolutionaltimetry 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



55

60

65

70

75

onthe location and season, theergyand SSH signaturassociated witluinbalanced motions
(including neainertial 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, 2038Vang 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 sevesshoothed
by the optimal interpolation algorithresonservingonly a small portion of theignal at small

wavelengthge.g. Ray and Zaron, 261Dufau et 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



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
105 Fast Fourier Transform (FFT) on eac20@ km subsampleA Tukey window of 0.5 width is
applied to the data in order to minimize boundeifiectswhen 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
110 artificial overrepresentation of certain spatial scales introduced by the overlagpiag.
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
115 the SLA Power Spectral Density (PSD¢vel for wavelengts between 15 and 30 Km
wavelength a similar techniquewas applied by Xu and Fu (20%X1pufau 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
120 (Moreau et al., 2008The difference®n the unbiased spectrum and our methodolelygn
applying eithera red noise or white noise fit to the-28 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)

125 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
130 studies (Dufau et al., 2016; Vergara et al. 202®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 Ocearh general, noise levels observed for both satellites indeed show local
maxima in tle vicinity of the Gulf Stream, Kuroshio extension and the ACC, related to local
135 geophysical effects such as rain cells and more importantly the local wind wave field. Despite
the relatively higher noise levels observed in these regions, the mesoscadles sitprastrong
and therefore the signal to noise ratio remains favorable over 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 #se average PSD value between 15 and 30 km wavelength. (b)
Observable Wavelength, or wavelength for sigoatoise ratio equal to 1 (in Km) and its

zonal average (d). The observable wavelength is computed as the intercept wavelength for the
mesoscale spéal 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.

150 This computedflat noise spectral level is then subtracted from the PSD estimates over the
entire wavenumber rangeyhich provides an unbiased estimate of thegionallyaveraged
spectrum(Xu and Fu, 2012)We then analyze the unbiased spectinrorder todetermine
two spectral slopes, taking into accotim¢ variations of spectral slope valueghe fit. The
mesoscale spectral slopecalculatedvithin a geographically variable wavelength ranipe

155 maximummesoscale wavelengib wherethe spectral shape significantly (at 95%) departs
from the observed mesoscale spectral s{fogaallyoccurring at wavelengtHarger than 500

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



Vergara et al(2019) Where possible, aecondsmallerscalespectral slopés determinedat

wavenumbers between 30 km wavelengththedowermesoscale spectral slope limit.

160 In orderto analyzethetwo slopes from theegionalunbiasedspectrunshapewe leastsquare
fit a linear model to theverage spectrum obtained frasbservationsn the logarithmic
spacedefined as:

Qw o o (1)

where x corresponds to the observed SSH values after applying the Fourier traaséorth
165 @& are the interceptand h and b the spectral slope3his model is therefore defined as the
sum of two straight lines; the loglog spaceeach 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 tw linear modelgpreserveshe shape
170 of the observedinbiasedspectrumandalsoallows forcurvature where there is a shift in the
spectral sloperepresenting the observed spectrum in a realistic maf#)efhe 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
175 regionallyaveragedinbiasedspectrumbetween 30 km wavelength and tlygpermesoscale

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 lengthle as thevavelength
180 bounds. The sma#cale fit is initially computeds a linear fibetweenthe spectral signal at

30 km wavelength and ttegnal at thdocal eddy length scale. These values are used for the

9
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first iterationand arerecomputed at each step of fleastsquareminimization procedure to
best resolve the double fit, maintaining #re points of th&0 kmwavelength and the slope
change at lowwavenumbeboundaries. 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 follows the
wavenumber curve well within the defined mesoscale range (veréshled 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 in the mesoscale rari§eh{ut

the change in slope is well captured atler scales down to 30 km in wavelengttf-gk and

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 inverseeighting the observations
according ® the confidence intervadf the average spectrum &grshading in Figure3a).

Using the 4years of data and multiple tracks within our 12°x12° ,bae can expect the
linear fit to be 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

10
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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 (i.e. SNR > 1). Given that the first Rossby radius
of deformation and theddy 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 increase towards high latitudes. The zonal average of the
Observable Wavength (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 complex observed patterns of the OWL (Figures 1b, 2b). For regions with
strorg mesoscale variability signals (e.g. Southern Ocean, Gulf Stream, Kuroshio, Agulhas
current),the local observable wavelength geort despite relatively high noise levels. The
observable wavelength for JasBrvariesfrom 40 km in the western tropical ¢tic, 50-60

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 patterns lead to
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 resulky allowingus to estimate the validity of the spectral slope

values for the large and small wavelength rangedalsotheir intercept.

The uncertainty (or error) emerges from the confidence interval envelope obtained when
computing the regional average spectrum (gray shaded area iBakigd 3b). On this log
scale,the 95% envelope of the average P&fpearsto grow considerably towardkigh
wavenumbers. This is a consequence of the denoising method: the 95% envelope is impacted
by the subtraction of the noiggdateaucomputed between 15 and 30 km wavelength and the
effect will become more evident in the higlavenumber part of the spectrum, given that t

smalleramplitude of the PSD values is closer te tloise level

12



245 Using the uncertainty estimates from tmesoscalend smablscalespectral slopes, we can

determine the error associated with theiercept by propagating the uncertaias;

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

~

250 denoted by 0.
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
255 space This characteristic intercept wavelengthy be considered as a firstder approach to
the transition scale (Lcalculated 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
260 slope changes, ambt a dynamicatalculation Thespectral slope changeandelineate the
separationof mesoscale balanced motiofrfdm a combination of smallscale balanced

motions,unbalancednotionsandaltimetric observatioerrors.
3.1Meso and smallscale spectral slopes

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

However, it allowaus to inferther associated contsutionsto 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°), witlslope values between?kand K3, also consistent with values
obtainedusing a simp@ 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 (IQolor 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.

15



