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Abstract. The ocean’s sea surface height (SSH) field is a
complex mix of motions in geostrophic balance and unbal-
anced motions including high-frequency tides, internal tides,
and internal gravity waves. Barotropic tides are well esti-
mated for altimetric SSH in the open ocean, but the SSH
signals of internal tides remain. The transition scale, L, at
which these unbalanced ageostrophic motions dominate bal-
anced geostrophic motions is estimated for the first time us-
ing satellite altimetry. L, is critical to define the spatial scales
above which surface geostrophic currents can be inferred
from SSH gradients. We use a statistical approach based on
the analysis of 1Hz altimetric SSH wavenumber spectra to
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 scales,
and L. The mesoscale slope and error levels are similar to
previous studies based on satellite altimetry. The break in
the wavenumber spectra to a flatter spectral slope can only
be estimated in midlatitude regions where the signal exceeds
the altimetric noise level. Small values of L; are observed
in regions of energetic mesoscale activity, while larger val-
ues are observed towards low latitudes and regions of lower
mesoscale activity. These results are consistent with recent
analyses of in situ observations and high-resolution models.
Limitations of our results and implications for reprocessed
nadir and future swath altimetric missions are discussed.

Highlights.
— The spatial scale of the transition from geostrophically bal-
anced to unbalanced motions is estimated regionally from
satellite altimetry data for the first time.

— Results agree with in situ observations and predictions from
high-resolution models including tidal forcing.

1 Introduction

Global maps of multi-mission satellite altimetry sea surface
height (SSH) are widely used in the ocean community, re-
solving the larger mesoscale dynamic scales greater than
150-200 km in wavelength (Chelton et al., 2011; Ballarotta
et al., 2019). Our understanding of upper-ocean dynamics
in the smaller mesoscale to submesoscale wavelength range
(roughly 15-200 km) has seen great improvement in recent
years due to the combined use of in situ measurements and
state-of-the-art high-resolution ocean models (Sasaki et al
2014; Rocha et al., 2016a, b; Qiu et al., 2017, 2018; Klein
et al., 2019). Processes at these spatial scales are essential in
determining the upper-ocean energy budget through the ki-
netic energy cascade and energy dissipation (e.g., Ferrari and
Waunsch, 2009; McWilliams, 2016; Rocha et al., 2016a). Ad-
ditionally, they play a critical role in connecting the surface
ocean with the interior through the modulation of the mixed
layer seasonality and heat transfer (Capet et al., 2008; Klein
et al., 2008; Thomas et al., 2008; Su et al., 2020; Siegelman,
2020).

Kinetic energy and SSH variance at these 15-200 km spa-
tial scales are partitioned between balanced (geostrophic)
and unbalanced (ageostrophic) motions. Quantifying the rel-
ative importance of each component of the flow across the
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ocean is crucial for the correct calculation of geostrophic
currents from SSH for all satellite altimetry missions, in-
cluding the upcoming Surface Water and Ocean Topography
(SWOT) high-resolution altimetry mission. Barotropic tides
are well estimated for altimetric SSH in the open ocean, but
the SSH signals of other ageostrophic high-frequency mo-
tions remain. Recent results show that, depending on the lo-
cation and season, the energy and SSH signature associated
with unbalanced motions (including near-inertial flows, in-
ternal tides, and inertia-gravity waves) can overcome that of
the balanced motions at smaller scales (Rocha et al., 2016b;
Qiu et al., 2018; Chereskin et al., 2019), imposing a wave-
length boundary beyond which SSH measurements provided
by satellite altimetry can no longer be used to infer upper-
ocean geostrophic flows. Documenting the spatial scale at
which this occurs (the so-called transition scale, L) for the
world ocean has become one of the focal points of recent ef-
forts in the satellite altimetry and SWOT communities (Qiu
etal., 2017, 2018; Wang et al., 2018).

Tackling this problem needs high-resolution ocean data,
ideally in space and time. To date, progress on documenting
L has been achieved exclusively through the use of in situ
data in a few limited regions and high-resolution global mod-
els, given the insufficient time—space resolution of sea sur-
face height (SSH) maps from multi-mission altimetry (these
maps have decorrelation scales of ~ 15 d and 200 km; Chel-
ton et al., 2011; Ballarotta et al., 2019). In constructing the
altimetric SSH maps, the spatial scales below 200 km are
severely smoothed by the optimal interpolation algorithm,
conserving only a small portion of the signal at small wave-
lengths (e.g., Ray and Zaron, 2016; Dufau et al., 2016).

Along-track altimeter data have a finer spatial resolution
than the mapped data, and recent reprocessing now allows
us to access oceanic scales down to 50-70km for Jason-
class altimeters and 35-50km for SARAL/AItiKa (Dufau
et al.,, 2016; Vergara et al., 2019; Lawrence and Callies,
2022). Most of the unbalanced internal tide energy, and some
of the internal gravity wave energy, occurs at scales larger
than 40 km wavelength and can be observed with the latest
along-track altimetry data (Zaron, 2019). Using along-track
SSH data from recent altimetric missions and a statistical ap-
proach based on wavenumber spectral analysis, this paper
will document the global distribution of L. Considering the
noise characteristics of different altimetric missions, we limit
our L estimates to regions where they exceed the local ob-
servability wavelength. We also take into account the uncer-
tainties associated with the altimetric measurements and the
influence of this error in our estimates.

Our satellite altimetry wavenumber spectral L; estimates
are consistent with previous studies based on modeling or in
situ analysis: small values of L are observed in the highly
energetic western boundary current systems and in the vicin-
ity of the Antarctic Circumpolar Current (ACC) (Rocha et
al., 2016b; Qiu et al., 2018), suggesting a dominance of
geostrophically balanced motions on the surface kinetic en-
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ergy field. On the other hand, L, is larger in the vast intertrop-
ical ocean (20° S—-20° N), suggesting a significant contribu-
tion of energetic wave-type motions to the upper-ocean SSH
field here.

2 Data and methods
2.1 Sea surface height (SSH) 1 Hz data

Along-track SSH data from two missions with different tech-
nologies (Jason-3 — J3 conventional nadir altimetry; Sentinel-
3A — S3 synthetic aperture radar nadir altimetry) are ana-
lyzed at a global scale. The time period analyzed spans their
common 4-year period from March 2015 to March 2019.

Along-track SSH observations are maintained at their
original 1Hz observational position with 7km spacing and
are corrected for all instrumental, environmental, and geo-
physical corrections (Taburet et al., 2019). Only time-
dependent variations of along-track SSH measurements
are considered, following Stammer (1997), Le Traon et
al. (2008), and Xu and Fu (2011, 2012). Since S3 is on a
new repeat track, sea level anomalies (SLAs) are computed
for both missions by subtracting the mean sea surface model
CNES_CLS_2015 (Schaeffer et al., 2016; Pujol et al., 2018)
from the along-track SSH measurements.

2.2 Unbiased wavenumber spectrum and spectral
shape analysis

In order to obtain regionally varying spectral estimates, we
apply the methodology described in Vergara et al. (2019). We
sample the along-track SSH measurements inside a 12° x 12°
regional box and then subsample the tracks of each pass in-
side this regional box to a constant length of 1200km. In-
dividual spectral estimates are then obtained by performing
a spatial fast Fourier transform (FFT) on each 1200 km sub-
sample. A Tukey window of 0.5 width is applied to the data
in order to minimize boundary effects when performing the
FFT over the finite dataset (Tchilibou et al., 2018). Data over-
lapping is allowed but limited to a 250 km overlap. We ver-
ified that the overlapping scale is larger than the local spa-
tial decorrelation scale (estimated from the first zero cross-
ing of the local autocorrelation function) to avoid an artificial
overrepresentation of certain spatial scales introduced by the
overlapping. The regional spectrum is then obtained by aver-
aging the individual spectral estimates inside the 12° x 12°
box. Global coverage is obtained by iteratively repeating this
process every 2° in longitude and in latitude.

For each average spectrum, we estimate the 1 Hz error
level by fitting a straight flat line to the SLA power spectral
density (PSD) level for wavelengths between 15 and 30 km;
a similar technique was applied by Xu and Fu (2011), Du-
fau et al. (2016), and Vergara et al. (2019). This straight line
fit is horizontal for J2 and S3 (white noise). The spectrum
shape of S3 shows a slight slope over the 15 to 30 km wave-
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length range (red-type noise), which is a characteristic effect
of the wind wave field on the synthetic aperture radar (SAR)
measurements (Moreau et al., 2018). The differences in the
unbiased spectrum and our methodology when applying ei-
ther a red noise or white noise fit to the 15-30 km band of S3
data are explored in Appendix A.

The spatial patterns of the noise levels for Jason-3 and
Sentinel-3A (Figs. 1a, 2a) approximately follow the spatial
distribution of significant wave height (Dufau et al., 2016),
with peaks in the regions of high sea state in the North At-
lantic, Southern Ocean, and off the coast of southern Africa.
The increased SSH noise of the current generation of satellite
altimeters due to surface waves is well documented for both
radar and SAR altimeters (Tran et al., 2002; Moreau et al.,
2018, 2021). The latitudinal trend (Figs. lc, 2¢) shows an in-
crease in the noise levels from the Equator towards the poles,
in agreement with previous studies (Dufau et al., 2016; Ver-
gara et al. 2019). Annual-mean Jason-3 wavenumber spec-
tra noise levels range from 1.8 cm root mean square (rms) at
the Equator to 2.8 cm rms in the Southern Ocean, whereas
the Sentinel-3 SAR noise floor is smaller (1.4 cm rms at the
Equator and 2.3 cm rms in the Southern Ocean). In general,
noise levels observed for both satellites indeed show local
maxima in the vicinity of the Gulf Stream, Kuroshio exten-
sion, and the ACC, related to local 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 mesoscale signal is also strong, and therefore the
signal-to-noise ratio remains favorable over these highly en-
ergetic regions (Figs. 1b and 2b).

This computed flat noise spectral level is then subtracted
from the PSD estimates over the entire wavenumber range,
which provides an unbiased estimate of the regionally aver-
aged spectrum (Xu and Fu, 2012). We then analyze the un-
biased spectrum in order to determine two spectral slopes,
taking into account the variations of spectral slope val-
ues in the fit. The mesoscale spectral slope is calculated
within a geographically variable wavelength range: the max-
imum mesoscale wavelength is where the spectral shape sig-
nificantly (at 95 %) departs from the observed mesoscale
spectral slope (usually occurring at wavelengths larger than
500km), and the minimum regional wavelength limit is
based on the local eddy length scale, as in Vergara et
al. (2019). Where possible, a second smaller-scale spectral
slope is determined at wavenumbers between 30 km wave-
length and the lower mesoscale spectral slope limit.

In order to analyze the two slopes from the regional un-
biased spectrum shape, we least-square-fit a linear model to
the average spectrum obtained from observations in the log-
arithmic space, defined as

) =x/1070 4 x2 /10772, (1)

where x corresponds to the observed SSH values after apply-
ing the Fourier transform, a; and a; are the intercepts, and
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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 wave-
length, or the wavelength for a signal-to-noise ratio equal to 1 (in
km), and its zonal average (d). The observable wavelength is com-
puted 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 Fig. 1, but for Sentinel-3A data.

b1 and b, are the spectral slopes. This model is therefore de-
fined as the sum of two straight lines in the log—log space,
each one representing a different part of the spectrum and
capturing a different variability regime. The benefit of per-
forming a simultaneous double fit for analyzing the spectral
shape compared to successive individual least-square fits is
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twofold: (1) considering the sum of two linear models pre-
serves the shape of the observed unbiased spectrum and also
allows for curvature where there is a shift in the spectral
slope, representing the observed spectrum in a realistic man-
ner. (2) The uncertainty associated with our spectral slope
estimates is continuous across the entire wavelength range
considered by the model, which is not the case if we con-
sider two successive fits that will minimize the fit errors only
for a prescribed wavelength range. We apply this model to
each regionally averaged unbiased spectrum, between 30 km
wavelength and the upper mesoscale wavelength, following
Vergara et al. (2019).

The fitting algorithm is initialized using a first guess for
the spectral slopes across the wavelength range: for the
mesoscale spectral slope we follow Vergara et al. (2019) us-
ing the change in spectral slope at low wavenumber and the
local eddy length scale as the wavelength bounds. The small-
scale fit is initially computed as a linear fit between the spec-
tral signal at 30 km wavelength and the signal at the local
eddy length scale. These values are used for the first itera-
tion and are recomputed at each step of the least-square mini-
mization procedure to best resolve the double fit, maintaining
the end points of the 30 km wavelength and the slope change
at low wavenumber boundaries. The minimization process
then adjusts the mesoscale and small-scale intercept to better
capture the overall shape of the unbiased PSD.

An example of the results of this two-slope methodol-
ogy is presented in Fig. 3a for a region in the North Pa-
cific Ocean in comparison to the single-mesoscale-slope fit
of Vergara et al. (2019) in Fig. 3b. The one-slope mesoscale
fit in Fig. 3b follows the wavenumber curve well within
the defined mesoscale range (vertical dashed lines) with a
slope of k=*>, and a change in spectral slope is clearly evi-
dent at scales smaller than 120 km in wavelength. The two-
slope mesoscale fit is slightly steeper in the mesoscale range
(k—*9), but the change in slope is well captured at smaller
scales down to 30 km in wavelength (k‘z'5 ), and the sum of
the two linear fits follows the change in curvature of the ob-
served spectral slope (bold solid line). The two-slope linear
fit is constrained by inverse-weighting the observations ac-
cording to the confidence interval of the average spectrum
(gray shading in Fig. 3a). Using the 4 years of data and mul-
tiple tracks within our 12° x 12° box, we can expect the lin-
ear fit to be well constrained in the mesoscale wavelength
range and the error associated with the estimates of the slope
and the intercept to be relatively low. On the other hand,
since the confidence interval becomes larger towards smaller
wavenumbers (a consequence of subtracting the noise level),
the uncertainty in the slope and intercept estimates increases
towards shorter wavelengths, and the smaller-scale slope fit
has higher uncertainty.

Ocean Sci., 19, 363-379, 2023

2.3 Observability wavelength

The observable wavelength (OWL) is defined as the thresh-
old wavelength where the SSH spectral signal exceeds this
flat noise level (i.e., SNR >1; SNR: signal-to-noise ratio).
Given that the first Rossby radius of deformation and the
eddy length scales (Eden, 2007) both generally decrease to-
wards higher latitudes whereas the noise level increases due
to higher sea state, one would expect that the OWL scales
would increase towards high latitudes. The zonal average of
the observable wavelength (OWL) for both satellites is sum-
marized in Figs. 1d and 2d. The combined regional vari-
abilities of the mesoscale spectral slope and the noise levels
both contribute to the complex observed patterns of the OWL
(Figs. 1b, 2b). For regions with strong mesoscale variability
signals (e.g., Southern Ocean, Gulf Stream, Kuroshio, Ag-
ulhas current), the local observable wavelength is short de-
spite relatively high noise levels. The observable wavelength
for Jason-3 varies from 40km in the western tropical Pa-
cific to 50-60 km in the western boundary currents and can
reach 90km in the low-energy eastern North Pacific due to
the higher noise levels. Zonal averages across these regional
patterns lead to values of 60-70km (Fig. 1d), whereas the
zonally averaged OWL for Sentinel-3 reaches 65-70km in
the midlatitudes but only 50 km in the equatorial band.

2.4 Uncertainty analysis for the intercept wavelength

In addition to the fitting parameters for the model described
by Eq. (1), we compute the uncertainty associated with the
least-square fitting, related to each parameter. This helps us
in the interpretation of the results by allowing us to estimate
the validity of the spectral slope values for the large and small
wavelength ranges and also their intercept.

The uncertainty (or error) emerges from the confidence in-
terval envelope obtained when computing the regional aver-
age spectrum (gray shaded area in Fig. 3a and b). On this
log scale, the 95 % envelope of the average PSD appears to
grow considerably towards high wavenumbers. This is a con-
sequence of the denoising method: the 95 % envelope is im-
pacted by the subtraction of the noise plateau computed be-
tween 15 and 30 km wavelength, and the effect will become
more evident in the high-wavenumber part of the spectrum
given that the smaller amplitude of the PSD values is closer
to the noise level.

Using the uncertainty estimates from the mesoscale and
small-scale spectral slopes, we can determine the error as-
sociated with their intercept by propagating the uncertainty
as

by +6b
8Lt=Lt-< 1+68b>

b1+ by
where L is the intercept wavelength, a; and a; the slopes,
and by and b the intercepts of the two lines fitted to the ob-
served PSD. The 1o deviations from the fitted parameters a
and b are denoted by 4.

day +dar ) )

ar +a
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Figure 3. (a) Result of the double-slope methodology used to characterize the spectral shape over the unbiased power spectral density (PSD)
(full gray line). The original and unbiased PSD (dashed blue and gray lines) and the 95 % confidence interval of the average PSD (blue and
gray shading) are shown. The mesoscale and small-scale spectral slope fits (dashed black), combined double-linear-fit model (full black),
and the L intercept of large- and small-scale spectral slopes (blue dot, including its uncertainty) are also illustrated. (b) Single mesoscale fit
method, as in Vergara et al. (2019). As a reference, the result of the PSD fit from (a) is also plotted (dashed green line). Unbiased average PSD
(full gray line) and 95 % confidence for the average estimate (gray shading) analyzed using the wavelength range depicted by the vertical
dashed lines to characterize the spectral slope. Average spectral slopes and their corresponding 1o values are indicated in the inserts. (¢) Zone
where the average PSD sample is computed from J3 data over 2015-2019.

3 Results

In this section, we analyze the temporal mean geographical
distribution of the mesoscale and small-scale spectral slopes
computed using the model described by Eq. (1). Addition-
ally, we estimate (when possible) the intercept wavelength
between the two slopes in the spectral space. This charac-
teristic intercept wavelength may be considered a first-order
approach to the transition scale (L) calculated from model
analyses by Qiu et al. (2018) and from in situ observations
in Qiu et al. (2017). However, we do not analytically sepa-
rate the contributions of the first three baroclinic modes of
internal gravity waves (IGWs) as in Qiu et al. (2018), so the
intercept scale that we present here is a statistical position
from SSH wavenumber spectral slope changes, and not a dy-
namical calculation. The spectral slope changes can delineate
the separation of mesoscale balanced motions from a combi-
nation of small-scale balanced motions, unbalanced motions,
and altimetric observation errors.

3.1 Mesoscale and small-scale spectral slopes

The methodology used to analyze the spectral shape does not
explicitly separate the geostrophically balanced mesoscale
regimes from small-scale regions of the spectrum. However,
it allows us to infer their associated contributions to the ob-
served PSD by means of the change in spectral slopes and
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their intercept. We will refer to the results of either part of the
bilinear model as mesoscale and small-scale spectral slopes.

3.1.1 Mesoscale spectral slope

The geographical distribution of the mesoscale spectral slope
values is very close for the two missions analyzed (Figs. 4a
and 5a), showing larger slope values over the western bound-
ary current systems, as well as the Antarctic Circumpolar
Current, indicative of the energetic mesoscale circulation
that is observed in both regions. The observed spectral slope
values in these highly energetic regions vary between k—*
and k= for both Jason-3 and Sentinel-3A and are in gen-
eral agreement 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 between k=2 and k3, also consistent with val-
ues obtained using a simple fit methodology (Xu and Fu,
2012; Dufau et al., 2016; Vergara et al., 2019).

In some regions, the mesoscale spectral slope values ob-
tained are slightly lower (flatter slopes) for Sentinel-3A than
for Jason-3. This could be related to the white noise level
model used for S3A. Red noise is often observed in the 1 Hz
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
the 15-30 km wavelength range could impact the unbiased
PSD up to ~ 150 km wavelength, leaving a remanent of en-

Ocean Sci., 19, 363-379, 2023



368 O. Vergara et al.: Global submesoscale diagnosis using along-track satellite altimetry

40

L -2
a7 el -
120°W  60°W °

) W
60°E  120°E  180°

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Meso Slope from J3

Latitude
°

g 'J e,

— LgSL
c) Sm SL
00 05 10 15 20 25 3.0 -6 PR a—

Small Scale Slope from J3 Spectral Slope

5 J 3 (L ol
60°E 120°E 180° 120°W 60°W

Figure 4. (a) Mesoscale and (b) small-scale spectral slopes fitted
to the observed unbiased PSD from Jason-3. (¢) Zonal average of
the mesoscale (Lg SL) and small-scale (Sm SL) spectral slopes
in (a) and (b). Color shading around the average values corresponds
to the 95 % confidence interval for the zonal mean. Vertical gray
lines denote the k—11/3 and k=2 spectral slope values. Gray shading
in (b) corresponds to zones where the uncertainty associated with
the slope estimate is higher than 40 % of the slope value. Blanks
zones in (b) correspond 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.

ergy associated with the SAR processing of ocean swell ef-
fects (Moreau et al., 2021) over the mesoscale and small-
scale range that will act to flatten the spectral slope at the
mesoscale wavelength range. We tested the differences in
the spectral PSD levels related to fitting a red or white noise
model for S3A in Appendix A (illustrated in Fig. Al). In
general, the difference in the unbiased curves appears at high
wavenumbers having a smaller PSD amplitude, but the dif-
ferences in the mesoscale spectral slope are generally small.

Indeed, the zonal annual-mean distribution of the
mesoscale spectral slope values is the same for both missions
(Figs. 4c and 5c, in blue), showing a profile that is nearly
symmetrical around the Equator, with values increasing pole-
ward, ranging between k~'!/3 and k> for latitudes pole-
ward of 20° S and 30° N and decreasing sharply towards k>
around the Equator. These values confirm that the midlati-
tude SSH mesoscale spectral slopes vary within the regimes
of surface quasi-geostrophy (sQG) to quasi-geostrophy (QG)
dynamics, whereas the tropical band has much flatter spectral
slopes that reach k=2, in agreement with previous altimetric
studies (Xu and Fu, 2012; Vergara et al., 2019).

3.1.2 Small-scale spectral slope
The originality of this method is to estimate the second small-

scale slope from the wavenumber spectra when possible.
The wavelength range for this small-scale slope varies geo-
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Figure 5. Same as Fig. 4 for Sentinel-3: (a) mesoscale and
(b) small-scale spectral slopes fitted to the observed unbiased PSD
from Sentinel-3A. (c¢) Zonal average of the mesoscale (Lg SL) and
small-scale (Sm SL) spectral slopes in (a) and (b). Color shading
around the average values corresponds to the 95 % confidence in-
terval for the zonal mean. Vertical gray lines denote the k1173
and k2 spectral slope values. Gray shading in (b) corresponds to
zones where the uncertainty associated with the slope estimate is
higher than 40 % of the slope value. Blank areas in (b) correspond
to zones where the double-slope model does not describe the ob-
served shape of the spectrum. Dashed gray lines in (c) correspond
to Jason-3 zonal averages from Fig. 4c. White contours represent
the topography at 3000 m depth.

graphically but is generally between 30 and ~ 150 km wave-
length. This region of the spectrum is where we expect to
observe the upper-ocean dynamics shifting from a regime
dominated by geostrophically balanced motions (eddy-like
mesoscale structures in an sQG or QG regime) towards a
wave-like regime where the SSH variability is dominated by
unbalanced motions (i.e., IGWs, coherent internal tides, and
the cascade of energy from non-phase-locked internal tides).
For the current generation of satellite altimetry observations,
these 30—150 km wavelengths of the SSH spectrum can also
be influenced by residual altimetric geophysical errors and
may approach the observability capabilities of each instru-
ment (OWL). Therefore, the results of the small-scale SSH
spectral slope estimates need to be interpreted in light of
their inherent limitations, taking into account the uncertainty
in the slope determination, residual altimetric errors, and the
local observable wavelength.

On average, the linearly fitted small-scale spectral slopes
vary between k~! and k=2 for both S3A and J3 (Figs. 4b
and 5b), with slightly higher slope values over the western
part of each ocean basin (around k2 at 30° of latitude) in
midlatitudes compared to the eastern basins. The meridional
distribution of valid slope values shows a decrease in the
small-scale spectral slope values towards the poles, as well as
an increase in the dispersion around the average values (i.e.,
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the uncertainty envelope tends to grow as latitude increases).
The zones where the uncertainty associated with the small-
scale slope estimate is higher than 40 % of the slope value are
shaded in gray. This value was chosen in order to discard es-
timates with high uncertainty associated with the bilinear fit
from the analysis. These regions are generally at higher lat-
itude and with slopes close to, or less than, k1. As latitude
increases, the first baroclinic Rossby radius decreases, and
therefore the mesoscale slope fit will be made over progres-
sively smaller wavelengths. This pushes the small-scale fit to
be estimated over a very narrow wavelength range above the
30km noise cutoff, having large uncertainties.

Note that the optimal fitting algorithm is not able to sep-
arate the contribution of two different spectral slopes in the
intertropical band equatorward of ~ 20°. In this zone, we ob-
serve that the SSH signal is essentially captured by the flat-
ter mesoscale spectral slope of k2 (Figs. 4c, 5¢), extending
to small wavelengths, and although the least-squares double-
slope fit does estimate a small-scale spectral slope, it is not
significant (reduced by several orders of magnitude in terms
of energy content compared to the mesoscale slope contribu-
tion). These cases have been left blank in Figs. 4b and 5b.

The zonal-mean values of the valid small-scale slopes
(Figs. 4c and 5¢) show a k~ ! spectral slope between 10 and
20° latitude for both J3 and S3A. These values come from
isolated patches in the western Pacific, the Indian Ocean, and
the zone of tropical instability waves (up to ~ 10° N) in the
northeastern Pacific. In the midlatitudes, from 20—45° in lat-
itude, the small-scale slope decreases from k~ ! to around
k13 for both missions, with higher values near k2 in the
western basins. Any differences in the small-scale spectral
slope for S3A, related to the removal of the white spectral
noise, are small and within the small-scale error range in
Figs. 4c and Sc.

3.2 Intercept wavelength

The intercept of the fitted mesoscale and small-scale spectral
slopes results can be used to obtain a characteristic wave-
length for the change in their dynamical regime. If we con-
sider that the mesoscale slopes reflect the balanced (s)QG dy-
namics at midlatitudes, and the valid small-scale slope values
reflect the wave-like motions from internal tides or IGWs,
the intercept wavelength therefore indicates the boundary at
which the SSH variability would be mainly driven by either
dynamical regime. This wavelength scale could be consid-
ered an approximation of the so-called transition scale from
balanced to unbalanced motions (Qiu et al., 2017, 2018),
which indicates the boundary between the circulation domi-
nated by either geostrophically balanced or unbalanced mo-
tions (in terms of SSH variability). While Qiu et al. (2018)
calculate the transition scale by explicitly filtering the contri-
bution of balanced and unbalanced motions from the PSD in
the wavenumber and frequency space, we compute the spa-
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Figure 6. Intercept scale (in km) between the large- and small-scale
spectral slopes for J3 (a) and S3 (b). Shaded and hatched areas cor-
respond to regions where the intercept scale is smaller than the local
observable wavelength (signal-to-noise ratio equals 1). Blank areas
in (a) and (b) correspond to the regions where the observed PSD
is accounted for using a single-slope approach. (¢, d) Zonal aver-
ages of (a) and (b). The uncertainty envelope is also included in
the zonal average. Orange lines in panels (c) and (d) correspond to
the zonal average of the observable wavelength for J3 and S3A, re-
spectively (Figs. 1d and 2d). Note that the average intercept scale
is always higher than the average OWL. We also verified that the
first baroclinic Rossby radius of deformation is larger than the com-
puted intercept values. White contours represent the topography at
3000 m depth.

tial scale directly from the observed PSD, assuming that its
shape captures both dynamical regimes.

Considering the limitations inherent to satellite altimetry
observations (e.g., noise level, residual errors from correc-
tions, and observability wavelength), we also compute the
uncertainty associated with our estimates for the intercept
wavelength. We then exclude any results that have the follow-
ing criteria: (1) uncertainty in the mesoscale and/or small-
scale spectral slope higher than 40 % and (2) an intercept
wavelength value less than the local observable wavelength
(OWL). Following these criteria, the intercept wavelengths
we can interpret from along-track altimetry are reduced to
a fraction of the world ocean. Nevertheless, within these
constraints, intercept wavelength spatial distribution shows
higher values in the tropical band and lower values towards
the poles for the two missions considered (Fig. 6). Both J3
and S3A show intercept wavelengths around 100 km on av-
erage in midlatitudes from 25-45°, reaching to 140-160 km
in the tropics near 10° latitude (Fig. 6¢ and d).

Using a state-of-the-art global ocean simulation, Qiu et
al. (2018) recently explored the geographical and seasonal
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variations of the balanced to unbalanced transition scale,
highlighting that the highly energetic western boundary cur-
rent systems have relatively short transition scales, with the
largest transition-scale values occurring in the relatively low-
energy regions bounded by the intertropical and subpolar
bands. Their modeled regional distribution reflected the lo-
cal levels of mesoscale variability and the energy levels of
unbalanced motions (near-inertial flows, internal tides and
inertia-gravity 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 J3 and S3A intercept values across each
basin are similar to recent modeling results of global esti-
mates for the balanced to unbalanced motion transition scale,
with shorter transition wavelengths located in the energetic
western boundary current regions and longer values in the
eastern basins. Using the points that can be defined from
our estimates, the Kuroshio extension has intercept values
of around 90-100km for both J3 and S3, with the Gulf
Stream having values of around 60km (Fig. 7), whereas
the eastern North Pacific intercept wavelengths reach val-
ues of 120-140km. We note that S3-A with lower noise has
more geographical coverage of L; estimates within each de-
fined box, leading to local differences in the average merid-
ional L distribution. Observations in the Antarctic Circum-
polar Current are unfortunately non-interpretable. The sharp
mesoscale spectral slopes observed here (related to the highly
energetic local eddy activity at small Rossby radii) result in
an intercept wavelength scale around 50 km or less. Given
the higher noise levels from higher sea state in the Southern
Ocean, these intercept scales are below the local observable
wavelength. Observational results point out that the balanced
to unbalanced transition scale for this region often shows
values around 30km (Drake Passage region; Rocha et al.,
2016a), which is currently inaccessible with satellite altime-
try observations.

Equatorward of 25°, the intercept scale shows the highest
values often exceeding 150 km, which suggests that the dy-
namical regime characterized by shallow spectral slopes is
the main contributor to the observed SSH variability. Mod-
eling results show that the kinetic energy of the unbalanced
motions dominates the SSH variability at the low-latitude re-
gions, with transition-scale values exceeding 200 km (Qiu et
al., 2018).

4 Summary and discussion

In this study we have explored the capability of currently
available along-track data to capture the changes in the cir-
culation variability at wavelengths shorter than 150 km. We
used a statistical approach consisting of analyzing the shape
of the SSH power spectral density, which can be indicative
of the underlying circulation dynamics. In addition to the
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mesoscale spectral slope, we compute a secondary spectral
slope at smaller spatial scales in a wavelength region that is
characterized by a regime change from geostrophically bal-
anced mesoscale motions to a potentially non-geostrophic
regime. The methodology used here is based on an unbi-
ased slope estimate after removal of white-type instrument
noise. However, the least-squares fit takes into account the
variance of the errors associated with the instrumental noise,
which grows towards the high-wavenumber part of the SSH
spectrum as the signal amplitude decreases and therefore in-
creases the uncertainty of the estimated parameters towards
short wavelengths.

A second outcome was to compute the intercept of the
mesoscale and small-scale spectral slopes estimated in order
to obtain a characteristic transition wavelength. We interpret
this wavelength as a proxy for the transition scale that marks
the boundary between the geostrophically balanced and un-
balanced motions in the SSH signal. Despite the limited num-
ber of intercept wavelengths that pass our rigorous selection
criteria, these intercept wavelengths show a distinctive geo-
graphical pattern. Higher spectral slope transition values are
located around the tropics, sometimes exceeding 200 km in
wavelength, and towards the eastern ocean boundaries (be-
tween 100-150km), in agreement with circulation patterns
with important wave-like variability at the mesoscale wave-
length range (Pollmann, 2020; Tchilibou et al., 2018) com-
pared to the local eddy field. The shortest intercept wave-
lengths are, on the other hand, observed over the western
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boundaries and towards high latitudes, where the circulation
variability is dominated by an energetic mesoscale eddy field.

4.1 Uncertainty in the mesoscale spectral slope

In our two-slope methodology, the larger mesoscale spectral
slope estimate starts from a first guess based on the geo-
graphically variable wavelength range specified in Vergara
et al. (2019). Then, the least-squares minimization of the
two-slope fit allows this minimum wavelength range to be
adjusted. As opposed to previous studies, we also include
in our spectral slope estimates the inherent uncertainty that
is contained in the altimetric observations. We have com-
pared the results of the mesoscale spectral slopes from the
bilinear solution against the observed spectrum (Fig. 8). For
consistency, we used the locally variable wavelength range
proposed in Vergara et al. (2019) to compute the mesoscale
spectral slopes. Overall, we observe that the differences in
spectral slopes when diagnosing either the optimal fit solu-
tion or the observed spectra are small (of the order of 0.1)
across the world ocean. The differences are slightly higher
in the equatorial regions (from both datasets) between 0.3 to
0.5 (Fig. 8) but remain smaller than the average uncertainty
associated with the mesoscale spectral slope for the bilinear
fit for these latitudes (Figs. 4 and 5).

4.2 Uncertainty in the small-scale wavelength range

At wavelengths shorter than 150 km, the analysis of the SSH
spectral shape becomes increasingly sensitive to the observa-
tion errors (i.e., instrumental error, accuracy of the altimet-
ric corrections), and therefore the interpretation of the results
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at high wavenumber needs to account for the increased un-
certainty compared to the mesoscale wavelength range. Our
methodology for the analysis of the unbiased spectral shape
assumes a white noise plateau for the J3 and S3A 1 Hz obser-
vations, which 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 towards high wavenumbers in com-
parison to their weak amplitude (i.e., the 95 % confidence
interval envelope grows as we move towards the small-scale
part of the spectrum). Thus, the uncertainty in the estimates
compared to the signal is more important in the small-scale
part of the spectrum than in the mesoscale wavelength range.
This uncertainty also affects the estimates of the intercept
wavelength in Eq. (2).

In addition, in regions where the first baroclinic Rossby
radius is small (e.g., high latitudes) and/or the mesoscale en-
ergy is intense, the mesoscale spectral slope dominates the
double fit and extends down to small wavelengths. In this
case, there is not much wavelength range above 30 km to per-
form a second slope fit, and this combines with the larger er-
ror variance at small scales. We therefore observe an inverse
relationship between the error associated with the small-scale
spectral slope and the wavelength range used to perform the
small-scale fit (Fig. 9) (i.e., the range between the intercept
wavelength and the 30km wavelength, the limit for com-
puting the noise plateau). We note that Jason-3 (Fig. 9a)
has higher error variance than S3A (Fig. 9b), as expected,
and this larger error extends over a longer wavelength range,
whereas the S3A ratio of the small-scale spectral slope to er-
ror tends to be confined to smaller wavelength ranges. Note
that values of small-scale slope error ratio >0.4 were dis-
carded from the analysis of intercept wavelengths as esti-
mates having high uncertainty, and Fig. 9 explains why more
regions are eliminated with this 0.4 cutoff for Jason-3 analy-
ses than for S3A (see Figs. 4b, 5b, and 6). We also discarded
all the intercept wavelength estimates that were below the
SNR =1 level, which delimits the observable wavelength in
altimetric observations. The small intercept values observed
at high latitudes (often smaller than 50 km wavelength) were
therefore classified as non-interpretable, even though their
distribution agrees with the results of Qiu et al. (2018) for the
SSH-based transition-scale estimates, in particular the short
L values observed around the Antarctic circumpolar region.

At these smaller spatial scales, the observed variability
may result from different sources, both geophysical and
instrument- or platform-related, and the diagnosed small-
scale spectral slope is potentially a combination of such
elements. Among the dynamical contributions, it has been
shown that a significant part of the SSH PSD spectrum at
wavelengths shorter than 150 km is related to phase-locked
and non-phase-locked internal tides (Ray and Zaron, 2016).
An important cascade of energy is apparent in the SSH spec-
trum around the tropical latitudes (Tchilibou et al., 2018),
with an increased high-frequency variability of tidal ori-
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gin (mainly non-phase-locked) for wavelengths shorter than
70km (Tchilibou et al., 2022). Using a high-resolution global
ocean general circulation model (OGCM), Qiu et al. (2018)
explored the influence of the internal tides on their estimates
of L, concluding that the removal of the phase-locked in-
ternal tide contribution significantly reduces the values of L
by 50 to 100 km in many regions. Today, only a few phase-
locked tidal constituents are available as a potential altimetric
correction (e.g., M2; Zaron, 2019). So a significant portion of
the SSH PSD in our analysis may be influenced by internal
tide variability.

In addition to the dynamical contributions, the altimetry-
based small-scale spectral slope estimates may also be in-
fluenced by errors in the altimetric measurements used. One
source of error that has been characterized at wavelengths
ranging from 30 to ~80km are the imprecisions related to
the mean sea surface (MSS) model used to compute the al-
timetric sea level anomalies (SLAs), which have been quan-
tified to contribute as much as 30 % of the observed SLA
variability (Pujol et al., 2018). The benefit of the latest MSS
model, CNES_CLS_2015, is a reduction of the associated er-
ror by at least half compared to conventional models (Pujol
et al., 2018). Nevertheless, this could still be a source of er-
rors at short wavelengths for recent uncharted missions such
as S3A. We performed sensitivity tests on the impact of the
MSS model on our estimates at small scale (not shown), re-
vealing that SSH PSD may increase but the spectral shape
is preserved, and therefore the estimates of the small-scale
spectral slope do not significantly change. This effect is com-
parable to the noise plateau differences presented in Ap-
pendix A for S3A.
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4.3 Seasonality of the spectral shape and intercept
wavelength

The seasonal variability of the spectral characteristics de-
rived from altimetric observations has been documented in
recent literature (e.g., Dufau et al., 2016; Vergara et al., 2019;
Lawrence and Callies, 2022), highlighting the fact that the
variations of the spectral shape are related to changes in
both the underlying circulation and surface ocean stratifi-
cation as expected, but also to variations of the altimetric
noise levels throughout the year. The methodology used in
the present paper also reveals a marked seasonal change of
the spectral slopes, with variations in the mesoscale wave-
length range showing sharper values during summer months
than during winter as a by-product of the interaction be-
tween the higher noise levels during winter and the presence
of small-scale turbulence that is generated through vigorous
vertical mixing (Sasaki et al., 2014; Callies et al., 2015).
This small-scale variability is therefore partially masked by
the increased noise levels (and increased uncertainty in our
slope estimates) during winter months. On the other hand,
during summer months the instrumental noise levels drop,
and hence the SSH observability spans a large wavelength
range with favorable signal-to-noise ratio. During summer
months, higher spectral slope values are consistent with in-
terior QG dynamics, suggesting that large eddies are formed
through baroclinic instabilities in the thermocline and very
little energy cascades to smaller scales (e.g., Callies et al.,
2015). The combination of favorable conditions for the gen-
eration of eddies at mesoscales (larger than 100km) and
lower noise levels provides an ideal altimetric observability
scenario during summer months. The seasonal variability of
the mesoscale and small-scale spectral slopes is documented
in Appendix B.

The intercept wavelength also modulates seasonally, sug-
gesting that information about the SSH variability in the sub-
100 km wavelength range is effectively reflected by this pa-
rameter computed from along-track altimetry observations
(Figs. 10 and 11). Changes in the upper-ocean stratifica-
tion will significantly modulate the energy levels of balanced
and unbalanced motions that collectively contribute to the
SSH variability observed for wavelengths ranging from 15 to
200 km. During summer months, a shallow mixed layer with
a sharp density gradient at its base works to enhance the sur-
face unbalanced motion kinetic energy (Rocha et al., 2016b)
that surpasses the energy levels of the geostrophic turbulence
at <100 km wavelength range. Conversely, the vigorous ver-
tical mixing observed during winter energizes the balanced
motions in the small-scale part of the spectrum, leading to a
predominance over unbalanced motions in the SSH variabil-
ity during this season (Rocha et al., 2016b; Qiu et al., 2017).
The modeling results reported by Qiu et al. (2018) show that
this pattern is nearly ubiquitous in the global ocean, with
larger transition-scale values observed during summer than
winter. Our seasonal estimates of the intercept scale show a
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Figure 11. Same as Fig. 10, but for Sentinel-3.

similar pattern in terms of both eastern—western basin asym-
metry and larger transition scales in summer in the zonal av-
erages (Figs. 10 and 11; Appendix B).

We note that our zonally averaged results are only cal-
culated in the non-masked areas and have partial coverage,
but this first altimeter-based seasonal L; modulation agrees
with the modeling results reported by Qiu et al. (2018).
The altimeter spectral-based seasonal L values are, however,
longer than that reported in Qiu et al. (2018) from a mod-
eled SSH by 30 to 70km (Bo Qiu, personal communication,
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2018). Several key methodological differences could explain
the observed differences. While Qiu et al. (2018) use either a
spectral filter over SSH field or a Helmholtz decomposition
of the velocity field in order to determine L, we use the ob-
served SSH and the change in spectral shape as a proxy for
the boundary between large and small scale in the observed
SSH spectrum. Our spectral approach, although straightfor-
ward, is coarser in comparison, given that the spectral shape
analyzed (over the wavelength range of interest) contains a
mixture of large- and small-scale dynamics and residuals of
imperfect instrumental corrections inherent to the satellite
altimetry technique. The overall influence of these factors
is accounted for by the uncertainty envelope that is gener-
ated from our statistical averaging, yielding an uncertainty
of a few tens of kilometers in some regions, whereas Qiu et
al. (2018) generate a precise separation between the high-
and low-frequency parts of the modeled SSH spectrum by
filtering the SSH signal using a thorough methodology based
on the data-derived dispersion relation for higher dynamical
modes and different tidal constituents up to O, which are
not readily available for the altimetric observations.

Although our analyses show the possibility to partially di-
agnose the small-scale part of the SSH spectrum, a thorough
diagnosis of the impact of the instrumental noise levels on the
methodology presented in this paper should also be carried
out. This could be built around a series of observing system
simulation experiments that simulate the along-track obser-
vations and also isolate the different contribution to the SSH
energy spectrum. This is planned for future work.

4.4 TImplications for altimetric mapping and the SWOT
mission

There are two major implications for these spectral analysis
results. The first is that the observable wavelength of all SSH
signals above the instrument noise is limited to 60-70km
for Jason-3 and 50-70km for S3-A (Figs. 1 and 2). So, at
present, any along-track altimetric studies addressing either
balanced ocean dynamics or internal tides or internal gravity
waves will be limited to these spatial scales by this instru-
ment noise level. Recent improvements in high-resolution 20
and 40 Hz processing techniques for the along-track altimet-
ric signal aiming to improve the SNR of existing data show
a reduction of the noise plateau of the order of 20 % for 1 Hz
data (Tran et al., 2021; Quilfen and Chapron, 2021). This
may improve the lower bound of our estimated OWL, as re-
cent results using the latest SAR processing suggest (Moreau
et al., 2021; Pujol et al., 2023).

The performance of the upcoming SWOT mission, repre-
senting a new generation of altimeter technology, anticipates
more than 1 order of magnitude of noise level reduction com-
pared to current 1 Hz Jason observations (Fu and Ubelmann,
2014). Refined estimates for the SWOT SNR, including real-
istic wind-wave effects on the interferometric technology, an-
ticipate an observability ranging from around 15 km in wave-
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length at low latitudes to around 3045 km in wavelength to-
wards the poles, with an important longitudinal dependence
(Wang et al., 2019). This will greatly extend our capacity to
estimate the smaller-spectral slope, especially at middle to
high latitudes.

The second implication is for the L, intercept wave-
length. This wavelength value is critical when calculat-
ing geostrophic currents from altimetric SSH slopes. If the
smaller slope at shorter wavelengths is indeed dominated by
ageostrophic dynamics and internal tides or internal grav-
ity waves, these contributions will induce large errors in the
geostrophic current calculation. In our analysis, we have not
included any recent corrections to remove the phase-locked
internal tide from the along-track altimetry data. Separate
tests (not shown) indicate that these coherent internal tide
corrections have a minor impact on our L results, since the
non-phase-locked internal tide remains, and the cascade of
internal tide energy to smaller scales contributes to the small-
scale slope over similar wavelengths. So this regionally vary-
ing L value needs to be taken into account when choosing
the appropriate spatial scales to calculate geostrophic cur-
rents: either for the cross-track geostrophic currents from the
along-track SSH slopes or when mapping the along-track
data onto a regular grid. Although our along-track L; sta-
tistical values are not available globally due to the limita-
tions with the current generation of altimetric noise, the lim-
ited values are consistent with the modeling results of Qiu
et al. (2018). This suggests that (1) these changes of slope,
predicted by the models, are observable in limited regions
with today’s altimetry missions and (2) that the global mod-
eled L values can be used as a good estimation of the ap-
propriate spatial scales for separating balanced motions for
geostrophic current calculations with altimeter data.

Our results indicate that at low latitudes, the intercept
wavelength remains large (100-150 km), suggesting that the
changes in the spectral slope will be well observed in two di-
mensions by the future SWOT mission with its reduced noise
level. The estimated observability at high latitudes, particu-
larly in the ACC, could still be a challenge for diagnosing
the transition from geostrophic to non-geostrophic circula-
tion regimes from SWOT observations alone unless noise re-
duction techniques are also applied to SWOT data. Wang et
al. (2019) estimate the observed wavelengths for SWOT in
the ACC to be between 30 and 45 km, with an important lon-
gitudinal dependency. Our very limited along-track estimates
in this region indicate that the spectral slope break should oc-
cur in the 40-60 km wavelength range on average, as do the
modeling estimates from Qiu et al. (2018). In situ observa-
tions from the Drake Passage report that half of the near-
surface kinetic energy between 10 and 40 km wavelength is
accounted for by ageostrophic motions (Rocha et al., 2016a),
likely dominated by inertia-gravity waves. Our estimates also
reveal an inherent geographical variability of the intercept
wavelength, suggesting a localized dependence of the dif-
ferent dynamical regimes around the ACC that was also ob-
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served by Wang et al. (2019) for the region. This implies that
the observability in the ACC will not be a constant thresh-
old but rather a pattern dominated by localized and seasonal
variability.

Appendix A

Several studies have reported the effect of sea and swell
on SAR-mode acquisition satellites such as Sentinel-3A
(Moreau et al., 2018; Rieu et al. 2020; Moreau et al., 2021),
highlighting that SAR-specific processing methods result in
a PSD signature at high wavenumbers that deviates from the
expected random thermal noise. The expected signature of a
random signal in the high-wavenumber part of the spectrum
is a characteristic flat plateau or “white noise” (in the case
of 1 Hz SSH, this concerns wavelengths shorter than 30 km
wavelength). In the case of Sentinel-3A, SSH data in this part
of the spectrum exhibit a slightly slanted shape or “red noise”
plateau (Fig. Ala and b, dashed lines).

Following Xu and Fu (2012), in the present paper we an-
alyze the shape of the unbiased SSH spectrum, and there-
fore we assume that the thermal noise signature that domi-
nates the SSH at wavelengths shorter than 30km is essen-
tially a white noise plateau. We perform a sensitivity test
on the effect of using a red-type noise plateau rather than
a white-type plateau for wavelengths between 15 and 30 km
wavelength to compute the unbiased S3A spectra. Figure Al
shows the result of using the two different functions as the
approximation for the noise plateau over selected regions,
and Fig. A2 shows the spatial distribution of the mesoscale
and small-scale spectral slopes resulting from the observed
PSD denoised using a red-type noise. Results show that the
mesoscale spectral slope is not significantly different be-
tween the two methods of denoising (Figs. Al, A2a and c)
and that the same geographical patterns can be observed in
the two cases (Figs. 5a and A2a). The red noise estimate
reduces the PSD levels, particularly at smaller wavelengths,
with a small impact on the small-scale spectral slope. These
small-scale spectral slope values vary between 1.5 and 2.5
for all latitudes equatorward of 40° (Fig. A2b), and the most
important differences with the white noise unbiased case are
observed between 30 and 40°, with the latter showing steeper
slopes (e.g., Fig. Ala), albeit falling inside the uncertainty
envelope on average (Fig. A2c). More evident differences
between the two methods arise at high latitudes where the
small-scale spectral slopes for the red noise unbiased PSD
are lower than for its white noise counterpart (Figs. 5b and
A2b). The uncertainty associated with the small-scale spec-
tral slope is also higher for the red noise unbiased PSD, re-
sulting from the additional energy that is subtracted by the
denoising process in comparison with a white plateau. This
is illustrated by the different energy levels observed for the
blue and black curves in Fig. Al. Therefore, the uncertainty
associated with the spectral slopes at small scales is higher
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kK spectral slope values. Gray shading in (b) corresponds to zones
where the uncertainty associated with the slope estimate is higher
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respectively. White contours represent the topography at 3000 m
depth.
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for the red noise unbiased spectra than for the white noise
unbiased spectra (note that the shaded areas in Fig A2b are
more important than in Fig. 5b).

Appendix B

In the following we present the seasonal results of the
mesoscale and small-scale spectral slopes and for the inter-
cept wavelength at three regions. This analysis complements
the discussion presented in Sect. 4.3.

The seasonality of the spectral slope observed by the two
missions (Fig. B1) shows a distinctive pattern around the av-
erage values (Figs. 4 and 5), with maximum values in the
vicinity of highly energetic regions (e.g., Kuroshio extension,
Gulf Stream, ACC) and rather shallow slopes in the intertrop-
ical band. In agreement with recent studies (e.g., Dufau et al.,
2016; Vergara et al., 2019), slope values during summer are
higher than during winter, indicative of a contrasting dynam-
ical regime during both seasons. These changes are essen-
tially related to the seasonal changes in the vertical structure
of the upper ocean, which would allow the development of
vigorous small eddies during winter months (Rocha et al.,
2016b) that tend to flatten and reduce the mesoscale slope
of the spectrum (Fig. B1c). This enhanced late-winter small-
scale energy may be transferred up-scale to larger-scale ed-
dies in summer at midlatitudes (e.g., Sasaki et al., 2014), in-
creasing the energy levels in the mesoscale wavelength range
during summer months. There is nearly null seasonal modu-
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zonal averages for Jason-3 are also plotted in (c). White contours in
(a) and (b) represent the topography at 3000 m depth.

lation in the equatorial band (10° S—10° N), where the sea-
sonal changes in stratification are rather limited.

Seasonal small slope values follow a different pattern com-
pared to the mesoscale spectral slopes, with zonally averaged
higher slopes during winter compared to summer (Fig. B2c).
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Figure B3. Histogram and cumulative distribution function for
the values of the intercept wavelength observed during August—
September—October (ASO) and February—March—April (FMA) for
Jason-3 (full line) and Sentinel-3 (dashed line) over three re-
gions: (a, b) northwestern Pacific (20-45°N; 135-170°E), (c,
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ern Atlantic (55-25° S; 290-320° E). Only the pixels with seasonal
differences significant at 95 % confidence were considered.
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These zonal statistics are dominated by the western bound-
ary regions of the Kuroshio, the East Australian Current, the
Gulf Stream, and the Brazil-Malvinas Confluence regions.
There are smaller seasonal differences over low-eddy-energy
regions such as the southeastern Pacific. The winter—summer
asymmetry suggests a change in the circulation variability,
tied to the distinctive annual cycle observed in the 10-100 km
wavelength range (Callies et al., 2015; Qiu et al., 2017), and
may indicate that a wintertime energizing of the small scales
related to mixed layer instabilities (e.g., Lawrence and Cal-
lies, 2022) echoes on the small-scale spectral slopes observed
here. As for the rest of the paper, we restricted our analyses
and zonal averages to the zones where the spectral slope error
is lower than 40 %.

In addition to the seasonal modulation of the intercept
wavelength illustrated by Figs. 10 and 11, we analyzed
the statistical distribution of L over three western bound-
ary regions (Fig. B3). Longer intercept wavelengths are ob-
served during summer months compared 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 data avail-
able with lower noise levels (Moreau et al., 2021) over a
longer time series is planned for future work, including com-
parisons against in situ measurements and results from recent
literature (e.g., Qiu et al., 2017).

Data availability. The altimetry data used in the present paper are
fully available at https://doi.org/10.48670/moi-00146 (Copernicus
Marine and Environment Monitoring Service (CMEMS), 2023).

Author contributions. OV, RM, and MIP conceived the methodol-
ogy used to analyze the sea surface height spectra and their shape
changes. The analyses presented in this paper are the collective ef-
fort of all the authors. OV wrote the paper in close collaboration
with RM. MIP, GD, and CU provided altimetry data expertise and
critical advice on the methodology.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. The Jason-3 and Sentinel-3A data were ob-
tained from the Geophysical Data Record (GDR) available on
the AVISO website (https://www.aviso.altimetry.fr, last access:
15 June 2021). The mean sea surface model CNES_CLS_2015 is
also available on the same website. The authors would like to ac-
knowledge the support from the French Space Agency (CNES) via

https://doi.org/10.5194/0s-19-363-2023

the French SWOT TOSCA program to conduct the present study.
Constructive comments made by two anonymous reviewers helped
improve an early version of the paper.

Financial support. This research has been supported by the Centre
National d’Etudes Spatiales (TOSCA program grant).

Review statement. This paper was edited by Anne Marie Treguier
and reviewed by two anonymous referees.

References

Ballarotta, M., Ubelmann, C., Pujol, M.-I., Taburet, G., Fournier, F.,
Legeais, J.-F., Faugere, Y., Delepoulle, A., Chelton, D., Dibar-
boure, G., and Picot, N.: On the resolutions of ocean altimetry
maps, Ocean Sci., 15, 1091-1109, https://doi.org/10.5194/0s-15-
1091-2019, 2019.

Callies, J., Ferrari, R., Klymak, J. M., and Gula, J.: Season-
ality in submesoscale turbulence, Nat. Commun., 6, 6862,
https://doi.org/10.1038/ncomms7862, 2015.

Capet, X., McWilliams, J. C., Molemaker, M., and Shchepetkin, A.:
Mesoscale to submesoscale transition in the California Current
system. Part III: Energy balance and flux, J. Phys. Oceanogr., 38,
2256-2269, doi.org/10.1175/2008JPO3810.1, 2008.

Chelton, D. B., Schlax, M. G., and Samelson, R. M.: Global ob-
servations of nonlinear mesoscale eddies, Prog. Oceanogr., 91,
167-216, https://doi.org/10.1016/j.pocean.2011.01.002, 2011.

Chereskin, T. K., Rocha, C. B., Gille, S. T., Menemenlis,
D., and Passaro, M.: Characterizing the Transition From
Balanced to Unbalanced Motions in the Southern Cali-
fornia Current, J. Geophys. Res.-Ocean., 124, 2088-2109,
https://doi.org/10.1029/2018JC014583, 2019.

Copernicus Marine and Environment Monitoring Service
(CMEMS): Global Ocean Along Track L 3 Sea Surface
Heights Reprocessed 1993 Ongoing Tailored For Data Assim-
ilation, CLS [data set], https://doi.org/10.48670/moi-00146,
2023.

Dufau, C., Orsztynowicz, M., Dibarboure, G., Morrow, R., and
Le Traon, P.-Y.: Mesoscale resolution capability of altimetry:
Present and future, J. Geophys. Res.-Ocean., 121, 4910-4927,
https://doi.org/10.1002/2015JC010904, 2016.

Eden, C.: Eddy length scales in the
lantic  Ocean, J. Geophys. Res., 112,
https://doi.org/10.1029/2006JC003901, 2007.

Ferrari, R. and Wunsch, C.: Ocean Circulation Kinetic Energy:
Reservoirs, Sources, and Sinks, Ann. Rev. Fluid Mech., 41, 253—
282,  https://doi.org/10.1146/annurev.fluid.40.111406.102139,
2009.

Klein, P., Hua, B. L., Lapeyre, G., Capet, X., Le Gen-
til, S., and Sasaki, H.: Upper ocean turbulence from high-
resolution 3D simulations, J. Phys. Oceanogr., 38, 1748-1763,
doi.org/10.1175/2007JPO3773.1 , 2008.

Klein, P., Lapeyre, G., Siegelman, L., Qiu, B., Fu, L.-L., Tor-
res, H., Su, Z., Menemenlis, D., and Le Gentil, S.: Ocean-
scale interactions from space, Earth Space Sci., 6, 795-817,
https://doi.org/10.1029/2018ea000492, 2019.

North  At-
C06004,

Ocean Sci., 19, 363-379, 2023


https://doi.org/10.48670/moi-00146
https://www.aviso.altimetry.fr
https://doi.org/10.5194/os-15-1091-2019
https://doi.org/10.5194/os-15-1091-2019
https://doi.org/10.1038/ncomms7862
https://doi.org/10.1016/j.pocean.2011.01.002
https://doi.org/10.1029/2018JC014583
https://doi.org/10.48670/moi-00146
https://doi.org/10.1002/2015JC010904
https://doi.org/10.1029/2006JC003901
https://doi.org/10.1146/annurev.fluid.40.111406.102139
https://doi.org/10.1029/2018ea000492

378 O. Vergara et al.: Global submesoscale diagnosis using along-track satellite altimetry

Lawrence, A. and Callies, J.: Seasonality and Spatial Dependence
of Mesoscale and Submesoscale Ocean Currents from Along-
Track Satellite Altimetry, J. Phys. Oceanogr.y, 52, 2069-2089,
https://doi.org/10.1175/JPO-D-22-0007.1, 2022.

Le Traon, P. Y., Klein, P.,, Hua, B. L., and Dibarboure, G.: Do al-
timeter wavenumber spectra agree with the interior or surface
quasi-geostrophic theory?, J. Phys. Oceanogr., 38, 1137-1142,
https://doi.org/10.1175/2007JPO3806.1, 2008.

McWilliams, J. C.: Submesoscale Currents in the ocean, Proc. Roy.
Soc. A, 472, 20160177, https://doi.org/10.1098/rspa.2016.0117,
2016.

Moreau, T., Tran, N., Aublanc, J., Tison, C., Le Gac, S., and
Boy, F.: Impact of long ocean waves on wave height retrieval
from SAR altimetry data, Adv. Space Res., 62, 1434-1444,
https://doi.org/10.1016/j.asr.2018.06.004, 2018.

Moreau, T., Cadier, E., Boy, F., Aublanc, J., Rieu, P, Raynal, M.,
Labroue, S., Thibaut, P., Dibarboure, G., Picot, N., Phalippou,
L., Demeestere, F., Borde, F., and Mavrocordatos, C.: High-
performance altimeter Doppler processing for measuring sea
level height under varying sea state conditions, Adv. Space Res.,
67, 1870-1886, https://doi.org/10.1016/j.asr.2020.12.038, 2021.

Pollmann, F.: Global Characterization of the Ocean’s Inter-
nal Wave Spectrum, J. Phys. Oceanogr.,, 50, 1871-1891,
https://doi.org/10.1175/JPO-D-19-0185.1, 2020.

Pujol, M. 1., Schaeffer, P., Faugere, Y., Raynal, M., Dibarboure,
G., and Picot, N.: Gauging the improvement of recent mean
sea surface models: A new approach for identifying and quan-
tifying their errors, J. Geophys. Res.-Ocean., 123, 5889-5911,
https://doi.org/10.1029/2017JC013503, 2018.

Pujol, M.-1., Dupuy S., Vergara O., Sdnchez Roman A., Faugere
Y., Prandi P., Dabat M.-L., Dagneaux Q., Lievin M., Cadier E.,
Dibarboure G., and Picot N.: Refining the Resolution of DU-
ACS Along-Track Level-3 Sea Level Altimetry Products, Re-
mote Sens., 15, 793, https://doi.org/10.3390/rs15030793, 2023.

Qiu, B., Chen, S., Klein, P., Wang, J., Torres, H., Fu, L.-L., and
Menemenlis, D.: Seasonality in transition scale from balanced to
unbalanced motions in the world ocean, J. Phys. Oceanogr., 48,
591-605, https://doi.org/10.1175/JPO-D-17-0169.1, 2018.

Qiu, B., Nakano, T., Chen, S., and Klein, P.. Submesoscale
transition from geostrophic flows to internal waves in the
northwestern Pacific upper ocean, Nat. Commun., 8, 14055,
https://doi.org/10.1038/ncomms 14055, 2017.

Quilfen, Y. and Chapron, B.: On denoising satellite al-
timeter measurements for  high-resolution  geophysi-
cal signal analysis, Adv. Space Res., 68, 875-891,
https://doi.org/10.1016/j.asr.2020.01.005, 2021.

Ray, R. D. and Zaron, E. D.: M2 internal tides and their observed
wavenumber spectra from satellite altimetry, J. Phys. Oceanogr.,
46, 3-22, https://doi.org/10.1175/JPO-D-15-0065.1, 2016.

Rieu, P., Moreau, T., Cadier, E., Raynal, M., Clerc, S., Don-
lon, C., Borde, F., Boy, F., and Maraldi, C.: Exploiting the
Sentinel-3 tandem phase dataset and azimuth oversampling to
better characterize the sensitivity of SAR altimeter sea surface
height to long ocean waves, Adv. Space Res., 67, 253-265,
https://doi.org/10.1016/j.asr.2020.09.037, 2020.

Rocha, C. B., Chereskin, T. K., Gille, S. T., and Mene-
menlis, D.: Mesoscale to Submesoscale Wavenumber Spec-
tra in Drake Passage, J. Phys. Oceanogr., 46, 601-620,
https://doi.org/10.1175/JPO-D-15-0087.1, 2016a.

Ocean Sci., 19, 363-379, 2023

Rocha, C. B., Gille, S. T., Chereskin, T. K., and Mene-
menlis, D.: Seasonality of submesoscale dynamics in the
Kuroshio Extension, Geophys. Res. Lett., 43, 11304-11311,
https://doi.org/10.1002/2016GL071349, 2016b.

Sasaki, H., Klein, P, Qiu, B., and Sasai, Y.. Impact of
oceanic-scale interactions on the seasonal modulation of
ocean dynamics by the atmosphere, Nat. Commun., 5, 5636,
https://doi.org/10.1038/ncomms5636, 2014.

Schaeffer, P, Faugere, Y., Pujol, M.-I., Guillot, A., and Picot,
N.: The CNES CLS 2015 Global Mean Sea Surface, Pre-
sented at the Ocean Surface Topography Meeting (OSTST),
2016, La Rochelle, France, 1 October-4 November 2016,
https://ostst.aviso.altimetry.fr/fileadmin/user_upload/tx_
ausyclsseminar/files/GEO_03_Pres_OSTST2016_MSS_CNES_
CLS2015_V1_16h55.pdf (last access: 19 December 2022),
2016.

Siegelman, L., Klein, P, Thompson, A. F., Torres, H. S.,
and Menemenlis, D.: Altimetry-Based Diagnosis of Deep-
Reaching Sub-Mesoscale Ocean Fronts, Fluids, 5, 145,
doi.org/10.3390/fluids5030145, 2020.

Stammer, D.: Global characteristics of ocean variability estimated
from regional TOPEX/POSEIDON altimeter measurements, J.
Phys. Oceanogr., 27, 1743-1769, https://doi.org/10.1175/1520-
0485(1997)027<1743:GCOOVE>2.0.CO;2, 1997.

Su, Z., Torres, H., Klein, P., Thompson, A. F., Siegelman, L.,
Wang, J., Menemenlis, D., and Hill, C.: High-frequency subme-
soscale motions enhance the upward vertical heat transport in
the global ocean, J. Geophys. Res.-Ocean., 125, €2020JC016544,
https://doi.org/10.1029/2020JC016544, 2020.

Taburet, G., Sanchez-Roman, A., Ballarotta, M., Pujol, M.-1., Leg-
eais, J.-F., Fournier, F., Faugere, Y., and Dibarboure, G.: DUACS
DT2018: 25 years of reprocessed sea level altimetry products,
Ocean Sci., 15, 1207-1224, https://doi.org/10.5194/0s-15-1207-
2019, 2019.

Tchilibou, M., Gourdeau, L., Morrow, R., Serazin, G., Djath, B.,
and Lyard, F.: Spectral signatures of the tropical Pacific dynamics
from model and altimetry: A focus on the meso/submesoscale
range, Ocean Sci., 14, 1283-1301, https://doi.org/10.5194/0s-14-
1283-2018, 2018.

Tchilibou, M., Koch-Larrouy, A., Barbot, S., Lyard, F., Morel,
Y., Jouanno, J., and Morrow, R.: Internal tides off the Ama-
zon shelf during two contrasted seasons: interactions with back-
ground circulation and SSH imprints, Ocean Sci., 18, 1591—
1618, https://doi.org/10.5194/0s-18-1591-2022, 2022.

Thomas, L. N., Tandon, A., and Mahadevan, A.: Submesoscale pro-
cesses and dynamics, Ocean Modeling in an eddying regime,
Geophys. Monogr., 177, 17-38, 2008.

Tran, N., Hancock III, D., Hayne, G., Lockwood, D., Van-
demark, D., Driscoll, D., and Sailor, R.: Assessment of
the Cycle-To-Cycle Noise Level of the Geosat Follow-
On, TOPEX, and Poseidon Altimeters, J. Atmos. Ocean.
Technol., 19, 2095-2107, https://doi.org/10.1175/1520-
0426(2002)019<2095:A0TCTC>2.0.C0O;2, 2002.

Tran, N., Vandemark, D., Zaron, E. D., Thibaut, P., Dibar-
boure, G., and Picot, N.: Assessing the effects of sea-
state related errors on the precision of high-rate Jason-
3 altimeter sea level data, Adv. Space Res., 68, 963-977,
https://doi.org/10.1016/j.asr.2019.11.034, 2021.

https://doi.org/10.5194/0s-19-363-2023


https://doi.org/10.1175/JPO-D-22-0007.1
https://doi.org/10.1175/2007JPO3806.1
https://doi.org/10.1098/rspa.2016.0117
https://doi.org/10.1016/j.asr.2018.06.004
https://doi.org/10.1016/j.asr.2020.12.038
https://doi.org/10.1175/JPO-D-19-0185.1
https://doi.org/10.1029/2017JC013503
https://doi.org/10.3390/rs15030793
https://doi.org/10.1175/JPO-D-17-0169.1
https://doi.org/10.1038/ncomms14055
https://doi.org/10.1016/j.asr.2020.01.005
https://doi.org/10.1175/JPO-D-15-0065.1
https://doi.org/10.1016/j.asr.2020.09.037
https://doi.org/10.1175/JPO-D-15-0087.1
https://doi.org/10.1002/2016GL071349
https://doi.org/10.1038/ncomms5636
https://ostst.aviso.altimetry.fr/fileadmin/user_upload/tx_ausyclsseminar/files/GEO_03_Pres_OSTST2016_MSS_CNES_CLS2015_V1_16h55.pdf
https://ostst.aviso.altimetry.fr/fileadmin/user_upload/tx_ausyclsseminar/files/GEO_03_Pres_OSTST2016_MSS_CNES_CLS2015_V1_16h55.pdf
https://ostst.aviso.altimetry.fr/fileadmin/user_upload/tx_ausyclsseminar/files/GEO_03_Pres_OSTST2016_MSS_CNES_CLS2015_V1_16h55.pdf
https://doi.org/10.1175/1520-0485(1997)027<1743:GCOOVE>2.0.CO;2
https://doi.org/10.1175/1520-0485(1997)027<1743:GCOOVE>2.0.CO;2
https://doi.org/10.1029/2020JC016544
https://doi.org/10.5194/os-15-1207-2019
https://doi.org/10.5194/os-15-1207-2019
https://doi.org/10.5194/os-14-1283-2018
https://doi.org/10.5194/os-14-1283-2018
https://doi.org/10.5194/os-18-1591-2022
https://doi.org/10.1175/1520-0426(2002)019<2095:AOTCTC>2.0.CO;2
https://doi.org/10.1175/1520-0426(2002)019<2095:AOTCTC>2.0.CO;2
https://doi.org/10.1016/j.asr.2019.11.034

0. Vergara et al.: Global submesoscale diagnosis using along-track satellite altimetry 379

Vergara, O., Morrow, R., Pujol, 1., Dibarboure, G., and Ubel-
mann, C.: Revised global wave number spectra from recent al-
timeter observations, J. Geophys. Res.-Ocean., 124, 3523-3537,
https://doi.org/10.1029/20181C014844, 2019.

Wang, J., Fu, L.-L., Torres, H. S., Chen, S., Qiu, B., and Menemen-
lis, D.: On the spatial scales to be resolved by the surface water
and ocean topography Ka-band radar interferometer, J. Atmos.
Ocean. Technol., 36, 87-99, https://doi.org/10.1175/JTECH-D-
18-0119.1, 2018.

https://doi.org/10.5194/0s-19-363-2023

Xu, Y. and Fu, L.-L.: Global variability of the wavenumber spec-
trum of oceanic mesoscale turbulence, J. Phys. Oceanogr., 41,
802-8009, https://doi.org/10.1175/2010JP0O4558.1, 2011.

Xu, Y. and Fu, L.-L.: The effects of altimeter instrument noise on
the estimation of the wavenumber spectrum of sea surface height,
J. Phys. Oceanogr., 42, 2229-2233, https://doi.org/10.1175/JPO-
D-12-0106.1, 2012.

Zaron, E. D.: Baroclinic tidal sea level from exact-repeat
mission altimetry, J. Phys. Oceanogr., 49, 193-210,
https://doi.org/10.1175/JPO-D-18-0127.1, 2019.

Ocean Sci., 19, 363-379, 2023


https://doi.org/10.1029/2018JC014844
https://doi.org/10.1175/JTECH-D-18-0119.1
https://doi.org/10.1175/JTECH-D-18-0119.1
https://doi.org/10.1175/2010JPO4558.1
https://doi.org/10.1175/JPO-D-12-0106.1
https://doi.org/10.1175/JPO-D-12-0106.1
https://doi.org/10.1175/JPO-D-18-0127.1

	Abstract
	Highlights
	Introduction
	Data and methods
	Sea surface height (SSH) 1Hz data
	Unbiased wavenumber spectrum and spectral shape analysis
	Observability wavelength
	Uncertainty analysis for the intercept wavelength

	Results
	Mesoscale and small-scale spectral slopes
	Mesoscale spectral slope
	Small-scale spectral slope

	Intercept wavelength

	Summary and discussion
	Uncertainty in the mesoscale spectral slope
	Uncertainty in the small-scale wavelength range
	Seasonality of the spectral shape and intercept wavelength
	Implications for altimetric mapping and the SWOT mission

	Appendix A
	Appendix B
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

