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The open ocean kinetic energy cascade is strongest
in late winter and spring

René Schubert® '™ Oscar Vergara2 & Jonathan Gula® '3

The oceanic kinetic energy cascade, the flux of kinetic energy between currents of different
horizontal scales, shapes the structure of the global ocean circulation and the associated
heat, salt, nutrient, and oxygen fluxes. Here, we show with a numerical ocean simulation that
the surface geostrophic cascade can be estimated from satellite altimetry observations and
present its regional distribution and seasonal cycle at scales of 40 to 150 km for large parts of
the global ocean based on observations. The time-mean cascade is inverse (towards larger
scales), strongest in large-scale current systems, and decreases with distance from these
systems. In the open ocean, the inverse cascade is associated with a maximum in late winter
at the smallest scales studied, which transitions to scales larger than 100 km within two to
three months, consistent with the widespread absorption of mixed-layer eddies by mesoscale
eddies in spring.
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cean motions can be decomposed into movements at

different horizontal scales ranging from large-scales

(0(1000 km)) through mesoscales ((¢(100 km)) and sub-
mesoscales (0(100 m) - (10 km)) to microscales (<((100 m)).
The flux of kinetic energy (KE) between ocean currents at dif-
ferent scales, the KE cascade, plays a key role in several aspects of
global climate. First, in combination with the transformation of
KE into available potential energy (and vice versa), the cascade
mediates the balance between the oceans forcing by the atmo-
sphere, primarily by wind at large scales, and the dissipation of
KE into heat at molecular scales!. Second, the KE cascade con-
trols the scale-distribution of KE including the strength of the
subtropical gyre?, the strength and position of large-scale currents
such as the Gulf Stream34, the strength of inter-ocean exchanges
such as Agulhas leakage®, and the strength and distribution of
ocean mesoscale eddies®® and thus the associated transports of
heat, salt, nutrients, and oxygen. Third, through ocean-
atmosphere interactions, the ocean and atmosphere KE cas-
cades determine their response times to external forcing®. This
induces a modulation of the atmospheric circulation by the
oceanic KE cascade. In addition to being a key component of
the climate system, understanding the KE cascade is critical for
the validation and development of climate models, particularly
regarding the parameterization of the sub-grid-scale energetic
fluxes and dissipation.

For the large mesoscales, the KE flux was computed from
gridded sea-surface height data that were interpolated from along-
track satellite altimetry measurements on a regular 0.25° and daily
grid (AVISO) assuming geostrophy and an f-plane®10-12, The
results showed an inverse cascade (from smaller to larger scales) at
scales larger than about 75 km and a forward cascade (from larger
to smaller scales) at smaller scales. While the forward cascade was
later found to be an artifact of the filtering and interpolation
technique onto the regular grid, the inverse cascade at larger scales
was found to be robust to filtering! 12, At scales of the maximum
inverse flux (about 200 km), the cascade has been shown to be
orders of magnitude smaller in the open ocean compared to regions
of strong current systems!3. This is not surprising, as the inverse
cascade is stopped at smaller scales in the open ocean, for example
due to the Rhines effect!*. Substantial inverse fluxes occur at
these scales only in the large-scale current systems, where very large
mesoscale eddies form as a consequence of large-scale instabilities
and interact with the large-scale currents. Regional submesoscale-
permitting simulations and regional observations have shown that
the inverse cascade extends into the submesoscales to scales of the
mixed-layer Rossby radius of deformation (about 15 km)1215-20,
Applying a filtering approach for computing the KE flux?1-%* to
submesoscale-permitting model data, it was found that the
underlying process of the submesoscale inverse cascade is primarily
the absorption of submesoscale mixed layer eddies by mesoscales
eddies!”. Consistently, the maximum of the submesoscale inverse
flux has been found to occur immediately after the submesoscale
season in late winter and to shift to larger scales in spring!”. Based
on observations, the existence of the submesoscale inverse KE
cascade and its seasonality could only be demonstrated for small
ocean regions!®18-20, Indirect evidence that this submesoscale
inverse cascade is active in large parts of the global ocean has
recently been provided by high-resolution satellite products2°.
Recent model studies have applied Helmholtz decomposition and
principal strain coordinate transformation prior to the computa-
tion of the scale KE flux, and have shown that the inverse cascade is
primarily driven by geostrophically balanced flows2%27. This con-
firms that it should be possible to analyze the near-surface inverse
KE cascade on the basis of sea-surface height.

In this study, we provide an observation-based estimate of the
surface geostrophic KE cascade and its seasonal cycle at scales of

40-150 km in large parts of the global ocean. We use information
on the dynamics in the respective scale-band from satellite along-
track altimetry data measured by JASON-3 as well as from a
submesoscale-permitting simulation of the Atlantic. The KE flux
can not be computed directly from along-track sea-surface height.
However, using the simulation, we prove that it is possible to
estimate the KE flux from the simulated sea-surface height along
the tracks of JASON-3 and apply the proposed estimation tech-
nique to the actual measurements.

Results
If the measured along-track absolute dynamic topography () is
dominated by geostrophic flows, the across-track f-plane geostrophic

flow component can be computed as u = — % 1,, where g=9.81 m
s2 is the gravitational acceleration, f = 2Q sin(27 326%) is the Cor-
iolis parameter with the Earth’s angular speed () = 22 s™" and the
latitude 6, and y is the along-track direction with increasing latitude.
Partial derivatives of a with respect to b are written here and in the
following as % = g,. For this study, we use five years of tide-
corrected and filtered measurements of # taken by the JASON-3
satellite along the tracks shown in Fig. 1a. From these, we estimate
the surface geostrophic 5°x5° domain-averaged scale-KE flux

through a specific scale L as

(M) = —C(Lpy (1 — T){[, ), €Y

where angle brackets indicate averages over 5° x 5° subdomains for
each measurement cycle, C is an estimation coefficient identified
from a numerical ocean simulation, and p, = 1024 kg m~3 is the
standard density. The overlines denote fields convoluted with a
tophead kernel whose length is equal to that of the respective scale L
and which is normalized so that it integrates to 1. The computation
of Cand the proof that the proposed estimation works is given in the
“Methods” section.
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Fig. 1 The time-mean inverse scale kinetic energy flux. The time-mean
inverse scale kinetic energy flux —Iles; from JASON-3 SSH at scales of
200 km (a), 140 km (b), and 60 km (¢). In (a), thin black lines show the
JASON-3 tracks. Hatches mark regions where the time-mean transition
scale from balanced to unbalanced flows T is larger than the scale, —Il; is
shown for, and thus, where the results have to be interpreted with care.
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Fig. 2 The seasonal cycle of the inverse scale kinetic energy flux. Monthly climatological anomalies of the scale kinetic energy flux — Iles; from JASON-3
with respect to the 2017-2021 mean. Red (blue) colors mark enhanced (reduced) inverse cascade. Shown are the relative anomalies for the FMA-mean
(a) and ASO-mean (b) flux at 60 km, as well as the anomalies for the area-mean flux between 15°N and 65°N (¢), and between 15°S and 65°S (d). Contour
lines and diagonal hatches mark where the maximum transition scale from balanced to unbalanced flows T is in the respective season larger than 60 km
and thus, where the results are potentially erroneous due to non-geostrophic gradients of 7. Regions of strong large-scale currents are excluded before the
area-averaging for the bottom panels. They are identified by the temporal standard deviations of 2017-2021 AVISO-SSH averaged over 5° x 5° domains
larger than 20 cm (dotted) and by anomalies of the KE flux that are larger than 15 mW km~1m=3 at 60 km (horizontal hatches). The respective area-mean
T (solid line) plus and minus one standard deviation (dashed lines) are shown in (¢) and (d).

If % is not dominated by geostrophic flows, the computation of
geostrophic currents from the measurements fails. A lower bound
for the scales at which the respective gradients of # can be used to
derive geostrophic flows is provided by the transition scale from
balanced to unbalanced flows T. T is estimated from the JASON-3
along-track data with a previously published method?® and is
averaged over the same 5° x 5° grid on which we estimate the scale
KE flux. T is associated with lower values in regions with strong
balanced flows (large-scale currents and surface eddy pathways)
and higher values in regions with weak balanced flows (weak eddy
activity)?8. Furthermore, T is associated with a seasonal cycle, with
lower values in spring when there are more balanced submesoscale
vortices, and higher values in summer and autumn when the
surface signature of internal waves is amplified?’. In Figs. 1 and 2
we highlight with black lines the regions, scales, and seasons where
the results are partially corrupted by too strong imprints of
unbalanced flows into the absolute dynamic topography mea-
surements. Furthermore, we exclude the tropics between 15°S and
15°S from our analysis, because the baroclinic mode-1 and mode-2
diurnal tides significantly affect the SSH-spectrum3® there, and
consequently T exceeds 75 km throughout the year3!.

The time-mean scale KE flux. The time-mean estimated fluxes at
scales of 60, 140, and 200 km are shown in Fig. 1. The largest
(inverse) fluxes occur at all scales in regions of very strong
near-surface current systems, such as the Gulf-Stream - North-
Atlantic-Current system, the Agulhas system, the Brazil-Malvinas-
Confluence or the Kuroshio. The further away from the large-scale
currents, the smaller the fluxes. Fluxes at 140 km and 200 km scales
are very close to each other and have substantial amplitudes almost
only in regions of large-scale current systems. At 200 km, the
pattern is very similar to the one presented in a previous study
based on gridded AVISO datal3. At this scale, almost no time-
mean fluxes are found in the open ocean. At 60 km, fluxes of about
10-20 mW km~! m~3 occur in large parts of the mid-latitudes.
This is consistent with wide-spread mixed-layer instabilities leading
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to the formation of submesoscale eddies, which are subsequently
absorbed by the mesoscales!”.

The seasonal cycle of the scale KE flux. The seasonal cycle of I1,.
and its scale distribution are shown in Fig. 2. At 60 km, the
anomalies of the FMA-mean (Fig. 2a) and the ASO-mean (Fig. 2b)
relative to the 2017-2021 mean flux show enhanced inverse fluxes
in spring and reduced inverse fluxes in autumn for most open
ocean regions. This is consistent with a previously published map
of the seasonal difference in geostrophic KE computed from along-
track altimetry?°. In the open ocean, enhanced fluxes occur in
winter and spring with a maximum in early spring (February in the
Northern Hemisphere and July in the Southern Hemisphere) at 40
km scale (Fig. 2¢, d). During the following three to four months,
enhanced fluxes occur at increasingly larger scales. Deeper mixed-
layer depths in winter allow for the accumulation of more available
potential energy at mixed-layer fronts. Mixed-layer baroclinic
instability of the fronts releases this potential energy into KE in the
form of mixed-layer eddies?. These eddies have a diameter on the
order of the mixed-layer Rossby deformation radius (about 15 km)
and are stronger and more frequent in winter. Subsequently, these
eddies grow and are absorbed by mesoscale eddies. The absorption
process takes about 2-3 months, resulting in a shift of the max-
imum scale KE flux from late winter at 30 km to late spring at
140 km. This climatological scale-time pattern of the observation-
based estimated inverse flux is consistent with that of the power-
spectral density of KE computed from AVISO3? and along-track
altimetry?”. The same consistency was also found in a simulation of
the open ocean near the Agulhas-system!”. In regions of strong
large-scale flows, in particular the Gulf Stream and Kuroshio
extensions, the Brazil Malvinas Confluence, and the Agulhas region
and Return Current, the estimated fluxes at 60 km mainly show an
opposite seasonal cycle to that of the open ocean. This is consistent
with results from a recent model study of the Gulf Stream, which
found a stronger seasonal cycle of the balanced cascade outside of
the Gulf Stream core, including a scale-shift of the maximum
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inverse flux and a reduced seasonality without a scale-shift of the
maximum in a region that partially includes the Gulf Stream2°,
Furthermore, this is consistent with previously published results on
along-track altimetry-based geostrophic KE levels, which revealed
an opposite seasonal cycle within the strong current systems2°. We
speculate that the reason for this phenomenon is that other ener-
getic submesoscale and mesoscale processes overcome the seasonal
cycle of mixed-layer instabilities and the subsequent inverse cas-
cade of the resulting mixed-layer eddies. In the future, these other
processes need to be identified.

Particularly in summer, in regions of weak mesoscale activity at
scales of 70km and smaller, the measured absolute dynamic
topography is not dominated by balanced flows and —II,; gives
spuriously enhanced values. This manifests itself in a spurious
reduction or reversal of the seasonal cycle at 60 km in regions
such as the North East Pacific or the Central Atlantic, where the
maximum T of the respective season is larger than 60km
(contours and hatches in Fig. 2a, b), as well as small secondary
maxima of —II in summer (August in the Northern Hemi-
sphere and February in the Southern Hemisphere) mainly at
scales smaller than 70 km (Fig. 2c, d).

Methods

JASON-3 satellite along-track altimetry data. JASON-3 mea-
sures the absolute dynamic topography #, the sum of the sea-level
anomaly and the mean dynamic topography, between 66°S and
66°N with an along-track resolution of about 6 km at 1 Hz and a
repeated measurement of each track every 10th day. Below scales
of 25-35 km, JASON-class data are associated with noise33-34,
This noise is associated with a seasonal cycle that is similar, but
not identical, to that of the submesoscale KE level34 (at least north
of 40°$3°): higher noise and submesoscale KE in winter and lower
in summer. The sea-level anomaly is available in an original
(unfiltered) and a low-pass “filtered” version. Fourier analysis
shows that the seasonal cycle of power spectral density of the
unfiltered # has deviations from 20 km on all scales larger than 30
km (Fig. 3e), indicating that the seasonal cycle at these scales is
not corrupted by measurement noise. Furthermore, for this study,
we use the tide-corrected data, where the barotropic tides and the
coherent part of the baroclinic tides for modes M2, K1, O1, and
S2 have been removed from the data. Note, however, that there is
a residual effect of tides that cannot be corrected. Note also that #
is the sea-surface height (SSH) corrected by the geoid. Since the
geoid is associated with very large scales, this correction is not
relevant for the analysis presented in this study. Therefore, # is
also referred to as SSH in the following.

GIGATLI simulation. The GIGATLI simulation®® used here has
been performed with the Coastal and Regional Ocean COmmu-
nity model (CROCO, 10.5281/zenodo.7415055), which is based
on the Regional Ocean Modeling System (ROMS?’). The inte-
gration is performed on an Arakawa C-grid3® using 100 vertical
terrain-following sigma-levels where the bathymetry is taken
from the SRTM30plus dataset. Vertical mixing is parameterized
with the k-epsilon turbulence closure scheme with applied
Canuto A stability function. No explicit lateral diffusivities
and viscosities are used. The effect of bottom friction is para-
meterized with a logarithmic law using a roughness length of 0.01
m. The GIGATLI grid is orthogonal based on an oblique Mer-
cator projection and designed to have nearly uniform spacing in
both horizontal dimensions. The grid spacing varies from 1 km at
the central longitude of the grid to 735 m at the west and east
extremes of the grid. A simulation with a grid-spacing three times
as large as the one of GIGATLI, “GIGATL3”, has been initialized
in January 2004. Initialization fields and boundary conditions are

from Simple Ocean Data Assimilation (SODA3). GIGATLI is
initialized from the restarts of GIGATL3 in July 2007 and inte-
grated twice, one experiment with simulated tides and one
experiment without simulated tides. All simulations are forced by
hourly atmospheric forcing data from the Climate Forecast Sys-
tem Reanalysis (CFSR) with a bulk formulation and a stress
correction approach to parameterize the surface ocean current
feedback to the atmosphere®{. Barotropic tidal forcing at the
boundaries and tidal potential and self attraction from TPXO7.2
and GOT99.2b are applied to GIGATL3 and GIGATLI with
tides. In this study, we analyze snapshots every fifth day over the
period April 2008 to March 2009 for both simulations.

Model validation. The temporal standard deviation of SSH, com-
puted from daily averages during Apr 2008-Mar 2009 averaged onto
the AVISO grid, shows similar large-scale patterns for GIGATL1
without simulated tides and AVISO (Fig. 3a, b). The largest values
occur in the region of the Gulf Stream, North Atlantic Current, and
Brazil Malvinas Confluence systems, moderate values in the sur-
rounding ocean, as well as in the Agulhas ring path, the Azores
Current, and the North Equatorial Counter Current, and low values
above the shelves and in the central subtropical gyres. The simulated
SSH variabilities are smaller than in the observations in the Gulf
Stream extension, the Brazil Current extension, and the Agulhas
Ring Path, and larger north of 50°N. The standard deviation of SSH
in the Northwest-Corner and the North Atlantic Current are in
remarkably good agreement. The too low simulated SSH variability
in the Agulhas ring path is a result of the monthly boundary con-
ditions applied at the southern boundary of the domain, which are
not frequent enough to resolve the full variability of the energetic
eddies drifting out of the Agulhas region into the Atlantic.

Time-mean horizontal wavenumber spectra computed from
SSH at JASON-3 tracks in a 20° x 20° domain in the open ocean
show similar results for JASON-3 and GIGATL1 without
simulated tides (Fig. 3c). For comparison, the GIGATL1 SSH is
extracted at the measurement locations of JASON-3 from model
snapshots every fifth day. The SSH-spectra from GIGATLI
without tides and the unfiltered, tide-corrected JASON-3 data
show a very good agreement at scales larger than 60 km. At scales
smaller than 60 km, the spectrum of the observations shows
higher values compared to the simulation, which could be due to
observational noise or unresolved processes. The spectrum of the
filtered JASON-3 SSH follows that of the unfiltered down to 45
km, but with a shallower slope between 60 km and 45 km than in
the simulation, which shows a k=4 slope down to 30 km.

Hovmoller plots of the monthly climatology of the SSH-
spectrum for both the simulation and the observations (Fig. 3d
and e) show maxima that shift from winter at scales of ¢(10 km)
to summer at scales of /(100 km) similar to the maximum inverse
cascade estimated from JASON-3 (Fig. 2c). This shift is consistent
with previous results from AVISO and simulations!”32, as well as
with a maximum of submesoscale activity in winter and spring
and a subsequent inverse cascade involving the growth of
submesoscale eddies and their absorption by mesoscale eddies!”.
For the simulation, the Hovmoéller plot is more patchy and shows
the shift to larger scales one to two months later than in the
observations. This can be due to the specific conditions in the
single simulated year, which is compared here to a five-year
average from the observations.

The scale KE flux. With the filtering approach, the scale KE flux
can be computed as

= —p, | — @), + @ — av)(@, +7,) + (2 = ), |,

@
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Fig. 3 Model validation. The standard deviation of SSH computed from Apr 2008-Mar 2009 daily mean fields of GIGATLI without simulated tides (a) and
AVISO (b). Thick black lines show the GIGATL1 domain, and the white box the region for which the Fourier transform is performed for the middle and
bottom panels. ¢ The time-mean SSH spectra and a gray straight line for the k=4 slope. d, e Hovméller plots of the monthly climatological anomalies of the

SSH spectra with respect to the mean over the period Apr 2008-Mar 2009 for
minus one standard deviation (dashed lines) are shown in (d) and (e).

where u and v are the total horizontal velocity components in
perpendicular directions x and y*!-24, The overlines denote fields
convoluted with a two-dimensional top-head kernel whose dia-
meter is equal to that of the respective scale L and which is
normalized by the respective enclosed area so that it integrates to
1. IT is only computed if the full kernel area is filled with data. To
reduce the memory requirement for convolutions in the com-
putation of II, which increases exponentially with the respective
scale, u and v are first averaged within 5 x 5 grid-cell boxes. This
has almost no effect on the results, as the variations of the
simulated values on the near-grid-scale are very small. Due to
limits in computational time and storage, the computations were
only feasible for snapshots every fifth day. While this does not

(d) and 2017-2021 for (e). The respective area-mean T (solid line) plus and

affect the results for area averages, the results for time averages
may contain aliasing effects.

Large amplitudes of surface time-mean II occur mainly in
regions of strong current systems. While the Gulf Stream - North
Atlantic Current and Brazil Malvinas Confluence systems show
time-mean fluxes of both signs at 60 km scales, the equatorial
current system is associated with a time-mean forward cascade
(Fig. 4a). The area-mean flux for a large region in the North
Atlantic, shows a dominant forward cascade in summer and
autumn (JJASON) and a dominant inverse cascade in winter and
spring (DJFMAM) (lower panel in Fig. 4a). The maximum
inverse cascade shifts by a few months with increasing scale. This
is consistent with the absorption of the winter-time submesoscale
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Fig. 4 The simulated scale kinetic energy flux. The scale kinetic energy flux IT computed from GIGATL1 without simulated tides in the period Apr

2008-Mar 2009 from the total velocity (a), the geostrophic velocity (b), the geostrophic velocity and subsequently averaged over 5° x 5° domains (c), and
estimated with equation (1) from SSH cut from the simulation along JASON-3 tracks (d). The time-mean flux at 60 km scales is shown in (a) to (d). 15°S
and 15°N are shown with black horizontal lines. Hatches mark regions that have been excluded for the computation of the estimation coefficient C. In (e) to
(h), Hovmoéller plots of the respective area-averaged flux in the North Atlantic are shown (domain marked with a black box in (a) to (d)). The scale of

60 km is marked with a black line.

vortices by the mesoscales which takes this time!”, and with the
seasonal cycle of the SSH spectrum in the North Atlantic Current
(Fig. 3d).

The geostrophic scale KE flux can be computed by using (2),
with the geostrophic velocity. Noisy large-amplitude time-mean
geostrophic fluxes occur on the shelf, as well as in the tropics
(Fig. 4b). Away from these regions, the time-mean geostrophic
flux is inverse almost everywhere. When averaged over 5°x5°
regions, the instantaneous geostrophic flux is only very rarely
forward. In the time-mean, only a few regions near the coast or
near the boundary of the domain show time-mean forward fluxes
(Fig. 4c). Geostrophic fluxes averaged over the North Atlantic box
show a dominant inverse cascade at all times and scales as well
(bottom panels in Fig. 4b and ¢). The inverse cascade is maximum
at the smallest investigated scales in February, March, and April,
which shifts to April and May at scales of 100 km and larger. The
similar timing and amplitude of the inverse cascade from the total
velocity (Fig. 4a) support that balanced flows are primarily
responsible for the inverse cascade, as shown in previous
studies?®?7. Furthermore, this confirms that the near-surface
winter and spring inverse cascade can be studied using SSH.
However, for the interpretation of the geostrophic flux, one needs
to be aware that the ageostrophic (net forward) cascade reduces
the geostrophic (net inverse) cascade mainly at scales smaller
than 40 km throughout the year (Fig. 4a). Note that the results
presented here for the surface cascade from total velocities
correspond to an extreme case, as forward fluxes are surface
intensified and restricted to the very upper ocean, while the
inverse cascade driven by the balanced flows extends deep into
the ocean!7:?7. The estimate of the geostrophic flux presented in
the “Results” section is therefore more representative of the
cascade over the depth-range of surface intensified balanced flows
than of the cascade directly at the surface.

Estimating the scale KE flux from along-track data. In order to
access the smallest scales observed by satellite altimetry, we must
use the non-gridded along-track SSH product. However, it is not

possible to compute the geostrophic IT directly from along-track
SSH, as one can only compute the across-track geostrophic
velocity component. This implies that, of all the terms in (2), only

the Leonard stress u? — 72, and the along-track derivative u, are

computable. For this study, we propose to estimate the flux with
equation (1), which includes the product of these two terms

giving the correct unit of a scale KE flux. Since u? — % is always

positive, using the absolute value of #, along with the minus sign

means that the estimated geostrophic flux is globally inverse,
consistent with what we found for the time- and area-averaged
geostrophic fluxes in the simulations (Fig. 4c), with AVISO based
observational studies at larger scales®!l, and with theoretical
studies that showed that the balanced flows are associated with
inverse fluxes?%27. However, in some shelf regions, 5° x 5° aver-
aged forward geostrophic fluxes do occur in our simulations,
which implies that the estimated fluxes from JASON-3 need to be
interpreted with care on the shelf. Trying to estimate the sign

of the geostrophic flux directly, for example by using %,

without taking its absolute value and removing the minus sign in
equation (1), has not been successful.

We average both subterms in equation (1) over 5° x 5° boxes, as
the estimation works better the larger this region is, and as they
are large enough to cover reasonable amounts of along-track data
(which have a track-to-track distance of several degrees for
ascending and descending tracks (Fig. la). This technique is
associated with the inclusion of information from both horizontal
directions, as the angle between ascending and descending tracks
is large (Fig. la), and thus reduces the effect of the isotropy
assumption that is necessarily made when one-dimensional data
is cut from a two-dimensional field and then used to make a
statement about that field.

The estimation coefficient C is identified from the simulations
for each chosen scale by area- and time-averaging the term
(H)/(—po(‘ruu)(myl)), where (IT) is computed from the 5 x 5 grid-
cell averaged SSH field and the divisor terms from the SSH
extracted from the simulation along the JASON-3 tracks. For the
final area-averaging of the term, regions near the coast and
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boundary of the simulation, where the respective 5° x 5° domain
includes only a small ocean area are excluded (shown hatched in
Fig. 4c), as well as regions and times where L < T. For scales of
[30,40,50,60,70,80,90,100,120,140,160,180,200] km, C is com-
puted to be [0.32,0.26,0.23,0.22,0.20,0.19,0.18,0.17,0.15,0.14,0.13,
0.12,0.11] and thus shows an exponential decay with larger scales.
Computing C from a parallel simulation with simulated tides,
gives similar values (see Supplementary Note 1 and Supplemen-
tary Fig. 1).

Comparisons of the original and estimated time-mean fluxes at
a scale of 60 km and their area-mean in the North Atlantic box
show that the estimation reproduces the horizontal and temporal
patterns and their amplitudes reasonably well (Fig. 4c, d). Large
differences only show up in the Gulf Stream extension, where the
flux is overestimated, and in a few shelf regions where the original
flux is forward and thus cannot be estimated correctly with
equation (1). The former may be due to the extreme non-isotropy
of the core Gulf Stream extension and indicates that the fluxes are
overestimated in similar energetic non-isotropic flows, such as the
western Kuroshio or the Agulhas retroflection. Outside of these
regions and small parts of the shelf, the estimation works very
well. The pattern and amplitude of the estimated fluxes from
GIGATL1 without simulated tides are very close to those
estimated from JASON-3 data (Fig. 1). However, for the
observations, higher fluxes are estimated in the Gulf Stream
extension, the northern Brazil Malvinas Confluence, and the
Agulhas ring path, which is consistent with higher mesoscale
eddy activity in the observations (Fig. 3a, b). The largest
differences between the area-averaged original and estimated
geostrophic IT occur in April, where the maximum flux event is a
bit overestimated (bottom panels Fig. 4c and d). Furthermore, the
weak summer inverse cascade is slightly overestimated. This
contributes to a slightly reduced amplitude of the seasonal cycle
of the estimated flux compared to the original flux.

The horizontal scale of a SSH feature in the two-dimensional
field may differ from that identified from the SSH along a track
that cuts through the same feature. For example, if waves do not
propagate in the direction of the track, they will appear to be
associated with a larger wavelength along the track. Or if a track
cuts through a circular eddy and does not cross its center, the
eddy will appear to be smaller from the track information. The
fact that the flux estimated from the one-dimensional SSH data
agrees with that from the two-dimensional original shows that the
estimation procedure corrects for this issue. We hypothesize that,
on average, shorter scale features erroneously imprint at larger
scales, and that the decreasing C with increasing scale corrects for
this by reducing the pre-estimate (Eq. (1) without C) more at
larger scales. Future research needs to address the question, why
the estimation works.

Data availability

The data to reproduce the figures of the present paper can be accessed at https://doi.org/
10.17882/96675. Furthermore, with the same link, the transition scale from balanced to
unbalanced flows as well as the estimated scale kinetic energy flux can be accessed. The
ocean model output used for this study is too large for an online upload. The full JASON-
3 data used for this study is available at https://data.marine.copernicus.eu/product/
SEALEVEL_GLO_PHY_L3_MY_008_062/services. The coastline shown in the Figures
has been taken from www.naturalearthdata.com/downloads/110m-physical-vectors/.

Code availability

All the code to reproduce the study is available at https://doi.org/10.17882/96675. The
scale kinetic energy flux computations based on the two-dimensional model data has
thereby been performed with a modified version of the code published at https://doi.org/
10.5281/zenodo.4486265.
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