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We present the first estimate for the ocean’s global scale-
transfer of kinetic energy (KE), across scales from 10 km to
40000 km. We show the existence of oceanic KE transfer
between gyre-scales and mesoscales induced by the atmo-
sphere’s Hadley, Ferrel, and polar cells, and intense down-
scale KE transfer associated with the Inter-Tropical Con-
vergence Zone. We report peak upscale transfer of 300 Gi-
gaWatts across mesoscales of 120 km in size, roughly 1/3rd
the energy input by winds into the oceanic general circu-
lation. This “cascade” penetrates almost the entire water
column, with nearly three quarters of it occurring south of
15◦S. The mesoscale cascade has a self-similar seasonal
cycle with characteristic lag-time of ≈ 27 days per octave
of length-scales such that transfer across 50 km peaks in
spring while transfer across 500 km peaks in summer. KE
content of those mesoscales follows the same self-similar
cycle but peaks ≈ 40 days after the peak cascade, sug-
gesting that energy transferred across a scale is primarily
deposited at a scale 4× larger.

INTRODUCTION

Oceanic general circulation is a central component of Earth’s cli-
mate system, without which much of the Earth’s surface would
be covered by ice [1]. This circulation comprises motions span-
ning a wide range of structures and scales from O(104) km down
to O(1) mm, including coherent jets such as the Gulf Stream
and Kuroshio, gyres, and the meridional overturning circulation
on basin scales several thousands of kilometers in extent [2].
Ocean circulation also includes turbulent mesoscale eddies of
O(100) km in size, which pervade the global ocean and contain
most of the ocean’s kinetic energy [3].

Mesoscale eddies are the ocean’s equivalent of weather sys-
tems, with characteristic timescales of a few months [4]. Due to
their energy and chaotic nature, recent studies [5, 6, 7, 8, 9, 10,
11] have suggested that these eddies may play a substantial role
in climate variability that is intrinsic to the ocean, and is dis-
tinct from variability due to external forcing of the ocean. Such
oceanic internal variability is hypothesized to arise because en-
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ergy can be transferred between seemingly incoherent mesoscale
eddies and the larger scale coherent flow [12], which evolves on
the long timescales of climate and is directly coupled to it. Be-
low, we provide direct evidence of such transfer.

The kinetic energy (KE) cascade, conceptualized by Richard-
son, Kolmogorov, and Onsager [13, 14, 15, 16], is a fundamental
process in turbulent flows with profound and far-reaching conse-
quences, including in our everyday lives. The cascade allows the
transfer of energy between vastly different length-scales and is
still an active research topic [17, 18]. Since oceanic circulation
on scales of O(100) km and larger is predominantly geostrophic,
similar to 2-dimensional flows, it is theoretically predicted to
transfer KE upscale [19, 20, 21]. However, these theories have
been formulated for idealized homogeneous turbulence without
boundaries. Flow in the ocean is highly inhomogeneous, with
prominent roles played by continental boundaries, bottom to-
pography, winds, and a plethora of multiscale processes.

How important is the upscale cascade pathway of KE from the
mesoscales of size O(102) km? How does it compare to other
energy sources and sinks in the oceanic circulation? Answering
these questions is important to determine the energy cascade’s
potential contribution to climate variability [6, 9, 10]. Quantify-
ing the oceanic energy cascade is also pertinent to a longstanding
problem in physical oceanography of how mesoscales gain and
lose their energy. Our limited understanding of these sources and
sinks contributes to large uncertainties in the oceanic KE budget
[22].

While we have global estimates of other processes, such as
wind forcing [23, 24] and dissipation to bottom drag and wave
generation [25, 26], we do not yet have global estimates for the
KE cascade. This absence is because the KE cascade is in-
herently a multi-scale process, which requires decomposing the
ocean flow at different length scales in a realistic ocean set-
ting. Important progress has been made in this regard, since
the seminal work of Scott & Wang [27]. However, these past
investigations of the KE cascade have been limited to analysis of
small regions due to their reliance on Fourier transforms in a box
[28, 29, 30, 31] or a traditional turbulence approach using so-
called ‘structure functions’ [32]. Limitations of these approaches
have prevented us from both (i) estimating the global KE cascade
rate and (ii) from probing length-scales larger than a few hundred
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kilometers. Storer et al. [3] recently showed that regional anal-
ysis misses the gyre-scale components of the oceanic circulation
altogether, including a previously unrecognized spectral peak due
to the Antarctic Circumpolar Current (ACC). Compared to en-
ergy spectra, analysis of the energy cascade within boxes suffers
from compounded uncertainty due to the elimination of gyre-
scales, which introduces uncontrolled errors to the calculation of
the cascade even at length-scales smaller than the box size [33].

In this paper, we use a recent coarse-graining methodology
[33, 3] that frees us from these limitations while conserving en-
ergy throughout the global ocean, which is not possible via the
approaches of Fourier boxes or structure functions [3]. At gyre-
scales, the KE scale-transfer shows signatures of the global atmo-
spheric circulation patterns, i.e. Hadley, Ferrel, and polar cells,
through five latitudinal bands of alternating upscale and down-
scale energy transfer due to an exchange with the mesoscales.
We find that the atmosphere’s Inter-Tropical Convergence Zone
(ITCZ) produces a band of intense downscale KE transfer in the
ocean near the equator. The method allows us to calculate global
KE spectra at different depths, which show that mesoscales
O(102) km penetrate the entire water column whereas the cir-
culation at gyre-scales > 103 km weakens notably with depth.
We also report the first estimate of 300 GW for the global up-
scale cascade of mesoscale KE, which demonstrates that it is
a substantial energy pathway in the ocean. We find that the
seasonal cycle of the mesoscale KE cascade exhibits a charac-
teristic lag-time of ≈ 27 days per octave of length-scales such
that, in both hemispheres, the KE transfer across 50 km peaks
in spring while transfer across 500 km peaks ≈ 3 months later, in
the summer. KE content at these length-scales follows a similar
seasonal cycle but with the peak KE occurring ≈ 41 days after
the peak KE transfer, suggesting that the seasonal variability in
the KE spectrum is caused, at least in part, by the upscale KE
cascade. In this work, we restrict use of the term ‘cascade’ to
where the KE transfer is scale-local, reverting to the more gen-
eral ‘scale-transfer’ when scale-locality has not been determined.
In particular, we use ‘cascade’ when discussing the KE mesoscale
transfer and present evidence for its scale-locality.

RESULTS

Our methodology is applied to a 1/12
◦ state-of-the-art global

ocean reanalysis dataset (hereafter ‘NEMO’) that assimilates
data from sea-surface temperature, sea level anomaly, in-situ
temperature and salinity profiles, and sea ice concentration. In
contrast to the recent analysis in [3], here we use the full ve-
locity, including the geostrophic and ageostrophic components.
We also analyze global data from AVISO satellite observations,
which are limited to the geostrophic component and are included
in the Supplemental Material (SM). Coarse-graining is performed
on a range of length-scales, ℓ, spanning 10 km to the equatorial
circumference of the Earth (denoted with ℓ⊖ ∼ 40 × 103 km).
Details on coarse-graining, the dataset, and the presented diag-
nostics can be found in the Methods section. Our results revolve
around two key quantities. First is the filtering spectrum [34],
E(kℓ) = dKE>ℓ/dkℓ, which measures spectral KE density as a
function of length-scale, where kℓ = ℓ−1 is filtering wavenumber
and KE>ℓ is the KE contained at all scales larger than ℓ. The
second diagnostic is KE scale-transfer (or cascade), Πℓ, which

measures the amount of KE transferred from scales larger than ℓ
to scales smaller than ℓ, and is signed so that a positive/negative
value indicates a downscale/upscale energy transfer.

SURFACE KINETIC ENERGY SPECTRA

Figure 1 presents the area-averaged KE filtering spectra as a
function of depth and lateral length-scale for the global ocean
(‘Global’), north of 15◦N (‘North of Tropics’, NH), between 15◦S
and 15◦N (‘Tropics’), and south of 15◦S (‘South of Tropics’,
SH). The surface KE spectra (dark purple lines) in the extra-
tropical hemispheres (NH and SH) broadly follow the same pat-
tern that was found from studying geostrophic velocities [3].
Namely, there is a meso-scale peak at ≈ 250 km, a NH gyre-peak
at ≈ 3×103 km, and an ACC peak at ≈ 9×103 km. Our results
then extend those previous findings by considering full model ve-
locity, instead of just the geostrophic velocity, thus allowing us
to study the entire global ocean including the tropics.
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Fig. 1: Kinetic Energy Filtering Spectra: Area-averaged KE spec-
tra [MegaJoules per square meter; divide by 1025 kg/m3 to obtain
traditional m3/s2] as a function of length-scale (horizontal axis) and
depth (colour scale) for four regions of interest (see panel labels).
Dashed/dotted black and red lines show various power law slopes, as
indicated by the legends. Note that the horizontal axis, ℓ, decreases
to the right. ℓ⊖ denotes the equatorial circumference of the Earth,
≈ 40 × 103 km. All 50 vertical levels of the reanalysis dataset are
plotted. For comparison, solid black curves show KE spectra of the
depth-averaged flow. See also Figure S1 in the SM, which presents
spectra at only a few selected depths. In [A-C], the largest scales
[shaded] cannot be restricted to separate regions.

Consistent with previous studies that focused on regional spec-
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tral analyses [35, 31, 36, 37, 38, 39], the meso-scale spectral scal-
ing lies between k−5/3 and k−3 in the global KE spectrum. Due
to ageostrophic Ekman flow over the range 103 km to 104 km
[12], the extra-tropical gyre-scales in Fig. 1B-C follow a scaling
that is slightly steeper than the k−1 previously found for the
geostrophic velocity [3]. While the extra-tropics exhibit an en-
ergy minimum separating the meso-scale and gyre-scale peaks,
the tropics, which were not analyzed in [3], do not have such
a spectral energy minimum. Instead, the tropics yield a global
ocean surface KE spectrum that monotonically increases with
length scale up to scales of ≈ 104 km.

KE SPECTRA AT DEPTH

Figure 1 provides the first global power spectrum of the ocean
as a function of depth (indicated by the colour bar). At almost
all length scales, spectral KE density decreases monotonically
with depth [38, 37], consistent with the surface intensification
of the ocean currents. However, the magnitude of such decrease
in energy with depth is strongly dependent on length scale. A
striking feature in Figure 1 is how rapidly gyre-scale energy de-
cays with depth compared to energy at the meso-scales. For
instance, in Figure 1D, energy density at ℓ = 200 km does not
decrease noticeably in the upper ∼ 100 m, while energy density
at ℓ = 10× 103 km decreases by roughly an order of magnitude
over the same depth (see also Fig. S1D in SM). Figure 1B-C
(and Fig. S1C-F in SM) quantifies the gyre-scales’ precipitous
KE decay with depth. Their KE decreases by a factor of O(10)
at 500 m depth and of O(100) at 2000 m depth compared to
the surface, albeit with notable differences between the NH and
SH. This surface-trapped gyre-scale motion is consistent, at least
in part, with baroclinic Rossby wave adjustment [40] and wind-
driven Ekman transport, which is restricted to the Ekman layer
in the upper ∼ 100 m [12].

MESOSCALES SPAN THE WATER COLUMN

Outside of the tropics (Figure 1B-C), the mesoscale spectral peak
is present at all depths. While their spectral energy density de-
creases by roughly a factor of 15 from the surface to the abyssal
ocean, the mesoscales remain energetically dominant, especially
considering that energy density at scales larger than 103 km de-
creases by 2–3 orders of magnitude. Figure 1B-C (and Fig. S1C-F
in SM) quantifies the extent to which mesoscales are barotropic
[41], with their KE decreasing by a factor of ≈ 3 at 500 m depth
and of O(10) at 2000 m depth compared to the surface. That
the spectral energy per wavenumber in the mesoscales is on par
with or greater than that of the largest scales underscores the
dominance of the mesoscales at all depths. Oceans are forced at
the surface by winds and buoyancy fluxes and, to maintain equi-
librium, some of this energy is transferred to the deeper ocean
where it is dissipated at the bottom via friction [25, 26]. The
mesoscale dominance of the deep ocean spectra highlights their
key role in the ocean’s energy dissipation pathways.

GLOBAL SCALE-TRANSFER OF KE

Figure 2 provides the first global maps of the surface KE scale-
transfer, Πℓ, across ℓ = 1000 km (gyre-scales) and ℓ = 120 km
(mesoscales), averaged over 2015–2018 (see also Figure S8 in

SM using satellite data). Positive Πℓ values (red) indicate a
downscale transfer of KE from scales larger than ℓ to those
smaller than ℓ, while negative Πℓ values (blue) indicate an up-
scale transfer across ℓ. These geographic maps highlight a key
advantage of the coarse-graining methodology over traditional
approaches using Fourier or structure functions: we can retain
spatial information while concurrently diagnosing processes at
different scales. The maps in Figure 2 allow us to associate the
scale-transfer of KE with flow properties in different regions, as
we discuss below. To highlight seasonal trends, gyre-scale KE
transfer maps (panels 2A,C) are averaged over winter and sum-
mer months, while the mesoscale energy transfer across 120 km
are averaged over spring and autumn when scale-transfer across
that scale is at an extremum (see Figure S5 in SM for all seasons).
Panels 2E-F show full-year means of the KE scale-transfer but
only due to the laterally non-divergent component of the ocean
currents, which includes geostrophic motions but excludes the di-
vergent Ekman flow (see Figure S6 in SM for seasonal maps). To
preserve physical properties (symmetries) at different scales, the
coarse-grained flow is allowed to be nonzero within a distance ℓ/2
beyond the continental boundary over land [33, 3, 42]. Forfeiting
exact spatial localization to gain scale information is theoretically
inevitable due to the uncertainty principle (see Methods).

Figure 3 complements the scale-transfer maps in Figure 2 by
showing the zonally (east-west) averaged scale-transfer as a func-
tion of latitude, length-scale, and depth. Figure 3A presents
time-mean surface KE scale-transfer as a function of latitude
and scale. In the SM, Figure S3 is an annotated version of Fig-
ure 3, and Figure S7 presents the same analysis from AVISO
satellite product.

MESOSCALE KE TRANSFER

Maps of KE scale-transfer at the mesoscales (Figure 2B,D) show
the pervasiveness of the upscale KE transfer, which dominates
the extratropical global ocean and is consistent with geostrophic
turbulence theory [21, 12]. The upscale transfer is most in-
tense in dynamically active regions, including the Gulf Stream,
Kuroshio, and the ACC, due to strong mesoscale eddy activ-
ity and large baroclinic growth rates [43]. In contrast, equato-
rial regions, which are not constrained by geostrophy, show a
prominent downscale KE transfer (red) across scale of 120 km
in Figures 2B,D. Comparing maps in panels B and D, we find in-
dications that the mesoscale upscale KE transfer across 120 km
is stronger during the local spring. This behavior is particularly
noticeable in the subtropics, such as in the Kuroshio region and
around Australia. Panel F shows that the laterally non-divergent
flow component, which excludes upwelling/downwelling motions,
exhibits a more pronounced upscale transfer, including in the
tropics.

In Figure 3A-D, the upscale transfer (blue) is prominent over
a wide range of mesoscales, and spans roughly [65◦S, 15◦S] and
[15◦N, 55◦N] (see also Figure S7 in SM). In each panel, we out-
line three length-scales of interest: 1) the length-scale with the
strongest mesoscale upscale KE transfer (orange, “mesoscale
peak”), 2) the scale at which the KE transfer transitions to
downscale (black, “downscale transition”), and 3) the length-
scale corresponding to Rossby number of 0.1 (yellow, ℓRo=0.1),
with larger values of Rossby number indicating a reduced influ-
ence from Earth’s rotation (see Methods).
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Fig. 2: Surface maps of Πℓ at [A,C,E] ℓ = 1000 km and [B,D,F] ℓ = 120 km from four years (2015–2018), with a positive (negative) value
indicating a downscale (upscale) kinetic energy transfer. To highlight ITCZ seasonal imprint on gyre-scale KE transfer and seasonal extrema
of mesoscale KE transfer, Πℓ, using full velocity, is averaged over [A] Jan-Feb-Mar, [B] Apr-May-Jun, [C] Jul-Aug-Sep, and [D] Oct-Nov-Dec.
All four seasons are in Figure S5 in the SM. [E,F] are annual averages of Πℓ but using only the laterally non-divergent velocity. Seasonal
maps equivalent to [E,F] are in Figure S6 in the SM. All panels share a common colour scale. To preserve scale-dependent symmetries,
the coarse-grained flow is allowed to be nonzero within a distance ℓ/2 beyond land boundaries (grey mask), consistent with the uncertainty
principle (see Methods). [A: green dashed boxes] highlight the Southern ITCZ “red branch” imprint that occurs during JFM. A corresponding
ITCZ imprint can be seen north of the Equator during JAS ([C]) in all basins. [E: orange dashed box] highlights strong downscale KE transfer
from geostrophic flow shear between the Agulhas and ACC.
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Fig. 3: Structure of the KE Scale-Transfer [A-D] The zonally-averaged surface KE scale-transfer as a function of latitude and scale: [A]
using full velocities and averaged over all months, [B] using only laterally non-divergent velocities and averaged over all months, [C] using full
velocities and averaged over Jan-Feb-Mar, and [D] using full velocities and averaged over Jul-Aug-Sep. Negative (positive) values indicate
an upscale (downscale) transfer of energy. ℓ⊖ denotes the equatorial circumference of the Earth, ∼ 40× 103 km. [Thick dashed black lines]
denote the circumference of a line of constant latitude. [Thick dashed pink lines] denote the zonal width of two grid-points. [Straight dashed
green lines] in [A] denote the length-scales analyzed in [E] and [F]. In [A-D], [orange lines] show the scale with greatest magnitude upscale KE
transfer [“mesoscale peak”, panel G], [yellow lines] show the small-scale transition to downscale transfer, and [black lines] show the length
scale at which the Rossby number equals 0.1. Panels [E,F] show latitude and depth for ℓ = 120 km and ℓ = 3× 103 km (dashed green lines
in [A]). [E,F]: Note that the vertical axis is split at 300 m depth, so that the upper 300 m are emphasized. The colour bar is the same for
all panels. [G] shows the mesoscale peak for each of the seasonal bands, smoothed using a 3-degree moving average. Figure S3 reproduces
[C,D] with additional annotations.
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The scale of the peak upscale KE transfer (orange lines in Fig-
ure 3A-D, also shown in panel 3G) ranges from ≈ 200 km near
the equator to ≈ 80 km near the poles. The peak scale gener-
ally decreases polewards except in strong current systems (see
panel 3G and panel S7C in SM). There is a notable increase in
the peak scale at 40◦S associated with the ACC, and two smaller
increases at ∼ 35◦N and 40◦N, associated with the Gulf Stream
and Kuroshio. In these strong currents, the mesoscale nonlinear
interactions are more intense (Figure 2B,D), transferring energy
upscale over a wider range of scales. This latitudinal dependence
of the length scale corresponding to the peak upscale KE trans-
fer is consistent with previous studies that used Fourier analysis
to compute KE scale-transfer [27, 43, 31, 38], with our analysis
here covering the global ocean without being confined to regional
boxes.

Transition from upscale to downscale KE transfer in Figure 3
tracks ℓRo=0.1 relatively well, suggesting that the transition to
downscale KE transfer is driven by unbalanced motions, con-
sistent with previous work [38, 32, 44]. Excluding the irrota-
tional flow, scale-transfer from the laterally non-divergent flow
at these small scales seems to exhibit an upscale transfer in Fig-
ure 3B. Given that the resolution of the dataset used here is
1/12

◦ (∼ 9 km at the equator), this transition can only be con-
sidered marginally resolved and submesoscale-permitting at best
[36], and should be further investigated with higher resolution
data.

The tropics are the only latitudes that demonstrate a persis-
tent downscale transfer (red) over mesoscales (ℓ < 500 km).
As ℓ increases from O(100) km to scales > 1000 km over the
tropics in Figure 3, the downscale energy transfer bifurcates into
two intense off-equatorial branches (red) that lie within ≈ ±10◦

of the equator (“red branches” in Figure S3). The two branches
have a distinct north-south asymmetry, with the northern band
exhibiting a stronger downscale transfer due to the asymmet-
ric seasonal migration of the Inter-Tropical Convergence Zone
(ITCZ) as we elaborate below.

GYRE-SCALE KE TRANSFER AND THE
ATMOSPHERIC IMPRINT

Maps of the KE transfer across gyre-scales in Figures 2A,C and
their zonal average in Figure 3A reveal an imprint of the global at-
mospheric circulation. This imprint is most clear from Figure 3A,
where we find five ‘cells’ of alternating upscale and downscale
transfer at the ocean surface (c.f. “Atmospheric Cell Imprint” in
Figure S3). Each cell spans ≈ 30◦ in latitude. They are centred
at the Equator, horse latitudes (30◦N and 30◦S), and polar fronts
(60◦N and 60◦S), which mark the transition zones between the
atmospheric Hadley, Ferrel, and polar cells.

This atmospheric signature on the gyre-scale oceanic KE scale-
transfer can be explained by the wind-driven Ekman transport
within those bands [12]. Zonal surface wind stress (τλ) induces
meridional (north-south) Ekman velocity (uE

ϕ , see Methods),
such that a meridionally-alternating wind direction produces
meridionally-alternating divergent and convergent flows within
the ocean’s Ekman layer (top ∼ 100 m). These flows would
respectively ‘stretch’ and ‘compress’ oceanic motions, leading to
KE transfer to larger and smaller scales, respectively. We shall
see below that much of the gyre-scale transfer occurs due to en-
ergy exchange with the mesoscales. A concept worth emphasiz-

ing is that energy can undergo an inertial scale-transfer of KE in
the presence of coherent convergent or divergent flow structures
such as in shocks, rarefaction waves, and fronts [45, 46, 47, 48].
While KE scale-transfer due to convergent and divergent (un-
balanced) motions has been analyzed at the submesoscales in
regional models [49, 44], the results presented here are the
first to show scale-transfer due to the convergent and diver-
gent Ekman flow at gyre-scales. To reinforce this interpretation,
panel 2E and panel 3B present Πℓ arising solely from the lat-
erally non-divergent (toroidal) flow component, which lacks the
necessarily divergent Ekman flow component and the associated
atmospheric-cell pattern. Further support for this interpretation
comes from examining the depth profile of the gyre-scale KE
transfer (Figure 3F, discussed in the next paragraph), where we
find that the alternating upscale and downscale transfer bands
are localized to the top ≈ 100 m in the ocean, which is approxi-
mately the same depth as the Ekman layer. From panels 3A,C,D
we note a north-south asymmetry in the gyre-scale KE trans-
fer poleward of 45◦. South of 45◦S, the upscale transfer (blue)
persists to larger scales and with higher intensity than its NH
counterpart. This behavior is attributed to continental bound-
aries, which constrain the upscale transfer (blue) north of 45◦N
unlike in the Southern Ocean.

DEPTH PROFILES OF KE SCALE-TRANSFER

Figure 3E-F presents the latitude-depth profiles of Πℓ for ℓ =
120 km and ℓ = 3 × 103 km, which represent the mesoscale
and gyre-scale KE scale-transfer signals in Figures 2,3A. The
mesoscale transfer (panel 3E), in addition to having strong in-
tensity, penetrates the entire water column. The scale-transfer
is surface intensified (note the log-scale in the colour bar), but
there is a clear upscale transfer down to 5 km depth, especially
between [60◦S, 30◦S] and [30◦N, 45◦N], which are the approx-
imate latitudes of the ACC, Gulf Stream, and Kuroshio. This
result provides evidence that the upscale mesoscale transfer has
a substantial barotropic component, in accord with the theory of
geostrophic turbulence [50]. In contrast, the gyre-scale KE trans-
fer (panel 3F) is mostly surface-trapped to the upper 100 m of
the ocean, where wind effects are most pronounced. Panel 3F
also demonstrates that the downscale/upscale KE transfer due
to Ekman flow convergence/divergence near the surface is not
cancelled by the return Ekman flow divergence/convergence at
greater depth. This lack of cancellation is because the KE scale-
transfer (eq. 5 in Methods) arises from flow strain at scales > ℓ
acting against stress from motions at scales < ℓ. These sub-
scale motions are much stronger near the surface than at depth
(Fig. 1 and SM Fig. S1), underscoring the importance of vertical
inhomogeneity in the oceanic scale-transfer of KE.

In the equatorial region, we can see clearly in Panel 3E that
mesoscale KE transfer differs substantially from other latitudes.
It is characterized by strong down-scale KE transfer, which pen-
etrates several kilometers into the water column. This down-
scale transfer may be related to shear induced by alternating
equatorial deep jets [51, 52], with the meridionally broader but
shallower downscale transfer possibly owing to the subsurface
counter-currents. Further analysis of this phenomenon is per-
haps better investigated using regional modeling of the equato-
rial region at higher vertical resolutions.
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DEPARTURES FROM GEOSTROPHIC THEORY

The laterally non-divergent flow, which includes geostrophic (bal-
anced) motions, exhibits a general tendency to transfer KE up-
scale (blue) at all latitudes and depths for scales < 1000 km (c.f.
Figures 2F, 3B). This mesoscale upscale KE transfer is consistent
with idealized geostrophic turbulence theory [50, 12], which ne-
glects non-ideal effects from winds, regional inhomogeneity and
boundaries. As we find here, these non-ideal effects, which exist
in the realistic NEMO global ocean reanalysis and AVISO satel-
lite data, can become important at gyre-scales. Geostrophic flow
at the gyre-scales (Figure 2E and Figure S8A) exhibits downscale
transfer (red) in regions of strong shear, including the flanks of
the Gulf Stream and Kuroshio (see also [33]). This behavior
is perhaps clearest in the Agulhas retroflection (orange box in
panel 2E), where the westward Agulhas current turns back on
itself due to strong shear from the eastward flowing ACC. The
effect can also be seen from the zonally averaged scale-transfer in
Figure 3B, for ℓ > 500 km between (45◦S, 30◦S), where the lat-
erally non-divergent velocity field produces a local net downscale
KE transfer.

Direct evidence for the existence of energy exchange be-
tween gyre-scales and mesoscales can be gleaned from Figure 4.
It shows the KE scale-transfer involving interactions with the
laterally divergent flow, which includes the gyre-scale Ekman
transport. Such KE scale-transfer excludes interactions of the
geostrophic (laterally non-divergent) flow with itself shown in
Figure 3B, which is generally characterized by a dominant up-
scale KE transfer. We emphasize that this Ekman-induced scale-
transfer is measured directly from the ocean currents, and not
indirectly inferred from the wind stress curl. Figure 4A can be
obtained simply as the difference of Figure 3A and Figure 3B,
which is possible because the energy transfer term Π (eq. 5 in
Methods) can be decomposed exactly into contributions from
the laterally divergent/non-divergent flow and their nonlinear in-
teractions (see Methods).

After removing the geostrophic upscale cascade (Figure 3B),
Figure 4 reveals that the alternating bands of Ekman-induced en-
ergy transfer extend from the gyre-scale to the mesoscales. The
persistent scale-transfer of energy spanning the range of scales
O(104) km to O(102) km and smaller in Figure 4A-B demon-
strates the ability of gyre-scale motions to exchange KE with
the mesoscales. At gyre-scales (> 1000 km), the flow experi-
ences an effective stress from sub-gyre-scale motions (eq. 5 in
Methods), which is mainly due to the mesoscales (< 500 km)
where most of the energy resides. A convergent gyre-scale flow
in the subtropics amplifies the KE of mesoscale eddies, much
like a piston pushing (adiabatically) on a gas amplifies the KE of
gas molecules (i.e. gas temperature or internal energy). Energy
transfer occurs because a converging piston does work against
the stress (pressure) exerted by molecules via pressure-dilatation
(−P div(u)), which appears in the internal energy budget of
a compressible flow [47]. Similarly, a divergent gyre-scale flow
at latitudes [45◦, 70◦] attenuates the KE of mesoscale eddies,
much like a piston rarefying a gas attenuates the KE of gas
molecules. Such an analogy between mesoscale eddies and gas
molecules can be justified thanks to the seeming separation of
scales between the gyre-scale spectral peak and the mesoscale
peak shown in [3] and also in Figures 1B-C. In analogy with
the gas molecules’ KE increase, gyre-scale compression brings

mesoscale eddies closer together and leads to a gain in mesoscale
KE due to enhanced self-advection [15]. Given the wide scale
separation, gyre-scale convergence is probably inefficient at am-
plifying the mesoscales by vortex stretching. We present this
novel piston-pressure framework not as an established fact, but
as a proposed theory for how the gyre-scales and mesoscales can
interact in a manner that explains the energy transfer measured
in Figure 4.
Figure 4B shows that the gyre-scale – mesoscale transfer due

to gyre-scale convergence/divergence at select latitudes is a sig-
nificant fraction of the upscale mesoscale cascade. When these
different processes are combined into the full scale-transfer in
Figure 3A, the upscale mesoscale cascade masks the gyre-scale
– mesoscale transfer.

Figure 4C examines the depth profile of KE transfer shown
in Figure 4A at 120 km. In the extra-tropics, we see that the
alternating latitudinal bands of KE transfer, while being primarily
localized to the upper ≈ 100 m, exhibit columnar features that
penetrate to ≈ 300 m depth. This is similar to the depth over
which the upscale mesoscale cascade is strongest in Figure 3E.

SEASONALITY

We now report on seasonal variations in the KE scale-transfer at
both gyre-scales and mesoscales.

GYRESCALES - ATMOSPHERIC CELLS

There are three prominent seasonal trends in the gyre-scale
(1 − 10 × 103 km) transfer of KE in Figures 2A,C and 3C,D.
First, consider the five latitudinal bands associated with the at-
mospheric cells (c.f. “Atmospheric Cell Imprint” in Figure S3),
which are known to strengthen and shift equatorward during the
winter of each hemisphere [53]. This seasonality is clearest in the
zonally-averaged scale-transfer in Figure 3C-D, which shows that
the two extra-tropical bands at scales > 1000 km (one red and
one blue) shift equatorward by a few degrees during the winter
of each hemisphere. Note also (panels 2A,C) the seasonality of
KE transfer associated with the Indian monsoon winds, which
have a southward/northward component during winter/summer
[53]. The resultant Ekman ocean flow (eq. 9 in Methods) is
westward/eastward, which yields a downscale KE transfer (red)
off the eastern coasts of the Arabian peninsula, Horn of Africa,
and Indian subcontinent in winter due to convergence toward
land and an upscale KE transfer (blue) during summer due to
divergence away from land.

GYRESCALES - “RED BRANCHES” AND THE ITCZ IM-
PRINT

The second prominent seasonal trend is the feature that we term
“red branches” (c.f. Figure S3). Figure 3C-D presents two large-
scale off-equatorial downscale signals: one equatorward of 10◦N,
which is present for much of the year but is strongest during Jul-
Aug-Sep (JAS), another equatorward of 10◦S that is present
during Jan-Feb-Mar (JFM). The red branches are caused by an
interplay between the ITCZ and Ekman transport as we shall
now explain.

The ITCZ is a latitudinal band at which the northeast and
southeast trade winds from the two Hadley cells converge near
the equator and yield intense tropical rainfall within 10◦S–10◦N
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Fig. 4: Impact of Divergent Flow on Energy Transfer This ex-
tends Figure 3 by highlighting the impact of laterally divergent mo-
tions on KE transfer at all scales. Panel [A] subtracts 3B from 3A
to exclude contributions from self-interactions among non-divergent
(geostrophic) flow, thereby showing KE transfer involving interactions
with the laterally divergent flow. Panel [B] shows transfer at select
latitudes indicated by horizontal dashed black lines in [A]. Panel [C]
is analogous to 3E. The [black contour line in A] is the same as in 3A
and shows the length-scale at which the Rossby number is 0.1. The
[green dashed line in A] shows the length scale used in panel [C].

[54, 55]. In the zonal average, the ITCZ is located in the NH
for most of the year but is strongest during the boreal summer,
typically shifting to the SH only during the austral summer [56,
57]. The red branches in Figure 3C-D at scales O(103) km
align with the ITCZ latitudes [54]. These red branch latitudes
can also be seen from the scale-transfer maps in panels 2A,C,
which show intense downscale KE transfer (red) just off of the
equator. During the SH summer, we see a red latitude band
(green box in panel 2A) just south of the equatorial Pacific and
Indian oceans. During the NH summer (panel 2C), an intense
downscale transfer band can be seen just north of the equator in
the Pacific, Atlantic, and Indian Oceans.

The ITCZ, being a band of weak zonal winds, is associated
with a sudden slowdown in the poleward Ekman flow leaving
the Equator (green boxes in Figure 5A-B). Such a slowdown is
akin to a hydraulic jump in a river encountering an obstacle,
causing surface flow convergence and downwelling. Figure 5A-B
shows the zonally averaged meridional velocity from NEMO as
a function of latitude and scale during JFM (panel 5A) and JAS
(panel 5B). Panels 5A-B overlay the same downscale branches
(cross-hatching) seen in Figure 3C-D (red branches). In the SH,
the poleward flow weakens between 5◦S-10◦S during JFM (green
box in panel 5A), with a similar weakening present in the NH
during JAS (green box in panel 5B). Slowdown in the poleward
flow is caused by the zonal relative wind stress in panels 5C-D,
which show that the typically-westward wind stress weakens in
the ITCZ band. Recall that meridional Ekman velocity, uE

ϕ ∝
−τλ/f (eq. 10 in Methods), is proportional to the zonal wind
stress, τλ, so that the change in sign of the Coriolis parameter,
f , across the equator induces divergence under a westward wind,
and the small magnitude of f near the equator means that even
modest wind stress can produce a substantial flow. The Ekman
flow associated with the wind stress is shown in panels 5E-F.

We can also explain why the NH red branch is still present
during JFM (Figure 3C), when the ITCZ is mostly south of the
Equator. The northern branch is perennial because the ITCZ
(zonally averaged) does not migrate as far south in the boreal
winter as it migrates north in the boreal summer, maintaining
an oceanic imprint north of the Equator. Panel 5E shows con-
tours of weak Ekman flow: 10 cm/s (green) and −2.5 cm/s
(magenta). During JFM, the NH poleward Ekman flow leav-
ing the Equator (panel 5E) undergoes an acceleration followed
by sudden slowdown (green contour lines at the equator and
at ≈ 5◦N), resulting in a convergent flow and a downscale KE
transfer. Note that exactly at the Equator, we always have an
upscale KE transfer at gyre-scales (blue in Figure 3). This trans-
fer is due to Ekman flow divergence from a sharp southward to
northward flow reversal at the Equator caused by a reversal in
the direction of the Coriolis force (eq. 7 in Methods).

GYRESCALES - “BLUE TONGUE”

The third gyre-scale seasonal trend is also caused by the ITCZ,
albeit indirectly, appearing during a hemisphere’s summer (Fig-
ure 3C-D) as an upscale ‘tongue’ (blue). It emerges at scales
larger than 500 km in the subtropics, poleward of the ITCZ’s
“red branch” ocean imprint, between latitudes 5◦ and 20◦ (c.f.
“blue tongue” in Figure S3). From the map in panel 2A, we see
that during JFM, the blue tongue is mostly due to an upscale
transfer in the Indian Ocean, just south of the downscale (red)

8



−30

−20

−10

0

10

20

30
A) Jan-Feb-Mar uφ B) Jul-Aug-Sep uφ

Π > 0

−30

−20

−10

0

10

20

30
C) Jan-Feb-Mar τλ D) Jul-Aug-Sep τλ

102103
−30

−20

−10

0

10

20

30
E) Jan-Feb-Mar uE

φ

102103

F) Jul-Aug-Sep uE
φ

−0.04

−0.02

0.00

0.02

0.04

M
e
ri

d
io

n
a
l

V
e
l.

[m
/
s]

−0.10

−0.05

0.00

0.05

0.10
Z

o
n
a
l

W
in

d
S
tr

e
ss

[J
/
m

3
]

−0.04

−0.02

0.00

0.02

0.04

E
k
m

a
n

V
e
l

[m
/
s]

Length Scale ` [km]

L
a
ti

tu
d

e
[d

eg
re

es
]

Fig. 5: ITCZ Scale-Transfer Mechanism Zonal-means of [A,B]
meridional surface velocity (uϕ) from NEMO, [C,D] zonal wind stress
(τλ), and [E,F] associated meridional Ekman velocity uE

ϕ (eq. 10)
within 30◦ of the equator for filter scales larger than 100 km. In
[A,B], cross-hatching indicates latitudes at which the zonal-mean sur-
face KE scale-transfer Πℓ is positive (i.e. downscale). Green boxes
are included to highlight regions of weak meridional transport and
zonal wind stress. [E:green lines] show the 4.7 cm/s contour, and
[E:magenta lines] show the −1.2 cm/s contour. Wind data is from
ERA5 reanalysis wind components used in the NEMO ocean reanaly-
sis.

band, extending from Madagascar to Australia. During JAS,
panel 2C shows that the blue tongue in the NH is due to an
upscale KE transfer that is prominent in the northern tropics of
the Atlantic and Pacific.

Blue tongue regions are caused by the Ekman flow’s poleward
reacceleration after encountering the slowdown caused by the
ITCZ. In Figure 5, we can see that poleward of the slowdown
(green boxes in panels 5A-B), the flow speed increases. This
behavior can also be understood from magneta contours of the
Ekman flow in panel 5E, where the southward flow at ≈ 10◦S
increases in speed before slowing down again at ≈ 30◦S. Such
reacceleration between 10◦S-20◦S is associated with a divergence
and Ekman upwelling, manifested as a summer blue tongue in
panels 3C-D.

MESOSCALE CASCADE PEAK

The mesoscale cascade is qualitatively consistent across the four
seasons. Figure 3G shows the length-scale with the strongest
mesoscale inverse cascade as a function of latitude for each sea-
son. While the seasonal trends are clearer in the southern hemi-
sphere, we can see that in both hemispheres the mesoscale cas-
cade peak scale is largest during the local summer and exhibits
the greatest seasonal variation in the subtropics, between 15◦

and 30◦.

SEASONALITY OF MESOSCALE KE SPECTRUM AND
THE CASCADE

Figure 6A-C shows the seasonality of the surface KE spectrum,
E(kℓ), and scale-transfer, Πℓ, as a function of time and scale.
Similar to [3], we show that outside of the Tropics and within the
scale-range of 40–400 km, larger scales reach their seasonal KE
maximum later than smaller scales (panels 6A1-C1). This delay
can be regarded as a ‘spectral advection’ signal in which energy
moves to larger scales with time, at a time-scale of ≈ 27 days
for a two-fold increase in ℓ. The spectral advection speed is il-
lustrated by the dashed black lines in Figure 6A1,C1. This speed
is slightly faster than what was found in [3], which was 35–45
days per octave for sea surface height derived geostrophic veloci-
ties and may be considered as an indication that the geostrophic
flow has a higher inertia in responding to the seasonal changes in
atmospheric forcing. Within the Tropics, there is no discernible
spectral advection signal, and instead all sub-gyre scales (smaller
than 1000 km) reach their seasonal KE maximum at the same
time.

From Figure 6A2-C2, we see that the cascade has spectral
advection signal similar to that of KE within the scale-band of
60–400 km in both hemispheres. Applying the same analysis
shows again a period of ≈ 27 days per octave. While our results
are consistent with previous work [30, 58, 37, 32] reporting on the
mesoscale seasonality, prior focus had often been on seasonality
of the spectral power-law scaling in small regions using Fourier
analysis. Those studies did not report on the spectral advection
shown in Figure 6 for the global ocean.

TIME LAG BETWEEN KE SPECTRUM AND KE CAS-
CADE

For any given scale, the energy cascade Πℓ reaches its seasonal
maximum before the KE spectrum E(kℓ) does, which lags by
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Fig. 6: Spectral Advection of Surface KE and Πℓ. For each
scale, panels show normalized variation (z-score) of the time-series of
[A1,B1,C1] the KE filtering spectrum, E(kℓ) as in [3] and [A2,B2,C2]
the KE scale-transfer Πℓ . A 60-day moving average is applied to
remove high-frequency signals [3]. For KE, red indicates where KE is
higher than the time mean. For Πℓ, red indicates where the magni-
tude of the scale-transfer is higher than the time mean, with hatching
indicating where the scale-transfer is downscale. The full time-series
has been averaged onto a single ‘typical’ year profile. [Dashed black
lines] indicate a spectral advection speed of 27 days per octave. In
[A2,B2,C2] showing Πℓ, the dashed black lines are plotted 41 days
earlier in the year than the corresponding lines in [A1,B1,C1] showing
E(kℓ). [Panel D] shows E(kℓ) (orange) and −Πℓ (blue) for length-
scales between 60 km and 400 km in the NH. Both E(kℓ) and −Πℓ

have been shifted by 27 days per octave relative to 77 km. −Πℓ

was then phase-shifted an additional 41 days. The reference scale
(ℓref = 77 km) is an arbitrary reference to show scale self-similarity,
as all plots collapse onto the same curve. [Thin dashed lines] in [D]
correspond to individual scales, while [thick solid lines] show the me-
dian across those scales.

approximately 41 days. This time lag is highlighted in Figure 6
in two ways. First, the reference dashed black lines in pan-
els 6A2,C2, which show the cascade’s spectral advection speed
in the NH and SH, are shifted 41 days earlier than the correspond-
ing lines in panels 6A1,C1, which show the spectrum’s spectral
advection speed. This result shows that at any scale ℓ, Πℓ and
E(kℓ) are 41 days out of phase in their seasonal cycle. Second,
in Figure 6D we plot the normalized variation of the spectrum
and cascade for several scales between 60 km and 400 km. Plots
of E(kℓ) (orange) and Πℓ (blue) are time-shifted, with the spec-
trum plotted as a function of t∗ = t + 27 log2(ℓ/ℓref) and the
cascade as a function of t† = t∗ − 41. Note that ℓref = 77 km
is an arbitrary “reference scale.” Changing ℓref merely yields a
uniform time-shift of all plots in Figure 6D. With these time-
shifts, the seasonal signals for E(kℓ) and Πℓ (blue and orange in
panel 6D) collapse on each other for all plotted scales between
60 km and 400 km. This result is evidence of self-similar dy-
namics in the mesoscale range, whereby temporal evolution at
different length-scales appears identical when properly rescaled.
That the cascade peak precedes a peak in the KE spectrum
at different scales in Figure 6 is suggestive of a causal relation
between the cascade and variations in the energy content at dif-
ferent mesoscales.

SCALE-LOCALITY OF THE MESOSCALE CASCADE

The cascade Πℓ we are measuring quantifies the rate of KE being
transferred across scale ℓ and whether it is upscale or downscale.
The above findings allow us to make an important conclusion
about the length-scales at which the cascade is depositing en-
ergy. Using two key results from Figure 6: (1) the spectral ad-
vection for both Πℓ and E(k) is 27 days per octave, and (2) the
time-lag between Πℓ and E(k) is 41 days, we can infer that Πℓ at
scale ℓ is in-phase with d

dtE(k), the tendency of the KE spectrum
at scale k−1 = 3.6 ℓ (see Methods). This correlation suggests
that energy being transferred across scale ℓ is primarily deposited
at scale ≈ 4 ℓ, which is in agreement with predictions from 2D
turbulence theory [59]. We caution, however, that unlike in ide-
alized turbulence where the system is closed, in the ocean there
are other possible energy sources/sinks besides the cascade that
may influence the KE seasonal cycle of scales. While agree-
ment with ideal 2D turbulence theory suggests that the cascade
is probably the dominant energy source for this range of scales,
ascertaining it requires probing other energy pathways, including
potential energy release [12, 60] and eddy-damping [61, 62, 63].

CASCADE THROUGH THE GLOBAL OCEAN
VOLUME

Figure 7 presents the scale-transfer of KE (Πℓ) volume-integrated
over the global ocean and three regions of interest. Outside of
the Tropics, the dominant behaviour is a strong upscale cas-
cade (Πℓ < 0) over the mesoscales. The upscale energy trans-
fer peaks at ℓ ≈ 125 km, with a total energy transfer rate of
≈ 300 GigaWatts [GW]. This is the first estimate for the global
ocean KE cascade. We emphasize that no such estimate is avail-
able using either Fourier analysis in regional boxes or structure
functions. For comparison, this transfer rate of ≈ 300 GW is
nearly three times larger than a previous global estimate by [64]
using a temporal Reynolds decomposition, which showed that
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110 GW is transferred from the time-mean to the time-varying
flow. It is also roughly 40% of the estimated 760 GW that
is transferred into the geostrophic surface currents from wind
[24, 65] and, like the wind input, is dominated by the south-
ern hemisphere. Excluding the laterally divergent (ageostrophic)
flow, which is mostly in the tropics, the upscale mesoscale cas-
cade is slightly stronger at ≈ 325 GW. Recently, [63] showed that
while wind forcing drives scales larger than 260 km, it on aver-
age removes energy from scales smaller than 260 km through
eddy damping. Our result here implies that a majority of the
mesoscale cascade, including the peak, occurs on length-scales
that are on average damped by the winds.

Fig. 7 is simply a meridionally integrated version of Fig. 3.
From Fig. 3, it can be seen that 120 km is not the peak trans-
fer scale across all latitudes, owing to variations in the Cori-
olis parameter. It may be tempting to spatially integrate the
scale-transfer Πℓ(ϕ) across different scales ℓ(ϕ), which vary with
latitude ϕ rather than retaining a fixed ℓ before spatially inte-
grating as we do in Fig. 7. However, using a filtering kernel of
varying width ℓ(ϕ) to coarse-grain the governing equations does
not yield a term Πℓ(ϕ) in the energy budget because such fil-
tering does not commute with derivatives (see Methods), which
would then render a spatially integrated Πℓ(ϕ) of little dynami-
cal meaning. An advantage of our scale-decomposition is that
it guarantees energy conservation [42], which follows from our
generalized convolution commuting with spatial derivatives on
the sphere, thereby preserving scale-dependent symmetries [66].
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Fig. 7: Kinetic Energy Cascade Volume-integrated Πℓ [GigaWatts]
over the global ocean, north of 15◦N, between 15◦S and 15◦N, and
south of 15◦S. Πℓ < 0 signals an upscale transfer whereas Πℓ > 0
is downscale. Lines correspond to the time-median value with en-
velopes showing the full temporal range. ℓ⊖ denotes the equatorial
circumference of the Earth, ∼ 40× 103 km. Note that the horizontal
axis, ℓ, decreases to the right (so that the filtering wavenumber, ℓ−1,
increases to the right). The in-set axis zooms in on the plot portion
outlined in the black box, and has the same units as the main axes.
Solid lines correspond to results using the full velocity, while dash-
dotted lines correspond to results obtained using only the toroidal
(laterally non-divergent) flow component. In the in-set axes, 2e3,4e3
are short-hand for 2× 103 and 4× 103 respectively.

SOUTHERN HEMISPHERE DOMINANCE OF THE
MESOSCALE CASCADE

The majority of the upscale transfer occurs south of the tropics
(Figure 7), with a peak SH cascade value approximately 2.7 times
larger than the NH value. Since the total water volume of the
SH (≈ 45% of the global ocean volume) is roughly 1.7 times
larger than the NH (≈ 26% of the ocean), the discrepancy in
energy cascade cannot be solely attributed to increased volume,
and instead indicates higher mean Πℓ density. Since the net
energy cascade in the Tropics is an order of magnitude smaller,
the global mesoscale energy cascade roughly partitions as 73%
occurring in SH and 27% in NH.

SCALE-TRANSFER IN THE TROPICS

The tropics (15◦S–15◦N) present a qualitatively different Π sig-
nature than the extra-tropics (Figure 7). We find that the
volume-integrated Πℓ is an order of magnitude smaller than that
of the extra-tropics, despite having a volume slightly larger than
NH at ≈ 29% of the total ocean volume. More importantly,
the tropical KE transfer is downscale for length-scales smaller
than ∼ 100 km. Excluding the divergent (ageostrophic) flow,
the transfer in the tropics is upscale. This result is consistent
with the notion that flow in the tropics is less constrained by 2D-
like geostrophic dynamics and is more similar to 3-dimensional
turbulence, which exhibits a downscale cascade [12, 17].

GYRE-SCALE KE SCALE-TRANSFER

The in-set axes of Figure 7 focuses on the range of 500 km to
7×103 km. Being surface-trapped and exhibiting alternating up-
scale and downscale transfer with latitude, the gyre-scale signal
has a much smaller volume-integrated magnitude (O(1) GW)
relative to the mesoscale cascade, which is mostly upscale and
penetrates the entire water column (Fig. 3E-F). Despite being
much weaker on a global spatial average, the gyre-scale trans-
fer is spatio-temporally persistent and directly affects the glob-
ally coherent oceanic circulation patterns. South of the tropics,
these scales exhibit a net downscale transfer even when removing
the Ekman flow component (non-divergent green plot in Fig-
ure 7, inset). We have seen from the maps in panel 2E that
such downscale transfer appears in regions of strong shear, most
prominently between the eastward ACC and the westward Ag-
ulhas current (see also Fig. 3B). This result presents another
north/south asymmetry, as the NH exhibits a net upscale trans-
fer over the gyre-scales (orange plot in Figure 7, inset). While
there is a downscale transfer in the flanks of the Gulf Stream and
Kuroshio currents (red in panel 2E), the shear is not sufficiently
strong to dominate over the upscale transfer in the currents’
cores. Flow in the tropics exhibits an upscale transfer on av-
erage (blue in Figure 7, inset), primarily due to the equatorial
Ekman divergence at gyre-scales (see maps in Fig. 2). Yet, even
if the divergent component is excluded, an upscale KE transfer
is still present at those scales (dashed blue in Figure 7, inset).

DISCUSSION

Using a coarse-graining approach developed for analyzing scale
dynamics on the sphere [66], and implementing it in an efficient
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parallel code, FlowSieve [67], we were able to chart the first
global maps of the KE cascade in the ocean. Scale-transfer of
oceanic KE across gyre-scales revealed a prominent imprint of the
atmosphere’s Hadley, Ferrel, and polar circulation cells through
five latitudinal bands of alternating upscale and downscale KE
transfer. We provided evidence that such gyre-scale transfer
occurs due to KE exchange with the mesoscales, and proposed
a theory to explain the transfer mechanism. Our analysis also
found that the atmosphere’s ITCZ produces a narrow latitudinal
band of intense downscale transfer, which exhibits a seasonal
meridional shift following the ITCZ.

An important accomplishment of this work is quantifying the
Ekman transport’s role in the KE scale-transfer directly from
oceanic velocity. Traditionally, Ekman transport had been in-
ferred only indirectly from wind stress. This was key to demon-
strating the existence of energy exchange between gyre-scales
and mesoscales, which can be understood using a piston-pressure
framework that is unorthodox in physical oceanography. This
transfer is not part of the standard theory of gyre circulation, ei-
ther Stommel’s or Fofonoff’s [12]. The existence of such transfer
implies that the mesoscale eddies play an important role in the
momentum of gyre-scale by exerting an effective pressure (nor-
mal stress). This was not recognized before, probably because
typical analysis of the gyre circulation relies on Sverdrup-like re-
lations based on vorticity balance [12], which, being the curl
of momentum balance, misses the effective mesoscale pressure
process underlying the gyre-scales – mesoscales transfer.

Probing the scale-transfer of KE across scales ranging from
10 km to 40 × 103 km, we were also able to provide the first
estimate of the global oceanic cascade, which has a peak upscale
transfer rate of 300 GW. This is a substantial fraction (≈ 1/3) of
the wind power driving the oceanic general circulation [24, 65]
and constitutes a previously unquantified source in the global
energy budget of the ocean’s mesoscales between 100 km and
500 km in size [22]. The comprehensive scale analysis undertaken
in this work, spanning 3.5 decades in length-scale, 4 years of
daily-averaged velocity, and covering the global ocean volume,
including 50 depth levels, has not been performed before. In
Fig. S7 in the SM, we also present supporting analysis from 9-
years of observational data from satellite altimetry.

We showed that both the mesoscale upscale KE cascade and
KE spectrum display a type of scale self-similarity going to larger
scales until reaching ≈ 500 km to 103 km. Our analysis indi-
cates that the mesoscale cascade and spectrum follow the same
self-similar seasonal cycle (27 days/octave) but are 40 days out
of phase, which suggests that the KE transferred across any
mesoscale ℓ is primarily deposited at a scale 4× larger. Evolution
of scales larger than 103 km starts being affected by gyre-scale
strain, which is spatially inhomogeneous, shaped by domain ge-
ometry and wind forcing. We found that the upscale mesoscale
cascade is dampened substantially at scales of only a few hun-
dred kilometers (Figure 7). This damping may be due to gen-
eration of Rossby waves at scales larger than the Rhines scale
O(100) km, which decorrelates the nonlinear interactions in the
meridional direction [68, 69]. However, such decorrelations do
not inhibit the upscale cascade from generating larger scales in
the east-west direction, for which we find no evidence from our
analysis. Moreover, the length-scale at which the mesoscale cas-
cade is arrested decreases poleward (Fig. 3) unlike the Rhines
scale, which does not exhibit significant variations with latitude

(see SM Figure S4 and [70]). These observations reinforce pre-
vious studies [71, 31, 72] indicating that Rossby wave generation
does not adequately explain the upscale cascade’s arrest. It is
likely that the cascade is attenuated at a few hundred kilome-
ters due to frictional processes that act at these scales in a more
isotropic fashion, including eddy damping by wind [61, 62, 63]
and bottom drag [25]. Determining the relative contribution of
these mechanisms to the cascade’s “arrest” is left to future work.
Our findings are consistent with the presence of KE sources and
sinks over a wide range of scales in the realistic ocean, unlike
in idealized turbulence theories [17] where energy is transferred
conservatively across scales within the so-called inertial range.

Concerning one motivation in the Introduction on the possi-
bility of energy transfer between mesoscales and the larger co-
herent circulation leading to intrinsic ocean and climate variabil-
ity, our demonstration of the existence of such transfer should
stimulate further scrutiny into the matter. Indeed, even if the
gyre-scales – mesoscales exchange is a mere fraction of a per-
cent of the 300 GW mesoscale upscale transfer, it can play a
meaningful role in climate dynamics. This is because the gyre-
scale – mesoscales KE transfers, while being weaker than those
due to self-interactions among the geostrophic mesoscale eddies,
probably have a disproportionate effect on the global circulation
patterns and climate due to the gyre-scales’ coherence in space
and persistence in time. A rudimentary estimate shows that a
net increase of a mere 0.3 GW (0.1% of the 300 GW) in KE
transfer to the gyre-scales of a major circulation pattern, ei-
ther via amplified upscale transfer or via attenuated downscale
transfer, can be momentous. For example, in the case of the
ACC’s ≈ 10 cm/s gyre-scale (> 103 km) speed [42], such a
variation would result in a 10% speed increase over 10 years
and over a volume of ≈ 108 km3 assuming energy sinks remain
unchanged. This would be a considerable speed-up, O(10)× ob-
served acceleration [73]. Such an estimate is only intended to
highlight how minuscule variations in scale-transfer can have a
potentially significant impact on gyre-scale circulation, and the
importance of advancing rigorous scale-transfer analysis to com-
plement established approaches such as mean-eddy interactions
theory and investigations of eddy saturation, standing meanders
and bottom topography, among many others[40]. Our work lends
support to recent results [9] showing that the strengthening of
mesoscale ocean eddies leads to a strengthening of climate vari-
ability. Above results also highlight the gyre circulation’s de-
parture from linear balance and the potentially important role
of effective pressure (normal stress) exerted by the mesoscales,
which penetrate the entire water column (Figure 1), in coupling
the ocean surface to the deeper circulation. By quantifying the
transfer of energy across-scales, we view our work as laying a
promising framework for tackling the problem of multiscale cou-
pling within the climate system.

MATERIALS AND METHODS

NEMO Dataset

The dataset analyzed in this work is publicly available from
Copernicus Marine Service (CMEMS). The specific product iden-
tifier of the NEMO dataset used here is
“GLOBAL MULTIYEAR PHY 001 030”
(DOI: 10.48670/moi-00021). The ocean reanalysis model has

12



1/12
◦ horizontal grid spacing with 50 vertical levels spanning

5.5 km of depth, with 22 of the vertical levels in the top 100 m.
Because of the constant land-mask in Antarctica, the NEMO
dataset does not extend to 90◦S. We extend the dataset to the
southern pole by extending the land mask (i.e. zero velocity).
This is done so that filtering kernels intersecting Antarctica are
not erroneously truncated.

Surface Results Timeseries

For results considering only the ocean surface (i.e. 2, 3A-D, and
6), we analyze the daily-mean ocean velocities at daily resolution
for the four years spanning 2015–2018.

Depth Results Timeseries

Due to the increased computational cost of analyzing full-depth
data, when considering depth-dependent results (i.e Figures 1,
7, and 3E-F) the time-series of full-depth results only includes
the first day of each month, as opposed to full daily resolution.
That is, 01 Jan, 01 Feb, ..., 01 Dec, for the four years spanning
2015–2018.

AVISO Dataset

The AVISO dataset analyzed in the Supplementary Informa-
tion is also available through CMEMS under the product identi-
fier “SEALEVEL GLO PHY L4 MY 008 047” (DOI: 10.48670/moi-
00145). This dataset provides daily-mean velocities, gridded at
1/4

◦ resolution with global coverage.

Rossby Number

Figure 3A-D and the resulting discussion uses the Rossby number
(Ro), and specifically when Ro = 0.1. In this work, the Rossby
number is calculated as Ro = U/(fℓ), where ℓ is the filter scale,
f is the Coriolis parameter, calculated at each latitude, and U =√

2ρ−1KE>ℓ is the root-mean-squared velocity containing only
scales larger than ℓ [37]. This approach results in a Rossby
number that is a function of both scale and latitude.

Coarse-graining

Coarse-graining in simple terms is a convolution between a scalar
function being filtered, F , and the filtering kernel G. This can
be viewed as a spatially weighted average, performed in a careful
manner. For a chosen length-scale ℓ, given in metres, we define
the coarse-grained (i.e. low-pass filtered) scalar function F ℓ as

F ℓ(x⃗) =

∫
Ω

F (y⃗)Gℓ(γ(x⃗, y⃗))dS(y⃗), (1)

where Gℓ is the filtering kernel, dS(y⃗) is the area measure on
the sphere, Ω is the entire spherical shell, and γ(x⃗, y⃗) is geodesic
distance between the points x⃗ and y⃗,

γ(x⃗, y⃗) = RE arccos
[
sinϕx sinϕy

+ cosϕx cosϕy cos(λx − λy)
]
, (2)

with RE = 6371 km for Earth’s radius and ϕ, λ are the latitude
and longitude of x⃗ and y⃗.

There are many possible choices for filtering kernel, but desir-
able properties are G(γ) ≥ 0 for all γ and G(γ) → 0 for γ > ℓ/2.
In this work, we use the graded top-hat filter of [3], such that
the kernel with length-scale ℓ is given by

Gℓ(γ) =
A

2

(
1− tanh

(
10

(
γ

ℓ/2
− 1

)))
. (3)

In eq. 3, A is a normalization factor, evaluated numerically, to
ensure that Gℓ integrates to unity over the full sphere. The care-
ful mathematical formulation [66] and numerical implementation
[67] of coarse-graining allows us to preserve flow symmetries at
different scales since the operation commutes with derivatives,
which enables us to extract meaningful flow diagnostics [33].
Ensuring that convolutions and spatial derivatives commute is
mathematically non-trivial on the sphere and relies on general-
izing the convolution operation [66]. The difficulties with com-
mutation are due to curvature, irrespective of any discretization
on numerical grids.

Land Treatment

Following [3], we treat land as zero velocity water for the purpose
of coarse-graining, which is consistent with the boundary condi-
tions. However, whereas [3] applied this treatment in the filtering
step (i.e. calculating equation 1), in this work it is applied during
the Helmholtz projection step, which automatically respects the
oceanic flow’s boundary conditions. When coarse-graining at a
scale ℓ, the precise boundary between land and ocean becomes
blurred at that scale and its precise location becomes less certain.
The coarse-grained velocity, uℓ, is allowed to be nonzero within
a distance ℓ/2 beyond the continental boundary over land [42].
Otherwise, requiring uℓ to vanish over land entails deforming the
kernel Gℓ in eq. 3, which breaks the flow symmetries at differ-
ent scales, i.e. coarse-graining would no longer commute with
differential operators [66]. Forfeiting exact spatial localization in
order to gain scale information is theoretically inevitable due to
the uncertainty principle [34, 3].

Reference Density

When calculating KE>ℓ and Πℓ, we use of the reference density
ρ = ρ0 = 1025 kg ·m−3, as per the Boussinesq approximation
used by the NEMO simulation.

FlowSieve

The software package used to perform the coarse-graining cal-
culations is FlowSieve [67], which was developed by the authors.
Source code is available at
github.com/husseinaluie/FlowSieve, with documentation at
flowsieve.readthedocs.io.

Diagnostic Quantities: Filtering Spectrum

Following [34], we define the coarse KE per volume as KE>ℓ =
0.5ρ uiui (i.e. the KE of the coarse-grained velocity) and, sub-
sequently, the filtering spectrum as its kℓ-derivative:

E(kℓ) =
d

dkℓ
KE>ℓ (Filtering Spectrum), (4)
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where kℓ = ℓ−1. The filtering spectrum is analogous to the
traditional Fourier power spectrum when the latter is valid (c.f.
Fig. 4 of [3]). For a positive semi-definite kernel such as the
one used here, the steepest resolvable spectral slope is −3 [34].
However, since we do not measure slopes as steep as −3 (c.f.
Figure 1), this limitation is not a concern for our applications.

Diagnostic Quantities: KE Scale-Transfer

KE scale-transfer arising from the non-linear dynamics is ob-
tained from coarse-graining [74, 75, 76, 77, 78] the flow equa-
tions as

Πℓ := −ρ

2
(ui;j + uj;i) T ij , (5)

where repeated indices denote summation, indices after semi-
colon (;) denote (co-variant) differentiation, and T ij are (con-
travariant) components of the sub-scale stress (per unit mass)
tensor uuℓ − uℓ uℓ [33]. For ocean flows, the term in eq. (5)
arises from applying the generalized version (see [66]) of the con-
volution in eq. (1) to the equation of fluid momentum (per unit
mass) on a sphere,

∂

∂t
uℓ +∇ · (uℓ uℓ) + · · · = −∇·(uuℓ − uℓ uℓ) + · · · , (6)

where ∇ · () is (co-variant) divergence. Eq. (6), which governs
the flow at scales > ℓ, is only possible to derive if the convolu-
tion commutes with spatial derivatives [33, 66]. Commutation
is violated, for example, if filtering is performed by using a spa-
tially varying kernel or by using facile averaging of tensors on the
sphere. Taking the inner product of eq. (6) with ρu yields the
coarse KE budget,

∂t(ρ|uℓ|2/2) + · · · = −Πℓ + · · · , (7)

in which Πℓ appears as a sink that is Galilean invariant and
scale-local under certain conditions [77]. Πℓ is signed so that
positive values indicate energy transfer from scales larger than ℓ
to scales smaller than ℓ [79]. Where the KE scale-transfer can
be reasonably argued to be scale-local, we refer to Πℓ as the KE
‘cascade’.

Despite using isotropic kernels for coarse-graining (eq. 3), Πℓ

can still detect anisotropic energy transfer (e.g. due to the Ek-
man flow) but it, alone, cannot inform us about the direction
along which such transfer occurs. To highlight the role of gyre-
scale divergence (e.g. due to Ekman transport) in scale-transfer,
we can expand eq. (5) to obtain

Πℓ = −ρ

2

[
uλ;λT λλ + uϕ;ϕT ϕϕ + · · ·

]
. (8)

From eq. (8), a meridionally convergent flow, i.e. uϕ;ϕ < 0,
yields a positive contribution to Πℓ (i.e. downscale KE trans-
fer) since T ϕϕ is positive semi-definite and represents a portion
of the fine KE, at scales < ℓ [34, 44]. Πℓ can be written as
Π(u,u,u) to highlight its dependence on three velocity modes
[77]. The first of these modes, Π(u, ·, ·) contributes to the strain
in eq. (5), while the second and third modes contribute to the
subscale stress uuℓ−uℓ uℓ [77]. Given that the lateral velocity u
can be decomposed into a laterally non-divergent (T, for toroidal)
and laterally divergent (D) components [66], Π can be decom-
posed exactly into a sum of eight terms: Π(T, T, T ), Π(T, T,D),
Π(T,D, T ), Π(T,D,D), Π(D,T, T ), Π(D,T,D), Π(D,D, T ),

and Π(D,D,D). These terms can represent a different mecha-
nism for KE scale-transfer. For example, since the non-divergent
flow (T ) is predominantly geostrophic the Π(T, T, T ) term ex-
presses transfer due to self-interactions among the geostrophic
mesoscale eddies, which generally yield an upscale cascade. By
subtracting Π(T, T, T ) from Π, we are left with the scale-transfer
due to interactions involving the divergent flow (e.g. Ekman flow
and other unbalanced motions). This is similar, at least in spirit,
to the analysis in [44] at the submesoscales.

Radial/Vertical Velocity

In computing both the KE spectrum and scale-transfer, only the
zonal and meridional velocity components are considered. For
hydrostatic flows at scales considered here, the lateral flow makes
the overwhelming KE contribution. We conducted identical anal-
ysis that included radial/vertical velocities diagnosed using flow
incompressibility, and found that including the radial velocity ur

has a negligible impact on both diagnostics across all scales an-
alyzed here.

Ekman Velocity

Calculations of Πℓ and E(kℓ) relied on the full velocity from
the NEMO reanalysis. However, to interpret those results, we
sometimes appealed to the Ekman velocity, which is defined as
[55]

uE
λ =

1

ρ ·HE

f(ϕ)

f(ϕ)2 + ϵ2
τϕ (zonal), (9)

uE
ϕ = − 1

ρ ·HE

f(ϕ)

f(ϕ)2 + ϵ2
τλ (meridional), (10)

where ρ = ρ0 is the reference density, and HE = 50 m is taken
to be the gyre-scale Ekman layer depth motivated by Figure 3F,
although taking HE to be the seasonally varying mixed layer
depth MLD (Figure S2 in SM) yields the same conclusions. f(ϕ)
is the local Coriolis parameter, ϵ = 3.2 × 10−6s−1 ≈ f(1.25◦)
is the mechanical damping rate [55], and τλ is the zonal relative
wind stress provided by the NEMO reanalysis data, which follows
a bulk formulation

(τλ, τϕ) = ρairCD |u⃗air − u⃗ocean| (u⃗air − u⃗ocean) . (11)

The density of air (ρair), drag coefficient (CD), and 10 m
air velocity (u⃗air) used in the NEMO ocean reanalysis model
are obtained from ERA5 atmospheric reanalysis [“ERA5 hourly
data on single levels from 1940 to present”. Copernicus Cli-
mate Change Service (C3S) Climate Data Store (CDS), DOI:
10.24381/cds.adbb2d47]. Where necessary, linear interpolation
on lat-lon grids was applied to bring the ERA5 data fields onto
the same grid as the NEMO ocean data (u⃗ocean).

Time-lag and Scale-locality of the Mesoscale Cascade

For the seasonality at each ℓ, both −Π(ℓ, t) and E(ℓ, t) have
a period of 365 days but E(ℓ, t) is phase-shifted 41 days after
−Π(ℓ, t). Therefore, the KE spectrum tendency, d

dtE(ℓ, t), is
phase-shifted −41 + 365/4 = 50 days before −Π(ℓ, t). Noting
that the cycle for each of −Π(2ℓ, t) and d

dtE(2ℓ, t) at scale 2ℓ
is phase-shifted 27 days later relative to that at scale ℓ, we have
that the upscale cascade, −Π(ℓ, t), is in-phase with d

dtE(3.6ℓ, t)
at length-scale 3.6ℓ ≈ 4ℓ.
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Horizontal, Vertical, and Temporal Averages and Integrals

The diagnostics variables are computed at all points in space
and time for the entire dataset of consideration. That is, Πℓ =
Πℓ(t, z, ϕ, λ), for time t, depth z, latitude ϕ, and longitude λ.

• Horizontal averages (such as Figures 1) are spatial integrals
normalized by the spatial area, with appropriate weighting
by the cell area:

HorizAvg(F )(t, z,Ω) =

∫
(ϕ,λ)∈Ω

F (t, z, ϕ, λ)dA

|Ω|
, (12)

where Ω is the spatial region of interest and

|Ω| =
∫
(ϕ,λ)∈Ω

IsWater(ϕ, λ, z)dA

is the water area (i.e. IsWater(ϕ, λ, z) = 1 if (ϕ, λ, z)
is a water cell and 0 otherwise. Horizontal averages are
then functions of time, depth, and the choice of region.
Horizontal integrals remove the normalization factor |Ω|−1.

• Zonal averages (such as Figure 3A-F), are computed along
lines of constant latitude. As with horizontal averages, zonal
averages are normalized by water area at each latitude.

• Depth integrals account for the depth-varying vertical thick-
ness of cell grids by treating z-levels as cell bottoms, and
extending the top cell (depth of ∼ 0.5 m) to the surface.
Vertical thicknesses vary monotonically from ∼ 0.5 m to
∼ 450 m.

• Time averages (both means and medians) are computed in
the standard way, since we have uniform time sampling. In
the case of seasonal averages (e.g. Figure 7), the time-
series is partitioned based on the month of the year, with
the mean/median of each partition computed separately.

Helmholtz Decomposition

Unlike the analysis in [3] using geostrophic velocity, the results
presented here use the full horizontal model velocity, which con-
tains both rotational and horizontally divergent components.
This generality renders coarse-graining the velocity field in a
manner that commutes with spatial derivatives more compli-
cated, involving the so-called Edmonds transformation [66]. A
solution we use here is to first perform a Helmholtz decompo-
sition of the velocity field and obtain coarse velocities from the
coarse-grained Helmholtz scalars, which is equivalent to perform-
ing the Edmonds transformation [66]. Specifically, if

u⃗ =

 uλ

uϕ

 =

 − ∂
∂ϕ sec(ϕ) ∂

∂λ

sec(ϕ) ∂
∂λ

∂
∂ϕ

 Ψ

Φ

 (13)

where λ, ϕ are the longitude and latitude, uλ, uϕ are the zonal
and meridional velocities, and Ψ,Φ are the Helmholtz scalars,
then

u⃗ =

 − ∂
∂ϕ sec(ϕ) ∂

∂λ

sec(ϕ) ∂
∂λ

∂
∂ϕ

 Ψ

Φ

 (14)

where Ψ,Φ are computed by coarse-graining each field as a
scalar [66, 67]. Computational details of the Helmholtz decom-
position can be found in the Supplemental Information (SM).
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[9] A. Jüling, A. von der Heydt, H. A. Dijkstra, Ocean Science
17, 1251 (2021).

[10] N. C. Constantinou, A. M. Hogg, Journal of Climate 34,
6175 (2021).

[11] A. Hochet, T. Huck, O. Arzel, F. Sévellec, A. C. d. Verdière,
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SUPPLEMENTARY MATERIAL

POWER SPECTRA AT VARIOUS DEPTH

Figure S1 is supplemental to Figure 1, and shows the power spectra of selected depths, along with the spectrum of the depth-average
flow (solid black lines) and the depth-average of the power spectra (dashed black lines).
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Fig. S1: KE Spectra at Selected Depths [A,C,E,G] Similar structure to Figure 1, but with spectra plotted only for selected depths [see
in-set legend]. [B,D,F,H] are again similarly structured, but now showing the KE spectrum divided by the surface spectrum. [Thick solid
black lines] show spectra of the depth-averaged flow, while [thick dashed black lines] show the depth-averaged spectra.

HELMHOLTZ COMPUTATIONAL FRAMEWORK

The Helmholtz system to be solved is given by eq. S-1. Nominally, those two equations alone would be sufficient to determine the
Helmholtz scalars.  ∇2 0

0 ∇2

 Ψ

Φ

 =

 ζ

δ

 (S-1)

However, because the second derivatives both share even symmetry, spurious grid-scale noise can arise. To resolve this, two
additional rows are added, yielding eq. S-2. The first two rows of eq. S-2 define the relationship between the velocities, uλ, uϕ, and
the Helmholtz scalars, Ψ,Φ (i.e. eq. 13), and the second two impose that the vorticity ζ and divergence δ be wholly described by
Ψ and Φ respectively. Using both the upper and lower halves of the least-squares problem reduces computationally spurious noise
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by including both first derivatives, which have odd-symmetry stencils, and second order derivatives, which have even-symmetry
stencils. The scaling factor α allows tuning between the upper and lower halves of the projection operator, while the Laplacian is
given by

∇2 := (cosϕ)−2∂2
λλ + ∂2

ϕϕ − tan(ϕ)∂ϕ.


−∂ϕ sec(ϕ)∂λ

sec(ϕ)∂λ ∂ϕ

α∇2 0

0 α∇2


 Ψ

Φ

 =


uλ

uϕ

αζ

αδ

 (S-2)

The Helmholtz scalars are computed using an iterative least-squares solver. Specifically, eq. S-2 is converted into a sparse matrix
problem by replacing the differential operators with matrix operators using finite difference approximations. The results presented
in this work used a fourth-order finite difference scheme. The solve step is performed using the sparse least-squares solver provided
in ALGLIB [80]: linlsqrsolvesparse, a matrix-free iterative solver. Convergence of the iterative solver is improved by first
downsampling the velocities uλ, uϕ onto coarser grids, solving for the Helmholtz scalars on the coarse grid, and providing the coarse
solution as an initial guess for the higher resolution solve.

BOUNDARY CONDITIONS

Our treatment of land cells as zero-velocity water cells automatically imposes the boundary conditions required for solving eq. S-1
(or eq. S-2), which we do over the entire spherical domain.

BUILDING THE LEAST-SQUARES MATRICES

The entries in eq. S-2 are block matrices. That is, each entry itself represents a matrix constructed using the standard Kronecker
product method, outlined here for the purpose of completeness. Suppose the grid has Nϕ, Nλ points in latitude and longitude.
Then let Iϕ, Iλ be the Nϕ ×Nϕ and Nλ ×Nλ identity matrices. Let Dϕ, Dλ be the finite difference first-derivative matrices on
the ϕ and λ grids (of size Nϕ ×Nϕ and Nλ ×Nλ, respectively). The entries of eq. S-2 are then built using Kronecker products:
∂ϕ = Kron(Dϕ, Iλ), ∂λ = Kron(Iϕ, Dλ), etc., so that each sub-array is of size NϕNλ ×NϕNλ. The final least-squares problem is
a matrix of size 4NϕNλ × 2NϕNλ, with the solution array a vector of length 2NϕNλ. Since we use fourth-order finite difference
derivatives, the least squares matrix is very sparse.

MIXED LAYER DEPTH

Figure S2 presents the monthly-mean Mixed Layer Depth (MLD) as a function of latitude. The lines illustrate how the MLD can
increase 3–4 times during the local winter compared to the local summer.

−75 −50 −25 0 25 50 75

latitude [degrees]

0

50

100

150

200

250

Z
o
n

a
ll

y
-A

v
er

a
g
ed

M
L

D
[m

]

Jan

Apr

Jul

Oct

Jan

Fig. S2: Mixed Layer Depth The monthly-mean zonally-averaged mixed layer depth (MLD). It is provided in the NEMO dataset and
corresponds to 2018.
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ANNOTATED ZONALLY AVERAGED Π

Figure S3 provides an annotated version of Figure 3C-D, with annotations showing the [green circles] show the mesoscale inverse
cascade,[blue rounded boxes] show the “blue tongue”, [yellow oblong shapes] show that “red branches”, and [purple rounded
boxes] show the Ekman pattern from the atmospheric cells. The annotations are purely qualitative and for the purpose of
illustration.

Fig. S3: Annotated version of zonal mean Π Reproduction of Figure 3C-D with additional annotations overlain. The annotations are:
[green circles] show the mesoscale inverse cascade, [blue rounded boxes] show the “blue tongue,” [yellow oblong shapes] show that “red
branches”, and [purple rounded boxes] show the Ekman pattern from the atmospheric cells.

RHINES SCALE

With coarse-graining, we can define the Rhines scale [68, 69] as a function of latitude (ϕ) as the solution to the following implicit
equation,

ℓRhines(ϕ) = 2π
√

urms(ℓRhines, ϕ)/β(ϕ), (S-3)

where urms(ℓ, ϕ) =
√
2ρ−1KE>ℓ(ϕ) is the rms-velocity of all scales larger than ℓ at latitude ϕ. To solve eq. (S-3), we evaluate the

right-hand-side (RHS) for each ϕ over the entire range of scales ℓ and find where the RHS equals ℓ. From the NEMO data, we find
that ℓRhines(ϕ) ≈ 500± 100 km, without any obvious dependence on latitude ϕ. This result is consistent with previous estimates
of the Rhines scale to be O(100) km without a clear variation with latitude (Fig. 25 in [70]). However, Figure 3 shows that the
length-scale at which the mesoscale upscale cascade is arrested decreases poleward, which is not reflected in the Rhines scale. This
result suggests that the generation of Rossby waves, also known as the β-effect [68, 69], is probably not the main mechanism
by which the mesoscale cascade is arrested. Figure S4 reproduces Figure 3 with an additional line showing the Rhines scale as a
function of latitude. The Rhines scale is found to be mostly in the interval [400 km, 600 km] and, unlike the deformation radius
or scale of peak mesoscale cascade, is broadly constant across latitudes. The Rhines scale’s poor correlation with the arrest scale
is unrelated to limited resolution of the dataset at high latitudes. Indeed, both the peak cascade scale (orange lines in Figure S4)
and transition scale (black lines in Figure S4) decrease at higher latitudes, as expected.

MAPS OF SEASONAL ENERGY TRANSFER

Figure S5 presents the analogue of Figure 2A-D, but showing all four seasons.
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Fig. S4: A reproduction of Figure 3, with panels [A-D] now included a solid white contour line that shows ℓRhines.
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Fig. S5: Π Maps at all Seasons Similar to Figure 2A-D, but showing all four seasons for both gyre-scale and mesoscale transfer: [A,B]
Jan-Feb-Mar, [C,D] Apr-May-Jun, [E,F] Jul-Aug-Sep, and [G,H] Oct-Nov Dec for [A,C,E,G] ℓ = 1000 km and [B,D,F,H] ℓ = 120 km. All
panels share a common colour bar, shown along the bottom of the figure. All panels show energy scale-transfer arising from the full velocity.

SM-5



MAPS OF TOROIDAL ENERGY TRANSFER

Figure S6 presents the analogue of Figure 2A-D, but for the energy scale-transfer arising solely from the laterally non-divergent
flow component.
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Fig. S6: Π Maps for Laterally Non-Divergent Flow Similar to Figure 2A-D, but showing the energy scale-transfer arising solely from the
laterally non-divergent flow component. Panels correspond to [A] Jan-Feb-Mar for ℓ = 1000 km, [B] Apr-May-Jun for ℓ = 120 km, [C]
Jul-Aug-Sep for ℓ = 1000 km, [D] Oct-Nov-Dec for ℓ = 120 km. All panels share a common colour bar, shown along the bottom of the
figure.

COMPARISON WITH AVISO KE SCALE-TANSFER

Figure S7 below is similar to Fig 3 in the main text and compares the scale-transfer from AVISO to that from NEMO using the
laterally non-divergent velocity. Note that velocity field from the AVISO dataset is, by construction, approximately laterally non-
divergent [5, 31] and does not incorporate the Ekman flow component of the oceanic circulation. Panels [A-B] in Figure S7 show
similar Π patterns, with even the regions of downscale transfer agreeing well. Panel [C] also shows that in both AVISO and NEMO,
the length-scale at which Π peaks generally decreases poleward except in strong current systems. There are two main differences
between the NEMO and AVISO datasets: (i) AVISO has a lower Π magnitude and (ii) the peak Π occurs at larger scales (panels
C-D). Both of these differences can be attributed to the effective smoothing and lower resolution of the AVISO dataset, as was
discussed in prior work[28, 31]. These differences are also seen in the maps of Π using AVISO in Figure S8, where the gyre-scale
KE transfer shows remarkable agreement with that from NEMO in Figure 2E, while the mesoscale cascade is weaker compared to
that from NEMO in Figure 2F. Note that unlike KE scale-transfer, comparing KE spectra from NEMO and AVISO in [3] found a
remarkably good agreement over all scales > 100 km.
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Fig. S7: Comparison of KE Scale-Transfer between NEMO and AVISO Comparison of zonal means of Π between [A] AVISO and [B]
NEMO, using the laterally non-divergent (toroidal) velocity components. In [A-B], orange lines show the scale with greatest magnitude, thick
dashed black lines show the zonal circumference at each latitude, and thick dashed purple lines show the zonal length of two grid-points at
each latitude. Panel [C] shows the length-scale of peak mesoscale inverse cascade from each of [A-B]. Panel [D] shows the area-averaged Π
over the north ([15◦N, 90◦N]) and south ([90◦S, 15◦S]).
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Fig. S8: Maps of Π from AVISO Similar to Figure 2E-F, but showing the 9-year time-averaged Π obtained from the laterally non-divergent
AVISO velocity for [A] 1000 km and [B] 200 km, which roughly corresponds to the peak cascade from Figure S7D. The colour bar is the
same as the one used in Figure 2.
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