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There are two main comparable sources of the energy to the deep ocean—winds and tides. How-
ever, the most efficient mechanism that transfers wind energy to the deep ocean is still debated.
Here we show, using oceanic General Circulation Model (GCM) simulations and analytic derivations,
that the wind directly supply energy down to the bottom of the ocean when it is stochastic and
temporally correlated or when it is periodic with a frequency that matches the Coriolis frequency.
Basically, under such, commonly observed, conditions one of the wind components resonates with
the Coriolis frequency. Using reanalysis surface wind data and our simple model we show that about
one third of the kinetic energy that is associated with wind-induced currents originates from the
abyssal ocean, highlighting the importance of the resonance of the wind with the Coriolis force.

PACS numbers: 92.10.A-, 92.10.Ei, 92.60.Gn, 92.60.Cc

Deep ocean mixing is an essential process that main-
tains the deep ocean circulation—without it the abyssal
ocean would have been stagnant [1–3]. Differential heat-
ing is insufficient to maintain a closed and steady ocean
circulation as the oceanic heat source is on average above
the cooling source [3–6]. There are two main comparable
sources of deep ocean energy, winds and tides [2]. These
increase the vertical mixing by several orders of mag-
nitudes, maintaining the meridional overturning circula-
tion. Ocean circulation would have been restricted to the
upper few meters of the ocean if only molecular diffusion
was taken into account [2]. There are additional sources
of energy to the deep ocean including bottom geothermal
heating [6] and biomixing [7]. The common feature for
the different energy sources of the abyssal ocean is the
large uncertainties associated with them [2].

According to the seminal paper of Ekman [8] wind in-
duced currents are restricted to the upper ocean (first
hundred meters or so) and decay exponentially with
depth. However, this model is based on the simplistic as-
sumption that the winds are constant, both in space and
time. In fact, winds are stochastic by nature and vary on
a wide range of temporal and spatial scales. They can
generate internal waves, instabilities, and eddies, that
eventually radiate into the abyssal ocean; interaction of
bottom topography with ocean circulation and eddies
also contribute to ocean mixing [2]. Thus, although the
Ekman layer model provides the basic understanding on
the effect of the Coriolis force on surface currents, it is
clear that additional processes that are related to the
wind have to be taken into account.

Winds are sometimes periodic. As such, when their
frequency matches the inertial (Coriolis) frequency, they
can resonate with the currents induced by them. This
scenario was discussed in many previous studies [9–15],
mainly in the framework of the depth integrated Ekman
layer model. Resonance conditions are satisfied when the

winds at 30◦ latitude have diurnal frequency, when the
characteristic frequency of a storm matches the Corio-
lis frequency, or when the tides’ frequency matches the
Coriolis frequency. In addition, stochastic wind that has
temporal correlations can lead to enhanced currents, de-
pending on the strength of the correlation [13, 16, 17].
Here we investigate the effect of the resonance of the
wind with the Coriolis force on ocean currents and, in
particular, on the abyssal ocean kinetic energy (KE). We
carry out oceanic General Circulation Model (GCM) sim-
ulations and provide analytic solutions and approxima-
tions for the currents as a function of depth for a finite
depth ocean under the action of periodic and stochastic
wind that exhibits temporal correlations. We show that
in both cases the wind induced currents are significant
in the deep ocean and contribute significant KE to the
abyssal ocean.

We use the MITgcm [18] to study effect of surface
winds on ocean current; for more details see the Sup-
plementary Material. We first consider the case of a
“box-like” basin with a flat bottom at depth of 1.2 km
and constant density. The water surface is forced by a
periodic wind stress in the x-direction—the wind’s fre-
quency exactly matches the Coriolis frequency such that
resonance between the Coriolis force and the wind-stress
is expected. The simulation is initiated from a motion-
less water. The KE as a function of time is presented
in Fig. 1a. Two cases are considered—simulation with
and without the advection terms. Without the advec-
tion terms the equations of motion are linear and eddies
cannot be developed while when the advection terms the
dynamics is nonlinear and eddies can be developed. At
the beginning of the simulation the KE increases mono-
tonically with time (Fig. 1a), the currents are limited to
the top ∼100 m of the water column (Fig. 1b) and be-
come strong and almost uniform with time (Fig. 1c). At
t ∼ 20 days the nonlinear advection terms become domi-
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FIG. 1: (a) Depth integrated KE, 1
2

∫ 0

H
|w|2dz, as a func-

tion of time, without (black curve) and with (red curve) the
nonlinear advection terms. Note the “collapse” of the KE
at t ≈ 21 days for the run with the advection terms; this
collapse is associated with the transition from non-turbulent
surface-limited flow to turbulent flow along the entire depth.
(b) Current speed as a function of depth just before (blue
curve) and after (green curve) the transition shown in the
red curve in panel (a). (c) Surface current speed just before
the transition—note the almost regular and relatively uniform
pattern. (d) Surface current speed after the transition—note
the much smaller speed and the turbulent flow pattern.

nant and lead to the development of edge waves (Fig. 1c)
[19] and eddies (Fig. 1d) which mix the entire water col-
umn and lead an almost uniform speed with depth. This
transition is associated with a drastic drop in the KE
since the energy is spread over the entire water column,
leading to a reduced mean current speed, and thus to re-
duced KE (as the KE is proportional to the square of the
current speed). When the advection terms are excluded
(black curve of Fig. 1a) the KE keep increasing to unre-
alistic values. Repeating the above numerical experiment
when the forcing frequency is not equal to the Coriolis
frequency, resulted in a much weaker flow that is limited
to the upper ∼100 m of the water column. Still, also in
this case, at the beginning of the simulation the flow was
spatially uniform and was limited to the upper 10-20 m
of the water column. Then, after a few days of simula-
tion turbulent flow developed, the upper dynamical layer
was deepen to ∼ 100 m, and the current speed reduced.
The surface (Ekman-like) layer of the run without the ad-
vection terms was deepen monotonically with time until
it reached the bottom. The numerical experiments de-
scribed above indicate that when the forcing frequency
matches the Coriolis frequency a resonance occurs result-
ing in “Ekman” layer that span the entire water column
and the mean KE and the current speed are high.

After sufficiently long time the simulated currents are
almost uniform in the horizontal directions, in both the
barotropic (constant density) and stratified water column
cases; see the Supplementary Material. We thus assume
in the following that the current’s components (u, v) very
weakly depend on the horizontal dimensions (x, y) such
that it is possible to neglect the advection terms and the
horizontal viscosity terms from the governing equations.
Then one is left with Ekman model [8]

ut − fv = νuzz, (1)

vt + fu = νvzz, (2)

where t and z are the time and depth coordinates, f is
the (constant) Coriolis frequency, and ν is the parame-
terized vertical eddy viscosity coefficient. It is possible
to obtain a single equation wt + ifw = νwzz, using a
complex velocity variable, w = u + iv; we then apply
a (time) Fourier Transform (FT) to obtain an equation
with respect to the depth variable z:

ŵzz − i(f + ω)ŵ/ν = 0, (3)

where ω is the frequency variable and the “hat” indicates
the FT.

To close the solution of Eq. (3) we apply no-slip bound-
ary conditions at the bottom of the ocean, ŵ(z = −H) =
0, and at the surface we link the wind stress τ = τx + iτy
(τx, τy are the x, y components of the wind-stress vec-
tor) to the surface currents by ŵz(z = 0) = τ̂ /(ρ0ν) [20],
where ρ0 is the ocean water density. The solution is then

ŵ =
τ̂(1− i)d

2ρ0ν

e(1+i)(z+H)/d − e−(1+i)(z+H)/d

e(1+i)H/d + e−(1+i)H/d
, (4)

where d =
√

2ν/|f + ω| is the “spectral” Ekman layer
depth.

The FT of the second moment of the currents is given
by

|ŵ|2 =
|τ̂ |2d2
2ρ20ν

2

cosh
[
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d

]
− cos

[
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d

]
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[
2H
d

]
+ cos
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The frequency spectrum of the KE per unit area is then

Êk =
1

2

0∫

−H

|ŵ|2dz =
|τ̂ |2d3
8ρ20ν

2

sinh
(
2H
d

)
− sin

(
2H
d

)

cosh
(
2H
d

)
+ cos

(
2H
d

) . (6)

The depth of the Ekman layer, d, diverges when ω = −f
and the wind-induces currents may reach the bottom of
the ocean, depending on the frequency spectrum of the
wind stress, τ̂ .

To explicitly find the currents there is a need to know
the wind-stress and to apply an inverse FT or to use the
Parseval’s theorem, i.e.,

〈|w|2〉 =
1

2π

∞∫

−∞

|ŵ|2dω. (7)
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Below we consider two cases: (i) a purely periodic wind
stress, and (ii) stochastic wind stress with temporally
decaying correlations.

Periodic wind stress. For simplicity we choose the
wind stress to be periodic only in the x direction such
that τ(t) = τx,0 cos(ω0t) where τx,0 is the wind-stress
amplitude in the x directions and ω0 is the frequency;
below, for convenience, we drop the subscript x. The FT
of the wind stress is then a sum of two δ functions and
hence

w(t) =

√
2τ0

4ρ0ν

∑

j=+,−
d(jω0)

sinh
[
(1+i)(z+H)
d(jω0)

]

cosh
[
(1+i)H
d(jω0)

] ei(jω0t−π4 ).

(8)
The second moment of the currents is then

〈w2〉 =
τ20

8ρ20ν
2

∑

j=+,−
[d(jω0)]2

cosh
[
2(z+H)
d(jω0)

]
− cos

[
2(z+H)
d(jω0)

]

cosh
[

2H
d(jω0)

]
+ cos

[
2H

d(jω0)

] ,

(9)
and the KE is

Ek =
τ20

32ρ20ν
2

∑

j=+,−
[d(jω0)]3

sinh
[

2H
d(jω0)

]
− sin

[
2H

d(jω0)

]

cosh
[

2H
d(jω0)

]
+ cos

[
2H

d(jω0)

] .

(10)
Generally speaking, the depth of the Ekman layer, d, is
much smaller than the depth of the ocean, H. In this case
the currents decay exponentially with depth and Eqs.
(8)-(10) become independent of the ocean depth H; the
current vector exhibits periodic clockwise rotation with
frequency ω0.

In the case of “resonance” the wind-stress frequency
equals the Coriolis frequency (ω0 = f) and the depth of
the Ekman layer becomes infinite, and hence much larger
than the depth of the ocean. Then, based on Eq. (8) the
current vector may be approximated as

[u(t), v(t)] = (z +H)τ0[cos(ft),− sin(ft)]/(2ρ0ν) (11)

Consequently the current’s second moment and KE are

|w|2 =
τ20

4ρ20ν
2

(z +H)2 (12)

Ek =
τ20

24ρ20ν
2
H3. (13)

Hence, under resonance conditions: (i) the current’s mag-
nitude depends on the depth of the ocean and decreases
linearly with depth to the bottom of the ocean, (ii) the
current vector rotates clockwise with the Coriolis fre-
quency, with a fixed magnitude, and (iii) the KE in-
creases like H3.

We validate the analytic solutions given above by com-
paring them with the MITgcm simulations. In these sim-
ulations we focus on resonance conditions, excluding the

spatial dependence. The results are shown on the left
column of Fig. 2. The analytic solutions (black lines)
are very close to the numerical ones (blue full circles),
including (i) the clockwise rotation of the current vector
with the Coriolis frequency (not shown), (ii) the linear
decrease of the current speed with depth z (Fig. 2a), (iii)
the linear increase of surface current speed with the depth
of the ocean, H (Fig. 2c), and (iv) the cubic dependence
of the KE on the depth of the ocean, H (Fig. 2e). Under
non-resonance conditions the currents are limited to the
surface Ekman layer and are independent of the depth
of the ocean. The small deviations between the analytic
expressions and the numerical results may be attributed,
in part, to the additional bottom linear friction of the
MITgcm. It is important to note that when the cur-
rent’s components u and v depend linearly on depth z,
the viscosity terms in Eqs. (1),(2) vanish such that the
equations take the form of the equations associated with
inertial oscillations that exhibit clockwise rotation of the
current vector with the Coriolis frequency.

Resonance of the Coriolis force with other driving
forces like diurnal winds or tides is limited to a very nar-
row band of latitudes, questioning the overall effect of the
resonance on real ocean circulation and energy. However,
winds are stochastic in their nature such that one com-
ponents of their frequency spectrum may resonate with
the Coriolis force across the globe. This may lead to an
enhancement of wind induced currents over wide regions,
possibly penetrating to the bottom of the ocean. Next
we study this hypothesis.
Stochastic wind stress. To study the effect of stochas-

tic wind on ocean currents, we forced the model with a
stochastic wind that its temporal correlations decay ex-
ponentially,

〈τ(t̃)τ(t̃+ t)〉 =
τ20
2
e−γ|t| (14)

where τ0 is a parameter that quantifies the magnitude of
the wind stress and γ is a parameter that quantifies the
decay rate of the temporal correlations; see also [17, 21].
Similar to the above, for simplicity we restrict the winds
to be along the x direction. The FT of the wind stress
(14) is

|τ̂ |2 =
γτ20

γ2 + ω2
. (15)

We first use this wind stress to simulate currents using
the MITgcm. The configuration is the same as the one
presented above, i.e., a domain of 100 × 100 horizon-
tal grid points with resolution of 100 m and a 1.2 km
deep ocean, with doubly periodic boundary conditions.
This configuration and forcing resulted in spatially, al-
most uniform, currents. We thus use the spatially inde-
pendent Eqs. (1),(2) and the solution (5) to gain more
understanding on the system’s dynamics. We develop



4

in the Supplementary Material analytic approximations
for the dependence of the second moments of the current
speed |w|2 on depth z, for the dependence of the surface
current speed on ocean depth H, and for the dependence
of the KE on ocean depth, Ek(H).

We show that when the wind stress is stochastic with
exponentially decaying temporal correlations, the current
speed is not limited to the upper ocean but decreases
linearly in the lower part of the ocean and vanishes only
at the ocean floor; see Fig. 2b and Eq. (S10). This is due
to the “resonance”-like of the Coriolis force with the wind
stress at the Coriolis frequency. At this frequency the
Ekman layer becomes infinite, leading to the penetration
of wind induced currents to the bottom of the ocean. The
decrease is faster at the upper part of the ocean [Fig. 2b
and Eqs. (S11),(S12)]. The MITgcm simulations exhibit
similar decrease with depth (full circles in Fig. 2b).

The second moment of the surface current speed, |w|2
as a function ocean depth, H, is shown in Fig. 2d. The
analytic approximation (S13) indicates a logarithmic in-
crease of |w|2 with H and is in good agreement with the
MITgcm simulations (Fig. 2d). The analytic approxi-
mation of the KE, Eq. (S17), points to a linear increase
with the ocean depth, H. The agreement with the MIT-
gcm simulations is satisfactory and better for shallower
depths (Fig. 2f). In summary, under the action of tem-
porally correlated stochastic wind stress, the currents are
not confined in the upper ocean as in the classical Ekman
layer model, but extend to the bottom of the ocean.

As the wind is stochastic and exhibits temporal corre-
lations [17] the resonance of stochastic wind-stress with
the Coriolis force is relevant everywhere on the globe.
Our calculations (see Supplementary Material) indicate
that the contribution of the stochastic wind stress is rel-
evant in vast ocean regions and is much larger than the
periodic wind stress component that is restricted to the
latitude 30◦. In addition, 34% of the energy due to the
resonance of the Coriolis force with the stochastic part
of the wind is absorbed in the deep ocean (deeper than
1 km). The contribution associated with the mean wind
stress is much smaller than the contribution due to the
stochastic and periodic parts of the wind stress, and is
negligible in the deep ocean. While these estimations are
based on realistic wind stress, they are very rough due to
the simplistic assumptions of our approach, in particular
due to the choice of the eddy parameterized viscosity co-
efficient, ν, which depends on the eddy activity. Yet, our
results highlight the possible importance of the temporal
variability of the wind on the transformation of wind KE
to the deep ocean.

In summary, we study the role of the variability of
the wind on deep ocean currents. We first show, using
the MITgcm, that when the wind is periodic with a fre-
quency that matches the Coriolis frequency and when
starting from rest, turbulent flow is developed that even-
tually lead to the mixing of the entire water column and

to a constant interior ocean current speed. Under strat-
ification conditions imposed at the sides of the domain,
the current speed decreases linearly with depth z and
vanishes only at the bottom of the ocean. In all cases
the current field is almost laterally uniform, justifying
the omission of the advection and lateral viscosity terms.
We then provide an analytic solution for the currents un-
der the action of periodic wind stress and find that the
current speed decreases linearly with depth z and only
vanishes at the ocean floor. The surface current speed de-
pends linearly on the ocean depth and the KE increases
as a function of the cube of the ocean depth H. Under
more realistic stochastic and temporally correlated wind
stress, one of the wind’s frequencies resonates with the
Coriolis force, causing the currents to reach the bottom
of the ocean. We show, numerically and via analytic ap-
proximations, that the current speed in the deep ocean
decreases linearly with depth z, that the second moment
of the surface current increases logarithmically with the
ocean depth H, and that the KE increases linearly as a
function of ocean depth H. Thus, when considering the
infinite depth Ekman layer model an additional friction
term has to be included to avoid the singularity of the
ocean currents [21, 24].

Under realistic global ocean bathymetry and realis-
tic wind stress forcing the contribution of the stochas-
tic component of the wind stress is much larger than the
contribution of the periodic component of the wind stress
and the (temporal) mean wind stress, which is negligible.
The stochastic component of the wind stress is significant
in extended ocean areas, unlike the periodic component
which is significant only at 30◦ latitude, where the Cori-
olis force resonates with the diurnal winds. Moreover,
around one third of the KE is stored in ocean depths
deeper than 1 km. While this a very rough estimate
due to the simplicity of the model it indicates that the
stochastic nature of the wind has an important role in
the energy budget of the deep ocean.

We thank Golan Bel, Georgy Burde, Hezi Gildor, Avi
Gozolichiani, and Eli Tziperman for helpful discussions.
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FIG. 2: Summary of the MITgcm 1d simulation for periodic
wind-stress forcing under resonance condition with the Cori-
olis frequency (left column) and stochastic, temporally cor-
related, wind stress (right column). (a) Current speed as a
function of depth z under the action of periodic wind stress.
(b) Same as (a) for (stochastic) correlated wind stress; note
that the analytic approximations fall within the error-bars of
the simulations (not shown). (c) Surface current speed as a
function of ocean depth, H, when the wind stress is periodic.
(d) Same as (c) for for (stochastic) correlated wind stress.

(e) Depth integrated KE, E
3/2
k , as a function of ocean depth,

H, under the action of periodic wind stress. (f) Same as (e)
for stochastic and temporally correlated wind-stress. In all
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Supplemental Material: Energy transfer
of surface wind induced currents to the

deep ocean via resonance with the
Coriolis force

MITgcm SETUP AND SIMULATIONS

We use the Massachusetts Institute of Technology gen-
eral circulation model [MITgcm, S18] to study oceanic
circulation under the action of periodic and stochastic
wind stress. We use a simple rectangular domain with
doubly periodic boundary conditions in the lateral x
and y directions and with bottom no-slip (zero veloc-
ity) boundary conditions. The ocean floor is flat. The
horizontal grid resolution is 100 m, the vertical grid res-
olution increased monotonically from 4 m at top layer to
100 m at depth of 200 m; then a constant vertical grid
spacing of 100 m was used down to the bottom of the
ocean (which is 1.2 km in the main example discussed
in the main text). There are 100×100 grid points in the
horizontal direction (10×10 km), to both resolve possible
eddy activities and to capture possible non-hydrostatic
effects. The Coriolis parameter is taken to be constant.
The only driving force is the wind stress which is tempo-
rally variable but spatially constant. We study the ocean
current both when the ocean is stratified and when it had
uniform density.

THE ROLE OF DENSITY STRATIFICATION IN
THE EFFECT OF RESONANCE

Intuitively, stratification of the water column should
limit vertical motion and thus should weaken the effect
of the resonance discussed in the main text. When start-
ing the simulation with stratified water column (by ini-
tially specifying the water temperature from 20◦C at the
top to 10◦C at the bottom), after some time eddies are
developed and erode the stratification such that eventu-
ally the entire water column is mixed and has an uniform
density. The current speed profile then converges to the
almost uniform profile shown in Fig. 1b.

To mimic real ocean stratification we performed an ad-
ditional simulation in which the temperature at the sides
of the box is kept constant, imposing stratification at the
boundaries of the box throughout the simulation. The
results of this simulation are shown in Fig. S1 where we
imposed the linear temperature profile indicated by the
red line in Fig. S1c. There are several important ob-
servations: (i) variations in sea surface height are small
(Fig. S1a), suggesting that the horizontal variations in
the current field are small and that eddy activity is weak;
(ii) the currents are practically uniform in the horizon-
tal directions (Fig. S1a); (iii) u is perpendicular to v
(Fig. S1a,b); (iv) the magnitude of u equals the magni-

tude of v (Fig. S1a,b); (v) u and v oscillate sinusoidally
with time such that the current vector is rotating clock-
wise with frequency of 1 day (Fig. S1b); (vi) the current
speed is almost constant with time; (vii) u and v (and
hence the current speed) decrease linearly with depth
(Fig. S1c) such that the current vector direction is con-
stant with depth; (viii) the slope of linear decrease of the
current speed from (vii) converges to a constant value for
sufficiently strong stratification (Fig. S1d).

It is clear that for sufficiently strong imposed strati-
fication, the developed eddies will not be able to break
the stratification; we thus expect the slope |w|z to con-
verge exponentially to a limiting value with the level
of stratification Tz. The two limits of this dependence
can be deduced from our analysis: when Tz → 0 also
|w|z → 0 (Fig. 1) and when Tz →∞ Eq. (12) holds and
|w|z = τ0

2ρ0ν
. Thus, if ρz = const then

|w|z =
τ0

2ρ0ν

(
1− e aHρ0 ρz

)
, (S1)

where a is a constant that quantifies the decay rate and
can be estimated from the simulated currents. It is pos-
sible to obtain the interior ocean profile by integrating
Eq. (S1)

|w(z)| = τ0
2ρ0ν

(z+H)− τ0
2ρ0ν

e
aH
ρ0
ρz (z +H − h0) , (S2)

where h0 is an additional constant that can be estimated
from the simulations.

TEMPORALLY CORRELATED STOCHASTIC
WIND STRESS

Given the FT of the of temporally correlated wind-
stress, Eq. (15), it is possible to find the FT of the second
moment of the currents, using Eq. (5). The second mo-
ment of the currents is obtained by using the Parseval’s
relation, Eq. (7). Eq. (5) is singular when ω = −f and
the integral (7) around this point can be approximated
as

I2 =
τ20 (H + z)2

2πρ20ν
2

ω2∫

ω1

γ

γ2 + ω2
dω. (S3)

Far from the point of singularity, Eq. (5) can be approx-
imated as

|ω̂|2 ≈ |τ̂ |
2

ρ20ν

e2z/d

|f + ω| ≈
|τ̂ |2
ρ20ν

1

|f + ω| . (S4)

Then, when ω � −f , integral (7) can be approximated
as

I1 = − τ20
2πρ20ν

ω1∫

ωl

γ

γ2 + ω2

1

f + ω
dω, (S5)
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FIG. S1: (a) See surface height (color) and surface velocities
u, v (black and white arrows) under stratification conditions.
(b) u (blue), v (green) and current speed (red) as a func-
tion of time. (c) u (blue open circle), v (blue full circle) as
a function of depth under temperature stratification condi-
tions (red curve). (d) Gradient in current speed as a function
of stratification temperature gradient for the MITgcm sim-
ulations (blue open circles) and for the exponential fit (red
curve) similar to Eq. (S1). The green full circle indicates the
theoretically predicted current speed, τ0/(2ρ0ν), under very
strong stratification (Tz →∞). Parameter values: τ0 = 0.1 N
m−2, ρ0=1028 kg m−3, ν = 0.01 m2 s−1, ω0 = f = 2π/86400
s−1, and a = 420 m K−1.

and when ω � −f it can be approximated as

I3 =
τ20

2πρ20ν

ωr∫

ω2

γ

γ2 + ω2

1

f + ω
dω. (S6)

The limits ω1,2 of I1,2,3 connect the different regions of
the integral and are found based on the numerical results:

ω1,2 = ∓ πν
H2
− f. (S7)

The limits ωl,r are found such that the linear approxima-
tion of the exponent in Eq. (S4) is zero,

ωl,r = ∓ ν

2z2
− f. (S8)

Given the above limits, I2 is found to be

I2 =
τ20 (H + z)2

2πρ20ν
2

[
tan−1

(
πν

γH2
− f

γ

)
+tan−1

(
πν

γH2
+
f

γ

)]
.

(S9)
I2 can be further approximated as,

I2 ≈
τ20 (H + z)2

ρ20ν

γ

f2 + γ2
. (S10)

We find that I2 reproduces fairly well the second moment
of the current speed close to the bottom.

Close to the surface of the ocean the second moment
of the currents can be approximated by I1 +I3 which can
be expressed, given the limits ωl,1,2,r as follows,

I1 =
τ20

4π(γ2 + f2)ρ20ν[
2f

(
tan−1

(
πν

γH2
+
f

γ

)
− tan−1

(
ν

2γz2
+
f

γ

))
+

γ ln
γ2H4 + (πν +H2f)2

4π2γ2z4 + (ν + 2fz2)2

]
(S11)

I3 =
τ20

4π(γ2 + f2)ρ20ν[
2f

(
tan−1

(
ν

2γz2
− f

γ

)
− tan−1

(
πν

γH2
− f

γ

))
+

γ ln
γ2H4 + (πν −H2f)2

4π2γ2z4 + (ν − 2fz2)2

]
. (S12)

Thus, following Eq. (S10), close to the bottom the current
speed decreases linearly with depth, z. Simple analysis
of I1 + I3 of Eqs. (S11),(S12) indicates that close to the
surface of the ocean the decrease of current speed with
depth z is approximately logarithmic.

Based on I1 + I3 of Eqs. (S11),(S12) we approximate
the second moment of the surface current (z = 0) as

|w|2 ≈ τ20
π(γ2 + f2)ρ20ν

[
f tan−1

(
f

γ

)
+

γ ln

(√
γ2 + f2

ν

)
+ 2γ lnH

]
. (S13)

Thus, |w|2 grow logarithmically with the ocean depth,
H.

It is possible to approximate the total KE similar to
the above treatment. Based on Eq. (6), the FT of the KE
close to the singularity point (ω = −f) is approximated
as

Êk ≈
|τ̂ |2H3

6ρ20ν
2
, (S14)

and given Eqs. (15), (7) the KE is then

Ek ≈
τ20H

3

12πρ20ν
2

ω2∫

ω1

γ

ω2 + γ2
dω =

τ20H
3

12πρ20ν
2

[
tan−1

(
3πν

2γH2
− f

γ

)
+ tan−1

(
3πν

2γH2
+
f

γ

)]
,(S15)

where the limits ω1,2 are

ω1,2 = ∓ 3πν

2H2
− f. (S16)
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As the depth of the ocean is usually much larger than
the depth of Ekman layer (i.e., H2 � 3π

4
2ν
f ), the KE can

be further simplified,

Ek ≈
γτ20

4ρ20ν(γ2 + f2)
H. (S17)

Thus, when the wind stress is stochastic with exponen-
tially decaying correlations, the KE increases linearly on
the depth of the ocean H.

IMPLEMENTATION TO THE REAL OCEAN

To get a rough idea on the effect of the resonance on
the real ocean, we used the six-hourly winds of NCEP-
DOE reanalysis 2 [S25]. Global coverage (∼2.5◦) surface
(10 m) winds of 36 years (1979 To 2014) were first trans-
formed into wind stress based on [S26]:

(τx, τy) = 10−3ρa(0.142U+0.076U2+2.7)(ua, va), (S18)

where ρa = 1.25 kg m−3 is the air density, U is the wind
speed, and ua, va are zonal and meridional wind compo-
nents. Then, we assume, based on the data, that the
auto-correlation function of the wind stress components
follows:

〈τx,y(t̃)τx,y(t̃+ t)〉 =
1

2
τx,y0 cos(ω0t) +

1

2
τx,y0e

−γx,y|t|,

(S19)
where ω0 is the diurnal frequency. [We have estimated
the KE based on the power spectrum of the wind stress
and by directly numerically integrating Eq. (6) and ob-
tained results that are very similar to the results de-
scribed below. The advantage of using the present ap-
proach is the ability to estimate the contribution of the
different components of the wind stress.] We first esti-
mate τx,y0 from the FT of τx,y, then find τx,y1 from Eq.
(S19) at lag t = 0, then estimate the exponents γx,y from
the auto-correlation function of the first lags.

The estimated exponents, γx,y, are shown in Fig. S2
and the two exhibit similar pattern. Generally speaking,
the low latitudes (30◦S to 30◦N) are more correlated than
the higher latitudes that are weakly correlated in regions
of enhanced storm activity (e.g., the storm tracks and
high mountains). The mean values of the exponents over
the ocean are very similar to the mean value over the
land and are 〈γx〉 = 10−5 s−1, 〈γy〉 = 1.2× 10−5 s−1.

The different components of the wind stress are shown
in Fig. S3. The correlated noise component, τ1 (Fig. S3a),
is high at the regions of enhanced wind activity like the
storm track and high mountains and it roughly matches
the regions of high correlation exponents γx,y shown in
Fig. S2. τ1 is larger than the periodic wind component
τ0 (Fig. S3b) by more than an order of magnitude. The
periodic component is often large in regions of large noise
component, indicating that the periodicity is in part due

to higher wind energy (power) in these regions. The mean
wind-stress component, τm, is high only in the southern
ocean and along the edge of Antarctica. The global mean
values of τ1, τ0, τm over the ocean is 0.26, 6.6×10−3, 0.075
N m−2 respectively and is very similar to the wind-stress
values over land.

Given the wind-stress components, τx,y0,1,m it is pos-
sible to calculate the KE that is associated with each of
the components, based on the ocean depth at each grid
point and based on Eqs. (5), (7). The KE of the en-
tire water column is shown in Fig. S4. The KE that is
associated with temporal correlation, Ek,1, and is much
larger than the two other components associated with
the diurnal periodicity, Ek,0, and the mean wind stress,
Ek,m. The global mean of the three components of the
KE is Ek,1 = 7.27 × 1017J, Ek,0 = 1.4 × 1017J and
Ek,m = 6.44 × 1015J. While Ek,1 is significant in vast
ocean regions, Ek,0 is very strong, as expected, around
latitude 30◦. The estimated KE is obviously not realistic
as it ignores all spatial dynamics and is about 1/5 of re-
alistic estimation of global ocean KE ∼ 5.2×1018J [S27].
The most important parameter is the viscosity coefficient
which was chosen to be 0.1 m2 s−1; it is reasonable that
ν is much smaller at depth where the eddy activity is
weaker (similar to effect of weak stratification on the dif-
fusion coefficient, [S22]) such that the resultant currents
will be stronger leading to larger KE.

We have also calculated the KE of the deep ocean
(deeper than 1 km) and find that significant part is stored
in the deep ocean. Fig. S5 depicts the ratio, r, between
the deep ocean KE and the global KE and, consist-
ing with our predictions, the stochastic (Fig. S5a) and
periodic (Fig. S5b) components of the wind stress ac-
count for tens of percents of total KE. The deep ocean
KE that resulted from the mean forcing (Fig. S5c) is,
as expected, negligible. Specifically, the global mean
deep ocean KE is Ek,1(H > 1km) = 2.49 × 1017J
(r1 = 34%), Ek,0(H > 1km) = 6.04 × 1016J (r0 = 44%)
and Ek,m(H > 1km) = 2.4 × 1012J (rm = 0.04%). The
ratio captures the pattern of the deep ridges as the KE
depends on ocean depth H.

The above calculations were based on the assump-
tion that the ocean is strongly stratified. However, the
deep ocean is only weekly stratified such that one ex-
pects weaker currents and KE (see Fig. S1 of the main
text). MITgcm simulations with open boundary restor-
ing of temperature and salinity of the global and tem-
poral mean of Levitus atlas [S28] resulted in linearly de-
creasing current speed in the few upper kms of the ocean
and almost uniform current speed in the abyssal ocean.
However, the eddy viscosity coefficient may be smaller
under such conditions due to the weaker eddy activity,
probably leading to stronger currents and hence larger
KE. Thus, the values given above only very roughly es-
timate the ocean’s KE.
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FIG. S2: Temporal correlation exponent, (a) γx and (b) γy,
in s−1, estimated based on NCEP reanalysis 2 surface (10 m)
winds.
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FIG. S3: Wind-stress coefficient (in N m−2) of the (a) stochas-

tic, τ1 =
√
τ2x,1 + τ2y,1, (b) periodic, τ0 =

√
τ2x,0 + τ2y,0, and (c)

mean, τm =
√
〈τx〉2 + 〈τy〉2, components of the wind stress.

Estimated based on NCEP reanalysis 2 surface (10 m) winds.
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FIG. S4: KE wind-stress coefficient (in N m−2) of the (a)
stochastic, τ1, (b) periodic, τ0, and (c) mean, τm, components
of the wind stress. Estimated based on NCEP reanalysis 2
surface (10 m) winds.
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FIG. S5: Ratio between the KE of the deep ocean (deeper
than 1 km) and entire water column KE for the (a) stochastic,
(b) periodic, and (c) mean components of the wind stress.
Estimated based on NCEP reanalysis 2 surface (10 m) winds
and numerical integration of Eq. (6).


