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By incorporating the wave-induced Coriolis-Stokes forcing into the classical Ekman
model, the wind energy input to the Ekman-Stokes layer is investigated, with an emphasis on the surface wave effects when the direction of Stokes drift deviates from
that of wind stress. Theoretical analysis of the kinetic energy balance of the EkmanStokes layer shows that the total wind energy input consists of the direct wind energy
input and the wave-induced energy input. Details of the direct wind and wave-induced energy input are discussed. Based on the ECMWF ERA-40 Re-Analysis wind
stress and surface wave data, the global total wind energy input to subinertial motions in the Ekman-Stokes layer is estimated at 2.19 TW, including 0.26 TW (12%)
wave-induced energy input and 1.93 TW (88%) direct wind energy input. The effect
of sea-ice coverage on the energy input to the Ekman-Stokes layer is also considered.
It is shown that the global total energy input could be overestimated by 0.08 TW
(about 4%) without taking the sea-ice coverage into account.
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wind energy inputs to currents and surface waves were
investigated separately, and the effects of surface waves
on the energy input to currents were not included.
As a ubiquitous phenomenon on the sea surface, a
surface wave produces a mean Lagrangian flow, the socalled Stokes drift (Stokes, 1847), the direction of which
is in accord with wave propagation. Hasselmann (1970)
showed that the interaction between the planetary vorticity
and the Stokes drift yields a Coriolis-Stokes forcing in
the Eulerian momentum balance (see also Xu and Bowen,
1994; Sun et al., 2004; Polton et al., 2005). By incorporating this wave-induced Coriolis-Stokes forcing into the
momentum balance of the Ekman layer (hereafter we refer to the Ekman layer with the effects of Stokes drift
included as the Ekman-Stokes layer), Polton et al. (2005)
pointed out that the Ekman-Stokes model agrees much
more reasonably with the observational current profiles
than the classical Ekman model. Similar results were also
documented by Lewis and Belcher (2004).
Since the wave-induced Coriolis-Stokes forcing significantly modifies the current profile, it must somehow
make contributions to the energy input to the ocean. More
recently, Wu and Liu (2006, manuscript submitted to J.
Phys. Oceanogr. in revision, hereinafter referred to as
WL) have discussed the energetics of the Ekman-Stokes
layer and found that energy input to the Ekman-Stokes
layer comes from both the wind stress and the work done

1. Introduction
As winds blow over the sea surface, the wind stress
at the air-sea interface will drag the ocean, which is associated with wind energy input to it. This wind energy input is an important component of the energetics of the
global ocean, and has been investigated with a great deal
of effort in the past. Faller (1966) first discussed the mechanical energy sources of ocean circulation, including
wind stress, tidal dissipation and other sources. Lueck and
Reid (1984) estimated that the total amount of energy flux
to the ocean is about 2–10% of the downward energy flux
(510 TW) in the atmospheric planetary boundary layer.
Using satellite data and a numerical model, Wunsch
(1998) estimated the wind energy input through the
geostrophic current as 1.3 TW. Wind energy flux to nearinertial motions of the ageostrophic current is approximately 0.5–0.7 TW (Watanabe and Hibiya, 2002; Alford,
2003). Recently, Wang and Huang (2004a) employed the
classical Ekman model to estimate global wind energy
input to the subinertial motions of ageostrophic current
as 2.3–2.4 TW. The wind energy flux to surface waves
has also been estimated recently by Wang and Huang
(2004b). However, in the studies mentioned above, the
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by the Coriolis-Stokes forcing. Using the NCEP/NCAR
reanalysis wind stress data, WL estimated the energy input to subinertial motions in the Ekman-Stokes layer as
2.29 TW, 93% (2.14 TW) of which comes from direct
wind energy input and 7% (0.15 TW) from wave-induced
energy input. However, their estimates should be improved as they suffer from the following three limitations.
First, they assumed that the direction of Stokes drift coincides with that of wind stress. However, this assumption does not hold in the real world ocean. The Stokes
drift usually lies at an angle to the wind stress, especially
for swell-dominant cases. Most recently, Chen et al.
(2002) found that there are three “swell pools” in the
oceans, based on wave climate analyses by satellite altimeter and scatterometer. Second, the Stokes drift was
deduced from empirical formulas for fully-developed
wind seas. Actually, surface waves in the ocean are mostly
far from fully-developed, due to the time-varying wind
or the limited fetch. Finally, high-latitude oceans are occasionally or permanently covered by sea ice. Intuitively,
this sea-ice coverage could prevent the Ekman-Stokes
layer from experiencing the action of the wind stress.
Thus, the sea-ice coverage could also have an effect on
the wind energy input to the Ekman-Stokes layer. Alford
(2003) pointed out that the absence of sea-ice coverage
would overestimate the wind energy input to ocean inertial motions at high latitude. Thus, a quantitative estimate
of the effect of sea-ice coverage on the wind energy input
to ocean current over the subinertial frequency is needed
as well.
The present paper aims at estimating the wind energy input to subinertial motions in the Ekman-Stokes
layer, using the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-40 Re-Analysis wind
stress and surface wave data. We investigate the effect of
the deviation of Stokes drift from wind stress on the wind
energy input, and that of the sea-ice coverage. The paper
is organized as follows: A brief introduction to the dynamics of the Ekman-Stokes layer and a detailed description of the wind energy input to the Ekman-Stokes layer
are given in Section 2. Section 3 presents global estimates
of energy input to subinertial motions in the EkmanStokes layer, and finally, some concluding remarks are
given in Section 4.
2.

Theory for Estimating Wind Energy Input to the
Ekman-Stokes Layer

2.1 Momentum and kinetic energy balance of the EkmanStokes layer
Taking the wave-induced Coriolis-Stokes forcing into
account, the horizontal momentum equation describing
the unsteady state ageostrophic current in the EkmanStokes layer is expressed as (McWilliams et al., 1997;
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Lewis and Belcher, 2004; Polton et al., 2005):
∂  ∂U 
∂U
+ f zˆ × (U + U s ) =  Az
,
∂z 
∂z 
∂t

(1)

where U = (u, v) is the horizontal current, Az the vertical
momentum diffusivity, t the time, z the vertical coordinate increasing upward from zero at the mean sea level,
ẑ the unit vector directed upward, f the Coriolis parameter, and Us the Stokes drift, which, for deep water wave,
is given by (Phillips, 1977):
U s = Us e 2 kz kˆ ,

(2 )

Us = a 2σk ,

where a is wave amplitude, k wavenumber, k̂ the unit
wavenumber vector, σ frequency, and U s the velocity of
Stokes drift at the sea surface. Note that the Stokes depth
scale is ds = 1/(2k), with a typical value of 5–10 m. The
boundary conditions are given as follows:

ρ w Az

∂U
= τ, at z = 0; U → 0, as z → −∞,
∂z

(3)

where ρw is water density and τ is sea surface wind stress.
Polton et al. (2005) gave the solution to Eq. (1) under the boundary conditions of Eq. (3) for a constant vertical diffusivity. Here, complex variable terms, namely
the variables U = u + iv, Us = us + iv s, and τ = τx + i τy, are
substituted for U = (u, v), U s = (us, vs) and τ = (τx, τy)
respectively, and the solution of Polton et al. (2005) can
be expressed as:

( 4)

U = We + Wes + Ws ,

where

We =

τ
e jz ,
ρ w Az j

Ws =

j 2 U s (0) 2 kz
e .
(2 k ) 2 − j 2

Wes = −

2 kjU s (0) jz
e ,
(2 k ) 2 − j 2

and

Here j = (1 + i)/d, d = 2Az / f . The depth of the Ekman
layer de, is defined as
de =

2 Az
.
f

(5)

Note that Eq. (4) is applicable to both the Northern Hemisphere ( f > 0, d = de) and the Southern Hemisphere ( f <

0, d = ide). The first term, We, is purely the Ekman solution when the wave-induced effects are not taken into
account. However, the second term, Wes, and the third
term, Ws, are newly introduced due to the Coriolis-Stokes
forcing. The Stokes component of the current W s, which
is directly due to the Coriolis-Stokes forcing, decays
within the Stokes depth scale ds, while the Ekman-Stokes
component of the current Wes decays within the Ekman
depth scale de. Thus the current profile in the Ekman layer
could be modified by the Coriolis-Stokes forcing, and it
is expected that the energy input to the Ekman layer could
also be affected by the wave-induced Stokes drift.
Multiplying Eq. (1) by ρwU and integrating it from
z = –∞ to z = 0 gives the kinetic energy balance of the
Ekman-Stokes layer:
dE
= Ew + Es − D,
dt

(6 )

where

E = ρw ∫

1 2
U dz, Ew = τ ⋅ U(0),
−∞ 2
0

Es = ρ w ∫

(− f zˆ × U s ) ⋅ Udz,
−∞
0

and D = ρ w ∫

0
−∞

2

Az

∂U
dz,
∂z

where E represents the total kinetic energy of the EkmanStokes layer, Ew the rate of direct wind energy input, E s
the rate of energy input caused by the interaction of Stokes
drift with planetary vorticity, and D the dissipation rate.
Apparently, the rate of energy input Ew is due to the work
directly done by the wind stress. In contrast to the kinetic
energy balance of the classical Ekman model (Wang and
Huang, 2004a), Es is a new energy input (hereinafter referred to as the wave-induced energy input) in the kinetic
energy balance, which is due to the work done by the
Coriolis-Stokes forcing per unit horizontal area of the
water column. Considering that the Coriolis-Stokes forcing results from the wind-generated waves, Es can be interpreted as the work done indirectly by the wind stress.
For the steady-state case, the kinetic energy balance reduces to Ew + Es = D, i.e., the total energy input, including the direct wind energy input Ew and the wave-induced
energy input Es, is balanced by the dissipation.
2.2 Wind energy input to the Ekman-Stokes layer
The direct wind energy input Ew and wave-induced
energy input Es can be rewritten as:

(

)

Ew = Re τ ∗ ⋅ U(0) ,

and
Es = ρ w f ∫

0
−∞

(

)

− Im U ⋅ U ∗s dz,

(8)

where the symbol (∗) denotes the complex conjugate, Re
and Im denote the real and imaginary parts of a complex
number, respectively.
Substituting Eqs. (2) and (4) into Eq. (7) yields:

( 9)

Ew = Ew,1 + Ew,2 + Ew,3 ,
where

Ew,1 =

τ2
,
ρ w de f

Ew, 2 = − τ ⋅ U s (0) F1 (c), and

 +: f > 0
Ew, 3 = ± zˆ ⋅ ( τ × U s (0)) F2 (c) 
,
 −: f < 0 
where the non-dimensional Ekman-Stokes depth number
c is defined as the ratio of the depth scale of the Ekman
layer to that of the Stokes drift,
c=

de
,
ds

(10)

and the expressions for F1(x) and F2(x) are
F1 ( x ) =

x+2
,
( x + 1)2 + 1

and F2 ( x ) =

x
.
( x + 1)2 + 1

Note that the term Ew,3 is different for each hemisphere,
taking “+” for the Northern Hemisphere ( f > 0) and “–”
for the Southern Hemisphere ( f < 0). Equation (9) states
that the direct wind energy input to the Ekman-Stokes
layer consists of three terms. The first term, Ew,1, is exactly the wind energy input to the pure Ekman layer (Wang
and Huang, 2004a). The second and the third terms, however, are new ones, because the surface current of the
Ekman-Stokes layer is modified when the wave-induced
Coriolis-Stokes forcing is taken into account. Both terms
depend on wind stress, surface Stokes drift, the angle
between the two vectors, and the Ekman-Stokes depth
number.
Similarly, substitution of Eqs. (2) and (4) into Eq.
(8) leads to:

Es = Es,1 + Es,2 + Es,3 ,

(7)

(11)

where
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Es,1 = ρ w f ds U s (0) F3 (c),

Es,2 = τ ⋅ U s (0) F1 (c),

2

 +: f > 0
Es,3 = ± zˆ ⋅ ( τ × U s (0)) F2 (c) 
,
 −: f < 0 
where F3(x) is

F3 ( x ) =

(x

(

x2 x3 − x2 + 2
4

+4

) [( x + 1)

2

)

]

+1

.

Note that the wave-induced energy input to the EkmanStokes layer also consists of three terms. The first term
depends on the magnitude of surface Stokes drift. The
second term (Es,2) is the same as that of the direct wind
energy input, except of opposite sign, and it can be considered as part of the wind’s work on the surface Stokes
drift. The third term (Es,3) is exactly the same as that of
the direct wind energy input.
Based on the above expressions for the direct wind
energy input and the wave-induced energy input, the total energy input to the Ekman-Stokes layer is obtained
as:
Etot = Ew + Es = Ew,1 + Es,1 + 2 Es, 3
=

τ2
2
+ ρ w f ds U s (0) F3 (c) ± 2zˆ ⋅ ( τ × U s (0)) F2 (c)
ρ w de f
 +: f > 0

.
 −: f < 0 

(12)

The total energy input includes the first term in direct
wind energy input (Ew,1), the first term in wave-induced
energy input (Es,1), and the third terms in both direct wind
and wave-induced energy inputs (2Es,3). The second terms
in both direct wind and wave-induced energy inputs make
no contribution to the total energy input, as these two
terms exchange energy between direct wind and waveinduced energy inputs via the Coriolis-Stokes forcing.
Considering the limiting case c → ∞, the depth of the
Ekman layer is much greater than that of the Stokes drift
layer, which corresponds to the case of small waves propagating over a very deep Ekman layer, Ew,2 or Es,2 will tend
to zero. For the limiting case c → 0, the Ekman layer
depth is much smaller than the Stokes drift depth, which
corresponds to the case of large swells propagating over
a very shallow Ekman layer, the value of Ew,2 or Es,2 will
reduce to |τ ·Us(0)|. Physically, under this limiting case
the energy exchange between the two energy input paths
is the work done by the wind stress directly on the sur-
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face Stokes drift. As for the third terms in both direct
wind and wave-induced energy inputs (Ew,3 and Es,3), in
both the limiting cases c → ∞ and c → 0, since F2(c) →
0, the their value tends to zero.
In contrast to the wind energy input to the pure
Ekman layer (Ew,1), two additional terms are introduced
into the energy input to the Ekman-Stokes layer. One is
the first term in the wave-induced energy input (Es,1),
which always makes a positive contribution to the total
energy input. The other is the term 2Es,3 (or 2Ew,3) depending not only on the Coriolis parameter f but also on
the angle between the wind stress and surface Stokes drift.
For f > 0, if the Stokes drift lies to the left (right) of the
wind stress, its contribution to the total energy input
should be positive (negative). For f < 0, if the Stokes drift
lies to the left (right) of the wind stress, its contribution
should be negative (positive).
The above analyses are limited to the wind energy
input to a steady Ekman-Stokes layer. However, in the
real world ocean the motion in the Ekman-Stokes layer is
far from the steady state, because of the time-varying wind
forcing. The following is concerned with the energy input to the unsteady Ekman-Stokes layer.
Using the above-mentioned complex variables and
their corresponding Fourier expansions
∞

∞

∞

−∞

−∞

−∞

U = ∑ U n e iω n t , U s = ∑ X n e iω n t , and τ = ∑ Tn e iω n t ,

the n-th component of horizontal momentum equation in
the Ekman-Stokes layer can be written as:
i( f + ω n )U n + if X n = Az

d2Un
.
dz 2

(13)

The corresponding boundary conditions are:

ρ w Az

∂U n
= Tn , at z = 0; U n → 0, as z → −∞.
∂z

Solving the above equation and substituting its solution
into each energy input term of the corresponding kinetic
energy balance equation, we can obtain the energy input
for each component.
The direct wind energy input to the unsteady EkmanStokes layer for the n-th component is:
Ewn = Ewn,1 + Ewn, 2 + Ewn, 3 ,

where,

(14)

Ewn,1

=

Tn

2

ρ w den f + ω n

Ewn, 2

,

f
=−
(Tn ⋅ X n (0))F1 (cn ),
f + ωn

and
 +: f + ω n > 0
f
zˆ ⋅ (Tn × X n (0)) F2 (cn ) 
.
f + ωn
 −: f + ω n < 0 

Ewn, 3 = ±

The wave-induced energy input for the n-th component
can be expressed as:

(15)

Esn = Esn,1 + Esn, 2 + Esn, 3 ,

where
Esn,1 = ρ w

f2
2
dsn X n (0) F3 (cn ),
f + ωn

f
(Tn ⋅ X n (0))F1 (cn ),
f + ωn

Esn, 2 =
and

 +: f + ω n > 0
f
zˆ ⋅ (Tn × X n (0)) F2 (cn ) 
.
f + ωn
 −: f + ω n < 0 

Esn, 3 = ±

Summing the energy inputs for each component, the total
energy input to an unsteady Ekman-Stokes layer can be
obtained as:

(

)

(

Etot = ∑ Ewn + Esn = ∑ Ewn,1 + Esn,1 + 2 Esn, 3
n

=∑
n

Tn

2

ρ w den f + ω n

±2 ∑
n

n

+ ∑ ρw
n

)

f2
2
dsn X n (0) F3 (cn )
f + ωn

 +: f + ω n > 0
f
zˆ ⋅ (Tn × X n (0)) F2 (cn ) 
.
f + ωn
 −: f + ω n < 0 

(16)
Note that den and cn are defined for the n-th component as
den =

2 Az
f + ωn

and cn =

den de
=
dsn dsn

f
, (17)
f + ωn

depth scale ds. The expressions of the energy input terms
for the unsteady-state case are almost the same as those
for the steady-state case, but taking the frequency ω n of
each component into account.
3. Global Estimates of the Energy Inputs
In previous studies (WL), the Stokes drift was computed from wind data only, with the empirical formulas
applicable to fully-developed wind seas. In fact, the status of wind wave development in the ocean is variable
and mostly far from fully-developed. For instance, the
peak enhancement factor in the JONSWAP spectrum
(Hasselmann et al., 1973), a measure of the status of a
wind wave, normally varies from 1.5 to 6, rather than
unity, which corresponds to the fully-developed status.
Thus, in the present paper, the ECMWF ERA-40 ReAnalysis wind stress and sea surface wind wave data are
used to estimate the wind energy input to subinertial
motions in the Ekman-Stokes layer, free of the limitation
due to using the empirical formulas for fully-developed
status. These datasets are regularly gridded with resolution 2.5° in both longitudinal and latitudinal directions,
and cover the period from September 1957 to August
2002. Only the datasets from 1958 to 2001 are used, since
the data in 1957 and 2002 are incomplete.
According to the above analysis, we first calculate
the Stokes drift and its depth scale in order to estimate
the wind energy input to the Ekman-Stokes layer. Substituting the deep water dispersion relation σ2 = gk into Eq.
(2), and using the surface wave characteristics: significant wave height Hs, mean wave direction θ and mean
wave period T, we have:
Us =

2π 3 Hs2
,
g T3

and ds =

gT 2
.
8π 2

(18)

The Stokes drift is assumed to be in the same direction as
the mean wave direction. It is difficult to compute the
Ekman-layer depth directly from the vertical diffusivity,
since there is no direct observation of the vertical diffusivity. The Ekman-layer depth is usually computed from
an empirical formula de = γu∗w/f, where u∗w is the friction
velocity in water and γ is an empirical non-dimensional
constant. The value of γ is commonly believed to be 0.25–
0.5 (Coleman et al., 1990; Cushman-Roisin, 1994; Price
and Sundermeyer, 1999; Wang and Huang, 2004a). In the
present study, following WL, we use the mean value (γ =
0.38) within the range of 0.25–0.5 to estimate the Ekman
layer depth, i.e.:

de = 0.38

u∗w
.
f

(19)

respectively, where dsn is the n-th component of the Stokes
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(a)

(c)

(b)

(d)

Fig. 1. Global distributions of (a) the direct wind energy input Ew, (b) the wave-induced energy input Es, (c) the total energy input
Etot to the Ekman-Stokes layer, and (d) the difference of Etot with and without the sea-ice coverage effects considered. Cutoff
frequency is taken as 0.5 cycle day –1 and unit is mW m –2.

(a)

(b)

(c)

(d)

Fig. 2. Global distributions of (a) the first term in the direct wind energy input Ew,1, and the three terms including (b) Es,1, (c) Es,2
and (d) Es,3 in the wave-induced energy input to the Ekman-Stokes layer (mW m–2), with cutoff frequency at 0.5 cycle day –1.

(a)

(b)

(c)

(d)

Fig. 3. Global distributions of the 44-year averaged wind stress (N), significant wave height (m), and surface Stokes drift
(m s–1). (a) Average wind stress. (b) Average significant wave height. (c) Averaged surface Stokes drift. (d) Directions of
average wind stress (red arrows) and surface Stokes drift.

462

B. Liu et al.

A time-averaged u∗w is used to compute the depth of the
Ekman layer.
In order to estimate the global energy input to
subinertial motions in the Ekman-Stokes layer, the components of the time series of wind stress τ , surface Stokes
drift Us(0) and its depth scale ds are obtained at sea points
with the complex-variable fast Fourier transform. Since
the wind energy input to the Ekman-Stokes layer over
the frequency of subinertial motions is considered in the
present study, the cutoff frequency of ω is taken as 0.5
cycle day–1. Note that the frequency ω < 0 (ω > 0) indicates clockwise (anticlockwise) rotating wind or Stoke
drift component, and ω = 0 corresponds to the steady component. Substituting these Fourier components into Eqs.
(14)–(17), we can obtain the direct wind energy input,
the wave-induced energy input and the total energy input
for each Fourier component. The energy inputs at each
grid point can then also be obtained.
Figures 1(a)–(c) show the global distributions of the
direct wind energy input Ew, the wave-induced energy
input Es, and the total energy input Etot to the EkmanStokes layer during 1958–2001, respectively. These distribution patterns are very similar to those presented in
WL. The strong direct wind energy input and total energy input are found in the Antarctic Circumpolar Current (ACC) area and sub-polar basins in the North Pacific and North Atlantic Oceans, which correspond to the
strong westerly wind belts in both hemispheres. However,
the distribution patterns of the direct wind energy input
and the total energy input are somewhat different. The
maximum of the direct wind energy input is located over
the North Atlantic Ocean, while that of the total energy
input is located over the ACC area. The reason for this is
that the wave-induced energy input to the Ekman-Stokes
layer is mostly concentrated at the ACC area (see Fig.
1(b)), where the wave-induced energy input makes a significant contribution to the total energy input.
The global distributions of the first term in the direct wind energy input Ew,1, and the first, second and third
terms in the wave-induced energy input to the EkmanStokes layer (Es,1, Es,2 and Es,3) are shown in Figs. 2(a)–
(d). The distribution pattern of the first term in direct wind
energy input E w,1 is quite similar to that of Wang and
Huang (2004a, see Fig. 3). The distribution patterns of
the first and second terms in the wave-induced energy
input are similar to the pattern of the total wave-induced
energy input, with strong energy input in the ACC area.
Figure 3 shows the global distributions of the 44-year
averaged wind stress, significant wave height and surface Stokes drift. It is demonstrated that within the ACC
area both the mean wind stress and significant wave height
are quite large, while the angles between the wind stress
and surface Stokes drift are small. This is why the first
and second terms in wave-induced energy input in this

area are much larger than those in other areas.
The distribution pattern of the third term Es,3 in the
wave-induced energy input (Fig. 2(d)) is different from
those of the other two terms in the wave-induced energy
input. It is clearly indicated that in the Southern Hemisphere the contribution of Es,3 to the total energy input at
the westerly wind belt is negative, while its contributions
at both the trade-wind and polar easterly wind belts are
positive. The feature of the distribution of E s,3 in the
Northern Hemisphere is similar to but not so clear as that
in the Southern Hemisphere. The analyses in Subsection
2.2 indicate that the contribution of Es,3 to the total energy input depends on the angle between the wind stress
and the Stokes drift as well as the Coriolis parameter f.
Figure 3(d) shows the directions of the averaged wind
stress (red arrows) and Stokes drift (green arrows). In the
westerly belt of the Southern Hemisphere ( f < 0), the
Stokes drift lies to the left of the wind stress, whereas on
both sides of the westerly belt, the trade-wind belt and
the polar easterly wind belt, the Stokes drift lies to the
right of the wind stress. In the Northern Hemisphere ( f >
0), the Stokes drift lies to the right of the wind stress in
the westerly belt, and to the left of the wind stress in the
trade-wind and polar easterly belts. The distribution of
the angle between wind stress and Stokes drift could be
related to the existence of swells. Based on wave climate
analyses by satellite altimeter and scatterometer, Chen et
al. (2002) found that there are three “swell pools”, corresponding to the trade wind regions in the three oceans
(see their figure 7). The three “swell pools” also correspond to the areas where the Stokes drift deviates significantly from the wind stress. Large waves generated by
strong winds in the westerlies propagate east- and equator-ward into the trade-wind belts, and east- and polarward into the polar eastlies. Since the winds in these two
belts are usually westward, the average Stokes drift in
these regions lies to the right of the average wind stress
in the Southern Hemisphere, and to the left of the average wind stress in the Northern Hemisphere. The distribution of the angle between wind stress and Stokes drift
results in the distribution pattern of the third terms (Ew,3
and Es,3) of direct wind and wave-induced energy input.
In addition, large positive contributions of Ew,3 and Es,3
in the trade-wind belts are usually located in the eastern
parts of the oceans, where the angles between wind stress
and Stokes drift are large. The distributions of the total
wave-induced energy input and its second term to the
Ekman-Stokes layer also show a belt-like distribution,
although not so clearly as that of Es,3.
The wind energy input to the pure Ekman layer Ew,1,
the direct wind energy input Ew, the wave-induced energy input Es, and the total energy input Etot to the EkmanStokes layer for the World Ocean are listed in Table 1 in
detail. It is shown that in the Northern Hemisphere, the
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component of energy input with ω < 0 is larger than that
with ω > 0, while in the Southern Hemisphere the component of energy input with ω > 0 is larger than that with
ω < 0. This means that the clockwise rotating components make greater contributions to energy input than the
anticlockwise rotating components in the Northern Hemisphere; while in the Southern Hemisphere the anticlockwise rotating components are dominant. The estimated
global total energy input to the Ekman-Stokes layer is
2.19 TW, including 0.26 TW wave-induced energy input
(12% of the total amount) and 1.93 TW direct wind energy input (88% of the total amount).
Table 1 also shows that the wave-induced energy
input is mostly caused by the steady component (ω = 0)
of wind stress and Stokes drift, which is mainly concen-

Table 1. Distributions of the wind energy input to the pure
Ekman layer (Ew,1), and the direct wind energy input Ew,
the wave-induced energy input Es, the total energy input
Etot to the Ekman-Stokes layer, with cutoff frequency at
ω = 0.5 cycle day–1. All energy inputs in TW.

Ew,1

Ew

Es

Eto t

Northern Hemisphere
Southern Hemisphere
Total
Northern Hemisphere
Southern Hemisphere
Total
Northern Hemisphere
Southern Hemisphere
Total
Northern Hemisphere
Southern Hemisphere
Total

ω>0

ω=0

ω<0

Sum

0.26
0.61
0.87
0.26
0.61
0.87
0.00
0.00
0.00
0.26
0.61
0.87

0.12
0.36
0.48
0.09
0.19
0.29
0.04
0.22
0.26
0.13
0.42
0.54

0.38
0.39
0.77
0.38
0.39
0.77
0.00
0.00
0.00
0.38
0.39
0.77

0.76
1.36
2.12
0.73
1.19
1.93
0.04
0.22
0.26
0.77
1.42
2.19

trated in the Southern Hemisphere, especially within the
ACC (see also Fig. 1(b)), where the time-mean wind
stress, significant wave height and surface Stokes drift
are larger than those in other places (see Fig. 3). Compared with the amount of energy input to the pure Ekman
layer (2.12 TW), the total amount of energy input only
increases by 0.07 TW. The energy transferred between
the direct wind energy input and the wave-induced energy input, however, can reach as much as 0.20 TW. Details of each component of wave-induced energy input
are given in Table 2. It is shown that the steady component dominates the wave-induced energy input and the
contributions from unsteady components are negligible.
Figure 4 shows the meridional distributions of the
wind energy input to the pure Ekman layer (Ew,1), the direct wind energy input (Ew), the wave-induced energy
input (Es), and the total energy input (E tot) by integrating
the global energy distributions along latitudes. One dominant peak of these energy distributions lies between 35°S–
60°S, and in the Northern Hemisphere there is also a subpeak approximately between 35°N–60°N. The two peaks
correspond to the westerly wind belts in both hemispheres.
The major reason for the large difference between the two
peaks in the westerlies of both hemispheres could be the
much stronger wind stress in the ACC area in the Southern Hemisphere than that in the westerly belt of the Northern Hemisphere. The larger sea area in the ACC area in
the Southern Hemisphere could also make significant
contributions to this large difference. However, the
strength of wind energy is the dominant factor in the total wind energy input to the Ekman-Stokes layer, since
the wind energy input is proportional to the cube of wind
speed, while it is linearly proportional to the sea area. It
is illustrated that in the ACC area the wave-induced energy input makes a significant contribution to the total
wind energy input, and that it is up to about 25% of the

Table 2. Distributions of each term (Es,1, Es,2 and Es,3) in the wave-induced energy input (Es) to the Ekman-Stokes layer, with
cutoff frequency at ω = 0.5 cycle day–1. All energy inputs in GW.

Es,1

Es,2

Es,3

Es
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Northern Hemisphere
Southern Hemisphere
Total
Northern Hemisphere
Southern Hemisphere
Total
Northern Hemisphere
Southern Hemisphere
Total
Northern Hemisphere
Southern Hemisphere
Total

ω>0

ω=0

ω<0

Sum

0.02
0.02
0.04
0.57
0.50
1.07
–0.14
0.04
–0.10
0.44
0.56
1.00

7.14
57.81
64.95
26.99
167.11
194.10
1.05
–1.62
–0.57
35.18
223.30
258.48

0.00
0.05
0.05
0.34
0.45
0.79
–0.01
–0.00
–0.01
0.33
0.50
0.83

7.16
57.87
65.03
27.89
168.06
195.95
0.91
–1.58
–0.68
35.95
224.35
260.30

total energy input in some latitude belts.
As mentioned in Section 1, sea-ice coverage is capable of influencing the estimation of wind energy input
to the World Ocean. In the present paper it is assumed
that there is no wind energy flux to the ocean where the
sea is covered by sea ice. Without the effect of sea-ice
coverage, the total global energy input would reach as
much as 2.27 TW (figure not shown), which is very close
to WL’s estimate (2.29 TW). This estimate for the total
global energy input is overestimated by 0.08 TW in comparison with the present estimate with the effect of seaice coverage, which is 4% of the present estimate. Figure
1(d) shows the difference of E tot with and without the effect of sea-ice coverage. The differences at the Arctic
Ocean and the high latitude oceans near Antarctica are
significant.
4. Conclusions
In the present paper, the wind energy input to the
Ekman-Stokes layer is investigated by incorporating the
wave-induced Coriolis-Stokes forcing into the classical
Ekman model, with an emphasis on the surface wave effects when the Stokes drift is not in the same direction as
the wind stress. As shown in Polton et al. (2005), the
Coriolis-Stokes forcing plays an important role in determining the current profile of the Ekman-Stokes layer. The
role of this wave-induced Coriolis-Stokes forcing in the
energetics of the Ekman-Stokes layer is examined in the
present paper.
Theoretical analysis of the kinetic energy balance of
the Ekman-Stokes layer shows that the total wind energy

Energy input rate (GW / degree)

45
40

Ew,1

35

Ew

30

Es
Etot
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20
15
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0

80S 60S 40S 20S 0 20N 40N 60N 80N
Latitude

Fig. 4. Meridional distributions of wind energy input to the
pure Ekman layer Ew,1 (dashed line), direct wind energy
input Ew (dashdotted line), wave-induced energy input Es
(dotted line), and total energy input to the Ekman-Stokes
layer Etot (solid line), by integrating energy distributions
along latitudes.

input consists of two parts, viz., the direct wind energy
input and the wave-induced energy input. Both of them
can be partitioned into three terms. The first term in the
direct wind energy input is exactly the same as the wind
energy input to the pure Ekman layer. The first term in
the wave-induced energy input always makes a positive
contribution to the total energy input. Both the second
terms in direct wind and wave-induced energy inputs
make no contribution to the total energy input, as they
exchange energy within the Ekman-Stokes layer via the
Coriolis-Stokes forcing. The second and the third terms,
both in the direct wind energy input and in the wave-induced energy input, depend not only on the wind stress
and the Stokes drift, but on the angle between them.
Using the ECMWF ERA-40 Re-Analysis wind stress
and surface wave data, the total wind energy input to
subinertial motions in the Ekman-Stokes layer for the
World Ocean is estimated as 2.19 TW, including 0.26 TW
wave-induced energy input (12% of the total amount) and
1.93 TW direct wind energy input (88% of the total
amount). Neglecting the effect of sea-ice coverage would
overestimate the total global energy by 0.08 TW (4% of
the total amount). WL gives the total energy input as 2.29
TW, of which 93% (2.14 TW) refers to direct wind input
and 7% (0.15 TW) to the wave-induced input. The difference in the total energy input between the two estimates
is primarily due to the effect of sea-ice coverage, in addition to the effects of the angle between the Stokes drift
and wind stress, and the growing wind wave status, and
perhaps to the different wind datasets. In comparison with
WL, it seems that the effect of the angle between the
Stokes drift and wind stress, and the growing wind wave
status increases the contribution of wave-induced input
to the total energy input.
The contribution of the Coriolis-Stokes forcing to
the total energy input seems marginal in terms of its energy input increase of 0.07 TW (3% of the total amount).
However, the energy exchange due to the Coriolis-Stokes
forcing between direct wind energy input and wave-induced energy input can reach as much as 0.20 TW (9% of
the total amount).
The global distributions of energy input show that
larger direct wind and total energy inputs appear at areas
with strong wind and large surface waves, e.g. the westerlies in both hemispheres. The wave-induced energy input, which mainly comes from the contribution of steady
components, is most significant within the ACC. Surprisingly, the third terms in wave-induced energy input and
direct wind energy input make negative contributions to
the total energy input in the westerly wind belts, but make
positive contributions in the trade-wind belts and polar
easterly wind belts in both hemispheres. This can be interpreted in terms of the global distribution of mean wind
stress and surface waves, as well as the angle between
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the wind stress and Stokes drift. The effect of sea-ice coverage on the energy input to the Ekman-Stokes layer is
more significant in the Arctic Ocean and the high latitude oceans near Antarctica.
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