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[1] Theoretical analysis of energetics of the Ekman layer by incorporating the Coriolis-
Stokes forcing into the classical Ekman model shows that the wind energy input to the
Ekman layer has two components: the work done by the wind stress on the surface Ekman
current and that done by the Coriolis-Stokes forcing on the whole body of water in the
mixed layer. Under the assumption of constant vertical diffusivity, analytical forms of the
direct wind energy input and the Stokes drift—induced energy input are derived.
Assessments of relative importance of surface waves are made by comparing the wind
energy input into the Ekman layer with and without wave-induced Stokes drift effects
included. Using the European Centre for Medium-Range Weather Forecasts 40-year
reanalysis wind stress and surface wave data sets, the total rate of wind energy input into
the Ekman layer within the Antarctic Circumpolar Current (ACC) is estimated to be
833 GW, in which the direct wind energy input is 650 GW (78%), and the Stokes drift—
induced energy input is 183 GW (22%). The total mechanical energy input into the ACC
due to wave effects is increased by approximately 4% (30 GW) compared to that into the

classical Ekman layer. Long-term variability of direct wind and Stokes drift—induced

energy inputs to the ACC is also examined.

Citation: Wu, K., and B. Liu (2008), Stokes drift—induced and direct wind energy inputs into the Ekman layer within the Antarctic
Circumpolar Current, J. Geophys. Res., 113, C10002, doi:10.1029/2007JC004579.

1. Introduction

[2] As a major circulation system of the world ocean
circulation, the Antarctic Circumpolar Current (ACC) con-
nects the Pacific, Indian, and Atlantic ocean basins and
exchanges water mass, momentum, and energy among
them. It has also long been recognized as playing a critical
role in climate change [Rintoul et al., 2001]. To maintain the
ACC itself and its teleconnection with the ocean basins and
the climate variability, the wind energy is the most impor-
tant mechanical energy source. There have been a number
of studies on the ACC through observational, theoretical,
and numerical methods in the past several decades. How-
ever, most of them focused on the dynamical and thermo-
dynamical balance of the ACC [Rintoul et al., 2001].
Quantitative study of the wind energy input into the ACC
is still lacking.

[3] Several authors have studied the energetics of ocean
circulation [Wunsch and Ferrari, 2004]. Up to the present,
we have known that the wind energy input to the geo-
strophic current, integrated over the world ocean, is esti-
mated as 1 TW [Wunsch, 1998]. The global wind energy
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flux to the Ekman layer is estimated as 0.5—0.7 TW over the
near-inertial motions [Alford, 2003; Watanabe and Hibiya,
2002], and the wind energy input over the subinertial
motions is 2.3-2.4 TW [Wang and Huang, 2004a]. Wang
and Huang [2004b] have also estimated the wind energy
input into the ocean produced through the surface waves as
60 TW on the basis of an empirical formula and wavefields
from ocean wave modeling. It is shown that most of the
wind energy input into either the Ekman layer or the surface
waves is mostly concentrated within the ACC. However, in
Wang and Huang’s [2004a, 2004b] studies, wind energy
inputs into the Ekman layer and into the surface waves were
discussed independently. Within the framework of ocean
circulation theory, whether or not the surface waves could
influence the wind energy input into the circulation is
unclear.

[4] For several reasons, the study on wind energy input to
the Ekman layer within the ACC should take the surface
wave influences into account. First, the wind work on the
Ekman layer depends on both the wind stress and the wind-
driven current profile. This current profile in the mixed
layer is actually predicted by the classical Ekman model,
assuming a balance between the Coriolis force and diver-
gence of momentum transfer by turbulence stress. However,
observational evidence did not support the classical Ekman
model [Price and Sundermeyer, 1999; Lewis and Belcher,
2004; Polton et al., 2005]. There are three features that
cannot be predicted by the Ekman model.

[5] 1. The surface current lies at an angle of between
10° and 45° to the surface wind stress [Huang, 1979].
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Cushman-Roisin [1994] documented a smaller angle rang-
ing from 5° to 10°.

[6] 2. At a depth between 5 and 20 m the current is
deflected by approximately 75° from the wind stress [Price
and Sundermeyer, 1999].

[7] 3. The current is rapidly attenuated below the surface
[Price and Sundermeyer, 1999].

[8] Recent studies show that the surface waves play an
important role in determining the wind-driven current
profile. By incorporating the wave-induced Coriolis-Stokes
forcing into the momentum balance of the classical Ekman
layer, the analytical solution is shown to agree reasonably
well with current profiles from observations and certainly
agrees much better than the classical Ekman model [Polton
et al., 2005]. Thus, to estimate the wind energy input into
the Ekman layer, surface wave effects cannot be neglected.

[9] Second, McWilliams and Restrepo [1999] studied the
wave-driven effects on the basin-scale circulation. Their
results showed that the wave-driven effects sometimes are
significant compared to the wind-driven ones. Particularly
in midlatitudes or high latitudes (such as the ACC), where
the winds are stronger, the wave-induced Stokes transport is
a significant fraction of the Ekman transport. Since both the
Stokes and Ekman transports carry the mechanical energy
which is from the wind energy produced through the surface
waves and the Ekman layer, respectively, we believe that
surface waves would also have a substantial impact on the
wind energy input into the Ekman layer within the ACC.
Fairly recently, Liu et al. [2007] estimated the global wind
energy input to subinertial motions in the Ekman-Stokes
layer, where the surface waves are incorporated. However,
details of wind energy input to the Ekman-Stokes layer over
the ACC were not discussed.

[10] Finally, as will be discussed in section 2, surface
waves will significantly affect the total rate of wind energy
input into the Ekman layer when the wave-induced Stokes
drift is not in the same direction as the wind stress. Actually,
all the past studies on the wave-driven effects on the large-
scale motions make the assumption that the wave direction
is the same as the wind direction [Huang, 1979; McWilliams
and Restrepo, 1999; Lewis and Belcher, 2004; Polton et al.,
2005]. As will be shown in section 3 (Figure 7), the time-
averaged wave directions predicted from the operational
ocean wave model (WAM) have systematic deviations to
the wind stress vectors. The existence of the angle between
wind stress and the Stokes drift implies that surface waves
not only have a substantial impact on the total amount of
wind energy input to the Ekman layer but redistribute the
wind energy between the direct and indirect wind energy
inputs as well. This also motivates us to study the wave
influences on the wind energy input into the ACC.

[11] Furthermore, recent studies on the wave effects on
the Ekman layer use the empirical formulas to estimate the
wave characteristics from wind stress [Lewis and Belcher,
2004; Polton et al., 2005]. Obviously, a more accurate
estimate of the Stokes drift—induced energy input to the
Ekman layer depends on the accurate calculation of the
Stokes drift directly from either observations or numerical
wave models. Although direct observation of the Stokes
drift is not realistic within the ACC, the wavefields from a
wave-forecasting model have been available for several
decades.

WU AND LIU: WIND ENERGY INPUT INTO THE ACC

C10002

[12] This paper aims to estimate the direct wind and
Stokes drift—induced energy inputs to the Ekman layer
within the ACC, with an emphasis on how the surface
waves could have affected the wind energy input. The goal
of this study is to be achieved through a simple wave-
affected Ekman model which has already been used by
several authors [McWilliams and Restrepo, 1999; Lewis and
Belcher, 2004; Polton et al., 2005]. Our paper is set out as
follows. Section 2 describes the energetics of the wave-
affected Ekman layer. In section 3 we discuss the relative
importance of wave effects on the wind energy input to the
Ekman layer. Section 4 discusses the approach to compute
the wind energy input to the non-steady-state Ekman layer.
Section 5 gives the estimates of direct wind and Stokes
drift—induced energy inputs within the ACC on the basis of
the European Centre for Medium-Range Weather Forecasts
(ECMWF) 40-year reanalysis (ERA-40) wind and wave
data sets. Finally, section 6 presents our conclusions and
discussion.

2. Energetics of the Ekman-Stokes Layer
2.1. Energy Balance

[13] This study is focused on wind energy input into the
wave-filtered Ekman layer in an ocean of deep and unlim-
ited horizontal extent. Concerning the mean motion, we
assume that there are no horizontal pressure gradients,
horizontal mean velocity gradients, or sea level elevations.
Thus, the coupled potential energy term can be neglected.
To investigate surface wave effects on the wind energy
input into the Ekman layer, we first consider the energy
balance of the wave-affected Ekman layer. By incorporating
the wave-induced Coriolis-Stokes forcing into the classical
Ekman model, the momentum equation describing the non-
steady-state, ageostrophic current in the surface layer is
[McWilliams et al., 1997; Lewis and Belcher, 2004; Polton
et al., 2005]

Srixwu) = (452). (1)
where the coordinate is set on the mean zero water level
with z pointing upward, U = (&, v) is the horizontal current,
Uj is the Stokes drift produced by the surface waves, 7 is the
unit vector directed upward, f'is the Coriolis parameter, 4. is
the vertical momentum diffusivity, and 7 is time.

[14] Compared with the classical Ekman model, the
momentum balance of a wave-affected Ekman layer
includes the wave-induced Coriolis-Stokes forcing, which
is expressed as —fz x U,. The Coriolis-Stokes forcing can
be interpreted as a result of the interaction of the Stokes drift
with planetary vorticity, and its physical explanation has
been discussed by several authors [Hasselmann, 1970; Xu
and Bowen, 1994; Polton et al., 2005]. Figure 1 schemat-
ically illustrates the relationship of directions between a
surface wave and the Coriolis-Stokes forcing in the South-
ern Hemisphere (f < 0). Note that the Coriolis-Stokes
forcing is directed to 90° left of the wave direction and
the direction of wind stress is not necessarily the same as
that of waves. Especially under swell condition the angle
between wind vector and wave direction could be as much
as 180°. For a monochromatic deep water wave with wave
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Figure 1. Schematic diagram of the relationship among
the directions of wind stress, surface waves, and the wave-
induced Coriolis-Stokes forcing in the Southern Hemi-
sphere (f'< 0).

amplitude a, wave number £, and sea surface wave frequency
o, the Stokes drift profile associated with such a wave is
[Phillips, 1977]

U, = U,e®°k, U, = d*ok, (2)
where k is the unit wave number vector and U, is the
velocity of Stokes drift at the sea surface. Note that the
Stokes depth scale is dy = (1/2k), with a typical value of 5—
10 m. The Ekman layer including Stokes drift can be called

the Ekman-Stokes layer. It satisfies the following boundary
conditions:

pA:——=71 atz=0
0z (3)

U—0asz— —oo,

where p,, is water density and 7T is sea surface wind
stress. Multiplying equation (1) by p,U and integrating
from z = —oo to z = 0 leads to the energy balance

dE
& E, +E —D, 4
dt s “)

where

0
1
E=p, / §|U|2dz, E,=7-U(0),

—00

(5)
2

0 0
ou
Ey = Py / (if X US) -Udz, D= Pw / A,

d.
0z ‘

o —00

represent the total kinetic energy of the Ekman-Stokes
layer, the rate of direct wind energy input, the rate of
energy input caused by the Coriolis-Stokes forcing, and
the dissipation rate, respectively. Note that the energy
input E,, is the work rate done by wind stress acting on
the surface Ekman current. Compared to the energy
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balance of the classical Ekman model [Wang and Huang,
2004a], a new term of energy input (£,) which can be
called the Stokes drift—induced energy input, is intro-
duced into the energy balance because of the Coriolis-
Stokes forcing. This term can be considered as the work
done by the Coriolis-Stokes forcing acting on the per unit
horizontal area of a water column in the mixed layer.
Since the Coriolis-Stokes forcing originates from the
interaction of wind-generated waves with planetary
vorticity, the Stokes drift—induced energy input can be
considered as a part of indirect wind energy input.

[15] For the steady state Ekman layer, E,, + E; = D; that
is, the energy input is balanced by dissipation. In the
classical Ekman layer, the wind energy input sustains
the turbulence and mixing in the upper ocean; however, in
the Ekman-Stokes layer, the energy source of turbulence
and mixing should include Stokes drift—induced wind
energy input.

2.2. Steady State Solution

[16] If assuming a constant vertical diffusivity and using
the complex notation to reexpress the variables U = (u, v),
U, = (uy, v5), and 7= (7,,7,) as U=u + iv, Uy = u, + iv,, and
T = 7, + iT, respectively, the steady state solution to
equation (1) can be easily written as

U=W,+ W, +W, (6)
) 24U (0) 2U,(0
.= T . z7 Wex _ _ J[Jz( )e/z’ = J Uz( ) eZkZ_
Pz (2k)°—j2 (2k)*—f2

Herej= (1 +i)/dand d=\/24./f. Note that equations (6) and
(7) are applicable for both the Northern Hemisphere (f'> 0)
and the Southern Hemisphere (f' < 0). The depth of the
Ekman layer d, is defined as

24,
7T (8)

d, =
Polton et al. [2005] discussed details of the solution to the
Ekman-Stokes layer. Note that the first term (W,) is the
classical Ekman solution when the wave-induced effects
were not included. However, the second term (W,,) and the
third term (W,) are the two new terms introduced by the
Coriolis-Stokes forcing. Arising as a particular solution to
the Coriolis-Stokes forcing, W, decays over the Stokes
depth scale d;. Importantly, there is an Ekman-Stokes
component of the current (W,,). This term decays over the
Ekman depth scale d, and changes the current profile
through the whole depth of the Ekman layer. Since both of
these new terms of the solution were introduced by
inclusion of the Coriolis-Stokes forcing in equation (1),
one has enough reasons to expect that they would have
important influences on mechanical energy input to the
Ekman-Stokes layer.
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2.3. Direct Wind and Stokes Drift—Induced Energy
Inputs

[17] From the steady state solution of the Ekman-Stokes
layer and after tedious manipulations, the direct wind
energy input into the mixed layer can be derived as

Ew = Ew,l + Ew‘2 + Ew‘37 (9)

where

LI
Wl = s
' pwdi"f|
Ey3 = =%z [T x Uy(0)]F>(c).

Ew.Z = —7T" US(O)Fl (C),

(10)

The third term (£, 3) takes positive sign if /> 0 and negative
sign if £ < 0. The two functions F; (c) and F,(c) are
expressed as

__¢ct2 =<
Fl(c)_(c+1)2+1’ F2(e) (c+1)%+1

(11)
The nondimensional parameter c is the Ekman-Stokes depth
number defined as the ratio of the depth of the Ekman layer
to that of the Stokes drift (d./d,), which plays an important
role in discussions of the relative importance of wave
influences on wind-driven currents [Weber, 1983; Xu and
Bowen, 1994; McWilliams and Restrepo, 1999]. We name it
the Ekman-Stokes depth number. Apparently, the direct
wind energy input to the Ekman-Stokes layer consists of
three terms. The first term (£,,) is exactly the wind energy
input to the Ekman layer without wave effects included.
Details of this energy input associated with its estimate for
the world ocean have been discussed recently by Wang and
Huang [2004a]. The second and third terms (£,,, and E,, 3),
however, are two new terms introduced into the wind
energy input by the Coriolis-Stokes forcing. Both of them
depend on the Ekman-Stokes depth number, the Stokes
drift, and the wind stress vector. The relationship of
directions between surface waves and the Coriolis-Stokes
forcing in the Southern Hemisphere (f < 0) is shown in
Figure 1, and the wind stress direction does not necessarily
coincide with the wave direction. Notice that if the wind
stress is oriented perpendicular to the left (right) of the
direction of the Stokes drift in the Southern Hemisphere (f'<
0), E,, will vanish and E,; will reach its maximum
(minimum) value. Such a case would only occur in a swell-
dominated area.

[18] There are two limiting cases for E,,, and E,, 5. First,
under the case when the depth of the Ekman layer is much
greater than that of the Stokes drift layer (¢ — oo), both £, »
and E,, 5 tend to zero. This corresponds to a case where
influences of Coriolis-Stokes forcing on the Ekman layer
vanish, and E,, reduces to wind energy input to the classical
Ekman layer E,, ;. Second, under the case when the Ekman
layer depth is much smaller than the Stokes drift depth (¢ —
0), E,,» reduces to —7 - U, (0), and E,, 5 tends to zero. As
pointed out by Polton et al. [2005], this case in the ocean
might represent swell propagation over a shallow wind-
driven layer.
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[19] Similarly, the Stokes drift—induced energy input also
consists of three terms:

E; = Es,l + Es4,2 +Es.37 (12)

where

Es,l = pw‘f|ds|Us(0)|2F3 (C)7 ES,Z = _Ew,27 Es73 = Ew4,37

(13)
and the function F3(c) is expressed as

A - +2)

F3(c) = (c* + 4) [(c+ 1)2+1] .

(14)

The second term of the Stokes drift—induced energy input
has an opposite magnitude compared to the second term of
the direct wind energy input, while the third term is the
same as that of the direct wind energy input. E;, vanishes
when ¢ — oo and reduces to 7 - U, (0) when ¢ — 0.
Furthermore, for both limiting cases, E;; = 0. Physically, in
the real ocean when a swell propagates over a shallow wind-
driven layer, the Stokes drift—induced energy input through
Coriolis-Stokes forcing will be the work done by the wind
stress directly on the surface Stokes drift.

[20] From the expressions of direct wind energy input and
Stokes drift—induced energy input discussed above, we can
easily obtain the total amount of energy input Ei, so that

Eo = Ew,l +E) + 2Es,3~ (15)
In comparison with the wind energy input to the classical
Ekman layer (£,,;), the total energy input to the Ekman-
Stokes layer is increased by E ; + 2E 5. The reduced part of
energy input (£,,,) from the direct wind energy input is
exactly transferred into E, in the Stokes drift—induced
energy input through the Coriolis-Stokes forcing. For both
cases of ¢ — oo and ¢ — 0, since E;; — 0 and E; 5 — 0, the
total amount of energy input tends to the wind energy input
into the classical Ekman layer. Thus, whenever d, > d; or
d, < d, the energy input to the Ekman-Stokes layer by the
Coriolis-Stokes forcing can be neglected.

3. Estimates of Stokes Drift—Induced Energy
Input

[21] To estimate the relative importance of the direct wind
and Stokes drift—induced energy inputs on the basis of
equations (9), (13), and (15), four ratios are considered in
this study: ratio R; of E,; to E,,, ratio R, of E;, to E,, 1,
ratio R; of E; 5 to E,,;, and ratio Ry of E;; + 2E,5to E,,,;.
We can write them as

2
Rl — |:pwd?|f||U‘(O)|:| CF3(C), (16)

7]

_ Pude| f1]Us(0)[ cos(6)

Ry
|7

Fl(c)7 (17)
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— pwde|f||Us(0)| Sl]fl(e)
7|

R; F>(e), (18)

and R4 = R + 2R3, respectively, where 6 is defined as the
angle that the Stokes drift turns to the right of the wind
stress vector.

[22] Obviously, ratio R, gives how much of the energy
input to the Ekman layer increases by inclusion of the
Coriolis-Stokes forcing for the case in which the wind
stress vector coincides with the Stokes drift (i.e., 6 = 0°).
Ratio R, compares the transferred energy input by the
Stokes drift—induced effect £, to E,,;, presenting how
much of the energy input is transferred by the Coriolis-
Stokes forcing within the Ekman-Stokes layer. Ratio R;
gives how much of the energy input to the Ekman layer
increases because of the effect of angle 6. Ratio R, gives
how much of the total energy input increases when includ-
ing wave effects, compared to the energy input to the
classical Ekman layer. We can see that these ratios depend
on the magnitudes of both the Stokes drift and wind stress,
the nondimensional Ekman-Stokes depth number ¢, and the
angle 6. To further proceed with the estimates of these
ratios, we make an assumption that the angle 6 is limited
within —90° and 90°.

[23] First, it seems difficult to estimate the depth of the
Ekman layer since there are no observations for the vertical
diffusivity 4,. Conventionally, the Ekman layer depth is
expressed as an empirical formula, d, = yus,/f, where ux, is
the turbulent friction velocity in water, traditionally defined
by uwy = \/|7|/p,» and 7 is a nondimensional constant.
Although a constant of 0.4 is commonly accepted [ Cushman-
Roisin, 1994], a somewhat smaller value of 0.25—0.4 is also
recommended under certain oceanic conditions [Coleman et
al., 1990; Price and Sundermeyer, 1999]. Using six data
sets of observations, Wang and Huang [2004a] recently
suggested a constant of 0.5. In this study, we will use the
mean value (v = 0.38) of 0.25—0.5 to estimate the Ekman

layer depth so that
Uk, [pq
d, =038—%, /==,
S Vo

where p, is the density of air and u=, is the friction velocity
in air.

[24] Second, the Stokes drift is determined by the char-
acteristics of surface waves. Komen et al. [1994] give a
series of wave growth equations based on a number of data
sets of observations. Lewis and Belcher [2004] use such
empirical formulas of amplitude ¢ and peak sea surface
wave frequency o, parameterized by wind characteristics, to
deduce |U; (0)| and k from a fetch-limited or fully devel-
oped sea. For simplicity, we assume here that the waves are
fully developed. Using the following expressions for a and
o [cf. Komen et al., 1994, equations (6.71a) and (6.71b)],

(19)

2.2
4 _11x103,
4ul,

U’M*a

=2rx56x1073,  (20)
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we can obtain the estimate of the Stokes drift depth and
hence the Coriolis-Stokes depth number so that

g _ 0.760%ux, [p,

dy === =2
) 202 7 ¢ gf Pw

1)

[25] Finally, the magnitude of the wind stress vector can
be expressed in terms of the 10 m wind speed Ui and the
atmospheric drag coefficient C, as || = p, Cp Ui,. Since
Cp is normally expressed as an empirical function of wind
speed Ujo and the friction velocity u«, is related to Cp by
ux, = \/Cp Uy, these ratios can be estimated directly from
U, combined with the preassumed angle 6.

[26] Figure 2a shows how R; increases with wind speed
varying from 1 to 25 m/s for four different latitudes: 15°,
30°, 45°, and 60°. We can see that at midlatitude or high-
latitude areas and for a moderate wind speed of 10 m/s, the
increased energy input induced by wave effects can reach as
much as 4—7% in comparison with the wind energy input to
the classical Ekman layer. For a higher wind speed like
20 m/s with latitude 60°, this percentage can reach as much
as 20%, indicating that the Stokes drift—induced energy
input cannot be neglected in discussions of energetics of the
surface mixed layer, particularly in the area of the ACC.
Figures 2b, 2¢, and 2d show the contours of R,, R3, and Ry,
respectively, changing with wind speed from 1 to 25 m/s
and with 0 from —90° to 90° (for 45°S latitude). For a fixed
wind speed, the transferred energy input between the direct
wind energy input and the Stokes drift—induced energy
input decreases as 0 varies from 0° to 90° or from 0° to
—90° and reaches its maximum at 0° (Figure 2b). There
would be no energy transfer when the wind stress is
perpendicular to the Stokes drift. For the case of # = 0°,
the transferred energy input is much more than the increased
energy input due to the wave effects (e.g., for Ujg = 15 m/s,
latitude = 45°S, R, = 8%, and R, = 36%). Figure 2c shows
the effects of 6 on the Stokes drift—induced energy input.
For a fixed wind speed, R3 decreases as 6 varies from —90°
to 90°. In the Southern Hemisphere, when the Stokes drift is
directed to the right (left) of the wind stress vector, R3 is
positive (negative), indicating that the third terms in both
direct wind and Stokes drift—induced energy inputs make
positive (negative) contributions to the total energy input.
Figure 2d gives the total increased Stokes drift—induced
energy input compared to the wind energy input to the
classical Ekman layer, including the effects of §. Apparently,
the total increased energy input can be positive or negative,
mostly depending on the angle between the Stokes drift
and the wind stress vector. We find that the effects of 6
play a more important role than £, ; does in the total
energy input.

4. Approach to Compute Wind Energy Input to a
Non-Steady-State Ekman-Stokes Layer

[27] The analyses in sections 2.2, 2.3, and 3 are limited to
a steady state Ekman-Stokes layer. In the real world ocean,
the motions in the Ekman-Stokes layer are far from steady
state because of the time-varying wind forcing. The
following is focused on the energy input to the non-
steady-state Ekman-Stokes layer.
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Figure 2. (a) The ratio of £ to E,,;; (R), varying with wind speed U, for four different latitudes: 15°,
30°, 45°, and 60°. (b) The ratio of E, to E,,1(R), (¢) the ratio of Ej 3 to E,, (R3), and (d) the ratio of
E;y +2E.5 to E,,1 (R4), changing with wind speed Uj, and angle 6 between wind vector and wave
direction, for 45°S latitude. The 6 value is positive when the wave direction is to right of the wind

stress direction.

[28] Since we are concerned with wind energy input to
the subinertial motions in the Ekman-Stokes layer, the
complex variables of current, Stokes drift, and wind stress
can be expressedas U= > U, U;= > X, ",

) Jwn | <we |wn| <we
andT= > T,e“", with the cutoff frequency w, being 0.5
|wn| <we
cycle/d. Thus, the nth component of the horizontal momen-
tum equation in the non-steady-state Ekman-Stokes layer can
be written as

2
i+ U+ %, = 420 22)
The corresponding boundary conditions are
prz% =T, atz=0
0z (23)

U, — 0asz— —oo.

Solving equations (22) and (23) and following the
approaches discussed in section 2, we can obtain the direct
wind and Stokes drift—induced energy inputs for each of the
components.

[29] The direct wind energy input to the non-steady-state
Ekman layer for the nth component is

n __ n n n
Ew - EwJ + Ew,2 + Ew,37

where
[T [* /
no=— bl g o, X,(0))F (),
w,1 pwdg|f+wn|7 w,2 f+wn[ ( )} 1(0 )
fo.
B .=+ T, x X, (0)]Fy(c,). 2
w,3 f+WnZ [ X (0)] 2(0 ) ( 5)

Ey, 5 takes positive sign if /'+ w, > 0 and negative sign if /+
w, < 0. The Stokes drift—induced energy input for the nth
component can be expressed as

E;’ = Eg,l + Esn,z + Eg,3> (26)

where

n o __ .fz n 2
E.v,] - pw—d.v|Xﬂ(0)| F3(c’7)7

E' = —E" .
|f+w',| 5,2 w29

Efy = Efm
(27)
The total energy input to the non-steady-state Ekman layer

can be obtained by summing up the energy input for each
component:

E=Y (El +E + ZE;(}). (28)

n
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Figure 3. Distributions of the 44-year averaged (a) significant wave height and (b) surface Stokes drift.

Note that d, and ¢, are defined for the nth component as

& do [ 1]
n:_e:_ 3 2
“EaTa\Trar

respectively, where d; is the nth component of the Stokes
depth scale d;. In the non-steady-state case, we need to
consider /' + w,, instead of f for the steady state case, to
compute the direct wind and Stokes drift—induced energy
inputs.

24.
d, = ,
[f + wnl

5. Results

[30] In this study, we use the ECMWF ERA-40 wind
stress and sea surface wave data set to estimate the direct
wind and Stokes drift—induced energy inputs into the
Ekman layer within the ACC. This data set provides the
sea surface wind stress and surface waves predicted from
the third-generation WAM. Both the wind stress and surface
waves are sampled every 6 h and are regularly gridded with
the resolution 2.5° in both the longitudinal and latitudinal
directions. This data set covers the period from September
1957 to August 2002. Since the data in 1957 and 2002 are
incomplete, we only use the data from 1958 to 2001.

[31] To compute the direct wind and Stokes drift—induced
energy inputs, we first calculate the Stokes drift and its
depth scale on the basis of the deep water dispersion relation
o”= gk. From the modeled significant wave height H, and
mean wave period 7, combined with equation (2), we have

i

_gr?
s — g Fv o

S8 (30)
The Stokes drift is assumed to be in the same direction
as the mean wave direction. Figures 3a and 3b show the
44-year averaged significant wave height and surface
Stokes drift near the ACC area, respectively, from which
one can see that the averaged surface wave and surface
Stokes drift are very strong because of the easterly wind
in the ACC area. In order to estimate the contribution to
the wind energy input of each component, the complex
variable fast Fourier transform is then conducted to the

time series of wind stress and Stokes drift at each point
with the cutoff frequency w. being 0.5 cycle/d. The
clockwise- (anticlockwise-) rotating wind stress corresponds
to w < 0(w > 0), and the steady state component of wind stress
corresponds to w = 0. The Ekman layer depth is computed
from equation (19), in which a time-averaged u-«,, is used.

5.1. Direct Wind and Stokes Drift—Induced Energy
Inputs

[32] Using the wind stress and surface wave data set
combined with equations (24)—(29), we can compute the
direct wind and Stokes drift—induced energy inputs to the
Ekman layer for the world ocean. Figures 4a, 4b, 4c, and 4d
show the distributions of wind energy input without wave
effects included (£, ;), wind energy input with wave effects
included (E,,), Stokes drift—induced energy input (E;), and
total rate of energy input (Ey,), respectively, averaged from
1959 to 2001 in the Southern Ocean (south of 30°S
latitude). These distributions are shown to have similar
patterns in the three ocean basins, and within the ACC the
input is strongest in the Indian Ocean, medium in the Pacific
Ocean, and smallest in the Atlantic Ocean. This is because
the prevailing westerly winds between about 40° and 60°S
generate the strongest Ekman currents and the largest ocean
surface waves in the South Indian Ocean, which thus are
associated with the strongest direct wind and Stokes drift—
induced energy inputs. These energy inputs are also found
to be approximately meridional symmetric along 50°S
latitude within the ACC. In addition, in the South Atlantic
Ocean, particularly the area near the Drake Passage, west-
erly winds and surface waves are relatively weak because of
the continental barrier, and hence, the direct wind and
Stokes drift—induced energy inputs are smaller compared
to those in other ocean areas.

[33] Weber [1983] and Weber and Melsom [1993] exam-
ine the transfer of momentum to the Ekman layer due to
wind and waves and point out that the wave-induced current
and the Ekman current at the sea surface could be of the
same magnitude. McWilliams and Restrepo [1999] conclude
that the wave-induced Stokes transport could be comparable
with the Ekman transport in high latitudes. Figure 4 shows
that the Stokes drift—induced energy input can be on the
same order of the direct wind energy input. This confirms
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Figure 4. Distributions of direct wind and Stokes drift—induced energy inputs averaged from 1959 to
2001 in the Southern Ocean (south of 30°S latitude): (a) direct wind energy input without wave effects
included (£,,,); (b) wind energy input with wave effects included (£,,); (c) Stokes drift—induced energy
input (Ey); and (d) total rate of wind energy input (Eioy).

again the importance of surface waves in the wind energy
input to the Ekman layer within the ACC.

[34] In this study, the ACC area is limited from 40° to
60°S. Details of the direct wind and Stokes drift—induced
energy inputs, integrated over the ACC, are listed in Table 1.
The total rate of wind energy input into the Ekman layer
within the ACC is 833 GW, including 650 GW of the direct
wind energy input (78%) and 183 GW of the Stokes drift—
induced energy input (22%). Compared to the wind energy
input to the classical Ekman layer (E,,; = 804 GW), the
wind energy input to the Ekman layer with wave effects
included is decreased by as much as 154 GW. The total rate
of wind energy input, in contrast, is increased by 30 GW,
about 4% of the wind energy input to the classical Ekman
layer. However, the transferred energy input within the ACC
by the Coriolis-Stokes forcing is 144 GW, revealing that
about 18% of the wind energy input to the Ekman layer
without wave effects was transferred to a part of the work
rate done by the Coriolis-Stokes forcing in the Ekman-
Stokes layer. From Table 1, one can also find that the main

contributions to the wind energy input are from the clock-
wise- and anticlockwise-rotating wind component. The
Stokes drift—induced energy input, however, is mainly from
contribution of the steady state wind component.

[35] The meridional distributions of E,,, ;, E,,, E,, and Eiy,
which are integrated along longitudes within the ACC, are
presented in Figure 5a. Figure 5a confirms again the
distribution pattern of meridional symmetry along 52°S
latitude. Figure 5b gives the zonal distributions of E,, |,
E,, E,, and E\ integrated along latitudes from 40° to 60°S,
showing that these energy inputs within the ACC are largest
in the Indian Ocean, are coarsely zonal homogeneous in the
Pacific, and gradually increase in the South Atlantic away
from the Drake Passage to the east.

5.2. Assessment of Wave Influences

[36] To assess wave influences on the wind energy input,
Figures 6a—6¢ present distributions of the three terms in
Stokes drift—induced energy input (E; ;, E; 5, and E 3). The
former two terms have similar distribution patterns to those
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Table 1. Details of the Direct Wind and Stokes Drift—Induced
Energy Inputs Integrated Over the ACC*

w>0 w=0 w<0 Sum
Ey 343.65 238.93 221.06 803.65
E;, 0.05 48.72 0.07 48.84
E» 1.86 140.90 1.57 144.33
E5 0.17 —-9.50 —0.42 -9.75
E; 2.09 180.12 1.22 183.42
E, 341.96 88.54 219.07 649.57
Eiot 344.04 268.66 220.29 832.98

?All energy input is in GW.

of the wind energy input (Figure 4). It is interesting to note
that the distribution of E,; is distinctively different from
those of E;; and E; ,. There is a negative distribution of £ 5
near the area along 45°S latitude and a positive distribution
near the area approximately along 60°S latitude (Figure 6¢),
indicating that the surface waves could have positive or
negative contributions to the total mechanical energy input.
This conclusion is not surprising since the mean wave
directions in the above two areas systematically deviate
from the wind stress directions (Figure 7). As discussed in
section 3, the wave direction turns to the right or left of the
wind stress, which determines whether the distributions of
E, 5 are positive or negative. Most of the great negative
distribution of E 5 appears in the Indian Ocean, and the total
rate of E 5 integrated over the ACC is about —10 GW.
Actually, E, 5 distributes very similarly to the near-surface
wind pattern: zonally oriented tropical trade winds, midlat-
itude westerlies, and weak polar easterlies (not shown). The
corresponding distribution of E 5 is negative, positive, and
negative. This distribution feature can be verified from the
averaged wind stress and surface wave directions. The
direction of waves turns left, right, and left to that of the
wind stress over the corresponding geographical areas,
respectively.

5.3. Long-Term Variability of Direct Wind and Stokes
Drift—Induced Energy Inputs

[37] Fairly recently, Huang et al. [2006] studied the
decadal variability of wind energy input to the world ocean.
Using the National Centers for Environmental Prediction—
National Center for Atmospheric Research wind stress data
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and ECMWF wind stress data, they found that the wind
energy input to the ACC increased 15% over the past 25
years. Because of the great importance of the wind energy
input in maintaining the oceanic general circulation, any
changes of wind energy input would not only induce
changes of barotropic and baroclinic eddy flux but impor-
tantly would affect the Ekman transport, which may further
influence the meridional overturning circulation in the
world ocean. The analysis in sections 5.1 and 5.2 has shown
the substantial role that surface waves play in the mechan-
ical energy input to the Ekman layer within the ACC,
although the total rate of wind energy input is only
increased by approximately 4% compared to that without
wave effects included. Nearly 22% of the total energy input
is produced through the wave-induced Coriolis-Stokes forc-
ing, indicating that surface waves would also have a
substantial impact on the long-term variability of the wind
energy input.

[38] Figure 8 presents the yearly variations of E,,;, E,,
and E integrated over the ACC from 1958 to 2001.
Changes and long-term trend of these energy inputs over
the past 44 years are clearly shown to be similar to each
other. However, there are two quite different trends of the
interannual variability before and after 1975. All three
energy inputs show a decreasing trend before 1975. After
1975, there is a rapidly increasing trend until 1980, and
then these energy inputs show a slightly increasing trend
until 2001.

6. Summary and Discussion

[39] In this paper we have sought to examine the direct
wind and Stokes drift—induced energy inputs to the Ekman
layer within the ACC by incorporation of the wave-induced
Coriolis-Stokes forcing into the classical Ekman model.
Lewis and Belcher [2004] and Polton et al. [2005] have
recently studied the significant influences of waves on
modifying the vertical profile of the Ekman currents. Wang
and Huang [2004a] have recently estimated the wind energy
input to the global oceans by employing the classical
Ekman model. In this study we have extended Wang and
Huang’s [2004a] work to derive analytical forms of direct

60
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(a) Meridional distributions of E,, , E,,, E,, and E by integrating along longitudes within the

ACC. (b) Zonal distributions of E,, |, E,, Es, and Ey by integrating along latitudes from 40° to 60°S.
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wind and Stokes drift—induced energy inputs into the
Ekman layer, taking into account the wave-induced effects.
What we emphasize in the present paper is the wave-added
work on the Ekman layer.

[40] The total rate of wind energy input into the Ekman
layer contains two components, the direct wind energy input
and the Stokes drift—induced energy input. The former is
the work rate done by the wind stress acting on the surface
Ekman current. Since the profile of the Ekman current is
modified when surface waves are added, the direct wind
energy input is also influenced by surface waves. The latter
is the work done by the Coriolis-Stokes forcing acting on
the whole body of water within the Ekman layer. Although
this energy input is originally from the wind energy, it is
produced through the interaction of the Stokes drift with
planetary vorticity. The Stokes drift induced by surface
waves not only changes the wind energy input to the Ekman
layer but also redistributes the total energy input between
the direct wind energy input and Stokes drift—induced
energy input.

[41] Using the ECMWF ERA-40 wind stress and surface
wave data sets from 1958 to 2001, we estimate that the total

0 degree
150

100

L 80'E S0

-100

160°W .
0 1150

Figure 7. Distribution of the 44-year averaged angles
between the wave direction and wind stress direction. The
value is positive when the wave direction is to right of the
wind stress direction.
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Figure 8. Yearly variations of the wind energy input with wave effects included (£,,, dash-dotted line),
wind energy input to the classical Ekman layer (£, ;, dashed line), and total wind energy input (£, solid

line), integrated over the ACC from 1958 to 2001.

rate of energy input to the Ekman-Stokes layer within the
ACC is 833 GW, including 650 GW of direct wind energy
input (78%) and 183 GW of Stokes drift—induced energy
input (22%). Compared to the wind energy input to the
classical Ekman layer, the increased mechanical energy
input within the ACC is small (about 30 GW). The
transferred energy input by the Coriolis-Stokes forcing is
144 GW, which is nearly 18% of the wind energy input to
the classical Ekman layer. Nearly 22% of the total mechan-
ical energy input into the Ekman layer within the ACC
comes from the wave-induced effects, indicating the impor-
tance of waves in driving and maintaining the oceanic
general circulation. It also implies that the traditional theory
of wind-driven circulations, at least when applied to the
ACC, should include the wave-driven effects. Modeling
studies are usually performed to examine dynamics and
thermodynamics of the ACC by tuning the eddy coefficients
and other parameterizations that may compensate for qual-
itatively or quantitatively incorrect system energetics and
other problems. The wave-driven effects are hidden artifi-
cially, sometimes incorrectly, in these tuning processes. From
the results in this study, we believe that the presence of waves
would be effective in improving the ACC modeling.

[42] Chen et al. [2002] documented a distribution of the
so-called “swell pools” for the global oceans showing that
there are three swell-dominated zones located in the eastern
tropical and subtropical areas of the Pacific, Atlantic, and
Indian ocean basins. Distribution of the angle between the
direction of surface waves and that of wind stress is shown
to be in agreement with distribution of the swell. That is, a
large angle corresponds to a large probability of a swell-
dominated zone. The angle effect is expected to have more
influence on the wind energy input in the tropical and
subtropical oceans. Therefore, this angle effect on the wind

energy input should be further examined in specific areas
where the swell is dominant.

[43] It should be pointed out that the energy balance in
this study obtained from the averaged momentum equation
could lead to omission of some terms. The complete energy
balance should be derived from the original momentum
equation. A critical limitation on the application of this
study is that we only used a constant vertical diffusivity to
compute the direct wind and Stokes drift—induced energy
inputs. Another limitation is that we only considered the
deep-ocean condition, neglecting water depth effects, which
would definitely influence the wave-current interaction,
especially under the shallow-water condition. This study
needs, of course, to be improved by using a depth-varying
diffusivity and considering limited water depth effects in
further studies.
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