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ABSTRACT

The total energy flux leaving the ocean’s spatially and seasonally varying mixed layer is estimated using a
global /10° ocean general circulation model. From the total wind-power input of 3.33 TW into near-inertial
waves (0.35 TW), subinertial fluctuations (0.87 TW), and the time-mean circulation (2.11 TW), 0.92 TW leave
the mixed layer, with 0.04 TW (11.4%) due to near-inertial motions, 0.07 TW (8.04%) due to subinertial
fluctuations, and 0.81 TW (38.4%) due to time-mean motions. Of the 0.81 TW from the time-mean motions,
0.5 TW result from the projection of the horizontal flux onto the sloped bottom of the mixed layer. This
projection is negligible for the transient fluxes. The spatial structure of the vertical flux is determined prin-
cipally by the wind stress curl. The mean and subinertial fluxes leaving the mixed layer are approximately
40%-50% smaller than the respective fluxes across the Ekman layer according to the method proposed by
Stern. The fraction related to transient fluctuations tends to decrease with increasing depth of the mixed layer

and with increasing strength of wind stress variability.

1. Introduction

Interior density mixing contributes to drive the large-
scale ocean circulation. The energy needed for this
mixing is believed to be supplied predominantly by the
tidal and wind forcing (Munk and Wunsch 1998). In this
study, we focus on the wind-power input to three dif-
ferent types of motions, that is, near-inertial motions,
subinertial fluctuations, and time-mean flows. Surface
winds can generate near-inertial waves that propagate
freely into the ocean’s interior and after escaping the
mixed layer contribute to interior mixing (Alford 2001).
Winds also input power into the ocean to maintain the
time-mean circulation and to generate subinertial fluc-
tuations, either by the vertical or horizontal shear instability
of the large-scale flows or directly via wind-induced
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fluctuations at the ocean surface (Frankignoul and
Miiller 1979). The energy of both the subinertial fluc-
tuations and the time-mean flow will be eventually dis-
sipated (or transferred to the internal gravity wave field
or small-scale turbulence). However, the exact portion
of the power that escapes the turbulent mixed layer and
that can potentially affect the interior mixing is still
unknown.

In the oceanic interior, the near-inertial waves inter-
act with the internal wave field and distribute their en-
ergy over a broad range of wavelengths and frequencies
(Alford et al. 2016). At small wavelengths these waves
are prone to vertical shear or gravitational instability
and generate small-scale turbulence (or dissipate'), which
in turn effectively enhances molecular mixing of den-
sity. The near-inertial waves thus drive the large-scale
motions via density changes that increase the potential
energy of the ocean. The large-scale flows, in terms of

! Here, we use the word dissipation in a loose manner: Strictly,
dissipation is the effect of molecular friction on kinetic energy.
However, here we use the word in a more general sense as the
transfer of total energy (e.g., gravity waves) to small-scale turbu-
lence, or mesoscale eddies to gravity waves.
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time means and variations at subinertial frequencies,
can also generate density mixing that is similar to the
dissipation of the internal gravity wave field (Tandon
and Garrett 1996). Some of the processes that lead to
the dissipation of the large-scale flows are bottom
friction, lee-wave generation, topographic inviscid
dissipation of a balanced flow, loss of balance resulting
from the Lighthill radiation of gravity waves, gravity
wave drag of the balanced flow, and direct generation
of unbalanced ageostrophic instabilities (e.g., Molemaker
et al. 2005; Dewar and Hogg 2010; Nikurashin and Ferrari
2011). Several of these processes will generate internal
gravity waves or small-scale turbulence in the ocean’s
interior and thus could contribute to density mixing
at different depths, which plays a key role in main-
taining the ocean stratification and the meridional
overturning circulation (Tandon and Garrett 1996;
Melet et al. 2014).

In this study we focus on realistically quantifying the
total energy flux to three different types of motions that
is available for density mixing in the ocean interior. This
energy flux includes both the vertical and the lateral
fluxes that leave the ocean’s spatially and seasonally
varying mixed layer depth. The time-mean flow, and
subinertial and near-inertial fluctuations are calculated
from the same model output, but they are identified
using a different time filter. Our estimate of the total
energy flux provides an upper bound for the power
available for the interior mixing, as the power input to
subinertial fluctuations and the time-mean flow might
generate mixing at a mixing efficiency lower than the
power input to internal waves. Currently there is no
realistic quantification of the total energy flux that in-
cludes the contributions from both different time scales
and the spatially and seasonally varying mixed layer
depth. We believe that the global estimate of this energy
flux is important for understanding the general circula-
tion and the energetics of the ocean.

Previous studies have focused on the amount of the
wind-power input at the ocean surface, rather than
the power input to the oceanic interior in the form of
the energy flux leaving the surface mixed layer. Esti-
mates of the total wind-power input to near-inertial
motions at the sea surface range, depending on the
observations and the chosen ocean models, between
0.3 and 1.1 TW (e.g., Alford 2001; Watanabe and
Hibiya 2002; Alford 2003; Jiang et al. 2005; Furuichi
et al. 2008; Simmons and Alford 2012; Jochum et al.
2013; Rimac et al. 2013). The wind-power input to the
surface transient motions (including seasonal varia-
tions) ranges between 1.8 and 2.2 TW, and to the sur-
face time-mean circulation between 1.85 and 2 TW
(von Storch et al. 2007, 2012).
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Some studies further assessed how much of the wind-
power input to near-inertial motions at the surface is
available for the ocean’s interior. An assessment was
conducted by considering vertical energy fluxes across a
level at a constant depth. Using an ocean model at a /7°
horizontal resolution, Furuichi et al. (2008) estimated
for different oceanic regions that approximately 75%—
85% of the annual mean wind-power input to near-
inertial motions is dissipated in the upper 150 m. Zhai
et al. (2009) used a regional ocean model of the North
Atlantic at a '/12° horizontal resolution and found that
only 10% of the wind-power input to near-inertial mo-
tions from the ocean surface is transferred into the deep
ocean below 230m. Alford et al. (2012) examined the
downward propagation of near-inertial wave energy
following winter storms in the upper 800 m at Ocean
Station Papa. They concluded that 12%-33% of the
energy input transits 800 m toward the deep sea. Using a
near-global 0.1°-resolution simulation, von Storch et al.
(2007, their Table 2) found that of the total wind-power
input at the ocean surface, 47% from the time-mean
circulation and only 3% from the transient motions are
passing through a 110-m-deep surface layer to the ocean
beneath.

Several previous studies (e.g., Wunsch 1998; von
Storch et al. 2007; Roquet et al. 2011), which focused on
the wind-power input to the ocean’s interior, were based
on the theory of Stern (1975). This theory showed that
the global integral of the product of the pressure and the
Ekman pumping velocity at a level below the Ekman
layer equals the global integral of the scalar product
between the wind stress and the near-surface geo-
strophic velocity. However, this equality is satisfied only
when applying the global area integral and assuming
that the area to be integrated is at a geopotential surface.
The energy fluxes based on the scalar product of wind
stress and near-surface geostrophic velocity represent
energy fluxes across, in Stern’s words: ““a constant level
surface . .. that lies beneath the Ekman layer” (p. 114).
Roquet et al. (2011) pointed out that these fluxes do not
depend on the level used to calculate the surface geo-
strophic velocity. Although closely related, the energy
flux obtained using Stern’s equality differs from the flux
across a spatially and seasonally varying mixed layer,
which is the main aim of this study. We will also estimate
the difference in the fluxes obtained using two different
methods.

In the following section, we detail the model config-
uration that is used for the estimation of the surface
energy input and the fluxes leaving the mixed layer, and
we describe the method used to decompose the fluxes
into near-inertial, subinertial, and time-mean compo-
nents. In sections 3a and 3b, we present the results of the
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wind-power input to the three components of motion at
the sea surface and across the mixed layer, and we provide
estimates of the fraction of the energy flux leaving the
mixed layer. In section 3c, we discuss the role of Ekman
dynamics for the wind-power input to the time-mean
circulation and to the subinertial fluctuations. Then we
address how our study relates to Stern’s method and
address the difference between estimates based on the
mixed layer and those based on the Ekman layer (section
3d). In section 3e, we show that the local wind stress
strength and mixed layer depth are the main factors
controlling the fraction of the energy flux related to
transient motions. A summary and discussions are given
in the final section.

2. The ocean model and the data considered

We use an ocean-only simulation performed using the
/10° Max Planck Institute Ocean Model (MPI-OM; von
Storch et al. 2012). The same model but at a lower
horizontal and vertical resolution was used by Rimac
et al. (2013). MPI-OM is a global ocean model based on
the primitive equations, thus including the hydrostatic
and Boussinesq approximations (Olbers et al. 2012). A
primitive equation model can correctly simulate low-
mode long internal waves that fall into the hydrostatic
regime (Gill 1982; Simmons and Alford 2012). The
dominant meridional wavelengths of near-inertial waves
obtained with this ocean model are 200-500 km, which
compare well with the 200-600-km waves from Simmons
and Alford (2012). The model is formulated on a tripolar
grid with a grid size of approximately 10 km near the
equator that decreases to 2.4 km toward the South Pole.
The 80 vertical levels increase in thickness from 10 to
15m in the surface layers to approximately 280 m at
the bottom.

In MPI-OM, turbulent mixing and dissipation in the
upper ocean are parameterized using a Richardson
number—dependent mixing scheme (Pacanowski and
Philander 1981). The resulting diffusion coefficient is
augmented by an additional contribution describing the
wind-induced mixing close to the ocean surface. This
contribution takes the form of a cubic function of the
local 10-m wind speed that decays exponentially with
depth. It is dependent on the local static stability and is
reduced in proportion to the fractional sea ice cover.
The mixing scheme provides a realistic dissipation of
near-inertial energy in the upper ocean and a realistic
simulation of the mixed layer depth.

The model is spun up for 25 years using the German
Ocean Model Intercomparison Project (OMIP) clima-
tological forcing (Roske 2006), and ran for an additional
60 years using surface fluxes of heat and momentum
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derived from the 6-hourly National Centers for Envi-
ronmental Prediction (NCEP) reanalysis at approxi-
mately 1.875° resolution (Kalnay et al. 1996). The
freshwater flux calculated from evaporation and pre-
cipitation is supplemented by daily river discharges at
approximately 1.125° resolution.

For our analysis, daily data for the period 2001-06 and
hourly data for January and July 2005 are used. The
6 years of daily data are used to quantify subinertial and
time-mean motions and to estimate the 6-yr mean an-
nual cycle of the mixed layer depth. The 2 months of
hourly data are used to quantify near-inertial motions.

For each of the three forms of motions, we examine
two quantities: 1) the work done by the winds at the sea
surface in the form of the scalar product of wind stress
and surface horizontal velocity, and 2) the energy flux
leaving the mixed layer. The latter is calculated in two
steps. First, to obtain the three-dimensional energy flux
we calculate the product pu of the dynamically relevant
pressure p, which was obtained by subtracting the ref-
erence hydrostatic pressure gzp,,, from the full pressure
and the three-dimensional ocean velocity u. Second, we
calculate the energy flux, leaving a mixed layer with a
spatially varying bottom z = —h by projecting pu onto
the unit vector n that is normal to the bottom of the
mixed layer A, and is shown below:

oh oh
pu-n=pu—+pv—+pw. (1)
ox ay

The first two terms on the right-hand side of the Eq. (1)
are the projection of horizontal energy flux on the slope
of the mixed layer (called the projection term), while the
third term is the vertical energy flux. The mixed layer
depth, & is calculated for each calendar month sepa-
rately using the daily mean potential temperature and
salinity. We first calculate the depth at which the daily
density change relative to its surface value exceeds
0.125kg m 3. For each calendar month, / is then defined
as the multiyear monthly maximum of these daily
depths. The final energy fluxes leaving the mixed layer,
no matter whether they are related to near-inertial,
subinertial, or time-mean motions, are then obtained by
projecting these (multiyear) monthly mean values of pu
onto A in the respective month and then averaged over
all available months (i.e., over 2 months for fluxes re-
lated to near-inertial motions, since only 2 months of
hourly data are available, and over 12 months for the
fluxes related to subinertial fluctuations and time-mean
flow). In this way, we take the seasonal variation of the
mixed layer depth into account.

The spatial structure and the seasonal change of the
mixed layer depth is illustrated in Fig. 1 for April and
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FIG. 1. Spatial distributions of the maximum mixed layer depth (MLD) for (a) April and
(b) October diagnosed using the potential density criterion defined by Levitus (1982).

October, the two months when the mixed layer depth
reaches its maximum, that is, up to a few hundred meters
in the northern and southern mid- and high-latitude
oceans. Griffies et al. (2009) showed that the mixed layer
depth in several state-of-the-art numerical ocean
models, including an earlier version of the MPI-OM, is
overestimated at high latitudes. To evaluate the role of
the overestimated mixed layer depth on our result, we
repeat our calculation by excluding regions with mixed
layer depth greater than 2000 m and find that the global
energy fluxes vary less than 2%. Figure 1 also shows that
the mixed layer depth deviates considerably from a
surface at a constant depth. The difference between the
shallowest depth of about a few tens of meters in the
tropical oceans and the deepest depth of more than
1000 m in the high latitudes suggests a strongly inclined
bottom of the mixed layer. An exact comparison of
h with observations is not possible due to a very coarse
temporal (monthly values) and spatial resolution of the

available observations. Nevertheless, the results shown
in Fig. 1 are in broad agreement with the mixed layer
depth derived from the Polar Science Center Hydro-
graphic Climatology (PHC) data (Steele et al. 2001).

The total wind-power input and the total energy flux
are approximately decomposed into the contribution
from near-inertial motions xN'yN_the contribution from
subinertial fluctuations x’y’, and the contribution from
the time-mean circulation Xy as follows:

Xy ~ xNYNL+ X7y + X 3. 2)

For near-inertial motions we calculate an average over
2 months of hourly data, and for the subinertial fluctu-
ations and the time-mean circulation we calculate an
average over 6 years of daily data.

To obtain the power contribution from near-inertial
motions, denoted by xN'yNl in Eq. (2), we integrate the
cross-spectra between wind stress and surface horizontal
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TABLE 1. Number of integer values used as an averaging period in
a running-mean filter.

Latitude (°) 30 29-15 1410 98 76 5 4
Period (day) 1 2 3 4 5 6 8

velocity, and between pressure and ocean three-
dimensional velocity over the near-inertial frequency
range (0.7f < w < 1.3f, where f denotes the local inertial
frequency). These integrals of cross-spectra represent
the covariances between two variables (wind stress and
surface horizontal velocity or pressure and ocean ve-
locity) at the near-inertial frequency range. We use the
Daniell spectral estimator to estimate the cross-spectrum
(von Storch and Zwiers 1999). The region of 4° latitude
around the equator has been excluded from our analysis
because of difficulties in estimating near-inertial energy
in this region. The energy flux leaving the mixed layer is
obtained by projecting pNuN! in January and July onto
the sloping bottom of the mixed layer in the respective
month following Eq. (1), and then averaging over the
values in these two months.

To obtain the power contribution from subinertial
fluctuations, we use the daily anomalies obtained by
subtracting, for each calendar month, the multiyear
monthly means from the daily data. Using daily
anomalies allows us to remove near-inertial signals
poleward of 30° latitude, where inertial periods are
shorter than one day. Equatorward of 30°, the daily
data contain some near-inertial signals. To remove
these signals, we apply different running-mean filters
on the daily data equatorward of 30° latitude. The
width of the running window, given in Table 1, is a
function of latitude and equals the local inertial period
rounded to the first higher integer number. The regions
equatorward of 4° latitude will be excluded from the
analysis, since the near-inertial period is longer than
7 days there, and hence it is not possible to separate it
from the time scales of other transient motions. A daily
variable that is low-pass filtered equatorward of 30°
(using running windows defined in Table 1) is denoted
by x’. The wind-power input is calculated from co-
variances 7' -uj, between the low-pass-filtered daily
anomalies of wind stress and surface horizontal veloc-
ity. The energy flux leaving the mixed layer is obtained
by first calculating for each calendar month the co-
variances p/v, and then projecting p’w’ onto the bottom
of the mixed layer for the respective month. The
overall subinertial energy flux leaving the mixed layer
is obtained by averaging the projections over all
calendar months.

To obtain the contribution from the time-mean mo-
tions, multiyear monthly means are used. The wind-power
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input is calculated from the product of multiyear mean
wind stress and multiyear mean surface horizontal
velocity 7 - w,,. The energy flux leaving the mixed layer is
obtained by first calculating for each calendar month the
product pu, where p and u are multiyear means for that
month, and then projecting pu onto the bottom of the
mixed layer in that month. The overall energy flux re-
lated to the time-mean flow is given as the average over
fluxes in all calendar months. Note that the resulting
fluxes include the seasonal cycle.

3. Results
a. Wind energy input at the sea surface

First, we estimate the wind-power input at the ocean
surface to near-inertial motions (7N! - u}%; Fig. 2a), the
power input to subinertial fluctuations (7’ - uj; Fig. 2b),
and the power input to the time-mean circulation (7 - wy;
Fig. 2¢). In the right panel we plot their respective zonal
means. To smooth the noisy structure, here and in the
following figures, all the fields are box averaged to a
grid with a 0.4° resolution for better representation. All
integrals are derived from the original output at “1°
resolution.

As in several previous studies (e.g., Rimac et al.
2013, and references therein), we find a large amount
of the wind-power input to near-inertial motions
(Fig. 2a) between 30° and 50°N and 20° and 50°S in-
duced by midlatitude storms. The average energy input
in the Northern Hemisphere is almost twice as large as
in the Southern Hemisphere (with a hemispheric av-
erage of 1.1mWm 2 in the Northern Hemisphere
compared to 0.7mWm 2 in the Southern Hemi-
sphere). Conversely, the integrated energy input is
slightly higher in the Southern Hemisphere (0.18 TW)
compared to the Northern Hemisphere (0.17 TW) due
to the larger coverage of the surface area in the
Southern Ocean.

The energy input to subinertial fluctuations (7' - u);
Fig. 2b) is positive almost everywhere. The highest
values are found in the Southern Ocean, in the regions of
the Kuroshio Extension and Gulf Stream, and in the
subpolar gyre. The energy input to the time-mean cir-
culation (7 - Wy; Fig. 2¢) is dominated by large values in
the Southern Ocean. A larger energy input is seen be-
tween 40° and 60°S south of Africa and in the southern
Indian Ocean, with a maximum value of about 0.2 Wm ™2,
than further east in the Pacific and in the Atlantic Ocean
where the maximum is about 0.08 W m 2. Large positive
values in the time-mean circulation are also found in the
Kuroshio Extension and Gulf Stream regions, while the
tropical Pacific has zonal stripes of positive and negative
values. In general, the energy input is largest to the
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FIG. 2. Spatial distributions of the wind-power input (WPI) to (a) near-inertial motions, (b) subinertial fluctu-
ations, and (c) time-mean circulation. (d)-(f) Zonal means for (a)-(c), respectively, are depicted. The color bar is
highly nonlinear. Note the scaling factors on the top of each panel.

time-mean circulation, with highest values found in the
Southern Ocean, and smallest to near-inertial motions.
The largest energy input to subinertial fluctuations occurs
in the midlatitude oceans.

The global integral of the wind-power input to near-
inertial motions amounts to 0.35 TW (Table 2). This
result compares well with results from previous studies.

For example, Furuichi et al. (2008) obtained a value of
0.4 TW using wind stress gridded at a 1.25° horizontal
resolution and all four seasons of one year for their es-
timate. Simmons and Alford (2012) obtained a value of
0.36 TW using wind stress from the NCEP reanalysis.
The global integral of the power input to subinertial
fluctuations (7' - w}) in our analysis amounts to 0.87 TW.
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TABLE 2. Globally integrated wind-power input (INPUT), total energy flux leaving the mixed layer (FLUX), component due to the
projection term in Eq. (1) (FLUX,,), the ratio of the integrated fluxes to the integrated energy input at the ocean surface (FRACTION),
and the integrated fluxes from the projection term to the integrated energy input at the ocean surface (FRACTION,,). The plus and
minus one standard deviations are used to quantify the robustness of the respective mean values.

Near-inertial

Subinertial Time-mean

INPUT (TW) 035
FLUX (TW) 0.04
FRACTION (%) 114
FLUX, (TW) <0.01
FRACTION,, (%) <1

0.87 + 4 x 1076 211 +3%x107°

007 £5x107* 0.81 * 0.05
8.04 38.4
<0.01 0.5
<1 237

This number is lower than that provided by von Storch
et al. (2007, 2012), partly because we consider only
the subinertial fluctuations, rather than all transient
motions, and partly because we exclude the equatorial
regions. The global integral of the power input to the
time-mean circulation (7 - w;) amounts to 2.11 TW. This
number is in a broad agreement with those obtained by
von Storch et al. (2007, 2012).

For the subinertial and time-mean contributions, we
estimate the robustness of the global integrals by ex-
amining the effect of year-to-year variations on these
integrals. This is done by calculating the standard de-
viation of the global integrals derived from each of the
6 years of wind-power inputs. The standard deviations
(also listed in Table 2) suggest little variation over the
considered years.

b. Energy flux leaving the ocean’s mixed layer

The total energy flux leaving the mixed layer, together
with its respective zonal means (black lines), is shown
in Fig. 3, again for the three different types of motions.
For the figures considered in this subsection, in addition
to the box-average smoothing already introduced, we
apply smoothing using running means with a radius of
100km to smooth out very noisy structures in some
regions.

The total near-inertial energy flux (Fig. 3a) is mainly
positive, that is, leaving the mixed layer. Larger positive
values are found in the midlatitude winter storm-track
regions between 20° and 60°N and between 20° and 50°S.
Positive values are also found in the tropical oceans. The
global average of the total near-inertial energy flux
leaving the mixed layer is 0.09mW m ™2 with a higher
contribution in the Northern Hemisphere compared to
the Southern Hemisphere.

The total energy flux to subinertial fluctuations (Fig. 3b)
is mainly positive, that is, to the interior eddy field, in the
regions of the subpolar gyres, the subtropical South
Pacific, and the equatorial regions. The global average is
0.3mW m 2. The distribution reveals patchy structures
concentrated in the Kuroshio Extension and Gulf Stream

regions, and in the Southern Ocean along the Antarctic
Circumpolar Current (ACC).

The time-mean energy flux is more energetic than the
energy fluxes from the subinertial and near-inertial fluc-
tuations. The global average yields a downward flux of
5.6mW m 2, which is more than 15 times higher than the
respective global average from subinertial fluctuations,
and about 60 times higher than the global average of the
near-inertial energy flux. The total time-mean energy flux
is mainly positive but with patchy structures in the
Southern Ocean between 40° and 70°S and in the North-
ern Hemisphere between 30° and 50°N. Large positive
values are found off the equator in the subtropical regions.

To quantify the relative importance of the vertical flux
pw and the projection term of the total flux puoh/ox +
pvohl/dy, both given in Eq. (1), we present the contri-
butions from these two terms in Figs. 4 and 5, respectively.
The total near-inertial energy flux is dominated by the
downward vertical flux. The total subinertial energy flux is
dominated by the positive vertical flux in the equatorial
region, in the region of the subpolar gyre, and north and
south of the ACC. The rest (i.e., the area along the ACC
and in the Kuroshio Extension and Gulf Stream regions)
results from a combination of the vertical flux and the
projection term. The distribution of the projection term
reveals many small-scale features of opposite signs. For
the time-varying motions, the vertical flux is mainly pos-
itive and stronger than the horizontal flux. The time-mean
flux is a combination of the vertical flux and the projection
term. The two components have comparable strengths
of opposite signs in the tropical oceans, in the Southern
Ocean, and in the subpolar gyre region of the North At-
lantic Ocean. The spatial scales of the vertical fluxes
(Fig. 4c) are much larger than those of the projection term
(Fig. 5c). The projection term is the strongest in the
Southern Ocean between 40° and 70°S, in the regions of
the Kuroshio Extension and Gulf Stream, and in the
subpolar gyre region with varying positive and negative
values. There is a tendency for the projection term to
compensate for the vertical flux, which can be seen in the
zonal mean plots (Fig. 4f vs Fig. 5f) in the tropical oceans,
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FIG. 3. Spatial distributions of (a) the total near-inertial energy flux, (b) the total energy flux from subinertial
fluctuations, and (c) the total time-mean energy flux at the base of the mixed layer. (d)—(f) Zonal means for (a)-(c),
respectively, are depicted. Note that positive values indicate downward energy fluxes. The color bar is highly
nonlinear. Note the scaling factors on the top of each panel.

in the mid- and high-latitude Southern Ocean, and in the
North Atlantic Ocean.

We calculate the global integrals of energy fluxes
leaving the mixed layer (Table 2), and we estimate the
fractions of the wind-power input at the sea surface that
leave the mixed layer. For the near-inertial motions, the

global integral of the flux and its fraction are 0.04 TW
and 11.4%, respectively. For subinertial fluctuations, the
global integral of the energy flux and its fraction are
0.07 TW and 8.04%, respectively. For both the near-
inertial and subinertial fluctuations, the projection term
contributes less than 1% to the total energy flux. Therefore,
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for (a)—(c), respectively, are depicted. Note that positive values indicate downward energy fluxes. The color bar is
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this term can be neglected and the knowledge about the
vertical near-inertial and subinertial energy fluxes leaving
the mixed layer is sufficient for estimating the power
available for deep-ocean mixing.

For the time-mean motions, the global integral of the
total energy flux leaving the mixed layer amounts to

0.81 TW, leading to a fraction of 38.4%. In contrast to
the energy flux from the time-varying motions, the
projection term of the horizontal time-mean energy flux
of 0.5 TW is significantly larger than 0.31 TW from the
vertical flux. This result supports the analysis of Roquet
etal. (2011) that the energy is transported laterally in the
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Ekman layer and is consistent with the sloping bottom of
the seasonally varying mixed layer. Overall, the energy
flux leaving the mixed layer is largest for the time-mean
motions, with a global integral approximately 12 times
higher than the global integral from subinertial fluctuations

and more than 20 times higher than the global integral of
the total energy flux from near-inertial waves.

We also calculate the standard deviations of tran-
sient and time-mean energy fluxes leaving the mixed
layer to investigate the year-to-year variations of our
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global estimates. We conclude that these variations
are weak.

c¢. Ekman dynamics as the dominant process for
vertical energy flux

To understand the role of Ekman dynamics on the flux
leaving the mixed layer, we calculate the vertical energy
flux leaving the mixed layer. We replace the vertical
velocity with the Ekman vertical velocity defined using
the wind stress curl wg =k -V X 7/f, both for the flux
related to subinertial fluctuations and that related to the
time-mean flow. The two calculations, one using the
vertical velocity and one using the Ekman vertical ve-
locity, should be comparable if the Ekman dynamics are
the main processes driving the vertical energy flux. In
this case, a considerable part of the subinertial fluctua-
tions would be externally forced by the winds, rather
than originating from internal instability processes.

The large-scale structures of both p’T’E and pwg in
Figs. 6a and 6b roughly resemble those of p'w’ and pw
in Figs. 4b and 4c. For the subinertial fluctuations, the
largest differences are found in the ACC and in the Gulf
Stream and Kuroshio Extension regions. Along the
ACC, Fig. 4b shows patchy structures, whereas Fig. 6a
shows positive values everywhere in the Southern
Ocean. For the time-mean motions, the similarity be-
tween the pattern obtained from W and that from wg is
somewhat stronger, in particular for the zonal mean
profiles at low and midlatitudes (Fig. 6d). Large differ-
ences are found along the high-latitude coasts.

To further quantify the role of Ekman dynamics in
transferring the wind power into subinertial fluctuations
and time-mean motions, we calculate, at each grid point,
the temporal correlations between the energy flux due to
model vertical velocity w and that due to Ekman vertical
velocity wg (not shown). For subinertial fluctuations,
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TABLE 3. Global integrals of the vertical energy fluxes across the
mixed layer obtained using the model vertical velocity (row 1) and
the vertical Ekman velocity (row 2), and those of the total energy
fluxes across the mixed layer (row 3, taken from Table 2) and across
the Ekman layer obtained by scalar multiplying the near-surface
geostrophic velocity with the wind stress following Stern (1975)
(row 4).

Subinertial Time-mean
FLUXp1 pw (TW) 0.07 0.31
FLUXwLpgy,, (TW) 0.07 055
FLUXpy (TW) 0.07 0.81
FLUXstern (TW) 0.13 1.32

daily data that are low-pass filtered equatorward of 30°
latitudes are used. We found correlations higher than
80% in the North Atlantic and North Pacific subpolar
gyres and in the subtropical to midlatitude South Pacific,
where both Figs. 6a and 4b show downward fluxes.
Correlations are low in the regions of the ACC, and in
the Kuroshio Extension and Gulf Stream. The structure
of the correlations suggests that the Ekman dynamics
dominate only in regions with weak mesoscale eddies. In
the ACC region, where large lateral density gradients
are expected, the vertical energy flux leaving the mixed
layer is dominated by the vertical velocities resulting
from internal instabilities. The global mean correlation
is approximately 45 %, thus the effect of Ekman dynamics
is considerable on average. For the time-mean motions,
temporal correlations are calculated from long-term
monthly mean data that reflect the mean annual cycle.
Correlations higher than 80% are found in regions of
both subtropical and subpolar gyres, indicating the
dominant role of annual variations in Ekman pumping
and sucking for the time-mean energy flux in those re-
gions. The global mean correlation is approximately 48%.

For the subinertial fluctuations, the global integral of
the vertical energy flux due to the Ekman vertical ve-
locity p'w’;, where p’ is taken at the base of the mixed
layer, is 0.07 TW (Table 3). This global integral is equal
to that due to the model vertical velocity p'w’. For the
time-mean motions, the global integral of the vertical
energy flux due to the Ekman vertical velocity p wg is
0.55 TW, which is more than 40% higher than the value
of 0.31 TW obtained with pw. This difference arises,
mainly, from the differences along the northeast coast of
North America, along the east coast of Greenland, and
along the Antarctic coast.

d. Mixed layer versus Ekman layer

The energy flux derived from the three-dimensional
velocity across a seasonally and spatially varying mixed
layer differs considerably from the power injected into

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 46

the oceanic interior obtained by scalar multiplying wind
stress with near-surface geostrophic velocity following
Stern (1975; Table 3). The near-surface geostrophic
velocities are derived from sea surface elevation as
in Wunsch (1998). The subinertial and the time-mean
motions are identified as described in section 2. The
flux calculated following Stern (1975) is almost twice as
large as the flux across the mixed layer (0.13 vs 0.07 TW)
for the subinertial fluctuations and about 40% higher
than the flux across the mixed layer (1.32 vs 0.81 TW) for
the time-mean motions. The global integral of power to
near-surface geostrophic motions 7 - u, equals the global
integral of the energy flux across a geopotential surface
beneath the Ekman layer (Stern 1975), although this
equality is subjected to various approximations (von
Storch et al. 2007). The values obtained using Stern’s
method are substantially larger than the energy fluxes
leaving the mixed layer, suggesting that the Ekman layer
is, on average, shallower than the mixed layer, at least in
our model.

The global integrals of the energy fluxes across the
Ekman layer following Stern (1975) were estimated
using data derived from observations and a simulation
using an alternative OGCM (Wunsch 1998; von Storch
et al. 2007). In his study, Wunsch (1998) estimated the
global integrals of the time-mean energy flux and of the
flux to time-varying motions to be 0.84 and 0.04 TW,
respectively. He used satellite altimeter data sampled
every 10 days and the wind stress from the NCEP re-
analysis averaged over the same 10-day period. von
Storch et al. (2007) used the OFES model forced with
daily wind stress from the NCEP reanalysis and esti-
mated the time-mean energy flux of 0.92 TW and the flux
to time-varying motions of 0.14 TW. The large time-
mean value of 1.32 TW calculated in this study is likely
related to the fact that the stand-alone MPI-OM over-
estimates the strength of the ACC and produces a Drake
Passage transport of about 230Sv (1Sv = 10°m®s™).
Note that this overestimation does not necessarily affect
our conclusion concerning the relative depth of the
mixed layer to that of the Ekman layer, since the fluxes
across the mixed layer and Ekman layer are derived
from the velocities simulated by the same model. Other
factors, such as the different temporal resolutions of the
used forcing fields and the different definitions of the
separation between time-mean and subinertial fluctua-
tions, can also contribute to the differences between our
and the previously estimated numbers.

e. Factors controlling the fraction of the transient
energy flux leaving the mixed layer

We identify two possible factors that might influence
the fraction of the energy flux to time-varying motions
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that leaves the mixed layer. One factor is the wind stress
variability. Obviously, stronger wind stress variability
leads to a larger energy input to time-varying motions.
However, stronger wind stress variability also implies a
stronger mixing of momentum and thus stronger wind-
induced dissipation within the mixed layer. In MPI-OM,
the vertical momentum mixing is based on a Richardson
number—dependent formulation that is augmented to
take the near-surface wind stirring into account. Tur-
bulent mixing in the ocean mixed layer is thus influenced
by variability in the 10-m wind speed and by wind-
induced changes in the vertical shear. For both pro-
cesses, stronger wind stress variability leads to stronger
dissipation inside the mixed layer and produces smaller
values of the fraction. Thus, wind stress variability has
two effects on the fraction, a productive role through
increasing the energy input and a dissipative role
through reducing the flux leaving the mixed layer.
Another factor affecting the magnitude of the fraction
of energy flux leaving the mixed layer can be the mixed
layer depth. A deeper mixed layer implies stronger
dissipation because of the stronger shear at its base. As
a consequence, the magnitude of the fraction should

decrease with increasing mixed layer depth. On the
other hand, the mixed layer depth depends on the wind
stress variability and the strong dissipation of wind-
induced processes, which decrease the fraction as dis-
cussed above. Both factors, the wind stress variability
and the mixed layer depth, are expected to play a role in
the time-varying energy flux, not only on the near-
inertial but also on subinertial time scales.

The effects of mixed layer depth and wind stress
variability on the fraction of time-varying near-inertial
and subinertial energy fluxes leaving the mixed layer are
assessed by integrating the wind-power input and the
energy fluxes, respectively, over areas with certain
ranges of the mixed layer depth or the wind stress var-
iability and calculating the fractions from these area
integrals (Fig. 7). For near-inertial waves we define the
wind stress variability as the time-mean standard de-
viation using NCEP wind data for January and July from
2005 separately. For subinertial fluctuations this vari-
ability is defined again as a standard deviation but using
6 years of daily mean wind stress for the respective
month. The analyses for near-inertial waves are calcu-
lated for January and July (red lines), and the analyses
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for subinertial fluctuations are calculated for each calendar
month separately (red shading lines). For both near-
inertial (NI) motions (Figs. 7a and 7b) and subinertial
fluctuations (Figs. 7c and 7d), we find that the value of the
fraction of the total energy flux decreases with increasing
depth of the mixed layer. One exception seen in the
fraction from subinertial fluctuations is the area with an
extremely deep mixed layer (i.e., depth = 400 m). Fur-
thermore, the fraction decreases with the increasing
strength of the wind stress variability. Our result supports
the link between the mixed layer depth and the dissipa-
tion of time-varying motions inside the mixed layer. We
could not find any connection of the time-mean flux to the
wind stress variability or to the mixed layer depth.

4. Conclusions and discussion

In this study, we present an estimate of the fraction of
the total energy flux that leaves the ocean’s seasonally and
spatially varying mixed layer. The estimate is derived for
motions at the near-inertial, subinertial, and time-mean
part of the energy spectrum, using the same output from a
global ocean-alone Y10° simulation. Since daily fluctuations
equatorward of 30° latitudes are influenced by near-inertial
signals, we apply a running-mean filter on daily data to
remove these signals. We conclude the following:

e From 0.35 TW of the wind-power input to near-
inertial motions, only 0.04 TW, or 11.4%, leaves the
mixed layer. From 0.87 TW of the wind input to
subinertial fluctuations, 0.07 TW, or 8.04%, leaves
the mixed layer. From 2.11 TW of the time-mean
(including the seasonal cycle) wind input, 0.81 TW, or
38.4%, leaves the mixed layer. The total wind-power
input amounts to 3.33 TW. Of that, 72.3% is dissipated
(or converted into some other form of energy) within
the mixed layer and 0.92 TW is radiated across the
mixed layer into the ocean interior.

« For the transient motions, the total energy flux leaving
the mixed layer results mainly from the vertical fluxes.
For the time-mean flow, only 40% of the total flux
results from vertical fluxes and the other 60% results
from the projection of horizontal fluxes onto the
sloping mixed layer.

o The spatial structure of the vertical flux leaving the
mixed layer is closely related to the Ekman velocity and
hence to the wind stress curl. For the subinertial
fluctuations, the global integral of the energy flux across
the mixed layer due to the full vertical velocity is
identical to that due to the vertical Ekman velocity,
despite local differences. For the time-mean motions, the
global integral of the flux caused by the Ekman velocity
is higher than that obtained using the full velocity.
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o The globally integrated total flux across the seasonally
and spatially varying mixed layer is approximately 40%—
50% weaker than the flux calculated using the wind
stress and the surface geostrophic velocity, suggesting
that the mixed layer extends below the Ekman layer.

e A deeper mixed layer and a stronger wind stress
forcing imply a stronger net dissipation of time-
varying motions and hence smaller values of the
fraction. The wind stress forcing generates time-
varying motions but also dampens these motions via
enhanced turbulent mixing inside the mixed layer.
These dependencies can be implemented in energy-
based mixing closures but need further consideration.

We found considerable wind-induced flux to sub-
inertial fluctuations, predominantly related to mesoscale
eddies, with an average for the midlatitude oceans of
3mW m 2. This seems surprising since it is expected that
baroclinic and barotropic instabilities of the mean flow,
rather than the wind forcing, are the sources of eddy
energy in the ocean. Using a realistic broadband wind
stress spectrum and integrating the effect of the
wind forcing on the oceanic quasigeostrophic eddies,
Frankignoul and Miiller (1979) estimated an energy in-
put rate of the order of 1 mWm 2 in the midlatitudes.
Our estimate is even larger and shows up in regions
where the sources of eddy energy due to instabilities are
weak and the Ekman dynamics dominate. This result
thus points toward the importance of wind forcing in
generating subinertial fluctuations, which might need
consideration in eddy closures.

It has been shown (e.g., Duhaut and Straub 2006;
Zhai et al. 2012) that when the relative motions be-
tween the ocean and the atmosphere are accounted for
in the wind stress calculation, the wind stress mechan-
ically damps the mesoscale eddies by reducing the wind
input up to 70%. Duhaut and Straub (2006) suggested
that to some extent the observed ocean velocity should
be replaced by the actual model surface velocity in the
wind stress calculation to compensate for this re-
duction. Rath et al. (2013) further found that ac-
counting for the ocean surface velocity dependence in
the surface momentum flux leads to a reduction of the
wind-power input to near-inertial motions and a re-
duction of near-inertial energy in the mixed layer by
approximately 20%. Since in our model we do not ac-
count for this dependence of the wind stress on ocean
velocity, the energy fluxes estimated here likely have a
bias of the same 20%, as estimated by Rath et al.
(2013). However, we do not expect this bias to affect
the respective fraction of the fluxes leaving the mixed
layer, since a smaller input would also lead to a smaller
flux leaving the mixed layer.
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The amount of energy being transferred to the deep
ocean has been studied following Stern’s consideration
(e.g., Wunsch 1998; von Storch et al. 2007; Roquet et al.
2011). Here, we concentrate on the energy flux leaving the
mixed layer, since this is the effective flux that “survives”
the mixed-layer dissipation and becomes available to be
“received” by the interior ocean. We found that this flux is
approximately 40%-50% weaker than the flux obtained
following Stern’s consideration. The latter should be in-
terpreted as a flux across the Ekman layer. The discrep-
ancy results partly from the fact that the Ekman layer is
shallower than the mixed layer and partly from the pro-
jection of strong lateral fluxes across the sloped bottom of
the mixed layer, which tend to compensate the mostly
downward-orientated vertical fluxes.

The present results, in particular the part regarding
the factors controlling the fraction of the flux leaving the
mixed layer to the total wind input, are closely linked to the
mixing parameterization implemented in the MPI-OM.
Further studies are required to investigate how strongly
our results depend on the used mixing parameterizations.
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