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Abstract. Wind work at the air-sea interface is the trans-
fer of kinetic energy between the ocean and the atmosphere
and, as such, is an important part of the ocean-atmosphere
coupled system. Wind work is defined as the scalar prod-
uct of ocean wind stress and surface current, with each of
these two variables spanning, in this study, a broad range
of spatial and temporal scales, from 10km to more than
3000 km and hours to months. These characteristics empha-
size wind work’s multiscale nature. In the absence of ap-
propriate global observations, our study makes use of a new
global, coupled ocean-atmosphere simulation, with horizon-
tal grid spacing of 2-5km for the ocean and 7 km for the
atmosphere, analyzed for 12 months. We develop a method-
ology, both in physical and spectral spaces, to diagnose three
different components of wind work that force distinct classes
of ocean motions, including high-frequency internal grav-
ity waves, such as near-inertial oscillations, low-frequency
currents such as those associated with eddies, and season-
ally averaged currents, such as zonal tropical and equatorial
jets. The total wind work, integrated globally, has a magni-
tude close to 5TW, a value that matches recent estimates.
Each of the first two components that force high-frequency
and low-frequency currents, accounts for ~ 28 % of the to-
tal wind work and the third one that forces seasonally av-

eraged currents, ~ 44 %. These three components, when in-
tegrated globally, weakly vary with seasons but their spa-
tial distribution over the oceans has strong seasonal and lat-
itudinal variations. In addition, the high-frequency compo-
nent that forces internal gravity waves, is highly sensitive to
the collocation in space and time (at scales of a few hours)
of wind stresses and ocean currents. Furthermore, the low-
frequency wind work component acts to dampen currents
with a size smaller than 250 km and strengthen currents with
larger sizes. This emphasizes the need to perform a full ki-
netic budget involving the wind work and nonlinear advec-
tion terms as small and larger-scale low-frequency currents
interact through these nonlinear terms. The complex inter-
play of surface wind stresses and currents revealed by the
numerical simulation motivates the need for winds and cur-
rents satellite missions to directly observe wind work.

1 Introduction

Wind work is known to drive a large part of ocean dynamics
(Ferrari and Wunsch, 2009), and is defined in this study as
the scalar product of the wind stress and surface ocean cur-
rent vectors (Renault et al., 2016; Yu et al., 2018). Wind work
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forces zonal jets (spatial scales of ~ 1000 km and time scales
of days to months), in particular at equatorial and tropical
latitudes, where they are key players in the El Nifio Southern
Oscillation (ENSO) (Maximenko et al., 2005). Wind work
also forces or dampens mid-latitude currents (with spatial
scales from 10km to more than 500 km and time scales of
days to months), such as those associated with submesoscale,
and mesoscale eddies, which are critical players in the hori-
zontal and vertical transport of heat at these latitudes (Eden
and Dietze, 2009; Zhai et al., 2012; Zhai, 2013; Klein et al.,
2019; Rai et al., 2021). Additionally, wind work generates
near-inertial oscillations and internal gravity waves (spatial
scales of 10—~1000 km and time scales of hours), which im-
pact mixing in the ocean interior and therefore contribute
to setting the structure and strength of the Meridional Over-
turning Circulation (MOC) (Komori et al., 2008; Polzin and
Lvov, 2011; Nikurashin et al., 2013; Alford et al., 2016).

To identify the nonlinearities and spatial and temporal
scales that characterize wind work more precisely, let us ex-
amine the dynamical variables involved. The wind stress vec-
tor, T, can be written as (Large and Yeager, 2004)

T = PairCa|Ua — uo|(Ua —u,), ()

where p,i; is the air density, and Cq a drag coefficient that is
a function of the wind field and stability of the atmospheric
boundary layer (see next section), U, is the vector wind usu-
ally taken at an altitude of 10 m, and u, the ocean-surface
current vector. Then the wind work, Fy, is

Fs =1 -uo=pairCalUa — uo|(Us —uo) - u,. ()

Equation (2) highlights that wind work is nonlinearly related
to wind stress and ocean current.

Referring to Eq. (2), some examples of the multiscale is-
sues we have to address are the following. Wind fluctuations
with time scales of 1 h impact the wind stress at these short
time scales. The resulting wind work, in regions of atmo-
spheric storm tracks, generates near-inertial motions and in-
ternal gravity waves (with time scales less than 1 d) the ki-
netic energy of which can be up to twice as large as when
only wind fluctuations with time scales longer than 6 h are
considered (Klein et al., 2004; Rimac et al., 2013). However,
wind fluctuations at short time scales also impact the weekly
averaged and monthly averaged wind stress and therefore the
wind work at these longer time scales. This is due to the
quadratic relationship between winds and wind stress (Eq. 1).
For example, in regions of atmospheric storm tracks, the re-
sulting monthly averaged wind work is larger by a factor of
4 when wind fluctuations at short time scales are taken into
account than when only weekly or monthly winds are used
(Zhai et al., 2012; Zhai, 2017). Thus, high-frequency winds
can lead to a larger forcing of low-frequency ocean currents.
This example and the more detailed arguments developed in
Sect. 3 emphasize the need to have observations of winds and
currents over a broad range of temporal and spatial scales in
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order to diagnose the different wind work components that
energize or dampen oceanic motions.

To assess the broad range of scales that influence wind
work and impact ocean currents, we make use of model out-
puts of wind stresses and ocean currents from a new global,
coupled ocean-atmosphere model that includes tidal forcing
in the ocean and has horizontal grid spacing of 2-5km in
the ocean and 7 km in the atmosphere. This model has been
integrated for more than 1 year. The resulting numerical sim-
ulation produces wind and current fluctuations at very short
time scales (45 s ocean-atmosphere coupling time step), en-
ables spatial collocation and contemporaneity of atmospheric
winds and ocean currents, and takes into account the im-
pacts of winds and ocean currents on wind stresses. Our
study focuses on the impact of wind work on ocean cur-
rents including near-inertial oscillations, mesoscale eddies,
large-scale currents and gyres, but does not account for high
frequency motions such as surface gravity waves, Langmuir
circulation, and mixed layer turbulence. The next section de-
scribes the global numerical model used. Section 3 describes
the methodology employed in physical and spectral spaces,
and discusses the multiscale issues we have to address. An
analysis of the wind work components that force different
classes of motion is presented in Sect. 4. Conclusions follow
in Sect. 5.

2 Numerical simulation of the coupled
ocean-atmosphere system

The new global, coupled ocean-atmosphere simulation
(COAS) used in this study comprises the Goddard Earth Ob-
serving System (GEOS) atmospheric and land model cou-
pled to an ocean configuration of the Massachusetts Insti-
tute of Technology general circulation model (MITgcm). The
configuration of COAS used in this study is identical to that
used in the studies of Strobach et al. (2020, 2022) except
that the ocean model includes tidal forcing, which triggers
the generation of internal tides and promotes a more realistic
internal gravity wave continuum.

The GEOS model was configured to use the C1440 cubed-
sphere grid, which has a nominal horizontal grid spacing of
6.9 km. The vertical grid type is a hybrid sigma-pressure sys-
tem with 72 levels. A detailed description of the GEOS atmo-
spheric model configuration used in COAS is found in Molod
et al. (2015) and Strobach et al. (2020). The surface layer pa-
rameterization of turbulent fluxes is a modified version of
the parameterization documented in Helfand and Schubert
(1995), with a wind stress and surface roughness model mod-
ified by the updates of Garfinkel et al. (2011) for a mid-range
of wind speeds, and further modified by the updates of Molod
et al. (2013) for high winds.

The MITgcm component of COAS uses the Latitude-
Longitude-polar Cap 2160 (LLC2160) configuration de-
scribed in Arbic et al. (2018) and previously used in the
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studies of Flexas et al. (2019), Su et al. (2018), and many
others. The LLC2160 solves the hydrostatic primitive equa-
tions for velocity, potential temperature, and salinity with a
seawater equation of state. The finite volume method is used
to discretize the equations in space. The LLC2160 configu-
ration uses an implicit free surface, real freshwater surface
forcing, and the K-profile parameterization (KPP) vertical
mixing scheme of Large et al. (1994) but with the nonlo-
cal term disabled. The LLC2160 has nominal horizontal grid
spacing of 1/24°, ranging from 2.3 km in the Arctic Ocean,
4.6km at the Equator, and 1.7 km at the southernmost loca-
tion around Antarctica. There are 90 vertical levels with 1 m
vertical grid spacing at the surface, gradually increasing to
~ 300 m near the 5000 m depth. The integration time step for
the GEOS C1440 and the MITgcm LLC2160 components
and the coupling time step for the coupled C1440-LLC2160
COAS model is 45s.

The formalism of the coupling between the atmosphere
and the ocean is classical and can be explained as follows: the
Monin-Obukhov similarity theory-based parameterization of
surface layer turbulence used to compute air and sea fluxes
of heat, moisture and momentum is described in Helfand
and Schubert (1995). This parameterization includes the ef-
fects of a viscous sublayer over oceans based on Yaglom
and Kader (1974), which describes a resistance to enthalpy
transfer that increases with surface roughness. The stability
functions for unstable surface layers are the KEYPS equation
of Panofsky et al. (1977) for momentum and its generaliza-
tion for scalar quantities. For stable surface layers the stabil-
ity functions are those of Clarke (1970) for momentum and
heat. The ocean roughness is determined by a polynomial
which is a blend of the algorithms of Large and Pond (1981)
and Kondo (1975) for low wind speeds, modified in the mid-
range wind regime based on recent observations in the South-
ern Ocean according to Garfinkel et al. (2011) and in the high
wind regime according to Molod et al. (2013). Note that the
ocean and atmosphere exchange momentum, heat, and fresh
water through a “skin layer” interface which includes a pa-
rameterization of the diurnal cycle (Price et al., 1978). For
the high-resolution simulation discussed here, the inertia of
the skin layer is small. Finally, computations of momentum
and heat fluxes at the air-sea interface take into account the
differences between ocean and atmosphere resolutions. This
is done using an exchange grid, created by the intersection
of the ocean and atmospheric grids, which ensures complete
conservation of momentum, heat, and freshwater flux across
the air-sea interface.

The COAS simulation was initialized on 20 January using
2012 ocean initial conditions from the forced LLC2160 MIT-
gcm simulation and 2020 atmospheric initial conditions from
the modern-era retrospective analysis for research and ap-
plications, version 2 (MERRA-2) interpolated to the C1440
GEOS grid. The reason for using 2012 ocean initial con-
ditions is that there was no other spin-up MITgcm simula-
tion of sufficient resolution available at the time the cou-
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pled simulation began. The 2020 atmospheric initial condi-
tions were imposed by the dynamics of the atmospheric gen-
eral circulation modeled on non-hydrostatic domains (DYA-
MOND; Stevens et al., 2019) phase II protocol. The mis-
match in ocean and atmospheric initial condition years is not
ideal but given that this is an unconstrained coupled simula-
tion, the simulation year is notional. The results shown in
this study are based on a simulation period of 14 months
(20 January 2020 to 25 March 2021). We did not take into ac-
count the first 2 months that correspond to the spin-up period.
Model outputs concern the last 12 months and include hourly
three-dimensional fields for all oceanic and atmospheric vari-
ables, some higher frequency (15 min) two-dimensional at-
mospheric fields, and many diagnostic variables, for a total
storage requirement of ~ 2 petabytes.

3 Methodology in physical and spectral spaces
3.1 Wind stresses and ocean currents in physical space

Outputs of wind stress and ocean current from the coupled
simulation are decomposed into different components based
on temporal and spatial scales, with this decomposition based
on the time and spatial variability of winds and currents.
Figure la and b show a snapshot of wind
stresses and ocean currents in the global ocean.
Videos of these two key variables are available in
https://doi.org/10.5281/zenodo.6478679 (Torres, 2022b).
The wind stress variations have large scales, O(1000km)
(Fig. 1a), resulting from atmospheric weather patterns that
propagate rapidly, for example, going from South Africa to
South America within 6-10d (Fig. 1a). Embedded within
these large-scale patterns are smaller scale patterns (as small
as 100km), some of them propagating with the large-scale
ones, others being quasi-stationary (see Box 1 in Fig. la
and the movie). The latter are mostly the signature of ocean
currents on the wind stress and can be identified from
watching the movie. The impact of land topography on the
wind stress is also noticeable in the movies, in particular
close to the east coast of Asia at mid-latitudes and the west
coast of Mexico at the Equator. The latter may lead to the
formation of hurricanes, such as those noticeable in Box 2 of
Fig. 1a. Energetic ocean currents (Fig. 1b) are characterized
by very small scales in contrast to the wind stress and move
slowly as revealed in the movie (see also Box 3 on Fig. 1b).
These motions are mostly associated with wavy and unstable
baroclinic mean currents and eddies. Zonal jets are notice-
able at the Equator and in tropical regions (Fig. 1b). Not
surprisingly, hurricanes have a strong signature on surface
currents (Box 4 in Fig. 1b). Ocean current patterns with
larger scales, but containing less energy than small-scale
currents, are also noticeable in the movie. These patterns
propagate with large-scale atmospheric storms. They are the
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Box 2

0.35

0.70

Wind stress N/m?2

Surface currents m/s

Figure 1. (a) Snapshots of surface wind stress and (b) ocean-surface currents in the coupled ocean-atmosphere simulation (COAS) on 22 July,

12:00 GMT.

signature of near-inertial motions and internal waves driven
by the large-scale wind stress.

3.2 Wind stresses and ocean currents in spectral space

The different temporal and spatial scales of wind stresses and
ocean currents are further characterized in spectral space in
regional domains. Figure 2 shows spectra of wind stresses
and currents in the Kuroshio Extension region in the North
Pacific (see Appendix A for spectra calculation details). The
frequency and wavenumber ranges span periods between 2 h
and 40d and length scales from 10km to 1000 km, respec-
tively. Wind stresses and currents occupy different regions
in spectral space. On the one hand, wind stresses (Fig. 2a)
are mostly characterized by high frequencies (<2d) com-
prised of large spatial scales (>500km) for time scales
larger than 12 h and small spatial scales (20-500 km) for time
scales smaller than 12 h. Such wind stresses are the signature
of large-scale atmospheric storms and the associated small-
scale patterns that propagate with them. Small-scale wind
stress patterns associated with slowly moving ocean eddies
are weaker and occupy periods larger than 2 d. On the other
hand, energetic ocean currents (Fig. 2b) are mostly character-
ized by smaller spatial scales (< 500 km) and lower frequen-
cies (periods >2d). As sketched in Fig. 2c, these currents
are associated with mesoscale eddies known to be driven by
the baroclinic instability of mean currents. However, ocean
currents also have a large magnitude in the near-inertial band

Geosci. Model Dev., 15, 8041-8058, 2022

(w =~ f) with scales larger than 500 km. These currents are
associated with near-inertial waves (see Fig. 2c) forced by
high-frequency winds.

Based on the properties discussed above, we analyzed the
wind work over a 3-month period, during winter, spring,
summer and fall to emphasize its seasonality. During each
season, we consider the following decomposition for surface
wind stress T and ocean-surface currents u,:

X =X+ X+ X + X, 3)

where X represents either T or u,, the overline opera-
tor represents a time average over 3 months, also called
time mean or seasonal mean, and the prime operator repre-
sents time fluctuations with periods smaller than 3 months.
The time fluctuations are further decomposed into a high-
frequency component (hf) for periods smaller than 3d and
a low-frequency component (If) for periods between 3 d and
3 months. Varying the 3 d threshold between low-frequency
and high-frequency motions does not have a significant im-
pact on the results of the present study. The hf component
captures high-frequency contributions such as those at the
inertial frequency. The If component is further decomposed
into two contributions in terms of spatial scales: the large-
scale contribution (If >) for spatial scales larger than a crit-
ical length scale L. and the small-scale contribution (If <)
for scales smaller than L. Following Rai et al. (2021), we
define L. as the length scale for which the If component of
wind work is negative for scales smaller than L. and positive

https://doi.org/10.5194/gmd-15-8041-2022



H. S. Torres et al.: Wind work at the air-sea interface

(a) (b) (c)
Wavelength [km] Wavelength [km] Wavelength [km]
1000 100 10 1000 100 10 1000 100 10
: ,’, =
= -1 -1 R e
< 10 107 M2 e L _
S e g
3 1 ———
:%‘ i Subr;'noetsigzgale g
g 1072 10725 Transition from E
8 [ 7 mesoscale to [ 7
i submesoscale
1
Mesoscale :
@ motions 1
30 i 30

1073 1072 1071
Wavenumber [cpkm]

1073 1072 107!
Wavenumber [cpkm]

1072 107!
Wavenumber [cpkm]

1073

105 10~*  10~* 1072
K X w X |T|? [(N/m?)?]

104 1073 102
K X w X KE [m2/s?]

107

Figure 2. COAS frequency-wavenumber spectra of (a) surface wind stress and (b) surface currents in the Kuroshio Extension region in
winter. Panel (c) is a Stommel diagram of oceanic motions (see text). The dashed lines in the three panels show the linear dispersion relation
curves for internal gravity waves (IGW) associated with the first four baroclinic modes, which helps to identify energetic internal gravity

waves. See Torres et al. (2018) and Qiu et al. (2018) for a detailed explanation of the above partition.

for larger scales. Negative wind work at these scales has been
referred to as “eddy killer” or “eddy damping”, a mechanism
that has been thoroughly investigated during the past 15 years
(Eden and Dietze, 2009; Renault et al., 2016, 2018; Rai et al.,
2021). Using the same procedure as Rai et al. (2021), we
found that L, ~ 250km (see Sect. 4.3 for more details).

3.3 Analysis of the wind work

The wind work depends not only on the amplitudes of time
mean and fluctuating surface wind stress and currents but
also on their cross-correlation. We apply the Reynolds de-
composition to Eq. (2) using Eq. (3). The resulting wind
work at each grid point averaged over 3 months includes
a time-mean component (T.u,) and a total time-dependent
component (/- u), = Typlops+ Tjp - Uo + Tip_ - Uo_)s
such that

=T U I / / . ‘ ¢ . !
Fs =T o+ Typ- Uope+ Tpp - Uopp, + Ty - Uop_ - )

First, we have checked the validity of the Reynolds de-
composition by estimating the order of magnitude of each
cross term not present in Eq. (4). Their order of magnitude
is 107% smaller than the terms present in Eq. (4) (compare
Fig. 3 with Fig. 4 and others), which confirms the pertinence
of our decomposition. Estimation of these cross terms is con-
sistent with the estimation found by Renault et al. (2020).
The four terms on the right hand side (RHS) of Eq. (4)
identify the contribution of the different time and spatial
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scales of the wind stress and current to the wind work av-
eraged over 3 months. Each term in Eq. (4), associated with
a given class of temporal and spatial fluctuations, directly
forces surface currents corresponding to the same class as
explained in Appendix B. Thus, the first term on the RHS
in Eq. (4) should force mean currents (u,), the second one,
mostly near-inertial waves and internal gravity waves (uor),
the third one, large-scale currents and gyres (#oy. ), and the
last one, mesoscale eddies (uoik).

However, each class of motions can be indirectly forced by
the wind work associated with other time and spatial scales.
This is due to the presence of the nonlinear advection terms
in the momentum equations (see also Appendix B). Let us
consider for example the equations for the time evolution of
uoif _and uoif> where only nonlinear advection terms related
to #o},_ and u,|;_ are retained for the sake of simplicity (see
Eq. B14 in Appendix B for a generalization),

duy'%_)2
If< ~ / / / / / /
o —Uoy_ - Uoj_ - Vioye, — Uoyp_ - Uopp_ - Viope
T/ ‘u /
7 7 7 If< Olf<
—Uoy. - Uop - Vo + g ©®)
duy'>_ /2
If> ~ / / / / / /
3t —Uojp. ~Uojp. - Vlojp, — Uop. ~Uopp_ - Vilojr
!/ !
+ Tlf> ) u01f> (6)
H 9

where H is a mixed-layer depth assumed to be constant.
From Eq. (5) surface currents, u,}_, are directly forced by

Geosci. Model Dev., 15, 8041-8058, 2022
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Figure 3. The cross-terms not present in Eq. (4) estimated as the differences between the left and right hand sides of this equation.

r{f - uoif _. However, these currents are also affected by the
first RHS term in Eq. (5) that involves u;,_ . If currents u/;_
are unstable production of surface currents at smaller spatial
scales (uoik) can occur through this first RHS term. From
Eq. (6), oy is directly forced by 7} - uoy. . The conse-
quence is that through the first RHS term in Eq. (5), uo[;_ is
indirectly forced by 7};_ - uo}s. . Of course, scale interactions
are more complex and involve more frequencies and spatial
scales as discussed at the end of Appendix B (see Eq. B14).
Such nonlinear interactions enable the kinetic energy transfer
between scales (inverse and direct kinetic energy cascades)
as well as current instabilities. However, the present exam-
ple illustrates that in order to understand the wind impact on
the ocean dynamics, we need to consider the different com-
ponents of the wind work displayed in Eq. (4) altogether,
and not just focusing on one or two components. The present
study analyzes all wind work components. A more thorough
future study should be dedicated to the kinetic energy bud-
get in the upper oceanic layers that involves both wind work
forcing and nonlinear advection of momentum.

4 Multiscale decomposition of wind work

In this section we analyze the time-mean component of the
wind work (first term on the RHS of Eq. 4) as well as the to-
tal time-dependent components (the last three terms on the
RHS of Eq. 4). The total time-dependent components in-
clude the hf component and If component (see Eq. 4). From
Table 1, time-mean (COAS TM) and total time-dependent
(COAS TD) components represent ~ 44 % and ~ 56 % of the
total wind work, respectively. Their relative contributions as
well as the total wind work (COAS total) vary weakly with
the seasons. The total wind work is larger than 5 TW, a value
close to recent estimations (Yu et al., 2018; Yu and Metzger,
2019). However, the spatial distribution of the different wind
work components varies with the seasons, as discussed in the
following subsections.

Geosci. Model Dev., 15, 8041-8058, 2022

Table 1. Contributions to the wind work of the time-mean (TM)
component (first term on the RHS of Eq. 4) and total time-
dependent (TD) component (last three terms on the RHS of
Eq. 4) from COAS, over the World’s oceans, in terms of sea-
sons: January-February—-March (JFM), April-May—June (AMIJ),
July—August-September (JAS), and October—November—December
(OND). Units are terawatts, TW.

Season COAS total COASTM COAS TD
JEM 5.54 2.5 3.04
AMJ 4.9 2.1 2.8
JAS 5.7 2.5 32
OND 5.55 2.25 3.3

4.1 Time-mean component: 7 - U,

Figure 4a—d and e display a significant seasonality of the
time-mean component in each hemisphere, with the wind
work intensified in fall and winter as compared to spring
and summer, except at mid-latitudes in the Southern Hemi-
sphere. The wind work, when zonally integrated at different
latitudes (Fig. 4e), reach peak values of 2-2.5 GW in winter
and 0.5 GW in summer. Wind work in tropical and equatorial
regions has the same order of magnitude as the wind work at
mid-latitudes.

In all seasons, wind work in tropical and equatorial lati-
tudes, i.e., between 30° N and 30° S, displays several zonal
patterns elongated over ~ 3000 km mostly across the Indian,
Pacific and Atlantic oceans with an intensification across the
Equator (Fig. 4a—d). Such wind work, known to be associated
with westward trade winds, impacts tropical and equatorial
zonal jets (Maximenko et al., 2008; Chelton et al., 2011; Lau-
rindo et al., 2017). The negative zonal band around 6° N is
associated with the well-known eastward equatorial jet (Qiu
et al., 2017). At these latitudes, wind work experiences a
strong seasonality (Fig. 4a—d) because of the seasonality of
the trade winds across the Equator. Wind work is also intensi-
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fied south of 30° S, i.e., in the Antarctic Circumpolar Current
(ACCQC), for instance around the longitude of 130° E, display-
ing elongated mesoscale patterns (100400 km). These elon-
gated mesoscale patterns are usually explained as the signa-
ture of the wind stress forcing on stationary mesoscale ed-
dies trapped by topography as well as on eddies propagat-
ing eastward (Maximenko et al., 2008). Wind work at these
southern mid-latitudes exhibits a weak seasonality because
of the weak seasonality of the mean wind stress. However,
wind work at northern mid-latitudes (north of 30° N) also
exhibits a significant seasonality (Fig. 4e), as zonally elon-
gated patterns at mesoscale (100—400 km, Fig. 4c) explained
as the wind stress interacting with zonally propagating eddies
in western boundary currents (WBCs) (Maximenko et al.,
2008; Chelton et al., 2011). The small wind work observed
in summer at northern mid-latitudes is due to weak summer-
time wind stresses off the east coast of Asia and west coast of
America that weakly impact mesoscale eddies within WBCs.

https://doi.org/10.5194/gmd-15-8041-2022

4.2 Total time-dependent component of the wind work:
T’ u

The total time-dependent component of the wind work
(Fig. 5) that comprises the last three terms in Eq. (4), dif-
fers from that of the time-mean wind work (Fig. 4). The total
time-dependent component is much weaker in tropical and
equatorial regions (by a factor up to 3) and there is a strong
seasonality in the Southern Hemisphere (compare Figs. Se
and 4e). In each hemisphere, at mid-latitudes (> 30° N and
< 30°S) wind work is large in fall and winter (Fig. 5a, d) in
the Northern Hemisphere (Southern Hemisphere Fig. 5b, c)
and smaller in spring and summer (Fig. 5b, ¢) in the North-
ern Hemisphere (Southern Hemisphere Fig. 5a, d). This is
confirmed by the zonally averaged wind work (panel e). This
seasonality at mid-latitudes is explained by synoptic atmo-
spheric storms (with time scales of a few days) that are in-
tensified in winter. These characteristics are consistent with
previous studies (Watanabe and Hibiya, 2002; Zhai, 2013;

Geosci. Model Dev., 15, 8041-8058, 2022
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Yu et al., 2018). Also, the emergence of hurricanes in sum-
mer and fall, particularly in the Northern Hemisphere, have a
strong signature on the wind work (see for example Fig. Sc,
and also videos in https://doi.org/10.5281/zenodo.6478679
(Torres, 2022b).

The spectra of ocean current and wind stress for differ-
ent seasons (first and second columns of Fig. 6a, respec-
tively) in the Kuroshio Extension reveal how the different
time and spatial scales associated with the wind work com-
ponents vary seasonally. The effective spatial scales consid-
ered in these spectra are smaller than 1000 km and the time
scales are smaller than 3 months. Within this time and spa-
tial domain, ocean motions are dominated by near-inertial
and higher frequency motions as well as by lower frequency
mesoscale eddies (< 500 km). Currents with larger scales are
weakly energetic in this region. The wind stress is found to
be much weaker in spring and summer than in fall and win-
ter. During fall and winter the wind stress has greater en-

Geosci. Model Dev., 15, 8041-8058, 2022

ergy at higher frequencies (Fig. 6a, second column). High-
frequency ocean currents, such as near-inertial oscillations
(NIO) forced by the wind stress, exhibit a seasonality dif-
ferent from the wind stress: NIOs are energetic in summer
and fall (third and fourth rows on Fig. 6a, first column) and
weaker during winter and spring (first and second rows on
Fig. 6a, first column). One explanation is that wind stress
forces NIO kinetic energy integrated over the mixed-layer
depth. Since the mixed-layer depth is smaller in summer
than in winter, the velocities associated with the total mixed-
layer NIO kinetic energy are larger in summer. This is con-
firmed when the surface NIO kinetic energy is multiplied
by the mixed-layer depth: we recover a seasonality close to
that of wind field and therefore of the wind work, as dis-
played on Fig. 6b. Ocean currents with low frequency, such
as mesoscale eddies (with sizes larger than 100 km) and sub-
mesoscale structures, are less energetic in summer and fall
compared with winter and spring (see Fig. 6b). Such sea-

https://doi.org/10.5194/gmd-15-8041-2022
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sonality of low-frequency ocean motions is consistent with
previous studies (Sasaki et al., 2014; Qiu et al., 2018; Cal-
lies et al., 2015; Rocha et al., 2016). Indeed, submesoscales
(< 50 km) become energetic in winter when the mixed-layer
depth is large, with the kinetic energy of these scales being
transferred to mesoscale eddies through the so-called inverse
kinetic energy cascade, leading to higher mesoscale kinetic
energy in spring (Sasaki et al., 2014; Lawrence and Callies,
2022).

From these wind work co-spectra, the total wind work is
larger in fall and winter and smaller in spring and summer
(Fig. 6b), consistent with Fig. 5. As illustrated on Fig. 6a (last
column), the time-dependent wind work is mostly explained
by the component that forces near-inertial motions and in
particular by the magnitude of the wind stress. The part that
forces mesoscale eddies and submesoscales, i.e., motions
with lower frequency, is negative with a much smaller magni-
tude. This component is further discussed in the next section.

https://doi.org/10.5194/gmd-15-8041-2022

4.3 Low-frequency component of the wind work:

7 Tt ! G
Ty Uoyp = Ty * Uoyps, T Tppe * Uojpe

We now examine the low-frequency component of the wind
work corresponding to wind stresses and ocean currents
with periods larger than 3d. Low-frequency ocean cur-
rents at mid-latitudes are often referred to as currents in
geostrophic balance (balance between Coriolis and pressure
gradients terms in the momentum equations), usually diag-
nosed from satellite altimetry (Chelton et al., 2011). The
present numerical study includes, in addition, ageostrophic
low-frequency currents (departing from geostrophy) that
comprise ageostrophic eddy currents and surface wind-
driven Ekman flow. These ageostrophic currents can explain
30-50 % of the total low-frequency currents in energetic ar-
eas (Qiu et al., 2014; Chassignet and Xu, 2017). However,
we expect the correlation between wind stress and wind-
driven Ekman flow to be larger than the correlation between
wind stress and total eddy currents since the latter are mostly
driven by the interior ocean dynamics.

Referring to Eq. (4), the low-frequency component is de-
composed into two parts using a critical length scale, L.: the

Geosci. Model Dev., 15, 8041-8058, 2022
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first part, T{;_.uo};. ), corresponds to wind stresses and ocean
currents with spatial scales larger than L. and the other one,
T|;_ - Uoy;_, corresponding to wind stresses and ocean cur-
rents with scales smaller than L.. The value, L., is defined
such that the low-frequency component of the wind work is
negative for scales smaller than L. and positive for larger
scales. The methodology to determine L. follows Rai et al.
(2021). The low-frequency fields (X[ = t}; or u,}) are con-
volved with a window function G- (top-hat kernel to define)
the low-frequency component with spatial scales larger than
L¢: Xjp. = G- #X];, where  is a convolution on a sphere
as described in Aluie (2019). Then, the low-frequency com-
ponent to the wind work of all spatial scales smaller than a
given scale, L, has been estimated for the global ocean using
12-month outputs of wind stresses and ocean currents and is
shown on Fig. 7a. As expected, the wind work is negative
for small scales and reaches a minimum at L = L equal to

Geosci. Model Dev., 15, 8041-8058, 2022

250 km for COAS simulation. This means that wind work for
L < L is negative and becomes positive for L > L.

From Fig. 8a—d, 7};_.u,;_ (the wind work corresponding
to scales < L) is negative in all seasons in most oceanic re-
gions. This points to the eddy dampening effect explained
by many studies (Eden and Dietze, 2009; Renault et al.,
2016, 2018; Rai et al., 2021). An heuristic argument is that
winds usually have scales larger than 500 km and therefore
an approximation of the wind stress and wind work at small
scales (L < L) is given by (using Eqgs. 1 and 2):

[P~ I
Ty ~ PairCa|Ual(—Uo.) @)
Tie_Uoje. ~ —pairCalUallttoe 1> < 0. (8)

More detailed arguments are found in Renault et al. (2017)
and Rai et al. (2021). From Fig. 8a—d, the negative con-
tribution of 7j;_.uoj_ is found principally at mid-latitudes
in regions of energetic mesoscale eddies, such as the ACC

https://doi.org/10.5194/gmd-15-8041-2022
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and WBC. Noticeably, this mid-latitude contribution does
not vary seasonally as confirmed by the zonally integrated
wind work (Fig. 8e). Its magnitude is not large enough to im-
pact the total time-dependent wind work (Fig. 5e). In tropi-
cal and equatorial regions, a seasonality is observed (Fig. 8e)
even revealing small regions with positive wind work. Such
positive wind work cannot be explained by the arguments
leading to Eq. (8). A closer look at Fig. 8a—d and at movies
(https://doi.org/10.5281/zenodo.6478679, Torres, 2022b, in
particular see the movie GEOS_ECCO_TAUSPEED.mp4)
indicates that this positive wind work comes from the sig-
nature of hurricanes with a size smaller than L. during sum-
mer and fall. However, this positive wind work has a much
smaller magnitude than the negative wind work observed at
mid-latitudes (Fig. 7e).

Comparison of Figs. 9a-d and 8a—d reveals that 7|._uoj.
(the wind work corresponding to scales > L) differs greatly
from {;_.uo;_, not only in terms of sign but also in terms
of magnitude and seasonality. These figures indicate that the

https://doi.org/10.5194/gmd-15-8041-2022

magnitude of 7},_u,],. is 10 times larger than 7};_.u,j;_ and
is closer to, although smaller by a factor 2, than the total time-
dependent wind work (Figs. Se and 9¢). The strong season-
ality of 7j,_u,j. resembles the total time-dependent wind
work. These results indicate that the total time-dependent
wind work at mid-latitudes splits almost equally into high-
frequency and low-frequency components. In tropical and
equatorial regions, a comparison between Figs. 5e and 9e re-
veals that patterns have a comparable magnitude, indicating
that the high-frequency component of the wind work is small
at these latitudes. The positive contribution of 7w at
mid-latitudes, should strengthen large-scale low-frequency
ocean currents. As emphasized by Chen et al. (2014) and
Yang et al. (2021), shear and baroclinic instabilities of these
large-scale currents may generate smaller scale eddy cur-
rents. This suggests that production of smaller scale eddies
(L < L) by the positive part, T .o} , through instabili-
ties may be larger than the eddy dampening as discussed in
Sect. 3.2. This points to the importance of accounting for all

Geosci. Model Dev., 15, 8041-8058, 2022
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wind work components to better infer the wind forcing of
the ocean dynamics. The result also emphasizes that a full
kinetic energy budget should account for all the wind work
components as well as the nonlinear advection terms in the
momentum equations, as the instabilities mentioned before
are explained by these terms.

4.4 High-frequency component of the wind work:
The * Wopg

From Eq. (4), the high-frequency component of the wind
work is just the difference between the total time-dependent
component (Fig. 5e) and the low-frequency component,
the latter being dominated by the large-scale component
(Fig. 9e). High-frequency and low-frequency components
are dominant at mid-latitudes, i.e., at the location of atmo-
spheric storm tracks, and have similar magnitudes as noted
in the previous section. High-frequency winds are expected
to force ocean currents principally at the inertial frequency as
the ocean is an oscillator with the frequency f. A strong forc-
ing means that near-inertial motions should be in phase with
wind stresses (Klein et al., 2004; Alford et al., 2016). To di-
agnose the phase relationship between high-frequency wind
stresses and near-inertial and higher frequency ocean mo-
tions, we have re-estimated the total time-dependent compo-
nent of the wind work in the global ocean by applying a phase
lag of 12 h between wind stresses and currents. Results (not
shown) indicate that the resulting high-frequency component
is reduced by a factor close to 10 at mid-latitudes when inte-
grated zonally in both hemispheres, with the new total time-
dependent component now close to the low-frequency com-
ponent. This result highlights that wind stresses and ocean
currents are largely in phase at short time scales.

To further understand the impact of high-frequency wind
stress on the wind work, we have tested this phase relation-
ship in spectral space, focusing on the Kuroshio Extension
region. Figure 10a shows the wind work co-spectrum es-
timated from the coupled simulation. As expected, the co-
spectrum reveals a positive maximum around the inertial and
higher frequencies, which corresponds to the forcing of near-
inertial and higher frequency motions (Klein et al., 2004; Al-
ford et al., 2016). The magnitude of the wind work for these
high frequencies (in terms of period, T < 3 d) is 52mW m~2.
For time scales larger than 3d, the wind work is negative
(Fig. 10a). This is related to the mesoscale eddy dampen-
ing mentioned before, as low-frequency ocean motions in the
Kuroshio Extension are mostly associated with mesoscale
eddies and not large-scale currents. In terms of negative wind
work, the magnitude is —16 mW m~2. Considering positive
and negative wind work, the net wind work is positive and
equal to 36 mW m~2. Similar results have been found in
other areas of the world’s oceans, such as the ACC, the Gulf
Stream and tropical regions (see Fig. 11). We repeated this
spectral calculation by applying a phase lag of 12 h between
wind stresses and ocean currents. Results (see the compari-

Geosci. Model Dev., 15, 8041-8058, 2022

H. S. Torres et al.: Wind work at the air-sea interface

son of Fig. 10a and b) indicate that the 12 h offset impacts the
wind work in the high-frequency band. In this spectral band
the wind work now displays alternating positive and negative
values. The wind work that impacts low frequency motions
is almost unchanged by the offset. As a result the total wind
work is slightly negative. Similar results (not shown) are ob-
tained using a 3 h or 6 h offset. This test emphasizes not only
the spatial collocation of wind stress and currents, but also
their contemporaneity, which has an impact on the integrated
wind work.

5 Discussion and conclusion

The scalar product of wind stress and ocean surface current,
called wind work, is the kinetic energy transfer between the
ocean and the atmosphere. Our study has examined the im-
pact of the wind work on the forcing of ocean currents us-
ing outputs of wind stresses and currents from a new cou-
pled ocean-atmosphere simulation with high spatial resolu-
tion. The resulting wind stresses and surface ocean currents
involve a broad range of time and space scales, from 1 h to
1 year and 10km to more than 3000 km. Our examination
makes use of a simple method that splits the wind work into
three components. (i) The high-frequency component, corre-
sponding to wind stress and ocean currents with time scales
less than 3 d, (ii) the low-frequency component, correspond-
ing to wind stress and ocean currents with time scales be-
tween 3 d and 3 months, and (iii) the time-mean or seasonal-
mean component diagnosed from wind stress and ocean cur-
rents averaged over 3 months. Each of these three compo-
nents, when integrated over the world’s oceans, does not vary
much with seasons and explains 28 % of the total wind work
for the first 2 components and 44 % for the third one. This
leads to a total wind work larger than 5 TW, a value close to
recent estimations (Yu et al., 2018; Yu and Metzger, 2019).
However, the analysis in physical and spectral spaces of each
of these components reveals a strong diversity of their char-
acteristics.

The high-frequency component of the wind work (time
scales smaller than 3 d) dominates in regions of mid-latitude
atmospheric storm tracks where it directly forces internal
gravity waves, mostly near-inertial oscillations with large
spatial scales. One important characteristic of this compo-
nent is its sensitivity to the phase relationship between wind
stresses and ocean currents. Thus, a spectral analysis shows
that a phase shift of 3—12h between wind stress and ocean
currents, reduces this component by a factor of up to 10. The
high frequency component also has a strong seasonality be-
cause of winter atmospheric storms.

The low-frequency component (corresponding to wind
stress and ocean currents with time scales between 3 d and
3 months) has been analyzed following the approach of Rai
et al. (2021), which consists of defining a critical length scale

https://doi.org/10.5194/gmd-15-8041-2022
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that splits this component into a negative small-scale part
and a positive large-scale part. The positive part exhibits a
strong seasonality at mid-latitudes, not present in the nega-
tive part. In addition, the magnitude of the positive part is 10
times larger than the negative part. These characteristics of
the wind work, not found when using geostrophic currents
diagnosed from altimetry datasets, point to the importance of
low-frequency ageostrophic current contribution to the wind
work (Rai et al., 2021). The large magnitude of the posi-
tive part may be explained by the strong correlation between
wind stress and wind-driven Ekman flow. Confirmation of
this explanation will be the focus of a future study. The small-
scale part acts as an eddy dampening for mesoscale eddies
as discussed before (Eden and Dietze, 2009; Renault et al.,
2016, 2018). This eddy dampening effect may be counter-
balanced by the positive large-scale part of the wind work.
Indeed, instabilities of larger scale currents may energize cur-
rents associated with smaller eddies (L < 250 km). Recipro-
cally, smaller eddies can energize larger eddies through an
inverse kinetic energy cascade. This emphasizes that the two
low-frequency parts of the wind work cannot be examined
separately, but need to be examined through a full kinetic en-
ergy budget, a focus of a future work.

The time-mean or seasonal-mean component is significant
in equatorial and tropical regions as well as at mid-latitudes.
This component forces equatorial and tropical zonal jets as
well as stationary and propagating large eddies. It may also
force tropical wave instabilities through nonlinear advection
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terms, but this still has to be assessed using a full kinetic
budget as mentioned before.

Our results emphasize the need to have satellite observa-
tions of wind stresses and currents that are collocated and
contemporaneous with a resolution of at least 10km and
a temporal resolution less than 12h. The present ASCAT
wind observations and ocean currents diagnosed from con-
ventional altimeters do not meet these requirements. How-
ever, several future projects, such as the wind and current
mission (Odysea) (Rodriguez et al., 2019) and the Ocean
Surface Current Multiscale Observation Mission (OSCOM)
(Du et al., 2021), intend to address the limitations of exist-
ing wind stress and ocean current products. The Odysea mis-
sion aims to measure wind stresses and ocean surface cur-
rents (including both geostrophic and ageostrophic currents)
with sensors on board a single satellite, with a spatial and
temporal resolution of ~ 10 km and twice a day. In addition
to being collocated and contemporaneous, these global mea-
surements of wind stress and ocean currents will have wide
swaths as large as ~ 1800 km. Observations from the upcom-
ing Surface Water and Ocean Topography(SWOT) mission
should enable the diagnosis of geostrophic currents with a
resolution of ~ 15km over a wide swath of 120km (Fu and
Ferrari, 2008; Wang et al., 2019). Combining Odysea and
SWOT observations should enable assessment of the rela-
tive contributions of geostrophic and ageostrophic currents
to the wind work. We envision that these future observations,
exploited in combination with SST observations from the ad-
vanced microwave scanning radiometer (AMSR-E), will per-
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mit estimates of not only the kinetic energy budget (includ-
ing the wind work and nonlinear advection of momentum),
as suggested by the present study, but also the heat budget in
the upper oceans (Klein et al., 2019). Modeling studies like
the present one should help to make a better assessment of
the potential of these missions.

Appendix A: Frequency-wavenumber spectrum and
co-spectrum

The w-k spectrum of a given variable ¢ (x, y,t) is com-
puted in a domain 1000 km in size and over 90 d. We refer
the reader to Torres et al. (2018) for the full methodology.
Briefly, before computing the w-k spectrum of a ¢ (x, y,?),
its linear trend is removed and a 3-D Hanning window is
subsequently applied to the detrended ¢ (x, y, ) (Qiu et al.,
2018). A discrete 3-D Fourier transform is then computed
to retrieve $(k, [, ) the Fourier coefficients, where ~ is the
Fourier transform, k the zonal wavenumber, [ the merid-
ional wavenumber, and o the frequency. Finally, the 3-D
Fourier transform is used to compute a 2-D spectral density,
|<$|2(/<, ) where « is the isotropic wavenumber defined as
k = ~/k? 4-12. The transformation from an anisotropic spec-
trum to an isotropic spectrum is performed following the
methodology described by Torres et al. (2018).

The co-spectrum of the wind work is computed similarly
to the w-k spectrum, following the methodology described in
Flexas et al. (2019). First, the Fourier transforms of the wind
stress T(k, [, w) and ocean current &t (k, [, w) are calculated.
The co-spectrum of the wind work is then given by

Fy(k,l,0) = Re[T-u} (k,1,0)]

where Re is the real part of the complex quantity, and the
asterisk (*) the complex conjugate. The 2-D co-spectrum,
T U, (k, w), is retrieved using the procedure described in the
first paragraph of this Appendix.

The w-x spectrum and co-spectrum are presented in a
variance preserving form for easier comparison across the
frequency-wavenumber domain.

Appendix B: Momentum budget in the upper oceanic
layers

Let us assume a constant mixed-layer depth, H, for the sake
of simplicity. Wind stress, T, will force surface currents, u,,
following
ou, T

~—. Bl
dt H (B1)

Using u, =, +u, and T =7 + 7/, with overline being a
time-average operator over 3.5 months, leads to
dugtu, T+T

ot H

(B2)
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Time-averaging Eq. (B2) and multiplying the resulting equa-
tion by u, yields
dul2/2 T ®3)
ot H

After multiplying Eq. (B2) by %, + uj, and taking the time
average and using Eq. (B3), we get
u,2/2 T -ul

ot H

(B4)

The same operation can now be done using u,’ = uoflf—f- uo{f,
which leads to

duo/2 T -uo,,

: BS

a1 H (B3)

duoif/2 T Uy (B6)
ot H

The same arguments, but now in spatial space, can be applied
using uy = Uolr. + Uoy. leading to

2
8uoif>/2 ~ T uoif>

, B7

at H (BT)
2

T &
ot H

Thus, from Egs. (B3), (BS), (B6), (B7), and (B8), each term
on the RHS of Eq. (4), related to a given fluctuation class,
directly forces surface currents corresponding to the same
class. The results above can also be understood if moving
to the spectral space, as Eq. (B1) becomes

dio(w,k)  T(w,k)

’ B9
G z (B9)
leading to

(@, DF/2 W@, k) i@, ] (B10)

ot H

with 7 the Fourier transform, * the conjugate, w the fre-
quency, k the wavenumber and R the real part. There-
fore, each frequency and each wavenumber of the wind
stress forces surface currents with the same frequency and
wavenumber.

However, the full momentum equations, including nonlin-
ear advection terms, highlight that fluctuating wind stresses
indirectly force mean surface currents and similarly mean
wind stresses force fluctuating surface currents. These non-
linear effects are illustrated below.

Let us start with the full momentum equations

ou,
ot

~—u0-Vu0+%. (BI1)
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Applying, for example, the decomposition u, = %, + uj, and
T =7+ 1/ to Eq. (B11) leads, after some calculations, to

aug2/2

. ——— T-Uu,
~ —Uy-Uy Vg —Ugy-u. -Vu! s B12
at (&) o o o 0 ()+ H ( )
ou'’/2 - -
gt/ ~—ul -ul -Vi,—ul -ul -Vul,
ﬁ
— Uy ul-Vul, + S (B13)

H

From Egs. (B12) and (B13), the time-mean and fluctuations
surface currents, resulting directly from the wind work forc-
ing, subsequently interact through the nonlinear advection
terms in the momentum equations. For example, fluctuating
surface currents forced by wind stress fluctuations (Eq. B13)
impact the mean current through the second RHS term in
Eq. (B12). Similarly, the mean current forced by the mean
wind stress (Eq. B12) impacts current fluctuations through
the first RHS term in Eq. (B13) as these mean currents can
be unstable. This example emphasizes that mean wind stress
can force indirectly fluctuating currents and fluctuating wind
stress can force indirectly mean currents. It confirms that the
different components of the wind work displayed in Eq. (4)
need to be considered altogether and not separately. Nonlin-
ear interactions are more complex than shown in Eqgs. (B12)
and (B13). This can be understood when moving again to the
spectral space. Indeed, the generalization of Eq. (B10) leads
to

3o (w, k)%/2
ot
R[T(w, k) - o™ (w, k)]
+ 7 ,

~ =R [(o - Vito) (@, k) - i1y* (., k)]

(B14)

where u, in the term u:V\uO(a), k) involve frequencies (w1
and w,) and wavenumbers (k; and k») such that w| +w) =
and k1 + k2 = k.

Code availability. The exact version of the model used to pro-
duce the results used in this paper is archived on Zenodo
(https://doi.org/10.5281/zenodo.6686083, Torres, 2022a), as are in-
put data and scripts to run the model and produce the plots.

Data availability. The coupled ocean-atmosphere  simula-
tion can be found at: https://portal.nccs.nasa.gov/datashare/
G5NR/DYAMONDV2/GEOS_6km_Atmosphere-MITgem_4km_
Ocean-Coupled/GEOSgem_output/ (NASA, 2022). In particular,
the dataset contained in the folder geosgcm_surf/ was used in this
study. The variables used in this study are U (east-west velocity
component), V (north-south velocity component), oceTAUX
(east-west wind stress component), and oceTAUY (north-south
wind stress component).
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Video supplement. Videos at https://doi.org/10.5281/zenodo.6478679
(Torres, 2022b) display surface ocean currents (zenodo/-
GEOS_ECCO_SSSPEED.mp4) and surface wind stress (zen-
0do/GEOS_ECCO_TAUSPEED.mp4).
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