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Abstract. Wind work at the air-sea interface is the transfer of kinetic energy between the ocean and the atmosphere and, as

such, is an important part of the atmosphere-ocean coupled system. Wind work is defined as the scalar product 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 10 km to more than 3000 km and hours to months. These characteristics emphasize wind work’s multi-scale nature. In

the absence of appropriate global observations, our study makes use of a new, global, coupled ocean-atmosphere simulation,5

with horizontal grid spacing of 2–5 km for the ocean and 7 km for the atmosphere, analyzed for 12 months. We develop a

methodology, 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 gravity waves such as near-inertial oscillations, low-frequency

currents such as those associated with eddies, and seasonally averaged currents, such as zonal tropical and equatorial jets. The

total wind work, integrated globally, has a magnitude close to 5 TW, a value that matches recent estimates. Each of the first two10

components, that force high and low-frequency currents, accounts for∼28% of the total wind work and the third one, that forces

seasonally averaged currents, ∼44%. These three components, when integrated globally, weakly vary with seasons, but their

spatial distribution over the oceans has strong seasonal and latitudinal variations. In addition, the high-frequency component,

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 damp currents with a size smaller15

than 250 km and strengthen currents with larger sizes. This emphasizes the need to perform a full kinetic budget involving the

wind work and nonlinear advection terms since small and larger-scale low-frequency currents interact through these nonlinear

terms. The complex interplay of surface wind stresses and currents revealed by the numerical simulation motivates the need

for winds-and-currents satellite missions to directly observe wind work.
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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 current vectors (Renault et al., 2016; Yu et al., 2018). Wind work 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 Niño Southern Oscillation (ENSO) (Maximenko et al., 2005). Wind work also forces or25

damps mid-latitude currents (with spatial scales from 10 km 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 horizontal 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 to 1000 km and time scales of

hours), which impact mixing in the ocean interior and therefore contribute to setting the structure and strength of the Merid-30

ional Overturning Circulation (MOC) (Komori et al., 2008; Polzin and Lvov, 2011; Nikurashin et al., 2013; Alford et al., 2016).

To better identify the nonlinearities and spatial and temporal scales that characterize wind work, let us examine the dynamical

variables involved. The wind stress vector, � , can be written as (Large and Yeager, 2004)

� = �airCd|Ua−uo|(Ua−uo); (1)35

where �air is the air density, and Cd a drag coefficient that is a function of the wind field and stability of the atmospheric

boundary layer (see next section). Ua is the vector wind usually taken at an altitude of 10 m, and uo the ocean-surface current

vector. Then the wind work, Fs, is

Fs = � ·uo = �airCd|Ua−uo|(Ua−uo) ·uo (2)

Eq. 2 highlights that wind work is nonlinearly related to wind stress and ocean current.40

Referring to Eq.2, some examples of the multiscale issues we have to address are the following. Wind fluctuations with time

scales of one hour impact the wind stress at these short time scales. The resulting wind work, in regions of atmospheric storm

tracks, generates near-inertial motions and internal gravity waves (with time scales less than a day) whose kinetic energy can

be up to twice larger than when only wind fluctuations with time scales longer than six hours are considered (Klein et al., 2004;45

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 resulting monthly-averaged wind work is

larger by a factor four 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 ocean50
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currents. This example and the more detailed arguments developed in Section 3 emphasize the need to have observations of

winds and currents over a broad range of temporal and spatial scales in order to diagnose the different wind work components

that energize or damp oceanic motions.

To assess the broad range of scales that influence wind work and impact ocean currents, we make use of model outputs of55

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 2–5 km in the ocean and 7 km in the atmosphere. This model has been integrated for more

than a year. The resulting numerical simulation produces wind and current fluctuations at very short time scales (45-s ocean-

atmosphere coupling time step), enables spatial collocation and contemporaneity of atmospheric winds and ocean currents, and

takes into account the impacts of winds and ocean currents on wind stresses. Our study focuses on the impact of wind work60

on ocean currents 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

describes 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 Section 4. Conclusions follow in Section 5.65

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 Observing

System (GEOS) atmospheric and land model coupled to an ocean configuration of the Massachusetts Institute of Technology

general circulation model (MITgcm). The configuration of COAS used in this study is identical to that used in the studies of70

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 nominal horizontal grid spacing of 6.9 km.

The vertical grid type is hybrid sigma-pressure with 72 levels. A detailed description of the GEOS atmospheric model configu-75

ration used in COAS is found in Molod et al. (2015) and Strobach et al. (2020). The surface layer parameterisation of turbulent

fluxes is a modified version of the parameterisation documented in Helfand and Schubert (1995), with a wind stress and surface

roughness model modified 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.

80

The MITgcm component of COAS uses the Latitude-Longitude-polar-Cap 2160 (LLC2160) configuration described in Arbic

et al. (2018) and previously used in the studies of Flexas et al. (2019), Su et al. (2018), and many others. The LLC2160 solves

the hydrostatic primitive equations for velocity, potential temperature, and salinity with a seawater equation of state. The finite
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volume method is used to discretize the equations in space. The LLC2160 con�guration uses an implicit free surface, real

freshwater surface forcing, and the K-Pro�le Parameterization (KPP) vertical mixing scheme of Large et al. (1994) but with85

the non-local term disabled. The LLC2160 has nominal horizontal grid spacing of 1/24� , ranging from 2.3 km in the Arctic

Ocean, 4.6 km at the Equator, and 1.7 km at the southernmost location 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 45 seconds.90

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/sea �uxes of heat, moisture

and momentum is described in Helfand and Schubert (1995). This parameterization includes the effects of a viscous sublayer

over oceans based on Yaglom and Kader (1974), which describes a resistance to enthalpy transfer that increases with surface95

roughness. The stability functions for unstable surface layers are the KEYPS equation of Panofsky et al. (1977) for momen-

tum and its generalization for scalar quantities. For stable surface layers the stability 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, modi�ed in the mid-range wind regime based on recent observations in

the Southern Ocean according to Gar�nkel et al. (2011) and in the high wind regime according to Molod et al. (2013). Note100

that the ocean and atmosphere exchange momentum, heat, and fresh water through a “skin layer” interface which includes a

parameterization 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 �uxes 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 �ux across the air-sea interface.105

The COAS simulation was initialized on January 20 using 2012 ocean initial conditions from the forced LLC2160 MITgcm

simulation and 2020 atmospheric initial conditions from the Modern-Era Retrospective analysis for Research and Applica-

tions, Version 2 (MERRA-2) interpolated to the C1440 GEOS grid. The reason for using 2012 ocean initial conditions is that

there was no other spun-up MITgcm simulation of suf�cient resolution available at the time the coupled simulation began.110

The 2020 atmospheric initial conditions were imposed by the DYnamics of the Atmospheric general circulation Modeled On

Non-hydrostatic Domains (DYAMOND; Stevens et al., 2019) Phase II protocol. The mismatch in ocean and atmospheric initial

condition years is not ideal but given that this is an unconstrained coupled simulation, the simulation year is notional. The re-

sults shown in this study are based on a simulation period of 14 months (January 20, 2020 to March 25, 2021). We did not take

into account the �rst two months that correspond to the spin-up period. Model outputs concern the last 12 months and include115

hourly three-dimensional �elds for all oceanic and atmospheric variables, some higher-frequency (15-minute) two-dimensional

atmospheric �elds, and many diagnostic variables, for a total storage requirement of� 2 Petabytes.
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Figure 1. (a) Snapshots of surface wind stress and (b) ocean-surface currents in the Coupled Ocean-Atmosphere Simulation (COAS) in July

22, 12:00 GMT.

3 Methodology in physical and spectral spaces

3.1 Wind stresses and ocean currents in physical space120

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.

Figures 1a and b show a snapshot of wind stresses and ocean currents in the global ocean. Movies of these two key variables

are available in https://doi.org/10.5281/zenodo.6478679. The wind stress variations have large scales,O(1000 km) (Figure 1a),125

resulting from atmospheric weather patterns that propagate rapidly, for example, going from South Africa to South America

within 6–10 days (Figure 1a). Embedded within these large-scale patterns are smaller-scale patterns (as small as 100 km), some

of them propagating with the large-scale ones, others being quasi-stationary (see Box 1 on Figure 1a and the movie). The latter

are mostly the signature of ocean currents on the wind stress and can be identi�ed from watching the movie. 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 and130

the west coast of Mexico at the equator. The latter may lead to the formation of hurricanes, such as those noticeable in Box
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