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Abstract

Mechanical coupling of the atmosphere to the ocean surface in general circulation models is represented using bulk wind

stress formulations. The stress is often based on either absolute wind velocity, τa, or the more correct wind velocity relative

to the ocean surface currents, τr. Here, we use coarse-graining to disentangle wind work by these formulations at different

length-scales. We show that both can be reasonably accurate in forcing the ocean at length-scales larger than the mesoscales,

with τa overestimating wind work by 10%. However, τa and τr show stark and opposing systematic biases in how they

drive the mesoscales; τa does negligible (albeit positive) work on the mesoscales, while τr yields eddy-killing (negative work)

that is artificially exaggerated by a factor of [?]4. We derive an analytical criterion for eddy-killing to occur, which shows

that exaggerated eddy killing is due to resolution mismatch between the atmosphere and ocean. Our criterion highlights the

disproportionate effect small-scale winds Ο(100)km can have on the dynamics of mesoscale ocean eddies, despite the dominant

atmospheric motions being at length-scales larger than Ο(103) km. The eddy-killing criterion shows that large-scale winds

do not necessarily cause eddy-killing but are merely an amplification factor for wind work on the mesoscales, which can be

either positive or negative depending on the local alignment of small-scale winds with the ocean eddies. We propose a simple

reformulation of τr, without introducing tuning parameters, to remove spurious eddy-killing from air-sea resolution mismatch

that is often present in climate models.
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Abstract15

Mechanical coupling of the atmosphere to the ocean surface in general circulation models is16

represented using bulk wind stress formulations. The stress is often based on either absolute17

wind velocity, τ a, or the more correct wind velocity relative to the ocean surface currents,18

τ r. Here, we use coarse-graining to disentangle wind work by these formulations at different19

length-scales. We show that both can be reasonably accurate in forcing the ocean at length-20

scales larger than the mesoscales, with τ a overestimating wind work by 10%. However, τ a21

and τ r show stark and opposing systematic biases in how they drive the mesoscales; τ a does22

negligible (albeit positive) work on the mesoscales, while τ r yields eddy-killing (negative23

work) that is artificially exaggerated by a factor of ≈ 4. We derive an analytical criterion24

for eddy-killing to occur, which shows that exaggerated eddy killing is due to resolution25

mismatch between the atmosphere and ocean. Our criterion highlights the disproportionate26

effect small-scale winds O(100) km can have on the dynamics of mesoscale ocean eddies,27

despite the dominant atmospheric motions being at length-scales larger than O(103) km.28

The eddy-killing criterion shows that large-scale winds do not necessarily cause eddy-killing29

but are merely an amplification factor for wind work on the mesoscales, which can be either30

positive or negative depending on the local alignment of small-scale winds with the ocean31

eddies. We propose a simple reformulation of τ r, without introducing tuning parameters,32

to remove spurious eddy-killing from air-sea resolution mismatch that is often present in33

climate models.34

Plain Language Summary35

It is widely appreciated that winds are the primary driver of the general oceanic cir-36

culation. This is why any systematic biases in how the atmosphere couples to the ocean in37

climate models is of great interest. Here, we build upon a previous study (Rai et al., 2021)38

showing that wind provides energy to large length-scales (> 260 km) and extracts energy39

from the smaller mesoscales at a rate of ≈ 50 GW by a process called “eddy-killing.” We find40

that the manner with which air-sea coupling is represented in models can have significant41

impact on the evolution of mesoscale eddies. We identify mismatch in resolution between42

the atmosphere and ocean components of a model as leading to a systematic bias toward43

exaggerated eddy-killing in the ocean. Such resolution mismatch is ubiquitous in climate44

models, where the atmosphere is almost always of a coarser resolution than the ocean, pre-45

venting the oceanic mesoscales from coupling to the atmosphere. In this work, we propose46

a simple fix for the bias without requiring that the ocean and atmosphere be at the same47

resolution.48

1 Introduction49

Wind is the main driver of the general oceanic circulation (Wunsch et al., 2004). Al-50

though the net path of mechanical energy is from the atmosphere to the ocean, several51

recent studies have shown evidence that oceanic “mesoscale eddies”1 actually lose energy to52

the atmosphere (e.g., Dewar & Flierl, 1987; Zhai & Greatbatch, 2007; Flexas et al., 2019;53

Rai et al., 2021), in a process sometimes called eddy killing (Renault, Molemaker, Gula, et54

al., 2016).55

It is estimated that wind stress injects ≈ 4-5 TW into the quasi-steady2 surface ocean56

flow (Flexas et al., 2019), of which ≈ 2.4 TW goes into surface Ekman flow (Wang & Huang,57

2004a), and ≈ 0.5-0.7 TW into near-inertial oscillations (Watanabe & Hibiya, 2002; Alford,58

1 We put the word in quotes since the characterization and definition of mesoscale eddies has not been

consistent among these studies, as we elaborate below.
2 “Quasi-steady” refers to frequencies much lower than those of surface waves, into which the wind injects

≈ 60 TW (Wang & Huang, 2004b) and is mostly dissipated in the surface layer.
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2003). Most of this power is dissipated within the Ekman layer limited to the upper tens59

of meters and, as a result, does not contribute directly to the general circulation (Wunsch,60

1998). Of the wind-driven ocean circulation, it is wind work on the geostrophic flow that is61

passed to the deep ocean below the Ekman layer (Von Storch et al., 2007).62

Earlier studies (Wunsch, 1998; Von Storch et al., 2007) estimated wind work into the63

geostrophic flow to be ≈ 1 TW. These estimates relied on “absolute” wind stress, τ a, based64

on wind velocity ua alone. Duhaut and Straub (2006) argued that ignoring ocean surface65

current in surface wind stress formulation leads to an overestimation of wind work by 20%-66

35%. This was subsequently supported by studies with eddy resolving, fully coupled models67

(Dawe & Thompson, 2006; Zhai & Greatbatch, 2007; Eden & Dietze, 2009), and also from68

wind scatterometer observations by Hughes and Wilson (2008). They showed that global69

wind work decreases by 190 GW, down to 760 GW, when the physically correct wind velocity,70

ur = ua −uo relative to that of the ocean surface uo, is used in the bulk stress formulation71

(Scott & Xu, 2009). It naturally follows that use of relative winds, which are generally of72

smaller magnitude than absolute winds especially in regions of strong wind-aligned ocean73

currents, will cause a reduction in wind work even in absence of eddies. This reduction of74

wind work is sometimes conflated with eddy killing. Indeed, our results below show that75

eddy killing contributes only partially (albeit > 50%) to the reduction of wind work.76

From a fundamental standpoint, understanding how wind drives the ocean is essential77

to understanding the oceanic general circulation (Wunsch, 1998). For example, it helps us78

determine the extent to which the large-scale ocean currents are driven directly (i.e. in a79

geographically local sense) by wind compared to other indirect mechanisms such as due to80

conversion from potential energy or global (i.e. geographically nonlocal) balances (Vallis,81

2017). In this paper, we quantify the extent to which large-scale western boundary currents82

(WBCs), including the Gulf Stream and Kuroshio, are forced directly by wind. Analyzing83

wind work at different scales also helps in understanding the dissipation pathways for the84

mesoscales, which is a longstanding problem in physical oceanography (Ferrari & Wunsch,85

2009). The mesoscales account for a majority of the ocean’s kinetic energy (Storer et al.,86

2022) and are, therefore, a critical component of the global circulation (Stammer, 1997),87

playing a leading role in the transport of heat and biogeochemical tracers (e.g., Dufour et88

al., 2015; Mémery et al., 2005; Garçon et al., 2001). An accumulation of recent evidence89

indicates that wind forcing is an important energy sink for the mesoscales, especially in90

strongly eddying regions such as WBCs (C. Xu et al., 2016; Renault et al., 2019; Rai et al.,91

2021).92

From a modeling perspective, there is a practical motivation to better understand and93

quantify how wind drives the ocean. While using absolute wind stress τ a overestimates wind94

work, Renault et al. (2018) showed that using formulations of relative wind stress τ r based95

on relative wind velocity ur underestimates the wind work when the atmospheric response96

is absent in ocean-only models compared to fully coupled ocean-atmosphere models. Ocean-97

only simulations have been shown by Renault et al. (2018) to yield an exaggerated eddy98

killing effect, thereby yielding an under-energized eddy field. We shall show in this paper that99

an exaggerated eddy killing when using τ r can arise even in fully coupled atmosphere-ocean100

models if the atmospheric resolution is coarser than that of the ocean. To our knowledge,101

such spurious eddy killing due to resolution mismatch between the oceanic and atmospheric102

grids has not been recognized before. By deriving an analytic expression for wind-work as a103

function of length-scale at any geographic location, we are able to offer a simple reformulation104

of the bulk wind stress, which removes such spurious eddy killing in models with resolution105

mismatch. The reformulated stress yields very good agreement with satellite observations.106

This paper is organized as follows. Section 2 is an overview of air-sea mechanical cou-107

pling at mesoscales. Section 3 discusses Reynolds Averaging and coarse-graining methods.108

Section 4 describes the datasets we use. Section 5 discusses wind work at large-scales and109

mesoscales using Reynolds Averaging and coarse-graining approaches. In section 6 we ex-110

plain the air-sea mechanical coupling at different length-scales analytically, demonstrate it111
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with toy examples, and discuss the effects of resolution mismatch. Section 7 discusses im-112

plications on modeling and provides a recipe to fix the bias due to resolution mismatch.113

Section 8 discusses some of the limitations and practical choices made in this work. The114

paper concludes with a summary and discussion in section 9, followed by an appendix.115

2 Air-Sea Mechanical Coupling116

Wind work at the air-sea interface is the transfer of mechanical energy from wind to
the ocean. Here, we focus on the multiscale nature of such transfer. The work done by wind
on the geostrophic ocean is important as it is provides the energy needed for maintaining
global circulation of the ocean (Munk & Wunsch, 1998). The transfer of this energy is given
by

P = τ ·uo , (1)

where τ is the surface wind stress and uo is the surface ocean current. τ in eq. (1) is
formulated using a bulk aerodynamic method (e.g. Kundu et al., 2015). Despite several
works (Bye, 1985; Pacanowski, 1987; Dawe & Thompson, 2006; Duhaut & Straub, 2006)
pointing to its lower accuracy, many simulations and analyses relied on an absolute wind
stress formulation

τ a = ρairCd|ua|ua, (2)

that was solely a function of wind velocity at the ocean surface, ua, without accounting for
the ocean current. Here, ρair ≈ 1.2 kg/m3 is air density and Cd = O(10−3) is the coefficient
of drag (W. Large & Pond, 1981; W. G. Large et al., 1994). A physically more correct
formulation is relative wind stress,

τ r = ρairCd|ua − uo|(ua − uo) , (3)

which is based on the wind velocity relative to the ocean surface current, uo. Having117

|ua| ≫ |uo| on average had been a justification for using the simpler τ a in eq. (2). In fact, τ a118

is still being used to date in some models contributing to the climate model intercomparison119

project CMIP6, e.g. the CanESM5 model from the Canadian Centre for Climate Modelling120

and Analysis (Swart et al., 2019) and the AWI-CM model from the Alfred Wegener Institute121

(Semmler et al., 2017).122

While |ua| ≫ |uo| on average, they can be comparable in strong ocean currents, leading123

to significant regional biases (Pacanowski, 1987). Moreover, the small change in the wind124

stress formulation fundamentally changes the atmosphere-ocean coupling at the mesoscales125

(Zhai & Greatbatch, 2007; Renault, Molemaker, McWilliams, et al., 2016). One of the126

results of this work tells us that eq. (2) yields a small net positive power input into the127

oceanic mesoscales smaller than 300 km. In contrast, eq. (3) leads to a significant net removal128

of energy from those scales (Rai et al., 2021) due to eddy-killing (Renault, Molemaker, Gula,129

et al., 2016).130

We shall now recap the standard explanation of eddy-killing (Zhai & Greatbatch, 2007;131

Renault, Molemaker, McWilliams, et al., 2016). Fig. 1 shows a large-scale wind blowing132

over an ocean eddy. Since wind stress, τ r, is proportional to wind velocity relative to the133

ocean (ua − uo in eq. (3)), it induces small-scale oceanic imprints (variations) in the wind134

stress (Renault, Molemaker, McWilliams, et al., 2016; Zhai & Greatbatch, 2007). This135

wind stress forces half of the eddy positively (positive work) and the other half negatively136

(negative work or damping). The stress opposing the ocean surface current is larger than137

the stress that drives the ocean surface current resulting in negative wind work to the eddy138

and is called eddy-killing (Renault, Molemaker, McWilliams, et al., 2016).139

Several studies have reported differing global estimates for eddy killing using various140

methods, ranging from -142 GW to 22 GW. The standard explanation of eddy killing by141

(Zhai & Greatbatch, 2007) suggests the wind work on eddies should be negative. However,142

many of the earlier investigations (e.g., Duhaut & Straub, 2006; Y. Xu & Scott, 2008;143
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Wind Velocity

Relative Wind Velocity

Surface Ocean 
Current

Figure 1: Standard explanation of eddy killing, which may be traced back to Zhai and
Greatbatch (2007). A uniform (or large-scale) wind, ua acts on an ocean eddy (small-
scale, [uo]

′
ℓ ). The wind stress opposes (blue, negative work) the top half of the eddy and

enhances (red, positive work) the bottom half. Since the stress exerted by the wind on the
eddy is proportional to their relative velocity, the negative work dominates over the positive,
resulting in the wind extracting energy from the eddy.

Hughes & Wilson, 2008; Hutchinson et al., 2010; Renault, Molemaker, Gula, et al., 2016)144

defined “eddy” as the temporal fluctuation, u′
o = uo − ⟨uo⟩, around the time-mean ⟨uo⟩.145

Consistent with this definition, the measure of wind work on the eddy (i.e. fluctuating)146

field is ⟨τ r·u′
o⟩ (note that ⟨τ r·u′

o⟩ = ⟨τ ′
r·u′

o⟩). All these studies have found this quantity147

to be either positive or ≈ 0 when integrated globally, suggesting a lack of eddy killing. For148

instance, ⟨τ r·u′
o⟩ was found to be ≈ 9 GW by Hughes and Wilson (2008) and ≈ 22 GW by149

Scott and Xu (2009),150

In order to reconcile expectations from the process in Fig. 1 with the miniscule values151

of ⟨τ r·u′
o⟩, many investigations (e.g. Duhaut & Straub, 2006; Hughes & Wilson, 2008) often152

focused on the difference P fluc
diff = ⟨τ r·u′

o⟩− ⟨τ a·u′
o⟩, which is negative. Duhaut and Straub153

(2006) reported that of the total reduction in wind work ⟨τ ·uo⟩ when using τ r versus τ a,154

the eddy (fluctuating) component, P fluc
diff , accounts for two thirds and the remaining one155

third is due to the mean flow. The scatterometry analysis of Hughes and Wilson (2008)156

showed the eddy (fluctuating) contribution to be even larger (over 75%) with P fluc
diff ≈ -142157

GW. The negative value of P fluc
diff is sometimes confused with eddy-killing depicted in Fig. 1.158

While being of practical modeling significance, P fluc
diff is not a term that arises self-159

consistently within the “correct” dynamics itself, but is only a comparison between two160

manifestations of oceanic flow under different wind forcing. A negative P fluc
diff only implies161

that ⟨τ r·u′
o⟩ < ⟨τ a·u′

o⟩. After all, it is possible to concoct numerous incorrect wind stresses162

other than τ a (e.g. with different drag coefficients) to use in a simulation and measure163

the difference in energy input relative to the “correct” dynamics. Therefore, P fluc
diff does not164

represent eddy-killing. The latter should arise self-consistently within a single manifestation165

(e.g. a simulation) of the dynamics. Indeed, the presence of eddy killing in the flow sketched166

in Fig. 1 does not rely on a comparison to another flow. The quantity ⟨τ r·u′
o⟩ was found to167

be positive or negligibly small globally (Hughes & Wilson, 2008; Scott & Xu, 2009), which168

indicates that ⟨τ r·u′
o⟩ is not the proper quantity to detect eddy killing.169
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More recently, C. Xu et al. (2016) pursued another approach to measure eddy killing170

by explicitly detecting eddies of size up to 400 km and found that wind work, τ r·ueddy
o ,171

over such structures is −27.7 GW globally, where ueddy
o is the velocity of detected eddies.172

Therefore, C. Xu et al. (2016) quantified the wind damping or killing of detected eddies.173

The work was very important in that it demonstrated eddy killing in the global ocean. The174

−27.7 GW eddy killing estimate represents a lower bound on the eddy killing taking place175

because it is restricted to vortical structures that satisfy certain criteria, for example closed176

flow loops that are sufficiently long-lived. Such criteria is ultimately subjective and excludes177

much of the remaining ocean flow.178

Yet another approach to estimate eddy killing was developed in the form of a linear179

regression coefficient obtained from the correlation of (i) curl of wind stress and (ii) ocean180

surface vorticity (Seo et al., 2016; Renault, Molemaker, McWilliams, et al., 2016; Renault181

et al., 2017). Using the regression coefficient, Renault et al. (2017) estimated the global182

eddy killing to be −48 GW, while also using two other measures of eddy killing that yielded183

−23 GW and −70 GW in the same paper.184

A first principles method for calculating wind work on eddies was presented in a recent185

study of ours (Rai et al., 2021). The method is based on deriving the dynamics at different186

length-scales using a coarse-graining approach, then measuring the wind work at those187

scales directly (see eq. (13)). This frees us from having to rely on empirical statistical188

correlations or on subjective criteria of what constitutes an eddy. Using altimetry data for189

the ocean surface current and QuikSCAT winds, Rai et al. (2021) found the wind work on190

geostrophic current of length-scale less than 260 km to be −50 GW, while being positive at191

larger scales. This indicates that scales smaller than 260 km are killed by wind on a global192

average. The eddy killing rate of −50 GW is significant and comparable to other energy193

pathway estimates, such as baroclinic and barotropic transfer of kinetic energy (Kang &194

Curchitser, 2015; Aluie et al., 2018; Yan et al., 2019). Rai et al. (2021) found that eddy195

killing has a clear seasonal cycle, peaking in winter. It was also observed that ≈ 70% of196

eddy killing occurs in WBCs and the ACC, which cover a surface area that is merely ≈ 7%197

of the global ocean. A main contribution of our present study is deriving a mathematical198

criterion for eddy killing to occur at any length-scale. This criterion provides the theoretical199

explanation for results in Rai et al. (2021) and shows that a mismatch in resolution between200

the atmosphere and ocean components of a GCM leads to an exaggeration of eddy-killing.201

3 Methods202

In this section, we summarize how to decompose the ocean flow as a function of length-203

scales using spatial coarse-graining (Buzzicotti et al., 2021). More detailed discussions of204

coarse-graining on a spherical surface can be found in previous works (Aluie et al., 2018;205

Aluie, 2019; Buzzicotti et al., 2021). We also recap Reynolds averaging, which decomposes206

the flow into a temporal mean and fluctuating components (Vallis, 2017). Within both207

approaches, we focus on wind work.208

3.1 Reynolds Averaging209

Reynolds averaging is a traditional approach to analyzing unsteady, eddying, or tur-210

bulent flows. It relies on ensemble averaging to decompose the mean from the fluctuating211

components of a field. Oftentimes, including in physical oceanography, ensemble averaging212

is replaced with time-averaging. For our purposes, the mean wind stress and ocean surface213

current are ⟨τ ⟩ and ⟨uo⟩, respectively, where ⟨...⟩ represents temporal average.214

Within the Reynolds averaging framework, one can identify the energy input by the
wind into the mean flow from its kinetic energy budget, ∂tρ|⟨uo⟩|2/2 = . . . , where ρ is
surface density and ∂t is a time derivative (e.g., Vallis, 2017). This is the Mean Power input
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(per unit area) into the mean flow:

MPRey = ⟨τ ⟩.⟨uo⟩ (4)

Superscript ‘Rey’ is used to indicate that this term arises from the Reynolds decomposition.215

The remainder of the wind work is channeled due to the presence of a fluctuating part
of the flow, often called “eddies.” Such Eddy Power input (per unit area) is:

EPRey = ⟨τ ·uo⟩ − ⟨τ ⟩·⟨uo⟩, (5)

which simplifies to
⟨τ ·uo⟩ − ⟨τ ⟩·⟨uo⟩ = ⟨τ ′·u′

o⟩, (6)

where
τ ′ = τ − ⟨τ ⟩, and u′

o = uo − ⟨uo⟩. (7)

Eq. (6) is valid only due to an important property of Reynolds averaging: for any field ϕ,

⟨⟨ϕ⟩⟩ = ⟨ϕ⟩ =⇒ ⟨ϕ′⟩ = ⟨ϕ− ⟨ϕ⟩⟩ = 0. (8)

It is important to bear in mind that this property depends on Reynolds averaging being216

a projection (Buzzicotti, Linkmann, et al., 2018). It does not hold in general for other217

decompositions, such as spatial coarse-graining (or filtering, see Germano (1992)) or running218

window time-averaging. A negative value for EPRey indicates that wind is extracting energy219

from the “eddy” (fluctuating) component of the flow, i.e. it indicates eddy killing within220

the Reynolds averaging framework.221

The Total Power input (per unit area) into the ocean is simply:

TPRey = ⟨τ ·uo⟩, (9)

which follows from the time-averaged kinetic energy budget, ⟨∂tρ|uo|2/2⟩ = . . . , irrespective222

of any decomposition.223

The expression of TPRey gives us some insight into why EPRey as defined in eq. (5)224

rather than that in eq. (6), is the fundamental quantity of interest —it ensures that EPRey+225

MPRey = TPRey. The simplified expression in eq. (6) relies on the Reynolds averaging226

property ⟨⟨ϕ⟩⟩ = ⟨ϕ⟩ and is not generally true for other decompositions.227

As demonstrated in recent studies (Buzzicotti et al., 2021; Storer et al., 2022), “mean” is228

not synonymous with “large length-scale.” Similarly, “fluctuating” is not synonymous with229

“small-scale.” It is generally expected that larger (smaller) scales tend to vary over longer230

(shorter) time-scales, but this is not always true. One counterexample is Rossby waves,231

which have a shorter time-scale at larger length-scales. Another is standing meanders or232

stationary eddies, such as the Mann eddy in the N. Atlantic, which have a small length-scale233

(relative to the gyre or basin) but are persistent in time. A proper length-scale decomposition234

that is independent of the temporal behavior of the flow is accomplished by spatial coarse-235

graining (e.g., Aluie & Kurien, 2011; Aluie et al., 2018; Srinivasan et al., 2019; Ryzhov et236

al., 2019; Khani et al., 2019).237

3.2 Coarse Graining238

For a field ϕ(x), a “coarse-grained” or (low-pass) filtered field, which contains length-
scales larger than ℓ, is defined as

ϕℓ(x) = Gℓ ∗ ϕ, (10)

where ∗ is a convolution on the sphere (Aluie, 2019) and Gℓ(r) is a normalized kernel (or
window function) so that

∫
dS Gℓ(r) = 1, where dS is the infinitesimal area measure on

the sphere. Operation (10) may be interpreted as a local space average over a region of
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diameter ℓ centered at point x. Notice that ϕℓ(x) has scale information ℓ as well as space
information x. The kernel

Gℓ(r) = A (0.5− 0.5 tanh((|r| − ℓ/2)/10.0)) (11)

we use, shown in Fig. 2, is essentially a graded Top-Hat kernel . The normalizing factor A239

ensures
∫
dS Gℓ(r) = 1.

4 3 2 1 0 1 2 3 4
longitude [° East]

400 200 0 200 400
r [km]

0

1

2

3

G
(r)

 ×
10

12
m

2

Figure 2: Kernel Gℓ we use for coarse-graining is a Top-Hat filter with smoothed edges
as defined in eq. (11). Distance r = |r| is geodesic (see eq.(7) in Buzzicotti et al. (2021)).
In this figure, ℓ = 600 km, although we probe a wide range of length-scales below using
different values for ℓ.

240

Unlike the Reynolds approach, which lacks control over the partitioning scale, coarse-241

graining allows for any choice of partitioning length-scale ℓ. In the rest of our paper, we242

shall omit subscript ℓ whenever there is no risk of ambiguity.243

Within the coarse-graining approach, large-scale wind stress and surface current are τ
and uo, respectively. One can identify the energy input by the wind into the large-scale flow
(larger than ℓ) from the kinetic energy budget, ∂tρ|uo|2/2 = . . . (e.g., Aluie et al., 2018).
This is the wind work (per unit area) into oceanic scales larger than ℓ:

MPCg = τ ·uo, (12)

which is analogous to MPRey, with superscript ‘Cg’ to denote coarse-graining.244

Similar to Eddy Power EPRey from Reynolds averaging, the remainder of wind work
is channeled due to the presence of scales smaller than ℓ, which we shall also call “eddies.”
Whereas the “eddies” within the Reynolds averaging approach are temporal fluctuations
relative to the time-mean, “eddies” within coarse-graining are spatial variations of length-
scales smaller than ℓ. Wind work (per unit area) into the small-scales (< ℓ) is

EPCg = τ ·uo − τ ·uo , (13)

which is analogous to EPRey in eq. (5).245

Finally, the quantity corresponding to Total Power TPRey from Reynolds averaging is

TPCg = τ ·uo . (14)
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The reason TPCg corresponds to the total wind work is because of the identity {τ ·uo} =
{τ ·u}, where

{. . . } =

∫
dS (. . . ) (15)

is domain integration (Germano, 1992; Aluie, 2019).246

A reader unfamiliar with the coarse-graining approach might have expected that wind247

work at small-scales is more naturally quantified by (τ−τ )·(uo−uo). However, since coarse-248

graining does not generally satisfy ϕ = ϕ (Germano, 1992), unlike Reynolds averaging,249

identity (6) does not hold within the coarse-graining framework and one has to work with250

the more fundamental quantity, EPCg = τ ·uo−τ ·uo. The sum EPCg+MPCg yields total251

power TPCg, whereas (τ − τ )·(uo − uo) +MPCg does not.252

Another possible alternative to the definition of EPCg in eq. (13) that may appear more253

natural is τ ·uo−τ ·uo. However, the budget in which this term arises is ∂t
ρ
2 (|uo|2−|uo|2) =254

· · · . While the quantity ρ
2 (|uo|2−|uo|2) may seem an adequate quantification for small-scale255

energy, it is not positive semi-definite i.e. it can have negative values (Vreman et al., 1994;256

Buzzicotti et al., 2021). This is why the appropriate small-scale kinetic energy within the257

coarse-graining framework (Germano, 1992; Vreman et al., 1994) is ρ
2 (|uo|2 − |uo|2), which258

is guaranteed to be positive semi-definite if kernel Gℓ ≥ 0 in eq. (10). It can be shown that259

this is a simple consequence of Jensen’s inequality and convexity of the square operation,260

F(u) = |u|2, considering that (·) is a (local) spatial average (Sadek & Aluie, 2018).261

4 Description of Datasets262

Geostrophic current (uo) data from AVISO Ssalto/Duacs daily sea level anomalies,263

which is distributed by Copernicus Marine Environment Monitoring Service (CMEMS), is264

used spanning the period of October 1999 to December 2006. It is a Level 4 processed265

dataset (gridded and blended) on a 0.25◦ × 0.25◦ grid. This dataset includes estimates of266

geostrophic current along the equator, calculated using Lagerloef methodology (Lagerloef267

et al., 1999) with the β plane approximation.268

Level 3 processed QuikSCAT wind (uqs) measurements are available from the Physi-269

cal Oceanography Distributed Active Archive Center (PODAAC). This data is in form of270

ascending (northward) and descending (southward) swaths and is gridded at 0.25◦ × 0.25◦271

resolution.272

A satellite scatterometer such as the SeaWinds instrument on QuikSCAT is essentially273

a radar. The basic physical principle behind its operation is Bragg diffraction (or scattering),274

where the spacing between surface waves3 is analogous to the lattice spacing in a crystal. The275

direct measurement from scatterometers is the radar cross-section (or backscatter coefficient)276

of surface waves, from which a model function allows the inference of wind stress magnitude277

and direction (Weissman et al., 1994; Stoffelen & Anderson, 1997). From wind stress, the278

equivalent wind velocity at 10 m above the sea surface is then retrieved under conditions of a279

neutrally stratified atmospheric boundary layer (Geernaert & Katsaros, 1986; Chelton et al.,280

2004). Such winds are often referred to as equivalent neutral stability winds (ENW). Since281

scatterometers are essentially stress-measuring instruments (Weissman et al., 1994), the282

derived wind velocity uqs is that relative to the oceanic flow (Cornillon & Park, 2001; Kelly283

et al., 2001). Therefore, the wind velocity from scatterometer products, being a relative284

velocity, inherently includes the direct “imprint” of ocean surface currents, and arise from285

a fully coupled system in which the atmosphere responds dynamically to oceanic feedback.286

3 QuikSCAT’s radar frequency was in the Ku-band to detect short surface gravity-capillary waves 1–2 cm

in wavelength.
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The second wind dataset (ua) is from the National Center for Environmental Pre-287

diction/Department of Energy (NCEP/DOE) Reanalysis 2 (R2) Project’s daily surface288

wind dataset, available from the Earth System Research Laboratory (ESRL) (https://289

www.esrl.noaa.gov/psd/). The dataset for winds at 10 m above surface (interpolated290

from sigma levels) is available on a gaussian grid of ≈ 2◦ × 2◦ resolution. We interpolate291

the data linearly onto a 0.25◦ × 0.25◦ to match the wind dataset from QuikSCAT and the292

geostrophic current dataset from AVISO.293

5 Comparing Decompositions and Wind Stress Formulations294

This study builds upon our previous work on eddy killing (Rai et al., 2021). There, we295

used QuikSCAT winds and altimeter data to scan EPCg as a function of length-scale, which296

showed that eddy killing acts at scales smaller than 260 km on a global average, extracting297

energy from the ocean at the rate of 50 GW.298

In this section, we conduct a detailed comparison between the Reynolds averaging and299

coarse-graining decompositions, showing that the former does not capture eddy killing in a300

physically consistent manner. Motivated in part by how to best force oceanic circulation301

using winds in models, we also compare three different wind stress formulations,302

1. QuickSCAT stress, τ qs,303

2. Absolute NCEP stress, τ a,304

3. Relative NCEP stress, τ r.305

We measure wind work done by these stresses on the large-scale flow via MP in eq. (12),306

and on the mesoscale flow via EP in eq. (13).307

We show in this section that τ a yields no eddy killing at the mesoscales and overesti-308

mates energy input into the large-scale flow (> 300 km) by ≈ 10% compared to τ qs, which309

we use as our benchmark. We find that τ r inputs the correct amount (within ≈ 0.5%) of310

energy into the large-scale flow (> 300 km) on a global average. However, τ r overestimates311

mesoscale eddy killing by a factor of ≈ 4 compared to τ qs. The reason for this overestimate312

is resolution mismatch, which we discuss in the following sections 6 and 7.313

Our results imply that the reduction in overall wind work when using τ r compared to314

τ a is not merely due to eddy killing, but also due to a reduction in wind work at large-315

scales. Our results here provide additional evidence to that in Rai et al. (2021) showing316

that WBCs are strongly forced positively by winds at large-scales. However, without a scale317

decomposition to disentangle eddy-killing at mesoscales, such wind forcing may appear weak.318

5.1 Wind Stress Formulation319

Wind work at different scales depends on the stress formulation. Here, we discuss the320

bulk formulations of wind stress, which are used in general circulation models.321

We focus on the bulk parameterization (W. G. Large et al., 1994) to calculate wind322

stress. This parameterization is a bulk aerodynamic formula that uses the Monin–Obukhov323

similarity theory to calculate the coefficient of drag as a function of wind speed at 10 m from324

the ocean surface. Within the scope of this work, we focus on mechanical coupling between325

the ocean and atmosphere without considering heat fluxes explicitly. In other words, we326

assume that the W. G. Large et al. (1994) parameterization is sufficient to quantify wind327

work.328

The bulk parameterization in W. G. Large et al. (1994) is commonly used in numerical329

models (e.g., Fu & Chao, 1997; Pei et al., 2022; Sui et al., 2022) and in studies of wind330

work on the ocean (e.g., Hughes & Wilson, 2008; Scott & Xu, 2009). The surface stress is331

a function of relative wind velocity ur,332
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τ r = ur F (ur) . (16)

The scalar function F (ur) depends on the velocity magnitude ur = |ur| and is defined as

F (ur) = α+ βur + γur
2 . (17)

The constants are α = 2.70 × 10−3ρair (kgm−2 s−1), β = 1.42 × 10−4ρair (kgm−3), and333

γ = 7.64× 10−5ρair (kgm−4 s). The air density used is ρair = 1.223 kgm−3. Equation (16)334

is equivalent to equation (3). If the relative wind velocity ur is replaced by absolute wind335

velocity ua, eq. (16) is equivalent to eq. (2).336

Using eq. (16), we consider three different wind stress formulations, summarized in337

Table 1, along with a list of datasets used. The first wind stress we consider is based on338

absolute wind ua using NCEP wind data, which replaces ur in eq. (16). We shall denote339

this stress by τ a hereafter. This stress lacks information about the oceanic surface current,340

which leads to a lack of mesoscale eddy killing as we show below.341

The second formulation incorporates the geostrophic ocean current uo to define relative342

wind velocity, ur = ua − uo in eq. (16). We shall denote this stress by τ r hereafter. Since343

the formulation τ r incorporates the ocean surface current, it is able to account for eddy344

killing. However, as we shall see, such eddy killing is highly exaggerated (≈ ×4) due to the345

resolution mismatch between ua and uo.346

The third formulation uses QuikSCAT winds, uqs instead of ur in eq. (16). We347

shall denote this stress by τ qs hereafter. Since uqs is derived from scatterometery, which348

essentially measures the ocean surface stress (Bourassa et al., 2003; Renault, Molemaker,349

McWilliams, et al., 2016), it represents the wind velocity relative to the ocean surface350

current (Cornillon & Park, 2001; Kelly et al., 2001). Therefore, τ qs is a relative wind stress351

formulation. We use this stress as our benchmark since it is physically the most accurate352

among the three formulations. Moreover, uqs data has a spatial resolution similar to that353

of uo. Note that since the QuikSCAT data is originally along swaths, we perform a 7-day354

running average of τ qs to obtain global coverage. For consistency, we also perform a 7-day355

running average on uo, τ a and τ r.356

We use subscripts ‘a’, ‘r’ and ‘qs’ for the wind work quantities MP , EP , and TP (in
eqs. (4),(5),(9) or eqs. (12)-(14)) to indicate the respective stresses τ a, τ r and τ qs used in
their calculations. For instance, wind work on the temporally fluctuating flow within the
Reynolds decomposition using τ qs is denoted by

EPRey
qs = ⟨τ qs·uo⟩ − ⟨τ qs⟩·⟨uo⟩ = ⟨τ ′

qs·u′
o⟩ (18)

Similarly, wind work on the large-scale flow (> ℓ) within the coarse-graining decomposition
using τ r is denoted by

MPCg
r = τ r·uo . (19)

We sometimes omit the subscript to denote wind work that is agnostic to the stress formu-357

lation.358

5.2 Reynolds Averaging359

5.2.1 Reproducing Prior Results360

Evaluating wind work within the Reynolds Averaging framework allows us to reproduce361

results from prior studies (Wunsch, 1998; Hughes & Wilson, 2008; Scott & Xu, 2009). These362

are summarized in Table 2 using the three stresses, τ a, τ r and τ qs.363

The values of TPRey, MPRey and EPRey we obtain agree well with those from previous364

studies. From Table 2, comparing row 4a from our wind work estimates using τ a, we see365

that each of TPRey
a , MPRey

a , and EPRey
a are almost identical to those in row 1a from Scott366
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Table 1: Source and formulation of wind velocity, ocean velocity, and wind stress. Wind
stress is obtained from the bulk formulation (W. Large & Pond, 1981; W. G. Large et al.,
1994) using eq. (16) above.

Row
#.

symbol Description Formulation/Source Remark

1 ua NCEP wind NOAA ≈ 2◦ × 2◦ grid

2 uqs
QuikSCAT
wind

PO.DAAC 0.25◦ × 0.25◦ grid

3 uo

Geostrophic
ocean surface
current

AVISO 0.25◦ × 0.25◦ grid

4 ũo

Geostrophic
ocean surface
current coars-
ened to match
the resolution
of ua

AVISO
filtered uo with 2◦×2◦ lat-
long boxcar kernel

5 τ a

NCEP ab-
solute wind
stress

uaF (ua)
This formulation is based
on absolute wind velocity

6 τ r
NCEP relative
wind stress

(ua − uo)F (|ua − uo|)
This formulation is based
on relative wind velocity.

7 τ qs
QuikSCAT
wind stress

uqsF (uqs)

This is our benchmark
wind stress. It is in-
herently based on relative
wind velocity.

8 τ r2

modified
NCEP relative
wind stress

(ua − ũo)F (|ua − ũo|)

This is a recipe for wind
stress we propose to fix ex-
aggerated eddy killing due
to resolution mismatch.

and Xu (2009). Our EPRey
qs colormap in Fig. 3A is indistinguishable from Figure 4 in Scott367

and Xu (2009). Similarly, row 1b from Scott and Xu (2009) and row 4c from our wind work368

estimates using τ qs, show excellent agreement. We are also able to reproduce results from369

Hughes and Wilson (2008) for the extra-equatorial ocean, which excludes the ±3◦ band (row370

2b and row 4d in Table 2).371

“Eddy” killing necessitates that EPRey < 0 within the Reynolds averaging approach in372

which “eddies” are defined as the temporal fluctuations. However, consistent with previous373

studies, we find that the wind feeds a net positive amount of energy to these “eddies.” Using374

the QuikSCAT dataset, we measure {EPRey
qs } = +44 GW compared to the +42 GW value375

reported by Scott and Xu (2009). If we exclude the ±3◦ equatorial band as in Hughes and376

Wilson (2008), we measure {EPRey
qs } = +13 GW compared to their +9.3 GW. Scott and377

Xu (2009) also reported EPRey
qs excluding the equator using a variety of datasets for wind378

stress and ocean currents; their values ranged from +1 GW to +62 GW, all being positive379

(see their Table 1). These independent results all seem to agree qualitatively that “eddies”380

(fluctuations) gain energy from the wind in the global budget rather than being killed – a381
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shortcoming of the meaning of “eddy” within the Reynolds averaging approach as we shall382

discuss below (see also Rai et al. (2021)).383

The small quantitative differences among the three studies may be attributed to the384

following: (i) Hughes and Wilson (2008) use only ascending passes of QuikSCAT, while we385

use both ascending and descending, (ii) Scott and Xu (2009) regrid their data onto a 1/3◦386

grid while our data is on a 1/4◦ grid, (iii) we use the same mask to exclude unavailable data387

such as due to seasonal ice coverage, while Hughes and Wilson (2008) use a time-varying388

mask, and Scott and Xu (2009) use estimates from other sources to fill in the missing data.389

Results from Wunsch (1998) (row 3 in Table 2) are also consistent but show more significant390

quantitative differences, which is probably due to the older altimetry and reanalysis products391

used.392

5.2.2 Role of Stress Formulations393

We now delve into comparing wind work estimates from the different stress formula-394

tions, τ a, τ r and τ qs. Fig. 3 shows that values of EPRey are quite sensitive to the stress395

formulation, whereas MPRey in Fig. 4 (and TPRey in Fig. A1 in the appendix) seems rel-396

atively insensitive. Indeed, the colormaps of MPRey
a , MPRey

r , MPRey
qs in Fig. 4 are almost397

indistinguishable. Since most of the TPRey contribution is from Mean Power input MPRey,398

colormaps of TPRey
a , TPRey

r , TPRey
qs in Fig. A1 are also indistinguishable.399

A closer look at wind work in Table 2 estimated from τ a (row 4a) versus τ r (row400

4e) reveals significant quantitative differences in both TPRey and MPRey, in addition to401

the qualitative difference in EPRey. We can see that TPRey
r is smaller than TPRey

a by402

≈ 30% (or 316 GW), in agreement with estimates by Duhaut and Straub (2006). The403

dominant reduction is due to differences in EPRey (229 GW difference between rows 4a and404

4e in Table 2), which measures the wind work on the temporally fluctuating ocean currents.405

However, the most physically accurate formulation τ qs yields EPRey
qs > 0, consistent with406

previous studies (Hughes & Wilson, 2008; Scott & Xu, 2009). While it is well appreciated407

in the community that absolute wind stress formulations (τ a) overestimate wind work and408

over-energize the ocean circulation, we shall show below that relative stress formulations409

(τ r) can be just as erroneous in the opposite direction, by removing too much energy from410

the ocean due to resolution mismatch.411

It is obvious from Fig. 3 that values of Eddy Power input EPRey are especially sensitive412

to the stress used. For example, in strongly eddying regions, such as WBCs, EPRey
a using413

NCEP absolute wind stress shows in Fig. 3C a dominance of positive values, whereas EPRey
r414

using NCEP relative wind stress in Fig. 3E shows a dominance of negative values, indicating415

exaggerated “eddy” killing. Values for EPRey
qs in Fig. 3A using QuikSCAT wind stress, which416

is the most physical, generally lie in-between EPRey
a and EPRey

r .417

5.3 Limitations of Reynolds Averaging418

Estimates from Reynolds averaging (row 4 of Table 2 and Fig. 3) reveal no straight-419

forward information about eddy killing. In fact, wind work on the temporally fluctuating420

ocean flow using the most accurate formulation of wind stress, τ qs, is positive, suggesting421

a lack of eddy-killing. Definition of EPRey in eq. (5) and its simplification in eq. (6) shows422

that EPRey is a covariance between wind stress fluctuations, τ ′, and “eddies” (ocean fluc-423

tuations), u′
o. A negative covariance results from an anti-correlation between two signals.424

Therefore, a negative EPRey requires that τ ′ and “eddies” be anti-correlated in time.425

The quantity EPRey inherently relies on temporal fluctuations. It cannot account for426

the process depicted in Fig. 1 in which eddy killing is due to a stationary configuration.427

While most eddy killing in the real ocean is probably from transient rather than stationary428

“eddies,” this example highlights the flaw inherent in EPRey. Compounding the problem429

with EPRey are strong positive correlations between τ ′ and u′
o in the tropics and the Indian430
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Figure 3: Wind work on “eddies” (in mW/m2) within the Reynolds averaging framework
(EPRey, left column) and coarse-graining at ℓ = 300 km (EPCg, right column). Different
rows show the three stress formulations: QuikSCAT stress τ qs (top), NCEP absolute stress
τ a (middle), NCEP relative stress τ r (bottom). Each panel shows (top right corner) the
global integral of wind work (see also Table 2, rows 4 and 5). Stark differences appear
(i) between Reynolds (left) and coarse-graining (right) decompositions, and (ii) between
different stress formulations in the three rows. τ qs is physically the most complete and
accurate, whereas τ a (τ r) overestimates (underestimates) wind work. Comparing EPRey

qs

in panel A to EPCg
qs in panel B, we observe that coarse-graining is able to clearly detect

eddy killing (negative values) throughout the ocean, especially in WBCs and the ACC,
whereas Reynolds averaging in panel A yields sporadic values of mixed sign without a clear
indication of eddy killing. The two decompositions differ starkly in the tropics, where we see
pronounced positive values in panel A that are absent in panel B, due to the fundamental
difference between the two on the meaning of an “eddy”. We also see obvious differences
between the stress formulations: absolute stress τ a (middle row), which spuriously inflates
the wind power fed into the ocean, including the eddies, is biased to more positive values,
with barely any eddy killing noticeable, while relative stress τ r (bottom row), shows a bias
toward negative values, indicating exaggerated eddy killing.
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Figure 4: Similar to Fig. 3, but shows wind work (in W/m2) on the time-mean flow (left
column) and large-scale (> 300 km) flow (right column). Strong wind forcing is seen in
WBCs, the equatorial currents, and the ACC using either MPRey or MPCg. In contrast to
Fig. 3, all six panels are qualitatively similar and are consistent with Table 2. Comparing
panels D and F, we see that wind work due to τ a is slightly greater than that due to τ r.

Ocean (see Fig. 3), even though these oceanic fluctuations are quite large in length-scale,431

likely associated with Rossby wave dynamics rather than mesoscale eddies in the traditional432

sense. As we’ve mentioned earlier, excluding the equatorial region still yields a positive,433

albeit smaller, EPRey from our analysis and also from previous studies (Hughes & Wilson,434

2008; Scott & Xu, 2009) . These biases are absent from the coarse-graining analysis (compare435

Figs. 3A and 3B), which we shall now discuss.436

5.4 Coarse Graining437

Within the coarse-graining framework, we analyzed the wind Total Power input, TPCg
438

in eq. (14), and its partitioning into scales larger than ℓ, MPCg in eq. (12), and into the439

“eddies” (scales < ℓ), EPCg in eq. (13). Again, we use subscripts ‘qs’ ,‘a’ and ‘r’ to440

distinguish the stress formulations in Table 1. Values of wind-work, when partitioned at441
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12

34

5

7

6

Figure 5: Regional masks. Regions 1, 2, 3, and 4 (green) are the Gulf Stream, Kuroshio
Extension, Brazil Malvinas current and Agulhas current. Region 5 (yellow) is the ACC.
Regions 6 and 7 (pink) are zonal bands representing the Southern Ocean and the Equatorial
band. Regions 3 and 4 are overlapping with region 5 and 6. Region 5 is completely inside
region 6. Grey regions lack data in some or all instances of time due to ice, rain (in
QuikSCAT) or landmass. These regional masks are identical to those in (Rai et al., 2021).
To see how these masks are defined, see Appendix B below .

ℓ = 300 km, are summarized in Table 2, row 5. These values are simply obtained from442

spatially integrating the global maps in Figs. 3, 4, A1 (right columns).443

5.4.1 Power Input into Large Scales444

Fig. 4 shows that maps of MPCg evaluated at ℓ = 300 km are very similar to their445

counterparts from Reynolds averaging , MPRey, regardless of the stress formulation. Com-446

paring Figs. A1 and 4 shows that the Total Power input into the ocean, TPCg, is mostly447

deposited at large-scales (> 300 km) via MPCg. Maps of MPCg themselves are also very448

similar to their Reynolds averaging counterparts, MPRey, regardless of the stress formu-449

lation. Therefore, to leading order, it appears that wind work on mean/large-scale flow is450

consistent between the Reynolds averaging and coarse-graining approaches. However, quan-451

titative differences not immediately obvious from the colormaps in Figs. 4, A1, do exist.452

These can be seen in Table 2 by comparing MPRey (row 4) to MPCg (row 5), which shows453

discrepancies of ≈ 10%. Note that we necessarily have TPRey = TPCg when integrated454

globally.455

Differences due to the wind stress formulations can be seen in Table 2 (row 5), which456

shows that MPCg
r < MPCg

a on a global average. This indicates that wind work on the457

large-scale currents decreases by ≈ 10% when using τ r versus τ a.458

Differences between Reynolds averaging and coarse-graining and differences due to var-459

ious stress formulations are quite stark when examining wind power fed into the mesoscales,460

as we shall now discuss.461

5.4.2 Power Input into Mesoscales462

Focusing on the QuikSCAT dataset analysis in Fig. 3B, we find that EPCg
qs evaluated at463

ℓ = 300 km has negative values in eddying regions in accord with the physical expectations464
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Figure 6: Performing a “scan” of EPCg to quantify wind work over an entire range of
length-scales. Plots are time-averaged and area-integrated over the regions in Fig. 5. EPCg

from τ a (orange), τ r (green), τ qs (blue), and τ r2 (maroon) show the differences in wind
work on mesoscales due to the different wind stress formulations. τ r2 is a reformulation of τ r

to correct its bias and is discussed later, in section 7.1. EPCg
a is near zero or positive for all

the regions because τ a cannot cause eddy killing but EPCg
qs , EPCg

r and EPCg
r2 have negative

values showing the stress τ qs, τ r and τ r2 cause eddy killing. EPCg
r is more negative than

EPCg
qs because of spurious eddy killing from resolution mismatch. The vertical dashed blue

line shows the magnitude and scale of excess eddy-killing in EPCg
r relative to EPCg

qs . Such
spurious eddy killing is 0.44 mW/m2 for the global average (panel A), which integrates
to ≈ 150 GW, showing that eddy killing by τ r is approximately 4× the eddy killing by
τ qs. This spurious eddy killing is stronger in WBCs and the ACC. In all panels, plots of
EPCg

qs and EPCg
r are roughly parallel for ℓ larger than the length-scale indicated by the

vertical blue dashed. This implies that wind work at those larger scales by τ r and τ qs is

comparable. Plots of EPCg
r2 show that the stress reformulation we propose in section 7.1

corrects the spurious eddy killing bias.

as sketched in Fig. 1. Integrating the values in Fig. 3B over the global ocean, yields that the465

wind extracts energy from “eddies” (i.e. length-scales < 300 km) at an average rate of -49466

GW. This is consistent with our previous results in Rai et al. (2021), where we partitioned467

the flow at 260 km, the scale below which eddy-killing occurs.468

Qualitative differences between Reynolds averaging and coarse-graining are apparent469

from the colormaps of wind power fed to the “eddies” in Fig. 3. Comparing the QuikSCAT470

coarse-graining analysis in Fig. 3B to the corresponding Reynolds averaging analysis in471

Fig. 3A, we see that the positive values there are mostly absent from Fig. 3B, especially in472

the tropics and in the Indian Ocean. Eddy killing (EPCg
qs < 0) is pronounced in WBCs and473

the ACC. From Reynolds averaging, these regions in Fig. 3A exhibit sporadic EPRey
qs values474

of mixed sign without an obvious indication of eddy killing. Positive values of EPCg
qs are475

mostly localized near land, where we expect winds and small-scale currents to be positively476

correlated since these currents are mostly wind-driven (Hughes & Wilson, 2008; Scott &477

Xu, 2009; Renault, Molemaker, McWilliams, et al., 2016).478

5.4.3 Stress Formulations and Mesoscale Power Input479

Differences due to the wind stress formulations, which we had observed from Reynolds480

averaging also appear within the coarse-graining analysis, and for the same reasons. We481

–18–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1

8

6

4

2

0

6

4

2

0

0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2

3

2

1

0

4

3

2

1

0

1

Jan
 20

00

Jan
 20

01

Jan
 20

02

Jan
 20

03

Jan
 20

04

Jan
 20

05

Jan
 20

06

Jan
 20

07

3

2

1

0

Jan
 20

00

Jan
 20

01

Jan
 20

02

Jan
 20

03

Jan
 20

04

Jan
 20

05

Jan
 20

06

Jan
 20

07

1.25
1.00
0.75
0.50
0.25
0.00
0.25

EPCg
qs EPCg

a EPCg
r EPCg

r2

Figure 7: Time series of wind work at scales smaller than ℓ indicated in each panel (top-right
corner). The choice of ℓ is that at which EPCg

qs is minimum as a function of scale (Fig. 3 in

Rai et al. (2021)). Plots of EPCg
qs (blue), EPCg

a (orange), EPCg
r (green), EPCg

r2 (maroon)
are area-integrated over the regions in Fig. 5 and use a 13 weeks running average. We see
clear seasonlaity in EPCg, which is most negative in winter, indicating a peak in eddy-
killing. In comparison, EPCg

a is near-zero or negligibly positive because τ a cannot cause
eddy-killing, while EPCg

qs and EPCg
r are always negative except for EP qs at the equator.

EPCg
r is more negative than EP qs due to spurious eddy killing by τ r. With corrected wind

stress τ r2 (see section 7.1), we see from EPCg
r2 that the spurious eddy killing is removed and

values of wind work are approximately equal to those of EPCg
qs .

see that when using NCEP absolute wind stress (Fig. 3D), EPCg
a is biased to more positive482

values, with barely any eddy killing noticeable. Table 2 (row 5) also shows that EPCg
a > 0483

on a global average, indicating that τ a is incapable of killing eddies, which is consistent with484

physical expectations. On the other hand, EPCg
r using NCEP relative wind stress (Fig. 3f)485

shows a bias toward negative values, indicating exaggerated eddy killing. Indeed, table 2486

(row 5) shows that EPCg
r ≈ 4×EPCg

qs on a global average. Since τ qs relies on the physically487

most complete stress measurement, we consider EPCg
qs as our “truth.”488

By increasing the coarse-graining scale from ℓ = 0 to ℓ → ∞, we expect {EPCg}(ℓ =489

0) = 0 to reach the total wind-work (a positive value) at very large filtering scales ℓ.490

However, as we showed in Rai et al. (2021), a non-monotonic increase in {EPCg}(ℓ) with491

increasing ℓ can be an indication of eddy-killing at scales < ℓ. This dip to negative values492

is seen in plots of EPCg
qs (ℓ) in Fig. 6 (also Fig. 3 in Rai et al. (2021)), which occurs globally493

and in all regions but the equator. These oceanic regions are shown in Fig. 5. The minimum494

value of {EPCg}(ℓ) yields the magnitude of eddy killing while the length-scale ℓ at which495

the minimum is attained yields informs us that all scales < ℓ are being killed by wind. The496
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Figure 8: Similar to Fig. 7 but for MPCg, showing wind work at large-scales. MPCg has
seasonality with a peak during the local winter of the region. Unlike the plots of EPCg the
plots of MPCg from all stresses are close to each other. This shows that the wind work at
large-scales from all stress formulations is qualitatively similar. Plot of MPCg

r2 lie exactly
over MPCg

r in all regions (maroon plots overlay green plots almost exactly), which indicates
that our reformulated stress τ r2 (section 7.1) corrects the spurious eddy killing without
affecting wind work at large-scales.

length-scale of eddy killing varies slightly among the various regions as discussed in Rai et497

al. (2021). The purpose of Fig. 6 is to show differences in {EPCg}(ℓ) due to the three stress498

formulations.499

Fig. 6 shows stark differences among EPCg
qs , EPCg

a , and EPCg
r that are consistent with500

those we observed from Fig. 3 at a ℓ = 300 km. In Fig. 6A, we see that EPCg
a increases501

monotonically with increasing ℓ or remains approximately zero, without dipping to negative502

values. Since EPCg(ℓ) is measure of the cumulative wind work on scales < ℓ, a monotonic503

increase in EPCg
a (ℓ) over a range of ℓ indicates that τ a is energizing those scales. The504

monotonic increase is observed in all regions in Fig. 6, with the exception of the Gulf505

Stream, Kuroshio, and Brazil Malvinas showing slight negative values that are negligible506

and are probably due to recirculation patterns in the WBCs. Note that at small scales507

< 200 km, EPCg
a (ℓ) ≈ 0 in all panels of Fig. 6 and only starts increasing significantly at508

larger scales. This indicates that there is negligible work done by τ a on scales < 200 km,509

which is due to the NCEP wind resolution as we shall discuss later. It is expected that τ a510

is incapable of killing eddies (Duhaut & Straub, 2006; Zhai & Greatbatch, 2007).511

In contrast to EPCg
a , Fig. 6A shows that EPCg

r dips to negative values that are signif-512

icantly below those attained by EPCg
qs . Moreover, we notice that the minimum of EPCg

r is513
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shifted to slightly larger scales compared to the minimum of EPCg
qs . Fig. 6A shows a vertical514

blue dashed line at scale ℓ where EPCg
r is minimum, which highlights the quantitative dif-515

ference between EPCg
r and EPCg

qs at that scale. Comparing plots of EPCg
r and EPCg

qs from516

other regions in Fig. 6 shows the same trend. These indicate that τ r leads to a significant517

exaggeration of eddy killing (≈ 4×) and also kills scales slightly larger than those killed by518

our benchmark τ qs. At scales larger than ≈ 600 km, we see that EPCg
r and EPCg

qs have519

similar slopes, which indicates that the wind work done by τ r and τ qs is similar at scales520

> 600 km. In summary, while τ r exaggerates the removal of energy at the mesoscales, it521

drives larger scales in a reasonably accurate manner.522

Fig. 7 shows that differences in wind work on the mesoscales done by τ qs, τ a and τ r,523

which we discussed above, hold at all times and not just on average. Time-series of EPCg
qs524

shows the seasonal cycle of eddy killing on the mesoscales (Rai et al., 2021), which occurs525

at all times and peaks in the local winter of all regions but the equator. Plots of EPCg
r526

show the same seasonal behavior but with much exaggerated eddy-killing levels. In contrast,527

plots of EPCg
a show negligible wind work, which is slightly positive on a global average in528

Fig. 7a, and with a muted seasonal cycle.529

Fig. 8 shows the complementary MPCg, which measures wind work on all scales larger530

than the mesoscales. Time-series of MPCg from all three stress formulations are to leading531

order similar and exhibit the same seasonal trends, peaking in the local winter. This is simply532

an indication that stronger winter winds deposit more energy, regardless of the stress used.533

Differences between the three formulations are of order ≈ 10% or less. For example, on534

a global average, we see that τ a deposits 10% more energy into the large-scales compared535

to τ qs, whereas τ r deposits a reasonably accurate amount of energy at those large-scale,536

consistent with our observations from Fig. 6.537

The time-series of MPCg in Fig. 8B, C, E, F also show that WBCs are strongly forced538

by winds at large-scales. In the case of the Gulf Stream and Kuroshio, this forcing decreases539

to zero in the summer and early autumn, even becoming slightly negative in the Kuroshio.540

In summary, we find that all three wind stress formulations do a reasonably accurate541

(within 10%) job at driving the ocean circulation at length-scales larger than the mesoscales.542

They also seem to capture regional and seasonal variations well. On the other hand, the543

three wind stress formulations show stark differences in how they drive the mesoscales. Our544

benchmark QuikSCAT stress, τ qs, leads to mesoscales being killed, which exhibits a seasonal545

winter peak. In contrast, NCEP absolute stress, τ a, does negligible (albeit positive) work546

on the mesoscales and without a clear seasonality, while NCEP relative stress, τ r, leads to547

eddy killing that is artificially inflated at ≈ 4× the levels seen from τ qs. In section 6, we548

shall offer an explanation for these discrepancies in mesoscale wind work among the three549

wind stresses. In section 7, we offer a simple reformulation of τ r that removes its artifacts.550

6 Explaining the Scale Coupling Physics551

In this section, we shall discuss an analytical expression (see supplementary section in552

Rai et al. (2021)) that gives us insight into the physics of wind work as quantified by EPCg.553

Our expression allows us to determine a necessary criterion for eddy-killing to operate at554

any length-scale, which explains why NCEP relative wind stress, τ r, yields exaggerated555

eddy killing at the mesoscales as we showed above. It will also guide us to propose a fix in556

the following section 7.557
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6.1 Analytical Expression558

Starting from the formulation of relative wind stress in eq. (3), wind work on the ocean
is

τ r·uo = ρair Cd|ua − uo|(ua − uo)︸ ︷︷ ︸
τ r

.uo (20)

Following Eyink (2005), wind work on scales < ℓ, EPCg in eq. (13), can be rewritten via
an exact identity as (see section 2.4 in Aluie (2017) for details)

EPCg
ℓ = τ r·uo − τ r·uo = {δτ r·δuo}ℓ − {δτ r}ℓ·{δuo}ℓ , (21)

where δf(x; r) = f(x+r)−f(x) are increments and {. . . }ℓ ≡
∫
dArea Gℓ(r)(. . . ) is an area

average over separations |r| < ℓ around location x, weighted by coarse-graining kernel Gℓ(r).
Relation (21), which is exact, can be approximated as (see section 2.4 in Aluie (2017))

EPCg
ℓ = {δτ r·δuo}ℓ − {δτ r}ℓ·{δuo}ℓ ≈ [τ r]

′
ℓ·[uo]

′
ℓ (22)

where, the operation [. . .]′ℓ is defined as the contribution from scales smaller than ℓ such559

that [f(x)]′ℓ = f(x) − f ℓ(x). This is not to be confused with the fluctuating component560

from Reynolds averaging in eq. (7), which is denoted with just a prime (′).561

Therefore, wind work on scales < ℓ at any geographic location can be written as562

EPCg
ℓ ≈ [τ r]

′
ℓ·[uo]

′
ℓ

= ρair Cd

[
|ua − uo| (ua − uo)

]′
ℓ
· [uo]

′
ℓ . (23)

We can further simplify this expression, first by noting that wind speed is much larger than563

the ocean current, |ua| ≫ |uo|, typically by O(10) to O(100), such that |ua − uo| ≈ |ua|.564

Our expression becomes565

EPCg
ℓ ≈ ρair Cd

[
|ua| (ua − uo)

]′
ℓ
· [uo]

′
ℓ . (24)

Moreover, wind speed is dominated by scales > O(103) km (Nastrom et al., 1984; Burgess566

et al., 2013), implying a separation of scales between those of wind and ocean velocities.567

This justifies568 [
|ua| (ua − uo)

]′
ℓ
≈ |ua|[ua − uo]

′
ℓ , (25)

which essentially treats the wind speed factor |ua| as spatially constant at oceanic scales569

ℓ < 103 km.570

This leads to our final expression for wind work on scales < ℓ at any geographically571

local position,572

EPCg
ℓ ≈ ρair Cd|ua|[ua − uo]

′
ℓ·[uo]

′
ℓ

= ρair Cd|ua|
(
[ua]

′
ℓ·[uo]

′
ℓ −[uo]

′
ℓ·[uo]

′
ℓ︸ ︷︷ ︸

negative

)
. (26)

The first term in the final expression in eq. (26) is the work done by small-scale winds573

(< ℓ) on small-scale ocean currents. The second term in eq. (26) is negative semi-definite.574

It is the underlying cause of eddy killing and accounts for the negative values of EPCg. Note575

that both of these scale processes, as well as EPCg
ℓ in eq. (26), are local in x, which allows576

us to probe their behavior geographically and not just in a spatially averaged manner.577

From eq. (26), we derive the condition for eddy-killing to occur:

[ua]
′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ < 0 (eddy-killing criterion). (27)
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Eq. (27) highlights the role of small-scale winds, [ua]
′
ℓ. If [ua]

′
ℓ is of a significant magnitude578

and aligned with small-scale ocean currents, [uo]
′
ℓ, then wind stress energizes eddies rather579

than kill them, and we have EPCg
ℓ > 0. Wind speed, |ua| in eq. (26), acts as an amplification580

factor for either eddy-killing or eddy-energization. Therefore, the presence or absence of581

small-scale winds [ua]
′
ℓ, even if weak, can have a disproportionate effect (because |ua| is582

large) on the wind work done on the small-scale oceanic currents < ℓ. In the next subsection,583

we further elaborate on these issues using illustrative numerical examples of eddy-killing and584

eddy-energization.585

These considerations based on eq. (26) provide an explanation for the exaggerated586

eddy-killing, EPCg
r ≈ 4×EPCg

qs , which we observed above when using relative wind stress,587

τ r. Since NCEP winds are at a coarser resolution (gridded at 2◦) than the ocean currents588

(gridded at 1/4◦), if ℓ in eq. (26) is taken to be smaller than the resolution scale of NCEP,589

we have [ua]
′
ℓ = 0. Therefore, a coarser wind resolution artificially sets [ua]

′
ℓ·[uo]

′
ℓ = 0 in590

eq. (26), leaving only the negative term arising from the small-scale ocean currents. It is591

the mismatch in resolution between ua and uo that is the root of the problem.592

In comparison, EPCg
qs does not suffer from these artifacts since it is based on QuikSCAT

wind stress, τ qs, from which wind velocity uqs is inherently relative to the oceanic flow
(Cornillon & Park, 2001; Kelly et al., 2001) as we discussed in section 4. This necessarily
implies that ua and uo within the stress formulation are at the same resolution. In other
words, when using wind stress from scatterometry, the factor [ua−uo]

′
ℓ in the first expression

of eq. (26) is replaced by [ua − uo]
′
ℓ = [uqs]

′
ℓ, precluding artifacts from resolution mismatch

that appear in the NCEP relative stress. Since EPCg
qs is also negative but with a magnitude

smaller than that of EPCg
r , we can infer that on average

[uo]
′
ℓ·[uo]

′
ℓ > [ua]

′
ℓ·[uo]

′
ℓ > 0 . (28)

Eq. (28) implies that small-scale winds [ua]
′
ℓ tend to be aligned, on average, with small-scale593

currents [uo]
′
ℓ but are not sufficiently strong to render [ua]

′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ, and thereby594

EPCg
qs from eq. (26), positive. The tendency for small-scale winds and currents to be aligned595

may be due to the so-called “re-energization” mechanism identified by Renault, Molemaker,596

McWilliams, et al. (2016), in which winds mechanically adjust to the ocean observed surface597

state. What we are highlighting here, based on eq. (26), is that such adjustment is not even598

possible at the scale of oceanic eddies if the atmosphere’s resolution is coarser than the599

ocean’s even in coupled atmosphere-ocean models. Such resolution mismatch can lead to600

significant artifacts in the wind forcing of ocean mesoscales as we showed from a comparison601

of EPCg
r to EPCg

qs above.602

If wind stress is formulated using absolute winds as in eq. (2), then eq. (26) becomes

EPCg
a ≈ ρairCd|ua|[ua]

′
ℓ·[uo]

′
ℓ . (29)

This shows that when forcing the ocean with τ a, wind work on the eddies, [uo]
′
ℓ, only603

depends on their alignment with small-scale winds, [ua]
′
ℓ. The negative term in eq. (26) is604

absent from eq. (29). If small-scale winds are absent, [ua]
′
ℓ = 0, as in the case of the NCEP605

winds at scales < 200 km due to the coarse resolution of the dataset, then τ a can cause606

neither eddy-killing nor eddy-energization at scales ℓ < 200 km, and we get EPCg
a ≈ 0. This607

can be seen from Fig. 6A, where the orange plot of EPCg
a (ℓ) is negligible at scales smaller608

than 200 km and only increases significantly at larger scales. The same behavior holds in609

all panels of Fig. 6, representing all regions we analyzed.610

6.2 Demonstrating Eddy Killing with Toy Examples611

Fig. 9 illustrates our expression (26) under various air-sea configurations. They show612

the conditions under which the eddy-killing criterion in eq. (27) is satisfied and those under613

which eddies are energized by wind.614
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Figure 9: Cases illustrating eddy-killing and eddy-energization, which highlight the dispro-
portionate role small-scale winds have on air-sea coupling. Each panel shows a schematic
(left) of the air-sea state along with a numerical realization (right). In the schematics, a
blue circular flow represents an oceanic eddy, [uo]

′
ℓ. The brown circular flow represents a

wind eddy, [ua]
′
ℓ, that is of the same scale as and spatially co-located with the oceanic eddy.

The thickness of the wind eddy represents its strength relative to the oceanic eddy. Left-row
panels are identical to right-row, but lack a uniform background (large-scale) wind, which is
represented by three thick brown parallel arrows. In the numerical realizations, red (blue)
represents positive (negative) wind work. The domain-integrated wind work is reported at
the top of the respective numerical realization. In accord with the eddy killing criterion
(eq. (27)), cases D, D2, E and E2 lack eddy killing, unlike rest of the cases. The standard
schematic of eddy killing in Fig. 1 is case B2 is only a special case of several other possible
(and more probable) states leading to eddy-killing. Though the schematics here show closed
circular flows to represent eddies, more general configurations of wind and ocean currents
can have an equivalent effect without requiring closed circular paths.

The standard schematic of eddy killing in figure 1 is shown as case B2 in Fig. 9. In615

Fig. 9, each panel includes a schematic on the left of wind velocity (brown) and the oceanic616

eddy (blue). On the right of each panel, we also show an evaluation of wind work on the617
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oceanic eddy, EPCg in eq. (21), using a numerical realization of the corresponding air-sea618

state.619

In all schematics of Fig. 9, the blue circular flow represents an oceanic eddy, [uo]
′
ℓ. The620

brown circular flow represents a wind eddy, [ua]
′
ℓ, that is of the same scale as and spatially621

co-located with the oceanic eddy. The thickness of the wind eddy represents its strength622

relative to the oceanic eddy. All left panels in Fig. 9 are identical to those on their right,623

but lack a uniform background (large-scale) wind, which is represented by three thick brown624

parallel arrows.625

For each case in Fig. 9, we construct corresponding numerical data as we shall now626

describe. In a doubly periodic domain of 500 km in extent, we construct an ocean-eddy that627

is a circular current of diameter ≈ 300 km. This is done by generating sea-surface height628

(SSH) with a guassian profile and an e-folding length-scale of 40 km and maximum height629

of ≈ 0.25 m. The associated geostrophic ocean current in the f-plane is calculated from the630

SSH using a constant f = 0.7×10−4 sec−1. This yields an ocean current with peak speed of631

≈ 0.4 m/ sec. The same velocity field is then used for constructing the wind eddy but with632

a modified speed factor corresponding to the schematic. The weaker atmospheric eddy is633

0.1× the ocean eddy’s speed. The stronger wind eddy has 5× the speed of the ocean eddy.634

The large-scale uniform winds have a constant eastwards speed of 20 m/sec. Wind stress is635

then formulated from relative wind velocity using eqs. (16) and (17) from section 5.1.636

Eddy-killing occurs in the top six panels of Fig. 9, all of which satisfy the criterion in637

eq. (27). Of the remaining four cases, two are eddy-energizing (E and E2) and two have net638

zero wind work (D and D2).639

Among the eddy-killing cases, we can see that those with a background large-scale wind640

(A2, B2, C2) experience higher levels of eddy-killing compared to the counterparts without a641

large-scale wind on the left of Fig. 9. The same effect can also be seen in the eddy-energizing642

cases E and E2. This highlights the amplifying role of background winds via the factor |ua|643

in eq. (21), which we discussed in the previous subsection.644

Case B shows how the atmosphere can kill ocean eddies even in the complete absence of645

winds, either small-scale wind eddies or large-scale background winds. In this case, we have646

ua = 0, including [ua]
′
ℓ = 0, and yet EPCg < 0 in eq. (21). This can be seen analytically647

starting from eq. (21) and following steps similar to those we used to arrive at eq. (26),648

except for the approximation |ua − uo| ≈ |ua| now replaced with |ua − uo| = |uo| to get649

EPCg
ℓ ≈ ρair Cd|uo|[ua − uo]

′
ℓ·[uo]

′
ℓ

= ρair Cd|uo|
(
0− [uo]

′
ℓ·[uo]

′
ℓ

)
(30)

for case B in Fig. 9. In this configuration, the atmosphere is merely acting as a solid upper650

boundary for the ocean, exerting a drag comparable to that at the ocean bottom (Dewar651

& Flierl, 1987). Case B2 is similar but more realistic in having large-scale winds, which652

amplify the eddy-killing seen in case B. For case B2, the analytical expression in eq. (26)653

with [ua]
′
ℓ = 0 describes the physics.654

Cases B and B2 underscore how spurious eddy-killing can occur in general circulation655

models if the atmospheric resolution is coarser than that of the ocean. If the atmosphere656

is unable to accommodate motions on scales similar to those present in the ocean due to657

its coarse grid, then small-scale oceanic motions (e.g. eddies) will experience an artificial658

drag due to the atmosphere’s inability to flow at those small-scales. Such spurious eddy-659

killing due to resolution mismatch can be severe as we showed in the case of NCEP winds660

in section 5.4, which exaggerates eddy-killing by a factor of ≈ 4.661

Cases A & A2 and C & C2 in Fig. 9 show a variation on cases B & B2 by including a662

weak wind eddy. In cases A & A2, where the wind eddy is counter-rotating relative to the663

ocean eddy ([ua]
′
ℓ·[uo]

′
ℓ < 0 in eq. (26)), it increases the intensity of eddy-killing. In cases664
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C & C2, where the wind eddy is co-rotating relative to the ocean eddy ([ua]
′
ℓ·[uo]

′
ℓ > 0 in665

eq. (26)), it decreases the intensity of eddy-killing. All of these cases can be manifested in666

the real ocean in the presence of thermal feedback onto the atmosphere. Due to instability667

of the atmospheric boundary layer, wind is faster over warmer surface water than the colder668

water at SST fronts (e.g. O’Neill, 2012; Tokinaga et al., 2005). SST anomalies are not669

usually concentric with SSH anomalies in warm/cold core eddies (e.g. Hausmann & Czaja,670

2012; Liu et al., 2020). Feedback from SST anamolies onto the wind speed can give rise to671

a wind velocity gradient that can be equivalent to a wind eddy that is either co-rotating or672

counter-rotating relative to the ocean eddy. Moreover, the mechanical feedback from the673

ocean eddy onto the atmosphere can give rise to a co-rotating atmospheric eddy as in cases674

C & C2, thereby reducing the intensity of eddy-killing. This is the re-energization process675

described in Renault, Molemaker, McWilliams, et al. (2016) and a probable reason why676

EPCg
qs measured from QuikSCAT winds yields intermediate levels of eddy-killing we found677

in section 5.4.678

Cases D & D2 in Fig. 9 also include a wind eddy, which has a velocity matching that679

of the ocean eddy such that [ua]
′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ = 0 in eq. (26). In these configurations,680

there is a net zero wind work done despite the presence of background winds in case D2.681

Cases E & E2 in Fig. 9 show that it is even possible for wind work to be positive,682

i.e. have eddy-energization rather than eddy-killing, if the wind eddy is co-rotating with683

the ocean eddy and is faster than it ([ua]
′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ > 0 in eq. (26)). These cases684

underscore that the main determinant of the presence of eddy-killing is the criterion in685

eq. (27) and not the background winds, which exist in case E2.686

In summary, Fig. 9 shows how the mechanical coupling between the atmosphere and the687

oceanic mesoscales can be significantly distorted if the atmospheric motions at those same688

scales are misrepresented in a model. Even though the dominant atmospheric motions are at689

length-scales larger than O(103) km, winds at scales O(102) km can have a disproportionate690

effect on the dynamics of mesoscale ocean eddies. The effect of small-scale winds is captured691

in eq. (26) and illustrated in Fig. 9. In addition to their mechanical feedback onto the692

atmosphere, oceanic eddies also have core temperatures different from the background,693

which leads to thermal feedbacks. Both mechanical and thermal feedbacks onto winds are694

at the length-scale of the oceanic eddies and can excite small-scale winds, which can alter695

eddy killing. We have shown how an atmosphere that is at a coarser resolution than the696

ocean will lead to exaggerated eddy-killing. In the following section, we propose a fix by a697

simple reformulation of the wind stress.698

7 Implications to Modeling699

Our study has practical relevance to forcing ocean models. Consistent with previous700

work (e.g., Duhaut & Straub, 2006; Renault, Molemaker, McWilliams, et al., 2016), we701

have shown that forcing an ocean with absolute wind stress that is only a function of wind702

velocity, such as NCEP τ a we analyzed above, overestimates overall wind work, especially703

at small scales because of a lack of eddy-killing. Attempting to remedy this artifact by704

using stress that is a function of relative wind velocity, such as τ r we analyzed above,705

underestimates wind work because of a significant exaggeration of eddy-killing. This arises706

from resolution mismatch between the atmospheric velocity and the ocean surface current.707

Using coarser atmospheric grids in coupled atmosphere-ocean GCMs is the norm. For708

example, the atmospheric resolution relative to the ocean’s is 4× coarser in GFDL’s CM4.0709

model (Held et al., 2019), 5× coarser in the Met Office Hadley Centre’s HadGEM3-GC31-710

HH model (Roberts, 2018), and 10× coarser in their HadGEM3-GC31-LM model (Roberts,711

2017). All three example models contribute to CMIP6 and have an eddy-permitting ocean712

with nominal grid resolutions of 25 km, 10 km, and 25 km, respectively.713
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These models suffer from a systematic bias due to an atmosphere-ocean resolution714

mismatch based on our theoretical and data analysis above. As we have discussed, the bias715

from exaggerated eddy-killing arises when oceanic eddies are unable to generate atmospheric716

motions at the same scale. These biases are not distributed uniformly but are concentrated717

in dynamic regions such as WBCs where most of the spurious eddy-killing occurs (compare718

Fig. 3F to Fig. 3B).719

To see how an atmosphere-ocean resolution mismatch biases a model toward exagger-720

ated eddy-killing, consider the expression in eq. (26), which quantifies wind work at all721

scales smaller than ℓ resolved in the ocean component of a model. If the atmospheric grid722

resolution is ∆ and the oceanic grid resolution is δ < ∆, then setting ℓ = ∆ in eq. (26) gives723

wind work at all resolved oceanic scales smaller than ∆,724

EPCg
∆ = ρair Cd|ua|

(
[ua]

′
∆·[uo]

′
∆︸ ︷︷ ︸

=0

−[uo]
′
∆·[uo]

′
∆

)
= −ρair Cd|ua|[uo]

′
∆·[uo]

′
∆ . (31)

The first term in the parentheses vanishes because the atmospheric grid cannot allow motions725

at scales smaller than ∆, i.e. [ua]
′
∆ = 0. This biases wind work to being artificially negative726

in the last expression in eq. (31), which is negative semi-definite. The situation is best727

illustrated by case B2 in Fig. 9. In more realistic settings, it can be seen from evaluating728

wind work using the NCEP relative stress, τ r, which yields EPCg
r ≈ −200 GW that is four729

times the eddy-killing value found from the more accurate QuikSCAT stress (τ qs). NCEP730

winds are approximately 8× coarser than the ocean currents from altimetry.731

If the atmosphere has sufficient grid resolution, it can respond to the oceanic eddies by732

generating co-rotating eddies of the same size, such that [ua]
′
∆·[uo]

′
∆ > 0. This situation,733

illustrated by case C2 in Fig. 9, reduces the intensity of eddy-killing. Indeed, having the734

more accurate QuikSCAT stress τ qs yielding EPCg
qs that is less negative than EPCg

r is a735

concomitant indication that atmospheric motions at scales smaller than 200 km tend to be736

aligned with oceanic motions at those scales on average.737

It is important to bear in mind that our analysis is diagnostic and does not take738

into account feedbacks. For example, consider a benchmark coupled atmosphere-ocean739

model (M1) with equal atmosphere-ocean grid resolution and another test model (M2) with740

resolution mismatch. It is very likely that forcing the ocean with relative wind stress τ r,741

which is biased toward dampening the mesoscales if the resolution is mismatched, would lead742

to a weakened eddy field in M2. Therefore, eddy-killing may be weaker (not exaggerated)743

in M2 relative to M1 due to the feedback, which yields a weaker eddy field. The negative744

term in eq. (26) shows that eddy-killing is proportional to the energy residing in the eddies.745

For example, in our previous work (see Supplementary Materials in (Rai et al., 2021)) we746

analyzed the spectral energy disribution in a global coupled 0.1◦ ocean from the Community747

Earth System Model (CESM) (R. J. Small et al., 2014). We found that compared to AVISO,748

CESM has systematically weaker mesoscales and a spectral peak that is shifted toward749

smaller scales. We had speculated in Rai et al. (2021) that one possible cause for such750

bias may be a weaker inverse cascade in CESM, which at a 0.1◦ ocean resolution does not751

resolve the sub-mesoscales. Another possible cause, based on our discussion here, is spurious752

spurious eddy killing from resolution mismatch since the CESM atmosphere is 2.5× coarser753

than the ocean4.754

7.1 Wind stress recipe to fix exaggerated eddy-killing755

Having identified the root cause of the systematic bias toward exaggerated eddy-killing756

as being due to atmosphere-ocean resolution mismatch, we can now offer a simple reformu-757

4 Despite weaker mesoscales, Rai et al. (2021) found that CESM has slightly stronger eddy-killing of

−55 GW due to artificially strong winds (R. J. Small et al., 2014).
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lation of the wind stress to alleviate this bias. Since the atmospheric timescales are much758

faster than the oceanic timescales, increasing the atmospheric resolution to match that of759

the ocean can be computationally prohibitive. Indeed, almost all coupled GCMs use an760

atmospheric grid that is at least a factor of 2 coarser than the ocean’s and in some instances761

is 10× coarser (e.g. Roberts (2017)).762

The idea is to define wind stress using wind velocity not relative to the ocean velocity,
ua − uo, as in τ r in eq. (3) or eq. (16), but relative to a coarsened ocean velocity,

ur2 = ua − (uo)∆ . (32)

Here, the atmospheric grid resolution is ∆ and the oceanic grid resolution is assumed to be
δ < ∆. The simple reformulation of the bulk stress we propose (see Table 1) is

τ r2 = ur2 F (ur2) , (33)

where F (ur2) is given by eq. (17). Eq. (33) essentially matches the surface ocean currents’763

resolution to that of the atmosphere when formulating wind stress.764

To see why the stress formulation in eq. (33) fixes the bias, consider wind work by τ r2

on all scales < ℓ,

EPCg
r2 (ℓ) = τ r2·uo − τ r2·uo . (34)

This is the same as EPCg in eq. (13) but using τ r2 as the wind stress. Note that the
coarsened ocean surface velocity, (uo)∆, only enters via the prognostic wind stress variable
τ r2 in eq. (33). When diagnosing wind work in eq. (34), uo is the (un-coarsened) ocean
surface velocity at its native ocean grid resolution. Repeating the reasoning leading to
eq. (31) but using the reformulated stress τ r2 in eq. (13), we find that wind work at all
resolved oceanic scales smaller than ∆ is

EPCg
r2 (∆) = ρair Cd|ua|

(
[ua]

′
∆ − [(uo)∆]

′
∆

)
·[uo]

′
∆ (35a)

= ρair Cd|ua|
(
[ua]

′
∆·[uo]

′
∆︸ ︷︷ ︸

=0

− [(uo)∆]
′
∆·[uo]

′
∆︸ ︷︷ ︸

small

)
. (35b)

The second term in the parentheses is small in magnitude because of the [(uo)∆]
′
∆ factor.765

This is a simple consequence of formulating τ r2 using the coarsened ocean velocity (uo)∆,766

which has variations at scales < ∆ greatly attenuated but not completely removed. As767

mentioned in section 3, Reynolds averaging or truncation of the Fourier series are projection768

operators, while a general coarsening of a field, such as by averaging adjacent grid cells, does769

not have to satisfy (u∆)∆ = u∆. Therefore, |[(uo)∆]
′
∆| is smaller than |[uo]

′
∆| but is not770

generally zero.771

Unlike an ocean forced by relative wind stress, τ r, which leads to exaggerated eddy-772

killing if atmosphere-ocean resolution is mismatched, eq. (35b) shows that τ r2 does sig-773

nificantly less eddy-killing on scales smaller than ∆, the atmospheric resolution. One can774

regard our fix as a way to account for the alignment that would have been present between775

[ua]
′
∆ with [uo]

′
∆ had the atmosphere been at the higher ocean resolution. Such alignment776

would reduce the magnitude of [ua]
′
∆ − [uo]

′
∆ in expression (35a). However, with [ua]

′
∆ = 0777

due to insufficient resolution, a convenient way to account for such missing alignmnet is to778

attenuate [uo]
′
∆ by replacing it with [(uo)∆]

′
∆ in eq. (35a). The simplicity of τ r2 and its779

lack of any free parameters (see eq. (33)) makes it especially appealing. As we shall now780

discuss, the wind work EPCg
r2 done by τ r2 is remarkably accurate when compared to our781

benchmark EPCg
qs from QuikSCAT stress, τ qs.782

To evaluate the stress formulation τ r2 in eq. (33), we use NCEP winds ua which have783

2◦×2◦ grid resolution (see Table 1) and the ocean surface velocity from altimetry, uo, which784

is on a 0.25◦ × 0.25◦ grid. We filter the latter by performing a simple 2◦ × 2◦ box averaging785
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to better match the NCEP winds resolution, yielding a coarsened5 ocean velocity ũo. From786

eq. (13), we then evaluate the wind work EPCg
r2 (ℓ) at all scales < ℓ using τ r2 for the stress787

and the uncoarsened ocean velocity uo.788

Plots of EPCg
r2 as a function of ℓ in different regions are shown in Fig. 6. All panels show789

a remarkable improvement in EPCg
r2 (maroon plots) over EPCg

r (green) when compared to790

our benchmark EPCg
qs (blue). The magnitude of eddy-killing inferred from the minimum791

value of the EPCg
r2 is almost the same as that from EPCg

qs in each of the regions. The equator792

region yields the poorest result, which may be due to using altimetery derived geostrophic793

velocities, which are not as accurate in that region, and an absence of eddy-killing derived794

from QuikSCAT. The minima of EPCg
r2 are systematically at slightly larger scales than those795

of EPCg
qs , but this is due to using coarse NCEP winds. The latter can only drive the ocean796

at the length-scales it resolves, via the term [ua]
′
ℓ·[uo]

′
ℓ in eq. (26). Indeed, plots of EPCg

r797

in Fig. 6 have minima at the same scales as EPCg
r2 .798

Times series of EPCg
r2 in Fig. 7 show that the reformulated stress τ r2 does well not just799

in a time-averaged sense, but at all times and in all regions. In all panels of Fig. 7, we see800

that plots of EPCg
r2 (maroon) are much closer to EPCg

qs (blue) than wind work EPCg
r (green)801

done by the standard relative wind stress formulation τ r. Times series of MPCg
r2 in Fig. 8802

shows that the reformulated stress only alters the forcing of scales smaller than ≈ 400 km. In803

all panels of Fig. 8, we see that plots of MPCg
r2 (maroon) are almost indistinguishable from804

MPCg
r (green), which quantifies wind work done by τ r on all scales larger than ≈ 400 km.805

This is unsurprising since the reformulation τ r2 coarsens the ocean velocity only at the806

smallest scales, close to those of the atmospheric grid.807

7.2 Ocean-only Models808

So far, we have discussed the benefits of reformulated wind stress τ r2 (eq. (33)) in the809

context of coupled atmosphere-ocean models. Ocean-only models, which rely on a prescribed810

wind stress, present a greater challenge in the proper representation of eddy-killing and has811

been the focus of several studies (Renault, Molemaker, Gula, et al., 2016; Renault et al.,812

2020; Lemarié et al., 2021). For example the state-of-the-art LLC4320 ocean-only simulation813

has a nominal resolution of 1/48◦ and is forced by relative winds from ECMWF analysis814

on a 0.14◦ grid (Menemenlis et al., n.d.). Therefore, the atmosphere in that model ≈ 7×815

coarser than the ocean, guaranteeing a systematic bias toward over-damping oceanic scales816

smaller than the atmospheric resolution based on our results above.817

Complicating matters further, in ocean-only models, the atmosphere cannot respond to818

the oceanic mesoscales by definition, regardless of the atmospheric grid resolution. Unlike819

large-scale currents, the oceanic mesoscales are chaotic and unpredictable. Therefore, it is820

not reasonable to expect the prescribed small-scale atmospheric motions to align with the821

oceanic mesoscales deterministically.822

For ocean-only simulations, Renault et al. (2020) proposes modifications to the wind-823

ocean coupling coefficients to account for the possibility of wind re-energization by mesoscale824

eddies. Lemarié et al. (2021) proposes the introduction of a Marine Atmospheric Boundary825

Layer to mediate such coupling, which may include more accurate physics but at a high826

computational cost. Our expression in eq. (26) for wind work at small-scales offers us a827

guide for a different approach.828

The wind-driven contribution, [ua]
′
ℓ·[uo]

′
ℓ in eq. (26), is expected to be positive in a829

coupled atmosphere-ocean model. However, in an ocean-only model, the correlation between830

[ua]
′
ℓ and [uo]

′
ℓ at the mesoscales (< 400 km) is unlikely to be significant since the latter are831

5 The lat-long coarsening of ũo is not strictly the same as the coarse-grained field uo in eq. (10) but is

easier to implement in a GCM and makes it simpler to match the atmospheric resolution locally.
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generated by instabilities. Therefore, it is reasonable to expect that in a space-time average,832

[ua]
′
ℓ·[uo]

′
ℓ ≈ 0 at scales smaller than 400 km. In contrast, the contribution −[uo]

′
ℓ·[uo]

′
ℓ833

to wind work in eq. (26) is always negative and proportional to the energy present at834

the mesoscales in a model. Therefore, consistent with findings of Renault, Molemaker,835

McWilliams, et al. (2016), using relative wind stress τ r in ocean-only simulations exaggerates836

eddy-killing for reasons beyond the wind’s grid resolution. A slight tweak of τ r2 in eq. (33),837

by coarsening the ocean velocity not to a level matching the wind’s grid resolution as in838

eq. (32), but to the mesoscales of ≈ 2◦ × 2◦ to 4◦ × 4◦ may alleviate these shortcomings.839

Testing this hypothesis is beyond our scope here.840

8 Limitations of our Analysis841

Here, we discuss some of the caveats of our analysis. We also discuss the rationale842

behind some of the practical choices made in this work.843

8.1 Data844

The QuikSCAT and altimetry datasets we use here are on a 0.25◦ grid but are estimated845

to have an effective resolution that is 2× to 4× coarser (Mazloff et al., 2014; Desbiolles et846

al., 2017; Stammer & Cazenave, 2017). This reduction in resolution is compounded by our847

7-day running average of the data to allow for global coverage. We believe the eddy killing848

magnitude will almost certainly increase with the inclusion of scales smaller than the current849

resolution limit, but that the eddy killing length-scale of ≈ 300 km is well-resolved within850

our current analysis and should not change with finer datasets (Rai et al., 2021).851

It is also worth mentioning the difficulty in inferring winds from scatterometers under852

strong wind conditions exceeding ≈ 20 m/s (Yu & Jin, 2014). Since it is hard to sample these853

extreme events with a scatterometer and concurrently by other means (in-situ or models),854

it is challenging to calibrate modeling functions in this regime due to a lack of sufficient855

reliable benchmarking data (Quilfen et al., 1998; Chelton & Freilich, 2005). Moreover,856

the measured radar cross-section (or backscatter coefficient) becomes less sensitive to wind857

under strong wind conditions, increasing the scatterometer’s uncertainty in the strong wind858

regime (Fangohr & Kent, 2012). Fortunately, such strong wind conditions account for a859

only 2.2% of the global wind field (Yu & Jin, 2014). Yet, we highlight these limitations860

since correlations (or anti-correlation) between such extreme wind events and oceanic flow,861

i.e. wind work, can still be significant. This is a question for future research.862

A salient assumption we have made in our analysis, similar to prior work (Hughes &863

Wilson, 2008; Scott & Xu, 2009; C. Xu et al., 2016; Renault et al., 2017), is that the (i)864

sampling of wind stress from QuikSCAT and (ii) the sampling of geostrophic current from865

altimetry are matched in space and time. A potential mismatch can introduce systematic866

biases toward smaller values of total wind work and also smaller estimates of eddy killing.867

However, for such biases to affect our estimates, any time or space mismatch would have868

to be at (time or length) scales greater than the resolution of our data. Since we use 7-day869

time-averaged data on a 0.25◦ grid, we believe such biases, if present, are unlikely to be870

significant.871

Another aspect of our analysis worth highlighting is that the QuikSCAT measurement872

of wind stress τ qs implicitly involves the full (geostrophic + ageostrophic) ocean velocity873

interacting with the wind. However, the ocean velocity used in our analysis of wind work874

represents only the geostrophic flow, uo, from altimetry, similar to prior work (Hughes &875

Wilson, 2008; Scott & Xu, 2009; C. Xu et al., 2016; Renault et al., 2017).876

Wind work on agesotrophic flow can modify eddy killing which is not accounted for in877

our study. Two previous studies (Renault, Molemaker, McWilliams, et al., 2016; Renault,878

Molemaker, Gula, et al., 2016), based on Reynolds averaging, suggest that eddy killing of879
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the ageostrophic flow may be negligible. Moreover, wind work to the ageostrophic flow is not880

believed to feed into the general circulation and diapycnal mixing (Wunsch, 1998; Von Storch881

et al., 2007; Scott & Xu, 2009). In previous work using coarse-graining (see Supplementary882

Material in (Rai et al., 2021)) to analyze global CESM model output (R. J. Small et al.,883

2014), we found that the ageostrophic flow is wind-driven and is not subject to eddy killing on884

average, which is consistent with physical expectations (Renault, Molemaker, McWilliams,885

et al., 2016; Renault, Molemaker, Gula, et al., 2016). However, upon inspecting regional886

trends, we found that in strongly eddying regions such as WBCs, the ageostrophic mesoscale887

flow is also being killed by wind. In contrast, the ageostrophic flow in the rest of the888

ocean, which includes the Ekman flow, is mostly wind-driven rather than damped. We had889

hypothesized (Rai et al., 2021) that this may be due to a difference in the formation of890

ageostrophic mesoscales in energetic regions, which probably arise from a loss of balance in891

the geostrophic flow, unlike the ageostrophic flow elsewhere in the ocean, which probably892

arise directly from the wind forcing.893

8.2 Stress Formulation894

In addition to the mechanical coupling in eq. (16) (or eq. (3)), there is also thermal895

coupling between the ocean and atmosphere, which affects wind stress (Chelton et al., 2001,896

2007; O’Neill et al., 2003). The air-sea thermal coupling changes the Marine Atmospheric897

Boundary Layer’s stability and causes wind speed to change (Sweet et al., 1981; Businger898

& Shaw, 1984; R. d. Small et al., 2008). While the bulk stress formulation of (W. Large &899

Pond, 1981; W. G. Large et al., 1994) depends only on wind (relative) speed, the COARE900

bulk formulation (C. Fairall et al., 1997; C. W. Fairall et al., 2003) also accounts for the901

boundary layer stability due to the thermal air-sea coupling. This is beyond our scope here902

and we only use the W. Large and Pond (1981) bulk formulation of wind stress. It is also903

important to bear in mind that bulk parameterizations such as COARE and W. Large and904

Pond (1981) may become less accurate at sufficiently small length-scales and time-scales,905

although this is unlikely to be an issue in our study here.906

8.3 Coarse-graining907

Our analysis above (and in Rai et al. (2021)) has demonstrated that coarse-graining908

is an effective approach to disentangle eddy killing and highlighted its advantages over909

the traditional mean-eddy Reynolds decomposition. Yet, we wish to bring to the reader’s910

attention some of the practical choices we have made in our coarse-graining analysis.911

First, our choice of the graded Top-Hat kernel in eq. (11) to convolve with the fields is912

not unique. It is certainly possible to utilize one of the many other kernels such as Gaus-913

sian or Poisson functions. An in-depth discussion of the advantages of each is beyond our914

scope here (e.g., see Rivera et al. (2014)). We mention briefly that some of the desirable915

properties in our kernel is its positive semi-definiteness, which satisfies physical realizability916

conditions (Vreman et al., 1994). For example, it ensures density and energy remain pos-917

itive (Buzzicotti, Aluie, et al., 2018), unlike other possibilities such as the Dirichlet kernel918

(Aluie & Eyink, 2009). Another advantage is that the Top-Hat function has a well-defined919

width, which can be easily associated with the length-scale at which we are decomposing920

the dynamics, unlike other kernels such as the Gaussian (Buzzicotti et al., 2021). Indeed, a921

convolution with Gℓ in equation (11) is a spatial analogue to an ℓ-day running time-average.922

Second, when analyzing the flow close to continental boundaries or ice regions, we have923

to make a choice regarding the boundary treatment. For example, when coarse-graining the924

ocean velocity at location x near land, uℓ(x) is essentially a weighted average of the velocity925

within a region of radius ℓ/2 around x, which might include land. A practical choice we926

made in this work, as in Aluie et al. (2018), is to treat land as water with zero velocity over927

which the wind stress is also zero. This choice ensures that coarse-graining commutes with928

spatial derivatives (Buzzicotti et al., 2021), which is necessary for deriving the dynamics at929
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different scales self-consistently. Note that this is also consistent with numerical formulations930

of OGCMs, where land is often treated just like any ocean region but with an imposed zero931

velocity.932

9 Summary and Discussion933

Motivated by how to best mechanically couple winds to the ocean in models, this study934

builds on our previous work analyzing eddy killing (Rai et al., 2021), where we had used935

QuikSCAT winds and altimetry data to study wind work on the ocean surface as a function936

of length-scale. While it is well appreciated that stress formulated from absolute winds937

overestimates wind work (Duhaut & Straub, 2006), we show here that stress formulated from938

relative winds can introduce a significant bias in the opposite direction by underestimating939

wind work even when the atmosphere and ocean are coupled. By analyzing wind work as a940

function of length-scale, this study demonstrates how these biases from absolute and relative941

stress formulations are primarily at the mesoscales. We proposed a simple reformulation of942

the wind stress to correct such biases.943

We were able to objectively disentangle wind work by these stress formulations at differ-944

ent length-scales using spatial coarse-graining. The approach is objective in the sense that945

it does not rely on preconceived notions of what constitutes a mesoscale eddy. We showed946

that coarse-graining can unravel mesoscale eddy-killing clearly, while the more traditional947

Reynolds averaging decomposition of the flow cannot.948

We found that both absolute and relative wind stress formulations are reasonably ac-949

curate (within 10%) in how they force the large-scales, however, they differ starkly in their950

roles at the mesoscales. Absolute stress, τ a, does negligible (albeit positive) work on the951

mesoscales with muted seasonality. On the other hand, relative stress, τ r, yields eddy-killing952

(negative work) at the mesoscales. This eddy-killing by τ r is significantly exaggerated when953

the atmospheric resolution is coarser than the ocean’s, which is the case in almost all general954

circulation model. The eddy-killing exaggeration bias persists at all times and is especially955

pronounced in dynamic regions like WBCs and ACC.956

A main contribution was deriving a mathematical criterion (eq. (27)) for eddy killing to957

occur at any length-scale, which gives us insight into the physics of wind work as quantified958

by EPCg. This criterion provides the theoretical explanation for results in Rai et al. (2021)959

and shows that a mismatch in resolution between the atmosphere and ocean components of960

GCMs leads to an exaggeration in eddy-killing.961

The analytical expression (eq. (26)) highlights the disproportionate effect small-scale962

winds O(100) km can have on the dynamics of mesoscale ocean eddies, despite the dominant963

atmospheric motions being at length-scales larger than O(103) km (e.g. Nastrom et al.,964

1984). The mechanical coupling between the atmosphere and the oceanic mesoscales can be965

significantly distorted if the atmospheric motions at those same scales are misrepresented966

in a model. We were able to infer that, on average, small-scale winds tend to be aligned967

with oceanic mesoscales at the surface, but are not sufficiently strong to energize them.968

The tendency for small-scale winds and currents to be aligned may be due to the so-called969

“re-energization” mechanism identified by Renault, Molemaker, McWilliams, et al. (2016),970

in which winds mechanically adjust to the ocean surface state. What we highlighted here,971

based on eq. (26), is that such atmospheric adjustment is not possible at the scale of oceanic972

eddies if the atmosphere’s resolution is coarser than the ocean’s even in coupled atmosphere-973

ocean models. Such resolution mismatch can lead to significant artifacts in the wind forcing974

of ocean mesoscales.975

We proposed a simple recipe to correct for exaggerated eddy killing. The reformulated976

stress has no free parameters and relies on expressing stress using wind velocity relative to977

ocean surface currents at a coarsened resolution to match the atmosphere’s. The reformu-978

lated stress τ r2 showed remarkable improvement, which provided evidence that resolution979
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mismatch causes exaggerated eddy killing. We believe the simplicity of the recipe and its980

lack of any free parameters makes it especially appealing.981

Our reformulated wind stress recipe may be thought of as an attempt to parameterise982

the unresolved alignment between the small-scale winds and ocean currents if the atmosphere983

has sufficient resolution. It is somewhat related, at least in spirit, to parameterizations of984

re-energization proposed by Renault et al. (2020) for ocean-only simulations. Adding a985

dynamic marine atmospheric boundary layer similar to the one suggested in Lemarié et al.986

(2017) that can resolve the feedbacks from the ocean could be another way to provide more987

correct forcing, albiet at a higher computation cost.988

Appendix A Wind Stress989

A note on terminology that is common in geophysical fluid dynamics but may be990

confusing outside: the term “stress” used here refers to the vector τ (N/m2). This is991

physically related to the full stress tensor T via τi = Tiz, as is commonly (and reasonably)992

assumed, since ∂zTiz is the dominant force in the ocean surface momentum balance. Here,993

τi is the i-th horizontal component of the vector τ . Therefore, the power (in Watts) injected994

by the wind can be calculated from the inner product of geostrophic ocean velocity, u, with995

the wind force (per unit volume) in the momentum equation, ∂zτ , and integrating over996

volume:997

wind work =

∫
dA

∫ 0

−Ek

dz ui∂zτi

=

∫
dA

∫ 0

−Ek

dz
[
∂z(uiτi)− (∂zui)τi︸ ︷︷ ︸

=0

]
=

∫
dA

[
uiτi|z=0 − uiτi︸︷︷︸

=0

|z=−Ek

]
=

∫
dA u·τ |z=0

where ∂zu = 0 within the Ekman boundary layer (< 100 m) for the low-frequency flow at998

horizontal length-scales > 50 km, while τ = 0 below the Ekman boundary layer. The latter999

also explains the third expression above.1000

Appendix B Regional Analysis1001

We generate masks for oceanic regions of interest shown in Fig. 5 over which we analyze1002

eddy-killing. The equatorial mask is the ±8◦ band, and the Southern Ocean mask is the1003

[35◦ − 65◦S] band. The remaining masks are irregular and are intended to select strongly1004

eddying regions with strong currents. Specifically, the masks satisfy 1
2 |⟨uo⟩|2+ 1

2 ⟨|u
′
o|2⟩ > 0.11005

m2/s2 in the Gulf Stream and Kuroshio, and 1
2 |⟨uo⟩|2 + 1

2 ⟨|u
′
o|2⟩ > 0.05 m2/s2 in the1006

remaining regions shown in Fig. 5. Subject to these thresholds, the masks lie within [35◦ −1007

70◦S] (ACC), [15◦− 85◦W, 23◦− 55◦N] (Gulf Stream), [120◦− 180◦E, 23◦− 50◦N] (Kuroshio),1008

[0◦ − 45◦E, 15◦ − 40◦S] (Agulhas), and [40◦ − 75◦W, 35◦ − 60◦S] (Brazil-Malvinas).1009
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Figure A1: Total wind work (in W/m2) to the ocean using Reynolds averaging (left col-
umn) and coarse-graining (right column). Different rows show the three stress formulations:
QuikSCAT stress τ qs (top), NCEP absolute stress τ a (middle), NCEP relative stress τ r

(bottom). Coarse-graining is performed with ℓ = 300 km. All six panels are qualitatively
similar and left panel have identical domain integrated value with right panel, except for
subtle differences in the fine features. Note that areas in black include land and ocean
regions with seasonal or permanent ice coverage.
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Abstract15

Mechanical coupling of the atmosphere to the ocean surface in general circulation models is16

represented using bulk wind stress formulations. The stress is often based on either absolute17

wind velocity, τ a, or the more correct wind velocity relative to the ocean surface currents,18

τ r. Here, we use coarse-graining to disentangle wind work by these formulations at different19

length-scales. We show that both can be reasonably accurate in forcing the ocean at length-20

scales larger than the mesoscales, with τ a overestimating wind work by 10%. However, τ a21

and τ r show stark and opposing systematic biases in how they drive the mesoscales; τ a does22

negligible (albeit positive) work on the mesoscales, while τ r yields eddy-killing (negative23

work) that is artificially exaggerated by a factor of ≈ 4. We derive an analytical criterion24

for eddy-killing to occur, which shows that exaggerated eddy killing is due to resolution25

mismatch between the atmosphere and ocean. Our criterion highlights the disproportionate26

effect small-scale winds O(100) km can have on the dynamics of mesoscale ocean eddies,27

despite the dominant atmospheric motions being at length-scales larger than O(103) km.28

The eddy-killing criterion shows that large-scale winds do not necessarily cause eddy-killing29

but are merely an amplification factor for wind work on the mesoscales, which can be either30

positive or negative depending on the local alignment of small-scale winds with the ocean31

eddies. We propose a simple reformulation of τ r, without introducing tuning parameters,32

to remove spurious eddy-killing from air-sea resolution mismatch that is often present in33

climate models.34

Plain Language Summary35

It is widely appreciated that winds are the primary driver of the general oceanic cir-36

culation. This is why any systematic biases in how the atmosphere couples to the ocean in37

climate models is of great interest. Here, we build upon a previous study (Rai et al., 2021)38

showing that wind provides energy to large length-scales (> 260 km) and extracts energy39

from the smaller mesoscales at a rate of ≈ 50 GW by a process called “eddy-killing.” We find40

that the manner with which air-sea coupling is represented in models can have significant41

impact on the evolution of mesoscale eddies. We identify mismatch in resolution between42

the atmosphere and ocean components of a model as leading to a systematic bias toward43

exaggerated eddy-killing in the ocean. Such resolution mismatch is ubiquitous in climate44

models, where the atmosphere is almost always of a coarser resolution than the ocean, pre-45

venting the oceanic mesoscales from coupling to the atmosphere. In this work, we propose46

a simple fix for the bias without requiring that the ocean and atmosphere be at the same47

resolution.48

1 Introduction49

Wind is the main driver of the general oceanic circulation (Wunsch et al., 2004). Al-50

though the net path of mechanical energy is from the atmosphere to the ocean, several51

recent studies have shown evidence that oceanic “mesoscale eddies”1 actually lose energy to52

the atmosphere (e.g., Dewar & Flierl, 1987; Zhai & Greatbatch, 2007; Flexas et al., 2019;53

Rai et al., 2021), in a process sometimes called eddy killing (Renault, Molemaker, Gula, et54

al., 2016).55

It is estimated that wind stress injects ≈ 4-5 TW into the quasi-steady2 surface ocean56

flow (Flexas et al., 2019), of which ≈ 2.4 TW goes into surface Ekman flow (Wang & Huang,57

2004a), and ≈ 0.5-0.7 TW into near-inertial oscillations (Watanabe & Hibiya, 2002; Alford,58

1 We put the word in quotes since the characterization and definition of mesoscale eddies has not been

consistent among these studies, as we elaborate below.
2 “Quasi-steady” refers to frequencies much lower than those of surface waves, into which the wind injects

≈ 60 TW (Wang & Huang, 2004b) and is mostly dissipated in the surface layer.
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2003). Most of this power is dissipated within the Ekman layer limited to the upper tens59

of meters and, as a result, does not contribute directly to the general circulation (Wunsch,60

1998). Of the wind-driven ocean circulation, it is wind work on the geostrophic flow that is61

passed to the deep ocean below the Ekman layer (Von Storch et al., 2007).62

Earlier studies (Wunsch, 1998; Von Storch et al., 2007) estimated wind work into the63

geostrophic flow to be ≈ 1 TW. These estimates relied on “absolute” wind stress, τ a, based64

on wind velocity ua alone. Duhaut and Straub (2006) argued that ignoring ocean surface65

current in surface wind stress formulation leads to an overestimation of wind work by 20%-66

35%. This was subsequently supported by studies with eddy resolving, fully coupled models67

(Dawe & Thompson, 2006; Zhai & Greatbatch, 2007; Eden & Dietze, 2009), and also from68

wind scatterometer observations by Hughes and Wilson (2008). They showed that global69

wind work decreases by 190 GW, down to 760 GW, when the physically correct wind velocity,70

ur = ua −uo relative to that of the ocean surface uo, is used in the bulk stress formulation71

(Scott & Xu, 2009). It naturally follows that use of relative winds, which are generally of72

smaller magnitude than absolute winds especially in regions of strong wind-aligned ocean73

currents, will cause a reduction in wind work even in absence of eddies. This reduction of74

wind work is sometimes conflated with eddy killing. Indeed, our results below show that75

eddy killing contributes only partially (albeit > 50%) to the reduction of wind work.76

From a fundamental standpoint, understanding how wind drives the ocean is essential77

to understanding the oceanic general circulation (Wunsch, 1998). For example, it helps us78

determine the extent to which the large-scale ocean currents are driven directly (i.e. in a79

geographically local sense) by wind compared to other indirect mechanisms such as due to80

conversion from potential energy or global (i.e. geographically nonlocal) balances (Vallis,81

2017). In this paper, we quantify the extent to which large-scale western boundary currents82

(WBCs), including the Gulf Stream and Kuroshio, are forced directly by wind. Analyzing83

wind work at different scales also helps in understanding the dissipation pathways for the84

mesoscales, which is a longstanding problem in physical oceanography (Ferrari & Wunsch,85

2009). The mesoscales account for a majority of the ocean’s kinetic energy (Storer et al.,86

2022) and are, therefore, a critical component of the global circulation (Stammer, 1997),87

playing a leading role in the transport of heat and biogeochemical tracers (e.g., Dufour et88

al., 2015; Mémery et al., 2005; Garçon et al., 2001). An accumulation of recent evidence89

indicates that wind forcing is an important energy sink for the mesoscales, especially in90

strongly eddying regions such as WBCs (C. Xu et al., 2016; Renault et al., 2019; Rai et al.,91

2021).92

From a modeling perspective, there is a practical motivation to better understand and93

quantify how wind drives the ocean. While using absolute wind stress τ a overestimates wind94

work, Renault et al. (2018) showed that using formulations of relative wind stress τ r based95

on relative wind velocity ur underestimates the wind work when the atmospheric response96

is absent in ocean-only models compared to fully coupled ocean-atmosphere models. Ocean-97

only simulations have been shown by Renault et al. (2018) to yield an exaggerated eddy98

killing effect, thereby yielding an under-energized eddy field. We shall show in this paper that99

an exaggerated eddy killing when using τ r can arise even in fully coupled atmosphere-ocean100

models if the atmospheric resolution is coarser than that of the ocean. To our knowledge,101

such spurious eddy killing due to resolution mismatch between the oceanic and atmospheric102

grids has not been recognized before. By deriving an analytic expression for wind-work as a103

function of length-scale at any geographic location, we are able to offer a simple reformulation104

of the bulk wind stress, which removes such spurious eddy killing in models with resolution105

mismatch. The reformulated stress yields very good agreement with satellite observations.106

This paper is organized as follows. Section 2 is an overview of air-sea mechanical cou-107

pling at mesoscales. Section 3 discusses Reynolds Averaging and coarse-graining methods.108

Section 4 describes the datasets we use. Section 5 discusses wind work at large-scales and109

mesoscales using Reynolds Averaging and coarse-graining approaches. In section 6 we ex-110

plain the air-sea mechanical coupling at different length-scales analytically, demonstrate it111
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with toy examples, and discuss the effects of resolution mismatch. Section 7 discusses im-112

plications on modeling and provides a recipe to fix the bias due to resolution mismatch.113

Section 8 discusses some of the limitations and practical choices made in this work. The114

paper concludes with a summary and discussion in section 9, followed by an appendix.115

2 Air-Sea Mechanical Coupling116

Wind work at the air-sea interface is the transfer of mechanical energy from wind to
the ocean. Here, we focus on the multiscale nature of such transfer. The work done by wind
on the geostrophic ocean is important as it is provides the energy needed for maintaining
global circulation of the ocean (Munk & Wunsch, 1998). The transfer of this energy is given
by

P = τ ·uo , (1)

where τ is the surface wind stress and uo is the surface ocean current. τ in eq. (1) is
formulated using a bulk aerodynamic method (e.g. Kundu et al., 2015). Despite several
works (Bye, 1985; Pacanowski, 1987; Dawe & Thompson, 2006; Duhaut & Straub, 2006)
pointing to its lower accuracy, many simulations and analyses relied on an absolute wind
stress formulation

τ a = ρairCd|ua|ua, (2)

that was solely a function of wind velocity at the ocean surface, ua, without accounting for
the ocean current. Here, ρair ≈ 1.2 kg/m3 is air density and Cd = O(10−3) is the coefficient
of drag (W. Large & Pond, 1981; W. G. Large et al., 1994). A physically more correct
formulation is relative wind stress,

τ r = ρairCd|ua − uo|(ua − uo) , (3)

which is based on the wind velocity relative to the ocean surface current, uo. Having117

|ua| ≫ |uo| on average had been a justification for using the simpler τ a in eq. (2). In fact, τ a118

is still being used to date in some models contributing to the climate model intercomparison119

project CMIP6, e.g. the CanESM5 model from the Canadian Centre for Climate Modelling120

and Analysis (Swart et al., 2019) and the AWI-CM model from the Alfred Wegener Institute121

(Semmler et al., 2017).122

While |ua| ≫ |uo| on average, they can be comparable in strong ocean currents, leading123

to significant regional biases (Pacanowski, 1987). Moreover, the small change in the wind124

stress formulation fundamentally changes the atmosphere-ocean coupling at the mesoscales125

(Zhai & Greatbatch, 2007; Renault, Molemaker, McWilliams, et al., 2016). One of the126

results of this work tells us that eq. (2) yields a small net positive power input into the127

oceanic mesoscales smaller than 300 km. In contrast, eq. (3) leads to a significant net removal128

of energy from those scales (Rai et al., 2021) due to eddy-killing (Renault, Molemaker, Gula,129

et al., 2016).130

We shall now recap the standard explanation of eddy-killing (Zhai & Greatbatch, 2007;131

Renault, Molemaker, McWilliams, et al., 2016). Fig. 1 shows a large-scale wind blowing132

over an ocean eddy. Since wind stress, τ r, is proportional to wind velocity relative to the133

ocean (ua − uo in eq. (3)), it induces small-scale oceanic imprints (variations) in the wind134

stress (Renault, Molemaker, McWilliams, et al., 2016; Zhai & Greatbatch, 2007). This135

wind stress forces half of the eddy positively (positive work) and the other half negatively136

(negative work or damping). The stress opposing the ocean surface current is larger than137

the stress that drives the ocean surface current resulting in negative wind work to the eddy138

and is called eddy-killing (Renault, Molemaker, McWilliams, et al., 2016).139

Several studies have reported differing global estimates for eddy killing using various140

methods, ranging from -142 GW to 22 GW. The standard explanation of eddy killing by141

(Zhai & Greatbatch, 2007) suggests the wind work on eddies should be negative. However,142

many of the earlier investigations (e.g., Duhaut & Straub, 2006; Y. Xu & Scott, 2008;143
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Wind Velocity

Relative Wind Velocity

Surface Ocean 
Current

Figure 1: Standard explanation of eddy killing, which may be traced back to Zhai and
Greatbatch (2007). A uniform (or large-scale) wind, ua acts on an ocean eddy (small-
scale, [uo]

′
ℓ ). The wind stress opposes (blue, negative work) the top half of the eddy and

enhances (red, positive work) the bottom half. Since the stress exerted by the wind on the
eddy is proportional to their relative velocity, the negative work dominates over the positive,
resulting in the wind extracting energy from the eddy.

Hughes & Wilson, 2008; Hutchinson et al., 2010; Renault, Molemaker, Gula, et al., 2016)144

defined “eddy” as the temporal fluctuation, u′
o = uo − ⟨uo⟩, around the time-mean ⟨uo⟩.145

Consistent with this definition, the measure of wind work on the eddy (i.e. fluctuating)146

field is ⟨τ r·u′
o⟩ (note that ⟨τ r·u′

o⟩ = ⟨τ ′
r·u′

o⟩). All these studies have found this quantity147

to be either positive or ≈ 0 when integrated globally, suggesting a lack of eddy killing. For148

instance, ⟨τ r·u′
o⟩ was found to be ≈ 9 GW by Hughes and Wilson (2008) and ≈ 22 GW by149

Scott and Xu (2009),150

In order to reconcile expectations from the process in Fig. 1 with the miniscule values151

of ⟨τ r·u′
o⟩, many investigations (e.g. Duhaut & Straub, 2006; Hughes & Wilson, 2008) often152

focused on the difference P fluc
diff = ⟨τ r·u′

o⟩− ⟨τ a·u′
o⟩, which is negative. Duhaut and Straub153

(2006) reported that of the total reduction in wind work ⟨τ ·uo⟩ when using τ r versus τ a,154

the eddy (fluctuating) component, P fluc
diff , accounts for two thirds and the remaining one155

third is due to the mean flow. The scatterometry analysis of Hughes and Wilson (2008)156

showed the eddy (fluctuating) contribution to be even larger (over 75%) with P fluc
diff ≈ -142157

GW. The negative value of P fluc
diff is sometimes confused with eddy-killing depicted in Fig. 1.158

While being of practical modeling significance, P fluc
diff is not a term that arises self-159

consistently within the “correct” dynamics itself, but is only a comparison between two160

manifestations of oceanic flow under different wind forcing. A negative P fluc
diff only implies161

that ⟨τ r·u′
o⟩ < ⟨τ a·u′

o⟩. After all, it is possible to concoct numerous incorrect wind stresses162

other than τ a (e.g. with different drag coefficients) to use in a simulation and measure163

the difference in energy input relative to the “correct” dynamics. Therefore, P fluc
diff does not164

represent eddy-killing. The latter should arise self-consistently within a single manifestation165

(e.g. a simulation) of the dynamics. Indeed, the presence of eddy killing in the flow sketched166

in Fig. 1 does not rely on a comparison to another flow. The quantity ⟨τ r·u′
o⟩ was found to167

be positive or negligibly small globally (Hughes & Wilson, 2008; Scott & Xu, 2009), which168

indicates that ⟨τ r·u′
o⟩ is not the proper quantity to detect eddy killing.169
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More recently, C. Xu et al. (2016) pursued another approach to measure eddy killing170

by explicitly detecting eddies of size up to 400 km and found that wind work, τ r·ueddy
o ,171

over such structures is −27.7 GW globally, where ueddy
o is the velocity of detected eddies.172

Therefore, C. Xu et al. (2016) quantified the wind damping or killing of detected eddies.173

The work was very important in that it demonstrated eddy killing in the global ocean. The174

−27.7 GW eddy killing estimate represents a lower bound on the eddy killing taking place175

because it is restricted to vortical structures that satisfy certain criteria, for example closed176

flow loops that are sufficiently long-lived. Such criteria is ultimately subjective and excludes177

much of the remaining ocean flow.178

Yet another approach to estimate eddy killing was developed in the form of a linear179

regression coefficient obtained from the correlation of (i) curl of wind stress and (ii) ocean180

surface vorticity (Seo et al., 2016; Renault, Molemaker, McWilliams, et al., 2016; Renault181

et al., 2017). Using the regression coefficient, Renault et al. (2017) estimated the global182

eddy killing to be −48 GW, while also using two other measures of eddy killing that yielded183

−23 GW and −70 GW in the same paper.184

A first principles method for calculating wind work on eddies was presented in a recent185

study of ours (Rai et al., 2021). The method is based on deriving the dynamics at different186

length-scales using a coarse-graining approach, then measuring the wind work at those187

scales directly (see eq. (13)). This frees us from having to rely on empirical statistical188

correlations or on subjective criteria of what constitutes an eddy. Using altimetry data for189

the ocean surface current and QuikSCAT winds, Rai et al. (2021) found the wind work on190

geostrophic current of length-scale less than 260 km to be −50 GW, while being positive at191

larger scales. This indicates that scales smaller than 260 km are killed by wind on a global192

average. The eddy killing rate of −50 GW is significant and comparable to other energy193

pathway estimates, such as baroclinic and barotropic transfer of kinetic energy (Kang &194

Curchitser, 2015; Aluie et al., 2018; Yan et al., 2019). Rai et al. (2021) found that eddy195

killing has a clear seasonal cycle, peaking in winter. It was also observed that ≈ 70% of196

eddy killing occurs in WBCs and the ACC, which cover a surface area that is merely ≈ 7%197

of the global ocean. A main contribution of our present study is deriving a mathematical198

criterion for eddy killing to occur at any length-scale. This criterion provides the theoretical199

explanation for results in Rai et al. (2021) and shows that a mismatch in resolution between200

the atmosphere and ocean components of a GCM leads to an exaggeration of eddy-killing.201

3 Methods202

In this section, we summarize how to decompose the ocean flow as a function of length-203

scales using spatial coarse-graining (Buzzicotti et al., 2021). More detailed discussions of204

coarse-graining on a spherical surface can be found in previous works (Aluie et al., 2018;205

Aluie, 2019; Buzzicotti et al., 2021). We also recap Reynolds averaging, which decomposes206

the flow into a temporal mean and fluctuating components (Vallis, 2017). Within both207

approaches, we focus on wind work.208

3.1 Reynolds Averaging209

Reynolds averaging is a traditional approach to analyzing unsteady, eddying, or tur-210

bulent flows. It relies on ensemble averaging to decompose the mean from the fluctuating211

components of a field. Oftentimes, including in physical oceanography, ensemble averaging212

is replaced with time-averaging. For our purposes, the mean wind stress and ocean surface213

current are ⟨τ ⟩ and ⟨uo⟩, respectively, where ⟨...⟩ represents temporal average.214

Within the Reynolds averaging framework, one can identify the energy input by the
wind into the mean flow from its kinetic energy budget, ∂tρ|⟨uo⟩|2/2 = . . . , where ρ is
surface density and ∂t is a time derivative (e.g., Vallis, 2017). This is the Mean Power input
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(per unit area) into the mean flow:

MPRey = ⟨τ ⟩.⟨uo⟩ (4)

Superscript ‘Rey’ is used to indicate that this term arises from the Reynolds decomposition.215

The remainder of the wind work is channeled due to the presence of a fluctuating part
of the flow, often called “eddies.” Such Eddy Power input (per unit area) is:

EPRey = ⟨τ ·uo⟩ − ⟨τ ⟩·⟨uo⟩, (5)

which simplifies to
⟨τ ·uo⟩ − ⟨τ ⟩·⟨uo⟩ = ⟨τ ′·u′

o⟩, (6)

where
τ ′ = τ − ⟨τ ⟩, and u′

o = uo − ⟨uo⟩. (7)

Eq. (6) is valid only due to an important property of Reynolds averaging: for any field ϕ,

⟨⟨ϕ⟩⟩ = ⟨ϕ⟩ =⇒ ⟨ϕ′⟩ = ⟨ϕ− ⟨ϕ⟩⟩ = 0. (8)

It is important to bear in mind that this property depends on Reynolds averaging being216

a projection (Buzzicotti, Linkmann, et al., 2018). It does not hold in general for other217

decompositions, such as spatial coarse-graining (or filtering, see Germano (1992)) or running218

window time-averaging. A negative value for EPRey indicates that wind is extracting energy219

from the “eddy” (fluctuating) component of the flow, i.e. it indicates eddy killing within220

the Reynolds averaging framework.221

The Total Power input (per unit area) into the ocean is simply:

TPRey = ⟨τ ·uo⟩, (9)

which follows from the time-averaged kinetic energy budget, ⟨∂tρ|uo|2/2⟩ = . . . , irrespective222

of any decomposition.223

The expression of TPRey gives us some insight into why EPRey as defined in eq. (5)224

rather than that in eq. (6), is the fundamental quantity of interest —it ensures that EPRey+225

MPRey = TPRey. The simplified expression in eq. (6) relies on the Reynolds averaging226

property ⟨⟨ϕ⟩⟩ = ⟨ϕ⟩ and is not generally true for other decompositions.227

As demonstrated in recent studies (Buzzicotti et al., 2021; Storer et al., 2022), “mean” is228

not synonymous with “large length-scale.” Similarly, “fluctuating” is not synonymous with229

“small-scale.” It is generally expected that larger (smaller) scales tend to vary over longer230

(shorter) time-scales, but this is not always true. One counterexample is Rossby waves,231

which have a shorter time-scale at larger length-scales. Another is standing meanders or232

stationary eddies, such as the Mann eddy in the N. Atlantic, which have a small length-scale233

(relative to the gyre or basin) but are persistent in time. A proper length-scale decomposition234

that is independent of the temporal behavior of the flow is accomplished by spatial coarse-235

graining (e.g., Aluie & Kurien, 2011; Aluie et al., 2018; Srinivasan et al., 2019; Ryzhov et236

al., 2019; Khani et al., 2019).237

3.2 Coarse Graining238

For a field ϕ(x), a “coarse-grained” or (low-pass) filtered field, which contains length-
scales larger than ℓ, is defined as

ϕℓ(x) = Gℓ ∗ ϕ, (10)

where ∗ is a convolution on the sphere (Aluie, 2019) and Gℓ(r) is a normalized kernel (or
window function) so that

∫
dS Gℓ(r) = 1, where dS is the infinitesimal area measure on

the sphere. Operation (10) may be interpreted as a local space average over a region of
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diameter ℓ centered at point x. Notice that ϕℓ(x) has scale information ℓ as well as space
information x. The kernel

Gℓ(r) = A (0.5− 0.5 tanh((|r| − ℓ/2)/10.0)) (11)

we use, shown in Fig. 2, is essentially a graded Top-Hat kernel . The normalizing factor A239

ensures
∫
dS Gℓ(r) = 1.

4 3 2 1 0 1 2 3 4
longitude [° East]

400 200 0 200 400
r [km]

0

1

2

3

G
(r)

 ×
10

12
m

2

Figure 2: Kernel Gℓ we use for coarse-graining is a Top-Hat filter with smoothed edges
as defined in eq. (11). Distance r = |r| is geodesic (see eq.(7) in Buzzicotti et al. (2021)).
In this figure, ℓ = 600 km, although we probe a wide range of length-scales below using
different values for ℓ.

240

Unlike the Reynolds approach, which lacks control over the partitioning scale, coarse-241

graining allows for any choice of partitioning length-scale ℓ. In the rest of our paper, we242

shall omit subscript ℓ whenever there is no risk of ambiguity.243

Within the coarse-graining approach, large-scale wind stress and surface current are τ
and uo, respectively. One can identify the energy input by the wind into the large-scale flow
(larger than ℓ) from the kinetic energy budget, ∂tρ|uo|2/2 = . . . (e.g., Aluie et al., 2018).
This is the wind work (per unit area) into oceanic scales larger than ℓ:

MPCg = τ ·uo, (12)

which is analogous to MPRey, with superscript ‘Cg’ to denote coarse-graining.244

Similar to Eddy Power EPRey from Reynolds averaging, the remainder of wind work
is channeled due to the presence of scales smaller than ℓ, which we shall also call “eddies.”
Whereas the “eddies” within the Reynolds averaging approach are temporal fluctuations
relative to the time-mean, “eddies” within coarse-graining are spatial variations of length-
scales smaller than ℓ. Wind work (per unit area) into the small-scales (< ℓ) is

EPCg = τ ·uo − τ ·uo , (13)

which is analogous to EPRey in eq. (5).245

Finally, the quantity corresponding to Total Power TPRey from Reynolds averaging is

TPCg = τ ·uo . (14)
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The reason TPCg corresponds to the total wind work is because of the identity {τ ·uo} =
{τ ·u}, where

{. . . } =

∫
dS (. . . ) (15)

is domain integration (Germano, 1992; Aluie, 2019).246

A reader unfamiliar with the coarse-graining approach might have expected that wind247

work at small-scales is more naturally quantified by (τ−τ )·(uo−uo). However, since coarse-248

graining does not generally satisfy ϕ = ϕ (Germano, 1992), unlike Reynolds averaging,249

identity (6) does not hold within the coarse-graining framework and one has to work with250

the more fundamental quantity, EPCg = τ ·uo−τ ·uo. The sum EPCg+MPCg yields total251

power TPCg, whereas (τ − τ )·(uo − uo) +MPCg does not.252

Another possible alternative to the definition of EPCg in eq. (13) that may appear more253

natural is τ ·uo−τ ·uo. However, the budget in which this term arises is ∂t
ρ
2 (|uo|2−|uo|2) =254

· · · . While the quantity ρ
2 (|uo|2−|uo|2) may seem an adequate quantification for small-scale255

energy, it is not positive semi-definite i.e. it can have negative values (Vreman et al., 1994;256

Buzzicotti et al., 2021). This is why the appropriate small-scale kinetic energy within the257

coarse-graining framework (Germano, 1992; Vreman et al., 1994) is ρ
2 (|uo|2 − |uo|2), which258

is guaranteed to be positive semi-definite if kernel Gℓ ≥ 0 in eq. (10). It can be shown that259

this is a simple consequence of Jensen’s inequality and convexity of the square operation,260

F(u) = |u|2, considering that (·) is a (local) spatial average (Sadek & Aluie, 2018).261

4 Description of Datasets262

Geostrophic current (uo) data from AVISO Ssalto/Duacs daily sea level anomalies,263

which is distributed by Copernicus Marine Environment Monitoring Service (CMEMS), is264

used spanning the period of October 1999 to December 2006. It is a Level 4 processed265

dataset (gridded and blended) on a 0.25◦ × 0.25◦ grid. This dataset includes estimates of266

geostrophic current along the equator, calculated using Lagerloef methodology (Lagerloef267

et al., 1999) with the β plane approximation.268

Level 3 processed QuikSCAT wind (uqs) measurements are available from the Physi-269

cal Oceanography Distributed Active Archive Center (PODAAC). This data is in form of270

ascending (northward) and descending (southward) swaths and is gridded at 0.25◦ × 0.25◦271

resolution.272

A satellite scatterometer such as the SeaWinds instrument on QuikSCAT is essentially273

a radar. The basic physical principle behind its operation is Bragg diffraction (or scattering),274

where the spacing between surface waves3 is analogous to the lattice spacing in a crystal. The275

direct measurement from scatterometers is the radar cross-section (or backscatter coefficient)276

of surface waves, from which a model function allows the inference of wind stress magnitude277

and direction (Weissman et al., 1994; Stoffelen & Anderson, 1997). From wind stress, the278

equivalent wind velocity at 10 m above the sea surface is then retrieved under conditions of a279

neutrally stratified atmospheric boundary layer (Geernaert & Katsaros, 1986; Chelton et al.,280

2004). Such winds are often referred to as equivalent neutral stability winds (ENW). Since281

scatterometers are essentially stress-measuring instruments (Weissman et al., 1994), the282

derived wind velocity uqs is that relative to the oceanic flow (Cornillon & Park, 2001; Kelly283

et al., 2001). Therefore, the wind velocity from scatterometer products, being a relative284

velocity, inherently includes the direct “imprint” of ocean surface currents, and arise from285

a fully coupled system in which the atmosphere responds dynamically to oceanic feedback.286

3 QuikSCAT’s radar frequency was in the Ku-band to detect short surface gravity-capillary waves 1–2 cm

in wavelength.
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The second wind dataset (ua) is from the National Center for Environmental Pre-287

diction/Department of Energy (NCEP/DOE) Reanalysis 2 (R2) Project’s daily surface288

wind dataset, available from the Earth System Research Laboratory (ESRL) (https://289

www.esrl.noaa.gov/psd/). The dataset for winds at 10 m above surface (interpolated290

from sigma levels) is available on a gaussian grid of ≈ 2◦ × 2◦ resolution. We interpolate291

the data linearly onto a 0.25◦ × 0.25◦ to match the wind dataset from QuikSCAT and the292

geostrophic current dataset from AVISO.293

5 Comparing Decompositions and Wind Stress Formulations294

This study builds upon our previous work on eddy killing (Rai et al., 2021). There, we295

used QuikSCAT winds and altimeter data to scan EPCg as a function of length-scale, which296

showed that eddy killing acts at scales smaller than 260 km on a global average, extracting297

energy from the ocean at the rate of 50 GW.298

In this section, we conduct a detailed comparison between the Reynolds averaging and299

coarse-graining decompositions, showing that the former does not capture eddy killing in a300

physically consistent manner. Motivated in part by how to best force oceanic circulation301

using winds in models, we also compare three different wind stress formulations,302

1. QuickSCAT stress, τ qs,303

2. Absolute NCEP stress, τ a,304

3. Relative NCEP stress, τ r.305

We measure wind work done by these stresses on the large-scale flow via MP in eq. (12),306

and on the mesoscale flow via EP in eq. (13).307

We show in this section that τ a yields no eddy killing at the mesoscales and overesti-308

mates energy input into the large-scale flow (> 300 km) by ≈ 10% compared to τ qs, which309

we use as our benchmark. We find that τ r inputs the correct amount (within ≈ 0.5%) of310

energy into the large-scale flow (> 300 km) on a global average. However, τ r overestimates311

mesoscale eddy killing by a factor of ≈ 4 compared to τ qs. The reason for this overestimate312

is resolution mismatch, which we discuss in the following sections 6 and 7.313

Our results imply that the reduction in overall wind work when using τ r compared to314

τ a is not merely due to eddy killing, but also due to a reduction in wind work at large-315

scales. Our results here provide additional evidence to that in Rai et al. (2021) showing316

that WBCs are strongly forced positively by winds at large-scales. However, without a scale317

decomposition to disentangle eddy-killing at mesoscales, such wind forcing may appear weak.318

5.1 Wind Stress Formulation319

Wind work at different scales depends on the stress formulation. Here, we discuss the320

bulk formulations of wind stress, which are used in general circulation models.321

We focus on the bulk parameterization (W. G. Large et al., 1994) to calculate wind322

stress. This parameterization is a bulk aerodynamic formula that uses the Monin–Obukhov323

similarity theory to calculate the coefficient of drag as a function of wind speed at 10 m from324

the ocean surface. Within the scope of this work, we focus on mechanical coupling between325

the ocean and atmosphere without considering heat fluxes explicitly. In other words, we326

assume that the W. G. Large et al. (1994) parameterization is sufficient to quantify wind327

work.328

The bulk parameterization in W. G. Large et al. (1994) is commonly used in numerical329

models (e.g., Fu & Chao, 1997; Pei et al., 2022; Sui et al., 2022) and in studies of wind330

work on the ocean (e.g., Hughes & Wilson, 2008; Scott & Xu, 2009). The surface stress is331

a function of relative wind velocity ur,332
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τ r = ur F (ur) . (16)

The scalar function F (ur) depends on the velocity magnitude ur = |ur| and is defined as

F (ur) = α+ βur + γur
2 . (17)

The constants are α = 2.70 × 10−3ρair (kgm−2 s−1), β = 1.42 × 10−4ρair (kgm−3), and333

γ = 7.64× 10−5ρair (kgm−4 s). The air density used is ρair = 1.223 kgm−3. Equation (16)334

is equivalent to equation (3). If the relative wind velocity ur is replaced by absolute wind335

velocity ua, eq. (16) is equivalent to eq. (2).336

Using eq. (16), we consider three different wind stress formulations, summarized in337

Table 1, along with a list of datasets used. The first wind stress we consider is based on338

absolute wind ua using NCEP wind data, which replaces ur in eq. (16). We shall denote339

this stress by τ a hereafter. This stress lacks information about the oceanic surface current,340

which leads to a lack of mesoscale eddy killing as we show below.341

The second formulation incorporates the geostrophic ocean current uo to define relative342

wind velocity, ur = ua − uo in eq. (16). We shall denote this stress by τ r hereafter. Since343

the formulation τ r incorporates the ocean surface current, it is able to account for eddy344

killing. However, as we shall see, such eddy killing is highly exaggerated (≈ ×4) due to the345

resolution mismatch between ua and uo.346

The third formulation uses QuikSCAT winds, uqs instead of ur in eq. (16). We347

shall denote this stress by τ qs hereafter. Since uqs is derived from scatterometery, which348

essentially measures the ocean surface stress (Bourassa et al., 2003; Renault, Molemaker,349

McWilliams, et al., 2016), it represents the wind velocity relative to the ocean surface350

current (Cornillon & Park, 2001; Kelly et al., 2001). Therefore, τ qs is a relative wind stress351

formulation. We use this stress as our benchmark since it is physically the most accurate352

among the three formulations. Moreover, uqs data has a spatial resolution similar to that353

of uo. Note that since the QuikSCAT data is originally along swaths, we perform a 7-day354

running average of τ qs to obtain global coverage. For consistency, we also perform a 7-day355

running average on uo, τ a and τ r.356

We use subscripts ‘a’, ‘r’ and ‘qs’ for the wind work quantities MP , EP , and TP (in
eqs. (4),(5),(9) or eqs. (12)-(14)) to indicate the respective stresses τ a, τ r and τ qs used in
their calculations. For instance, wind work on the temporally fluctuating flow within the
Reynolds decomposition using τ qs is denoted by

EPRey
qs = ⟨τ qs·uo⟩ − ⟨τ qs⟩·⟨uo⟩ = ⟨τ ′

qs·u′
o⟩ (18)

Similarly, wind work on the large-scale flow (> ℓ) within the coarse-graining decomposition
using τ r is denoted by

MPCg
r = τ r·uo . (19)

We sometimes omit the subscript to denote wind work that is agnostic to the stress formu-357

lation.358

5.2 Reynolds Averaging359

5.2.1 Reproducing Prior Results360

Evaluating wind work within the Reynolds Averaging framework allows us to reproduce361

results from prior studies (Wunsch, 1998; Hughes & Wilson, 2008; Scott & Xu, 2009). These362

are summarized in Table 2 using the three stresses, τ a, τ r and τ qs.363

The values of TPRey, MPRey and EPRey we obtain agree well with those from previous364

studies. From Table 2, comparing row 4a from our wind work estimates using τ a, we see365

that each of TPRey
a , MPRey

a , and EPRey
a are almost identical to those in row 1a from Scott366
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Table 1: Source and formulation of wind velocity, ocean velocity, and wind stress. Wind
stress is obtained from the bulk formulation (W. Large & Pond, 1981; W. G. Large et al.,
1994) using eq. (16) above.

Row
#.

symbol Description Formulation/Source Remark

1 ua NCEP wind NOAA ≈ 2◦ × 2◦ grid

2 uqs
QuikSCAT
wind

PO.DAAC 0.25◦ × 0.25◦ grid

3 uo

Geostrophic
ocean surface
current

AVISO 0.25◦ × 0.25◦ grid

4 ũo

Geostrophic
ocean surface
current coars-
ened to match
the resolution
of ua

AVISO
filtered uo with 2◦×2◦ lat-
long boxcar kernel

5 τ a

NCEP ab-
solute wind
stress

uaF (ua)
This formulation is based
on absolute wind velocity

6 τ r
NCEP relative
wind stress

(ua − uo)F (|ua − uo|)
This formulation is based
on relative wind velocity.

7 τ qs
QuikSCAT
wind stress

uqsF (uqs)

This is our benchmark
wind stress. It is in-
herently based on relative
wind velocity.

8 τ r2

modified
NCEP relative
wind stress

(ua − ũo)F (|ua − ũo|)

This is a recipe for wind
stress we propose to fix ex-
aggerated eddy killing due
to resolution mismatch.

and Xu (2009). Our EPRey
qs colormap in Fig. 3A is indistinguishable from Figure 4 in Scott367

and Xu (2009). Similarly, row 1b from Scott and Xu (2009) and row 4c from our wind work368

estimates using τ qs, show excellent agreement. We are also able to reproduce results from369

Hughes and Wilson (2008) for the extra-equatorial ocean, which excludes the ±3◦ band (row370

2b and row 4d in Table 2).371

“Eddy” killing necessitates that EPRey < 0 within the Reynolds averaging approach in372

which “eddies” are defined as the temporal fluctuations. However, consistent with previous373

studies, we find that the wind feeds a net positive amount of energy to these “eddies.” Using374

the QuikSCAT dataset, we measure {EPRey
qs } = +44 GW compared to the +42 GW value375

reported by Scott and Xu (2009). If we exclude the ±3◦ equatorial band as in Hughes and376

Wilson (2008), we measure {EPRey
qs } = +13 GW compared to their +9.3 GW. Scott and377

Xu (2009) also reported EPRey
qs excluding the equator using a variety of datasets for wind378

stress and ocean currents; their values ranged from +1 GW to +62 GW, all being positive379

(see their Table 1). These independent results all seem to agree qualitatively that “eddies”380

(fluctuations) gain energy from the wind in the global budget rather than being killed – a381
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shortcoming of the meaning of “eddy” within the Reynolds averaging approach as we shall382

discuss below (see also Rai et al. (2021)).383

The small quantitative differences among the three studies may be attributed to the384

following: (i) Hughes and Wilson (2008) use only ascending passes of QuikSCAT, while we385

use both ascending and descending, (ii) Scott and Xu (2009) regrid their data onto a 1/3◦386

grid while our data is on a 1/4◦ grid, (iii) we use the same mask to exclude unavailable data387

such as due to seasonal ice coverage, while Hughes and Wilson (2008) use a time-varying388

mask, and Scott and Xu (2009) use estimates from other sources to fill in the missing data.389

Results from Wunsch (1998) (row 3 in Table 2) are also consistent but show more significant390

quantitative differences, which is probably due to the older altimetry and reanalysis products391

used.392

5.2.2 Role of Stress Formulations393

We now delve into comparing wind work estimates from the different stress formula-394

tions, τ a, τ r and τ qs. Fig. 3 shows that values of EPRey are quite sensitive to the stress395

formulation, whereas MPRey in Fig. 4 (and TPRey in Fig. A1 in the appendix) seems rel-396

atively insensitive. Indeed, the colormaps of MPRey
a , MPRey

r , MPRey
qs in Fig. 4 are almost397

indistinguishable. Since most of the TPRey contribution is from Mean Power input MPRey,398

colormaps of TPRey
a , TPRey

r , TPRey
qs in Fig. A1 are also indistinguishable.399

A closer look at wind work in Table 2 estimated from τ a (row 4a) versus τ r (row400

4e) reveals significant quantitative differences in both TPRey and MPRey, in addition to401

the qualitative difference in EPRey. We can see that TPRey
r is smaller than TPRey

a by402

≈ 30% (or 316 GW), in agreement with estimates by Duhaut and Straub (2006). The403

dominant reduction is due to differences in EPRey (229 GW difference between rows 4a and404

4e in Table 2), which measures the wind work on the temporally fluctuating ocean currents.405

However, the most physically accurate formulation τ qs yields EPRey
qs > 0, consistent with406

previous studies (Hughes & Wilson, 2008; Scott & Xu, 2009). While it is well appreciated407

in the community that absolute wind stress formulations (τ a) overestimate wind work and408

over-energize the ocean circulation, we shall show below that relative stress formulations409

(τ r) can be just as erroneous in the opposite direction, by removing too much energy from410

the ocean due to resolution mismatch.411

It is obvious from Fig. 3 that values of Eddy Power input EPRey are especially sensitive412

to the stress used. For example, in strongly eddying regions, such as WBCs, EPRey
a using413

NCEP absolute wind stress shows in Fig. 3C a dominance of positive values, whereas EPRey
r414

using NCEP relative wind stress in Fig. 3E shows a dominance of negative values, indicating415

exaggerated “eddy” killing. Values for EPRey
qs in Fig. 3A using QuikSCAT wind stress, which416

is the most physical, generally lie in-between EPRey
a and EPRey

r .417

5.3 Limitations of Reynolds Averaging418

Estimates from Reynolds averaging (row 4 of Table 2 and Fig. 3) reveal no straight-419

forward information about eddy killing. In fact, wind work on the temporally fluctuating420

ocean flow using the most accurate formulation of wind stress, τ qs, is positive, suggesting421

a lack of eddy-killing. Definition of EPRey in eq. (5) and its simplification in eq. (6) shows422

that EPRey is a covariance between wind stress fluctuations, τ ′, and “eddies” (ocean fluc-423

tuations), u′
o. A negative covariance results from an anti-correlation between two signals.424

Therefore, a negative EPRey requires that τ ′ and “eddies” be anti-correlated in time.425

The quantity EPRey inherently relies on temporal fluctuations. It cannot account for426

the process depicted in Fig. 1 in which eddy killing is due to a stationary configuration.427

While most eddy killing in the real ocean is probably from transient rather than stationary428

“eddies,” this example highlights the flaw inherent in EPRey. Compounding the problem429

with EPRey are strong positive correlations between τ ′ and u′
o in the tropics and the Indian430
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Figure 3: Wind work on “eddies” (in mW/m2) within the Reynolds averaging framework
(EPRey, left column) and coarse-graining at ℓ = 300 km (EPCg, right column). Different
rows show the three stress formulations: QuikSCAT stress τ qs (top), NCEP absolute stress
τ a (middle), NCEP relative stress τ r (bottom). Each panel shows (top right corner) the
global integral of wind work (see also Table 2, rows 4 and 5). Stark differences appear
(i) between Reynolds (left) and coarse-graining (right) decompositions, and (ii) between
different stress formulations in the three rows. τ qs is physically the most complete and
accurate, whereas τ a (τ r) overestimates (underestimates) wind work. Comparing EPRey

qs

in panel A to EPCg
qs in panel B, we observe that coarse-graining is able to clearly detect

eddy killing (negative values) throughout the ocean, especially in WBCs and the ACC,
whereas Reynolds averaging in panel A yields sporadic values of mixed sign without a clear
indication of eddy killing. The two decompositions differ starkly in the tropics, where we see
pronounced positive values in panel A that are absent in panel B, due to the fundamental
difference between the two on the meaning of an “eddy”. We also see obvious differences
between the stress formulations: absolute stress τ a (middle row), which spuriously inflates
the wind power fed into the ocean, including the eddies, is biased to more positive values,
with barely any eddy killing noticeable, while relative stress τ r (bottom row), shows a bias
toward negative values, indicating exaggerated eddy killing.
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Figure 4: Similar to Fig. 3, but shows wind work (in W/m2) on the time-mean flow (left
column) and large-scale (> 300 km) flow (right column). Strong wind forcing is seen in
WBCs, the equatorial currents, and the ACC using either MPRey or MPCg. In contrast to
Fig. 3, all six panels are qualitatively similar and are consistent with Table 2. Comparing
panels D and F, we see that wind work due to τ a is slightly greater than that due to τ r.

Ocean (see Fig. 3), even though these oceanic fluctuations are quite large in length-scale,431

likely associated with Rossby wave dynamics rather than mesoscale eddies in the traditional432

sense. As we’ve mentioned earlier, excluding the equatorial region still yields a positive,433

albeit smaller, EPRey from our analysis and also from previous studies (Hughes & Wilson,434

2008; Scott & Xu, 2009) . These biases are absent from the coarse-graining analysis (compare435

Figs. 3A and 3B), which we shall now discuss.436

5.4 Coarse Graining437

Within the coarse-graining framework, we analyzed the wind Total Power input, TPCg
438

in eq. (14), and its partitioning into scales larger than ℓ, MPCg in eq. (12), and into the439

“eddies” (scales < ℓ), EPCg in eq. (13). Again, we use subscripts ‘qs’ ,‘a’ and ‘r’ to440

distinguish the stress formulations in Table 1. Values of wind-work, when partitioned at441
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12

34

5

7

6

Figure 5: Regional masks. Regions 1, 2, 3, and 4 (green) are the Gulf Stream, Kuroshio
Extension, Brazil Malvinas current and Agulhas current. Region 5 (yellow) is the ACC.
Regions 6 and 7 (pink) are zonal bands representing the Southern Ocean and the Equatorial
band. Regions 3 and 4 are overlapping with region 5 and 6. Region 5 is completely inside
region 6. Grey regions lack data in some or all instances of time due to ice, rain (in
QuikSCAT) or landmass. These regional masks are identical to those in (Rai et al., 2021).
To see how these masks are defined, see Appendix B below .

ℓ = 300 km, are summarized in Table 2, row 5. These values are simply obtained from442

spatially integrating the global maps in Figs. 3, 4, A1 (right columns).443

5.4.1 Power Input into Large Scales444

Fig. 4 shows that maps of MPCg evaluated at ℓ = 300 km are very similar to their445

counterparts from Reynolds averaging , MPRey, regardless of the stress formulation. Com-446

paring Figs. A1 and 4 shows that the Total Power input into the ocean, TPCg, is mostly447

deposited at large-scales (> 300 km) via MPCg. Maps of MPCg themselves are also very448

similar to their Reynolds averaging counterparts, MPRey, regardless of the stress formu-449

lation. Therefore, to leading order, it appears that wind work on mean/large-scale flow is450

consistent between the Reynolds averaging and coarse-graining approaches. However, quan-451

titative differences not immediately obvious from the colormaps in Figs. 4, A1, do exist.452

These can be seen in Table 2 by comparing MPRey (row 4) to MPCg (row 5), which shows453

discrepancies of ≈ 10%. Note that we necessarily have TPRey = TPCg when integrated454

globally.455

Differences due to the wind stress formulations can be seen in Table 2 (row 5), which456

shows that MPCg
r < MPCg

a on a global average. This indicates that wind work on the457

large-scale currents decreases by ≈ 10% when using τ r versus τ a.458

Differences between Reynolds averaging and coarse-graining and differences due to var-459

ious stress formulations are quite stark when examining wind power fed into the mesoscales,460

as we shall now discuss.461

5.4.2 Power Input into Mesoscales462

Focusing on the QuikSCAT dataset analysis in Fig. 3B, we find that EPCg
qs evaluated at463

ℓ = 300 km has negative values in eddying regions in accord with the physical expectations464
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Figure 6: Performing a “scan” of EPCg to quantify wind work over an entire range of
length-scales. Plots are time-averaged and area-integrated over the regions in Fig. 5. EPCg

from τ a (orange), τ r (green), τ qs (blue), and τ r2 (maroon) show the differences in wind
work on mesoscales due to the different wind stress formulations. τ r2 is a reformulation of τ r

to correct its bias and is discussed later, in section 7.1. EPCg
a is near zero or positive for all

the regions because τ a cannot cause eddy killing but EPCg
qs , EPCg

r and EPCg
r2 have negative

values showing the stress τ qs, τ r and τ r2 cause eddy killing. EPCg
r is more negative than

EPCg
qs because of spurious eddy killing from resolution mismatch. The vertical dashed blue

line shows the magnitude and scale of excess eddy-killing in EPCg
r relative to EPCg

qs . Such
spurious eddy killing is 0.44 mW/m2 for the global average (panel A), which integrates
to ≈ 150 GW, showing that eddy killing by τ r is approximately 4× the eddy killing by
τ qs. This spurious eddy killing is stronger in WBCs and the ACC. In all panels, plots of
EPCg

qs and EPCg
r are roughly parallel for ℓ larger than the length-scale indicated by the

vertical blue dashed. This implies that wind work at those larger scales by τ r and τ qs is

comparable. Plots of EPCg
r2 show that the stress reformulation we propose in section 7.1

corrects the spurious eddy killing bias.

as sketched in Fig. 1. Integrating the values in Fig. 3B over the global ocean, yields that the465

wind extracts energy from “eddies” (i.e. length-scales < 300 km) at an average rate of -49466

GW. This is consistent with our previous results in Rai et al. (2021), where we partitioned467

the flow at 260 km, the scale below which eddy-killing occurs.468

Qualitative differences between Reynolds averaging and coarse-graining are apparent469

from the colormaps of wind power fed to the “eddies” in Fig. 3. Comparing the QuikSCAT470

coarse-graining analysis in Fig. 3B to the corresponding Reynolds averaging analysis in471

Fig. 3A, we see that the positive values there are mostly absent from Fig. 3B, especially in472

the tropics and in the Indian Ocean. Eddy killing (EPCg
qs < 0) is pronounced in WBCs and473

the ACC. From Reynolds averaging, these regions in Fig. 3A exhibit sporadic EPRey
qs values474

of mixed sign without an obvious indication of eddy killing. Positive values of EPCg
qs are475

mostly localized near land, where we expect winds and small-scale currents to be positively476

correlated since these currents are mostly wind-driven (Hughes & Wilson, 2008; Scott &477

Xu, 2009; Renault, Molemaker, McWilliams, et al., 2016).478

5.4.3 Stress Formulations and Mesoscale Power Input479

Differences due to the wind stress formulations, which we had observed from Reynolds480

averaging also appear within the coarse-graining analysis, and for the same reasons. We481
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Figure 7: Time series of wind work at scales smaller than ℓ indicated in each panel (top-right
corner). The choice of ℓ is that at which EPCg

qs is minimum as a function of scale (Fig. 3 in

Rai et al. (2021)). Plots of EPCg
qs (blue), EPCg

a (orange), EPCg
r (green), EPCg

r2 (maroon)
are area-integrated over the regions in Fig. 5 and use a 13 weeks running average. We see
clear seasonlaity in EPCg, which is most negative in winter, indicating a peak in eddy-
killing. In comparison, EPCg

a is near-zero or negligibly positive because τ a cannot cause
eddy-killing, while EPCg

qs and EPCg
r are always negative except for EP qs at the equator.

EPCg
r is more negative than EP qs due to spurious eddy killing by τ r. With corrected wind

stress τ r2 (see section 7.1), we see from EPCg
r2 that the spurious eddy killing is removed and

values of wind work are approximately equal to those of EPCg
qs .

see that when using NCEP absolute wind stress (Fig. 3D), EPCg
a is biased to more positive482

values, with barely any eddy killing noticeable. Table 2 (row 5) also shows that EPCg
a > 0483

on a global average, indicating that τ a is incapable of killing eddies, which is consistent with484

physical expectations. On the other hand, EPCg
r using NCEP relative wind stress (Fig. 3f)485

shows a bias toward negative values, indicating exaggerated eddy killing. Indeed, table 2486

(row 5) shows that EPCg
r ≈ 4×EPCg

qs on a global average. Since τ qs relies on the physically487

most complete stress measurement, we consider EPCg
qs as our “truth.”488

By increasing the coarse-graining scale from ℓ = 0 to ℓ → ∞, we expect {EPCg}(ℓ =489

0) = 0 to reach the total wind-work (a positive value) at very large filtering scales ℓ.490

However, as we showed in Rai et al. (2021), a non-monotonic increase in {EPCg}(ℓ) with491

increasing ℓ can be an indication of eddy-killing at scales < ℓ. This dip to negative values492

is seen in plots of EPCg
qs (ℓ) in Fig. 6 (also Fig. 3 in Rai et al. (2021)), which occurs globally493

and in all regions but the equator. These oceanic regions are shown in Fig. 5. The minimum494

value of {EPCg}(ℓ) yields the magnitude of eddy killing while the length-scale ℓ at which495

the minimum is attained yields informs us that all scales < ℓ are being killed by wind. The496
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Figure 8: Similar to Fig. 7 but for MPCg, showing wind work at large-scales. MPCg has
seasonality with a peak during the local winter of the region. Unlike the plots of EPCg the
plots of MPCg from all stresses are close to each other. This shows that the wind work at
large-scales from all stress formulations is qualitatively similar. Plot of MPCg

r2 lie exactly
over MPCg

r in all regions (maroon plots overlay green plots almost exactly), which indicates
that our reformulated stress τ r2 (section 7.1) corrects the spurious eddy killing without
affecting wind work at large-scales.

length-scale of eddy killing varies slightly among the various regions as discussed in Rai et497

al. (2021). The purpose of Fig. 6 is to show differences in {EPCg}(ℓ) due to the three stress498

formulations.499

Fig. 6 shows stark differences among EPCg
qs , EPCg

a , and EPCg
r that are consistent with500

those we observed from Fig. 3 at a ℓ = 300 km. In Fig. 6A, we see that EPCg
a increases501

monotonically with increasing ℓ or remains approximately zero, without dipping to negative502

values. Since EPCg(ℓ) is measure of the cumulative wind work on scales < ℓ, a monotonic503

increase in EPCg
a (ℓ) over a range of ℓ indicates that τ a is energizing those scales. The504

monotonic increase is observed in all regions in Fig. 6, with the exception of the Gulf505

Stream, Kuroshio, and Brazil Malvinas showing slight negative values that are negligible506

and are probably due to recirculation patterns in the WBCs. Note that at small scales507

< 200 km, EPCg
a (ℓ) ≈ 0 in all panels of Fig. 6 and only starts increasing significantly at508

larger scales. This indicates that there is negligible work done by τ a on scales < 200 km,509

which is due to the NCEP wind resolution as we shall discuss later. It is expected that τ a510

is incapable of killing eddies (Duhaut & Straub, 2006; Zhai & Greatbatch, 2007).511

In contrast to EPCg
a , Fig. 6A shows that EPCg

r dips to negative values that are signif-512

icantly below those attained by EPCg
qs . Moreover, we notice that the minimum of EPCg

r is513
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shifted to slightly larger scales compared to the minimum of EPCg
qs . Fig. 6A shows a vertical514

blue dashed line at scale ℓ where EPCg
r is minimum, which highlights the quantitative dif-515

ference between EPCg
r and EPCg

qs at that scale. Comparing plots of EPCg
r and EPCg

qs from516

other regions in Fig. 6 shows the same trend. These indicate that τ r leads to a significant517

exaggeration of eddy killing (≈ 4×) and also kills scales slightly larger than those killed by518

our benchmark τ qs. At scales larger than ≈ 600 km, we see that EPCg
r and EPCg

qs have519

similar slopes, which indicates that the wind work done by τ r and τ qs is similar at scales520

> 600 km. In summary, while τ r exaggerates the removal of energy at the mesoscales, it521

drives larger scales in a reasonably accurate manner.522

Fig. 7 shows that differences in wind work on the mesoscales done by τ qs, τ a and τ r,523

which we discussed above, hold at all times and not just on average. Time-series of EPCg
qs524

shows the seasonal cycle of eddy killing on the mesoscales (Rai et al., 2021), which occurs525

at all times and peaks in the local winter of all regions but the equator. Plots of EPCg
r526

show the same seasonal behavior but with much exaggerated eddy-killing levels. In contrast,527

plots of EPCg
a show negligible wind work, which is slightly positive on a global average in528

Fig. 7a, and with a muted seasonal cycle.529

Fig. 8 shows the complementary MPCg, which measures wind work on all scales larger530

than the mesoscales. Time-series of MPCg from all three stress formulations are to leading531

order similar and exhibit the same seasonal trends, peaking in the local winter. This is simply532

an indication that stronger winter winds deposit more energy, regardless of the stress used.533

Differences between the three formulations are of order ≈ 10% or less. For example, on534

a global average, we see that τ a deposits 10% more energy into the large-scales compared535

to τ qs, whereas τ r deposits a reasonably accurate amount of energy at those large-scale,536

consistent with our observations from Fig. 6.537

The time-series of MPCg in Fig. 8B, C, E, F also show that WBCs are strongly forced538

by winds at large-scales. In the case of the Gulf Stream and Kuroshio, this forcing decreases539

to zero in the summer and early autumn, even becoming slightly negative in the Kuroshio.540

In summary, we find that all three wind stress formulations do a reasonably accurate541

(within 10%) job at driving the ocean circulation at length-scales larger than the mesoscales.542

They also seem to capture regional and seasonal variations well. On the other hand, the543

three wind stress formulations show stark differences in how they drive the mesoscales. Our544

benchmark QuikSCAT stress, τ qs, leads to mesoscales being killed, which exhibits a seasonal545

winter peak. In contrast, NCEP absolute stress, τ a, does negligible (albeit positive) work546

on the mesoscales and without a clear seasonality, while NCEP relative stress, τ r, leads to547

eddy killing that is artificially inflated at ≈ 4× the levels seen from τ qs. In section 6, we548

shall offer an explanation for these discrepancies in mesoscale wind work among the three549

wind stresses. In section 7, we offer a simple reformulation of τ r that removes its artifacts.550

6 Explaining the Scale Coupling Physics551

In this section, we shall discuss an analytical expression (see supplementary section in552

Rai et al. (2021)) that gives us insight into the physics of wind work as quantified by EPCg.553

Our expression allows us to determine a necessary criterion for eddy-killing to operate at554

any length-scale, which explains why NCEP relative wind stress, τ r, yields exaggerated555

eddy killing at the mesoscales as we showed above. It will also guide us to propose a fix in556

the following section 7.557
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6.1 Analytical Expression558

Starting from the formulation of relative wind stress in eq. (3), wind work on the ocean
is

τ r·uo = ρair Cd|ua − uo|(ua − uo)︸ ︷︷ ︸
τ r

.uo (20)

Following Eyink (2005), wind work on scales < ℓ, EPCg in eq. (13), can be rewritten via
an exact identity as (see section 2.4 in Aluie (2017) for details)

EPCg
ℓ = τ r·uo − τ r·uo = {δτ r·δuo}ℓ − {δτ r}ℓ·{δuo}ℓ , (21)

where δf(x; r) = f(x+r)−f(x) are increments and {. . . }ℓ ≡
∫
dArea Gℓ(r)(. . . ) is an area

average over separations |r| < ℓ around location x, weighted by coarse-graining kernel Gℓ(r).
Relation (21), which is exact, can be approximated as (see section 2.4 in Aluie (2017))

EPCg
ℓ = {δτ r·δuo}ℓ − {δτ r}ℓ·{δuo}ℓ ≈ [τ r]

′
ℓ·[uo]

′
ℓ (22)

where, the operation [. . .]′ℓ is defined as the contribution from scales smaller than ℓ such559

that [f(x)]′ℓ = f(x) − f ℓ(x). This is not to be confused with the fluctuating component560

from Reynolds averaging in eq. (7), which is denoted with just a prime (′).561

Therefore, wind work on scales < ℓ at any geographic location can be written as562

EPCg
ℓ ≈ [τ r]

′
ℓ·[uo]

′
ℓ

= ρair Cd

[
|ua − uo| (ua − uo)

]′
ℓ
· [uo]

′
ℓ . (23)

We can further simplify this expression, first by noting that wind speed is much larger than563

the ocean current, |ua| ≫ |uo|, typically by O(10) to O(100), such that |ua − uo| ≈ |ua|.564

Our expression becomes565

EPCg
ℓ ≈ ρair Cd

[
|ua| (ua − uo)

]′
ℓ
· [uo]

′
ℓ . (24)

Moreover, wind speed is dominated by scales > O(103) km (Nastrom et al., 1984; Burgess566

et al., 2013), implying a separation of scales between those of wind and ocean velocities.567

This justifies568 [
|ua| (ua − uo)

]′
ℓ
≈ |ua|[ua − uo]

′
ℓ , (25)

which essentially treats the wind speed factor |ua| as spatially constant at oceanic scales569

ℓ < 103 km.570

This leads to our final expression for wind work on scales < ℓ at any geographically571

local position,572

EPCg
ℓ ≈ ρair Cd|ua|[ua − uo]

′
ℓ·[uo]

′
ℓ

= ρair Cd|ua|
(
[ua]

′
ℓ·[uo]

′
ℓ −[uo]

′
ℓ·[uo]

′
ℓ︸ ︷︷ ︸

negative

)
. (26)

The first term in the final expression in eq. (26) is the work done by small-scale winds573

(< ℓ) on small-scale ocean currents. The second term in eq. (26) is negative semi-definite.574

It is the underlying cause of eddy killing and accounts for the negative values of EPCg. Note575

that both of these scale processes, as well as EPCg
ℓ in eq. (26), are local in x, which allows576

us to probe their behavior geographically and not just in a spatially averaged manner.577

From eq. (26), we derive the condition for eddy-killing to occur:

[ua]
′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ < 0 (eddy-killing criterion). (27)
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Eq. (27) highlights the role of small-scale winds, [ua]
′
ℓ. If [ua]

′
ℓ is of a significant magnitude578

and aligned with small-scale ocean currents, [uo]
′
ℓ, then wind stress energizes eddies rather579

than kill them, and we have EPCg
ℓ > 0. Wind speed, |ua| in eq. (26), acts as an amplification580

factor for either eddy-killing or eddy-energization. Therefore, the presence or absence of581

small-scale winds [ua]
′
ℓ, even if weak, can have a disproportionate effect (because |ua| is582

large) on the wind work done on the small-scale oceanic currents < ℓ. In the next subsection,583

we further elaborate on these issues using illustrative numerical examples of eddy-killing and584

eddy-energization.585

These considerations based on eq. (26) provide an explanation for the exaggerated586

eddy-killing, EPCg
r ≈ 4×EPCg

qs , which we observed above when using relative wind stress,587

τ r. Since NCEP winds are at a coarser resolution (gridded at 2◦) than the ocean currents588

(gridded at 1/4◦), if ℓ in eq. (26) is taken to be smaller than the resolution scale of NCEP,589

we have [ua]
′
ℓ = 0. Therefore, a coarser wind resolution artificially sets [ua]

′
ℓ·[uo]

′
ℓ = 0 in590

eq. (26), leaving only the negative term arising from the small-scale ocean currents. It is591

the mismatch in resolution between ua and uo that is the root of the problem.592

In comparison, EPCg
qs does not suffer from these artifacts since it is based on QuikSCAT

wind stress, τ qs, from which wind velocity uqs is inherently relative to the oceanic flow
(Cornillon & Park, 2001; Kelly et al., 2001) as we discussed in section 4. This necessarily
implies that ua and uo within the stress formulation are at the same resolution. In other
words, when using wind stress from scatterometry, the factor [ua−uo]

′
ℓ in the first expression

of eq. (26) is replaced by [ua − uo]
′
ℓ = [uqs]

′
ℓ, precluding artifacts from resolution mismatch

that appear in the NCEP relative stress. Since EPCg
qs is also negative but with a magnitude

smaller than that of EPCg
r , we can infer that on average

[uo]
′
ℓ·[uo]

′
ℓ > [ua]

′
ℓ·[uo]

′
ℓ > 0 . (28)

Eq. (28) implies that small-scale winds [ua]
′
ℓ tend to be aligned, on average, with small-scale593

currents [uo]
′
ℓ but are not sufficiently strong to render [ua]

′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ, and thereby594

EPCg
qs from eq. (26), positive. The tendency for small-scale winds and currents to be aligned595

may be due to the so-called “re-energization” mechanism identified by Renault, Molemaker,596

McWilliams, et al. (2016), in which winds mechanically adjust to the ocean observed surface597

state. What we are highlighting here, based on eq. (26), is that such adjustment is not even598

possible at the scale of oceanic eddies if the atmosphere’s resolution is coarser than the599

ocean’s even in coupled atmosphere-ocean models. Such resolution mismatch can lead to600

significant artifacts in the wind forcing of ocean mesoscales as we showed from a comparison601

of EPCg
r to EPCg

qs above.602

If wind stress is formulated using absolute winds as in eq. (2), then eq. (26) becomes

EPCg
a ≈ ρairCd|ua|[ua]

′
ℓ·[uo]

′
ℓ . (29)

This shows that when forcing the ocean with τ a, wind work on the eddies, [uo]
′
ℓ, only603

depends on their alignment with small-scale winds, [ua]
′
ℓ. The negative term in eq. (26) is604

absent from eq. (29). If small-scale winds are absent, [ua]
′
ℓ = 0, as in the case of the NCEP605

winds at scales < 200 km due to the coarse resolution of the dataset, then τ a can cause606

neither eddy-killing nor eddy-energization at scales ℓ < 200 km, and we get EPCg
a ≈ 0. This607

can be seen from Fig. 6A, where the orange plot of EPCg
a (ℓ) is negligible at scales smaller608

than 200 km and only increases significantly at larger scales. The same behavior holds in609

all panels of Fig. 6, representing all regions we analyzed.610

6.2 Demonstrating Eddy Killing with Toy Examples611

Fig. 9 illustrates our expression (26) under various air-sea configurations. They show612

the conditions under which the eddy-killing criterion in eq. (27) is satisfied and those under613

which eddies are energized by wind.614
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Figure 9: Cases illustrating eddy-killing and eddy-energization, which highlight the dispro-
portionate role small-scale winds have on air-sea coupling. Each panel shows a schematic
(left) of the air-sea state along with a numerical realization (right). In the schematics, a
blue circular flow represents an oceanic eddy, [uo]

′
ℓ. The brown circular flow represents a

wind eddy, [ua]
′
ℓ, that is of the same scale as and spatially co-located with the oceanic eddy.

The thickness of the wind eddy represents its strength relative to the oceanic eddy. Left-row
panels are identical to right-row, but lack a uniform background (large-scale) wind, which is
represented by three thick brown parallel arrows. In the numerical realizations, red (blue)
represents positive (negative) wind work. The domain-integrated wind work is reported at
the top of the respective numerical realization. In accord with the eddy killing criterion
(eq. (27)), cases D, D2, E and E2 lack eddy killing, unlike rest of the cases. The standard
schematic of eddy killing in Fig. 1 is case B2 is only a special case of several other possible
(and more probable) states leading to eddy-killing. Though the schematics here show closed
circular flows to represent eddies, more general configurations of wind and ocean currents
can have an equivalent effect without requiring closed circular paths.

The standard schematic of eddy killing in figure 1 is shown as case B2 in Fig. 9. In615

Fig. 9, each panel includes a schematic on the left of wind velocity (brown) and the oceanic616

eddy (blue). On the right of each panel, we also show an evaluation of wind work on the617
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oceanic eddy, EPCg in eq. (21), using a numerical realization of the corresponding air-sea618

state.619

In all schematics of Fig. 9, the blue circular flow represents an oceanic eddy, [uo]
′
ℓ. The620

brown circular flow represents a wind eddy, [ua]
′
ℓ, that is of the same scale as and spatially621

co-located with the oceanic eddy. The thickness of the wind eddy represents its strength622

relative to the oceanic eddy. All left panels in Fig. 9 are identical to those on their right,623

but lack a uniform background (large-scale) wind, which is represented by three thick brown624

parallel arrows.625

For each case in Fig. 9, we construct corresponding numerical data as we shall now626

describe. In a doubly periodic domain of 500 km in extent, we construct an ocean-eddy that627

is a circular current of diameter ≈ 300 km. This is done by generating sea-surface height628

(SSH) with a guassian profile and an e-folding length-scale of 40 km and maximum height629

of ≈ 0.25 m. The associated geostrophic ocean current in the f-plane is calculated from the630

SSH using a constant f = 0.7×10−4 sec−1. This yields an ocean current with peak speed of631

≈ 0.4 m/ sec. The same velocity field is then used for constructing the wind eddy but with632

a modified speed factor corresponding to the schematic. The weaker atmospheric eddy is633

0.1× the ocean eddy’s speed. The stronger wind eddy has 5× the speed of the ocean eddy.634

The large-scale uniform winds have a constant eastwards speed of 20 m/sec. Wind stress is635

then formulated from relative wind velocity using eqs. (16) and (17) from section 5.1.636

Eddy-killing occurs in the top six panels of Fig. 9, all of which satisfy the criterion in637

eq. (27). Of the remaining four cases, two are eddy-energizing (E and E2) and two have net638

zero wind work (D and D2).639

Among the eddy-killing cases, we can see that those with a background large-scale wind640

(A2, B2, C2) experience higher levels of eddy-killing compared to the counterparts without a641

large-scale wind on the left of Fig. 9. The same effect can also be seen in the eddy-energizing642

cases E and E2. This highlights the amplifying role of background winds via the factor |ua|643

in eq. (21), which we discussed in the previous subsection.644

Case B shows how the atmosphere can kill ocean eddies even in the complete absence of645

winds, either small-scale wind eddies or large-scale background winds. In this case, we have646

ua = 0, including [ua]
′
ℓ = 0, and yet EPCg < 0 in eq. (21). This can be seen analytically647

starting from eq. (21) and following steps similar to those we used to arrive at eq. (26),648

except for the approximation |ua − uo| ≈ |ua| now replaced with |ua − uo| = |uo| to get649

EPCg
ℓ ≈ ρair Cd|uo|[ua − uo]

′
ℓ·[uo]

′
ℓ

= ρair Cd|uo|
(
0− [uo]

′
ℓ·[uo]

′
ℓ

)
(30)

for case B in Fig. 9. In this configuration, the atmosphere is merely acting as a solid upper650

boundary for the ocean, exerting a drag comparable to that at the ocean bottom (Dewar651

& Flierl, 1987). Case B2 is similar but more realistic in having large-scale winds, which652

amplify the eddy-killing seen in case B. For case B2, the analytical expression in eq. (26)653

with [ua]
′
ℓ = 0 describes the physics.654

Cases B and B2 underscore how spurious eddy-killing can occur in general circulation655

models if the atmospheric resolution is coarser than that of the ocean. If the atmosphere656

is unable to accommodate motions on scales similar to those present in the ocean due to657

its coarse grid, then small-scale oceanic motions (e.g. eddies) will experience an artificial658

drag due to the atmosphere’s inability to flow at those small-scales. Such spurious eddy-659

killing due to resolution mismatch can be severe as we showed in the case of NCEP winds660

in section 5.4, which exaggerates eddy-killing by a factor of ≈ 4.661

Cases A & A2 and C & C2 in Fig. 9 show a variation on cases B & B2 by including a662

weak wind eddy. In cases A & A2, where the wind eddy is counter-rotating relative to the663

ocean eddy ([ua]
′
ℓ·[uo]

′
ℓ < 0 in eq. (26)), it increases the intensity of eddy-killing. In cases664
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C & C2, where the wind eddy is co-rotating relative to the ocean eddy ([ua]
′
ℓ·[uo]

′
ℓ > 0 in665

eq. (26)), it decreases the intensity of eddy-killing. All of these cases can be manifested in666

the real ocean in the presence of thermal feedback onto the atmosphere. Due to instability667

of the atmospheric boundary layer, wind is faster over warmer surface water than the colder668

water at SST fronts (e.g. O’Neill, 2012; Tokinaga et al., 2005). SST anomalies are not669

usually concentric with SSH anomalies in warm/cold core eddies (e.g. Hausmann & Czaja,670

2012; Liu et al., 2020). Feedback from SST anamolies onto the wind speed can give rise to671

a wind velocity gradient that can be equivalent to a wind eddy that is either co-rotating or672

counter-rotating relative to the ocean eddy. Moreover, the mechanical feedback from the673

ocean eddy onto the atmosphere can give rise to a co-rotating atmospheric eddy as in cases674

C & C2, thereby reducing the intensity of eddy-killing. This is the re-energization process675

described in Renault, Molemaker, McWilliams, et al. (2016) and a probable reason why676

EPCg
qs measured from QuikSCAT winds yields intermediate levels of eddy-killing we found677

in section 5.4.678

Cases D & D2 in Fig. 9 also include a wind eddy, which has a velocity matching that679

of the ocean eddy such that [ua]
′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ = 0 in eq. (26). In these configurations,680

there is a net zero wind work done despite the presence of background winds in case D2.681

Cases E & E2 in Fig. 9 show that it is even possible for wind work to be positive,682

i.e. have eddy-energization rather than eddy-killing, if the wind eddy is co-rotating with683

the ocean eddy and is faster than it ([ua]
′
ℓ·[uo]

′
ℓ − [uo]

′
ℓ·[uo]

′
ℓ > 0 in eq. (26)). These cases684

underscore that the main determinant of the presence of eddy-killing is the criterion in685

eq. (27) and not the background winds, which exist in case E2.686

In summary, Fig. 9 shows how the mechanical coupling between the atmosphere and the687

oceanic mesoscales can be significantly distorted if the atmospheric motions at those same688

scales are misrepresented in a model. Even though the dominant atmospheric motions are at689

length-scales larger than O(103) km, winds at scales O(102) km can have a disproportionate690

effect on the dynamics of mesoscale ocean eddies. The effect of small-scale winds is captured691

in eq. (26) and illustrated in Fig. 9. In addition to their mechanical feedback onto the692

atmosphere, oceanic eddies also have core temperatures different from the background,693

which leads to thermal feedbacks. Both mechanical and thermal feedbacks onto winds are694

at the length-scale of the oceanic eddies and can excite small-scale winds, which can alter695

eddy killing. We have shown how an atmosphere that is at a coarser resolution than the696

ocean will lead to exaggerated eddy-killing. In the following section, we propose a fix by a697

simple reformulation of the wind stress.698

7 Implications to Modeling699

Our study has practical relevance to forcing ocean models. Consistent with previous700

work (e.g., Duhaut & Straub, 2006; Renault, Molemaker, McWilliams, et al., 2016), we701

have shown that forcing an ocean with absolute wind stress that is only a function of wind702

velocity, such as NCEP τ a we analyzed above, overestimates overall wind work, especially703

at small scales because of a lack of eddy-killing. Attempting to remedy this artifact by704

using stress that is a function of relative wind velocity, such as τ r we analyzed above,705

underestimates wind work because of a significant exaggeration of eddy-killing. This arises706

from resolution mismatch between the atmospheric velocity and the ocean surface current.707

Using coarser atmospheric grids in coupled atmosphere-ocean GCMs is the norm. For708

example, the atmospheric resolution relative to the ocean’s is 4× coarser in GFDL’s CM4.0709

model (Held et al., 2019), 5× coarser in the Met Office Hadley Centre’s HadGEM3-GC31-710

HH model (Roberts, 2018), and 10× coarser in their HadGEM3-GC31-LM model (Roberts,711

2017). All three example models contribute to CMIP6 and have an eddy-permitting ocean712

with nominal grid resolutions of 25 km, 10 km, and 25 km, respectively.713
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These models suffer from a systematic bias due to an atmosphere-ocean resolution714

mismatch based on our theoretical and data analysis above. As we have discussed, the bias715

from exaggerated eddy-killing arises when oceanic eddies are unable to generate atmospheric716

motions at the same scale. These biases are not distributed uniformly but are concentrated717

in dynamic regions such as WBCs where most of the spurious eddy-killing occurs (compare718

Fig. 3F to Fig. 3B).719

To see how an atmosphere-ocean resolution mismatch biases a model toward exagger-720

ated eddy-killing, consider the expression in eq. (26), which quantifies wind work at all721

scales smaller than ℓ resolved in the ocean component of a model. If the atmospheric grid722

resolution is ∆ and the oceanic grid resolution is δ < ∆, then setting ℓ = ∆ in eq. (26) gives723

wind work at all resolved oceanic scales smaller than ∆,724

EPCg
∆ = ρair Cd|ua|

(
[ua]

′
∆·[uo]

′
∆︸ ︷︷ ︸

=0

−[uo]
′
∆·[uo]

′
∆

)
= −ρair Cd|ua|[uo]

′
∆·[uo]

′
∆ . (31)

The first term in the parentheses vanishes because the atmospheric grid cannot allow motions725

at scales smaller than ∆, i.e. [ua]
′
∆ = 0. This biases wind work to being artificially negative726

in the last expression in eq. (31), which is negative semi-definite. The situation is best727

illustrated by case B2 in Fig. 9. In more realistic settings, it can be seen from evaluating728

wind work using the NCEP relative stress, τ r, which yields EPCg
r ≈ −200 GW that is four729

times the eddy-killing value found from the more accurate QuikSCAT stress (τ qs). NCEP730

winds are approximately 8× coarser than the ocean currents from altimetry.731

If the atmosphere has sufficient grid resolution, it can respond to the oceanic eddies by732

generating co-rotating eddies of the same size, such that [ua]
′
∆·[uo]

′
∆ > 0. This situation,733

illustrated by case C2 in Fig. 9, reduces the intensity of eddy-killing. Indeed, having the734

more accurate QuikSCAT stress τ qs yielding EPCg
qs that is less negative than EPCg

r is a735

concomitant indication that atmospheric motions at scales smaller than 200 km tend to be736

aligned with oceanic motions at those scales on average.737

It is important to bear in mind that our analysis is diagnostic and does not take738

into account feedbacks. For example, consider a benchmark coupled atmosphere-ocean739

model (M1) with equal atmosphere-ocean grid resolution and another test model (M2) with740

resolution mismatch. It is very likely that forcing the ocean with relative wind stress τ r,741

which is biased toward dampening the mesoscales if the resolution is mismatched, would lead742

to a weakened eddy field in M2. Therefore, eddy-killing may be weaker (not exaggerated)743

in M2 relative to M1 due to the feedback, which yields a weaker eddy field. The negative744

term in eq. (26) shows that eddy-killing is proportional to the energy residing in the eddies.745

For example, in our previous work (see Supplementary Materials in (Rai et al., 2021)) we746

analyzed the spectral energy disribution in a global coupled 0.1◦ ocean from the Community747

Earth System Model (CESM) (R. J. Small et al., 2014). We found that compared to AVISO,748

CESM has systematically weaker mesoscales and a spectral peak that is shifted toward749

smaller scales. We had speculated in Rai et al. (2021) that one possible cause for such750

bias may be a weaker inverse cascade in CESM, which at a 0.1◦ ocean resolution does not751

resolve the sub-mesoscales. Another possible cause, based on our discussion here, is spurious752

spurious eddy killing from resolution mismatch since the CESM atmosphere is 2.5× coarser753

than the ocean4.754

7.1 Wind stress recipe to fix exaggerated eddy-killing755

Having identified the root cause of the systematic bias toward exaggerated eddy-killing756

as being due to atmosphere-ocean resolution mismatch, we can now offer a simple reformu-757

4 Despite weaker mesoscales, Rai et al. (2021) found that CESM has slightly stronger eddy-killing of

−55 GW due to artificially strong winds (R. J. Small et al., 2014).
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lation of the wind stress to alleviate this bias. Since the atmospheric timescales are much758

faster than the oceanic timescales, increasing the atmospheric resolution to match that of759

the ocean can be computationally prohibitive. Indeed, almost all coupled GCMs use an760

atmospheric grid that is at least a factor of 2 coarser than the ocean’s and in some instances761

is 10× coarser (e.g. Roberts (2017)).762

The idea is to define wind stress using wind velocity not relative to the ocean velocity,
ua − uo, as in τ r in eq. (3) or eq. (16), but relative to a coarsened ocean velocity,

ur2 = ua − (uo)∆ . (32)

Here, the atmospheric grid resolution is ∆ and the oceanic grid resolution is assumed to be
δ < ∆. The simple reformulation of the bulk stress we propose (see Table 1) is

τ r2 = ur2 F (ur2) , (33)

where F (ur2) is given by eq. (17). Eq. (33) essentially matches the surface ocean currents’763

resolution to that of the atmosphere when formulating wind stress.764

To see why the stress formulation in eq. (33) fixes the bias, consider wind work by τ r2

on all scales < ℓ,

EPCg
r2 (ℓ) = τ r2·uo − τ r2·uo . (34)

This is the same as EPCg in eq. (13) but using τ r2 as the wind stress. Note that the
coarsened ocean surface velocity, (uo)∆, only enters via the prognostic wind stress variable
τ r2 in eq. (33). When diagnosing wind work in eq. (34), uo is the (un-coarsened) ocean
surface velocity at its native ocean grid resolution. Repeating the reasoning leading to
eq. (31) but using the reformulated stress τ r2 in eq. (13), we find that wind work at all
resolved oceanic scales smaller than ∆ is

EPCg
r2 (∆) = ρair Cd|ua|

(
[ua]

′
∆ − [(uo)∆]

′
∆

)
·[uo]

′
∆ (35a)

= ρair Cd|ua|
(
[ua]

′
∆·[uo]

′
∆︸ ︷︷ ︸

=0

− [(uo)∆]
′
∆·[uo]

′
∆︸ ︷︷ ︸

small

)
. (35b)

The second term in the parentheses is small in magnitude because of the [(uo)∆]
′
∆ factor.765

This is a simple consequence of formulating τ r2 using the coarsened ocean velocity (uo)∆,766

which has variations at scales < ∆ greatly attenuated but not completely removed. As767

mentioned in section 3, Reynolds averaging or truncation of the Fourier series are projection768

operators, while a general coarsening of a field, such as by averaging adjacent grid cells, does769

not have to satisfy (u∆)∆ = u∆. Therefore, |[(uo)∆]
′
∆| is smaller than |[uo]

′
∆| but is not770

generally zero.771

Unlike an ocean forced by relative wind stress, τ r, which leads to exaggerated eddy-772

killing if atmosphere-ocean resolution is mismatched, eq. (35b) shows that τ r2 does sig-773

nificantly less eddy-killing on scales smaller than ∆, the atmospheric resolution. One can774

regard our fix as a way to account for the alignment that would have been present between775

[ua]
′
∆ with [uo]

′
∆ had the atmosphere been at the higher ocean resolution. Such alignment776

would reduce the magnitude of [ua]
′
∆ − [uo]

′
∆ in expression (35a). However, with [ua]

′
∆ = 0777

due to insufficient resolution, a convenient way to account for such missing alignmnet is to778

attenuate [uo]
′
∆ by replacing it with [(uo)∆]

′
∆ in eq. (35a). The simplicity of τ r2 and its779

lack of any free parameters (see eq. (33)) makes it especially appealing. As we shall now780

discuss, the wind work EPCg
r2 done by τ r2 is remarkably accurate when compared to our781

benchmark EPCg
qs from QuikSCAT stress, τ qs.782

To evaluate the stress formulation τ r2 in eq. (33), we use NCEP winds ua which have783

2◦×2◦ grid resolution (see Table 1) and the ocean surface velocity from altimetry, uo, which784

is on a 0.25◦ × 0.25◦ grid. We filter the latter by performing a simple 2◦ × 2◦ box averaging785
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to better match the NCEP winds resolution, yielding a coarsened5 ocean velocity ũo. From786

eq. (13), we then evaluate the wind work EPCg
r2 (ℓ) at all scales < ℓ using τ r2 for the stress787

and the uncoarsened ocean velocity uo.788

Plots of EPCg
r2 as a function of ℓ in different regions are shown in Fig. 6. All panels show789

a remarkable improvement in EPCg
r2 (maroon plots) over EPCg

r (green) when compared to790

our benchmark EPCg
qs (blue). The magnitude of eddy-killing inferred from the minimum791

value of the EPCg
r2 is almost the same as that from EPCg

qs in each of the regions. The equator792

region yields the poorest result, which may be due to using altimetery derived geostrophic793

velocities, which are not as accurate in that region, and an absence of eddy-killing derived794

from QuikSCAT. The minima of EPCg
r2 are systematically at slightly larger scales than those795

of EPCg
qs , but this is due to using coarse NCEP winds. The latter can only drive the ocean796

at the length-scales it resolves, via the term [ua]
′
ℓ·[uo]

′
ℓ in eq. (26). Indeed, plots of EPCg

r797

in Fig. 6 have minima at the same scales as EPCg
r2 .798

Times series of EPCg
r2 in Fig. 7 show that the reformulated stress τ r2 does well not just799

in a time-averaged sense, but at all times and in all regions. In all panels of Fig. 7, we see800

that plots of EPCg
r2 (maroon) are much closer to EPCg

qs (blue) than wind work EPCg
r (green)801

done by the standard relative wind stress formulation τ r. Times series of MPCg
r2 in Fig. 8802

shows that the reformulated stress only alters the forcing of scales smaller than ≈ 400 km. In803

all panels of Fig. 8, we see that plots of MPCg
r2 (maroon) are almost indistinguishable from804

MPCg
r (green), which quantifies wind work done by τ r on all scales larger than ≈ 400 km.805

This is unsurprising since the reformulation τ r2 coarsens the ocean velocity only at the806

smallest scales, close to those of the atmospheric grid.807

7.2 Ocean-only Models808

So far, we have discussed the benefits of reformulated wind stress τ r2 (eq. (33)) in the809

context of coupled atmosphere-ocean models. Ocean-only models, which rely on a prescribed810

wind stress, present a greater challenge in the proper representation of eddy-killing and has811

been the focus of several studies (Renault, Molemaker, Gula, et al., 2016; Renault et al.,812

2020; Lemarié et al., 2021). For example the state-of-the-art LLC4320 ocean-only simulation813

has a nominal resolution of 1/48◦ and is forced by relative winds from ECMWF analysis814

on a 0.14◦ grid (Menemenlis et al., n.d.). Therefore, the atmosphere in that model ≈ 7×815

coarser than the ocean, guaranteeing a systematic bias toward over-damping oceanic scales816

smaller than the atmospheric resolution based on our results above.817

Complicating matters further, in ocean-only models, the atmosphere cannot respond to818

the oceanic mesoscales by definition, regardless of the atmospheric grid resolution. Unlike819

large-scale currents, the oceanic mesoscales are chaotic and unpredictable. Therefore, it is820

not reasonable to expect the prescribed small-scale atmospheric motions to align with the821

oceanic mesoscales deterministically.822

For ocean-only simulations, Renault et al. (2020) proposes modifications to the wind-823

ocean coupling coefficients to account for the possibility of wind re-energization by mesoscale824

eddies. Lemarié et al. (2021) proposes the introduction of a Marine Atmospheric Boundary825

Layer to mediate such coupling, which may include more accurate physics but at a high826

computational cost. Our expression in eq. (26) for wind work at small-scales offers us a827

guide for a different approach.828

The wind-driven contribution, [ua]
′
ℓ·[uo]

′
ℓ in eq. (26), is expected to be positive in a829

coupled atmosphere-ocean model. However, in an ocean-only model, the correlation between830

[ua]
′
ℓ and [uo]

′
ℓ at the mesoscales (< 400 km) is unlikely to be significant since the latter are831

5 The lat-long coarsening of ũo is not strictly the same as the coarse-grained field uo in eq. (10) but is

easier to implement in a GCM and makes it simpler to match the atmospheric resolution locally.
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generated by instabilities. Therefore, it is reasonable to expect that in a space-time average,832

[ua]
′
ℓ·[uo]

′
ℓ ≈ 0 at scales smaller than 400 km. In contrast, the contribution −[uo]

′
ℓ·[uo]

′
ℓ833

to wind work in eq. (26) is always negative and proportional to the energy present at834

the mesoscales in a model. Therefore, consistent with findings of Renault, Molemaker,835

McWilliams, et al. (2016), using relative wind stress τ r in ocean-only simulations exaggerates836

eddy-killing for reasons beyond the wind’s grid resolution. A slight tweak of τ r2 in eq. (33),837

by coarsening the ocean velocity not to a level matching the wind’s grid resolution as in838

eq. (32), but to the mesoscales of ≈ 2◦ × 2◦ to 4◦ × 4◦ may alleviate these shortcomings.839

Testing this hypothesis is beyond our scope here.840

8 Limitations of our Analysis841

Here, we discuss some of the caveats of our analysis. We also discuss the rationale842

behind some of the practical choices made in this work.843

8.1 Data844

The QuikSCAT and altimetry datasets we use here are on a 0.25◦ grid but are estimated845

to have an effective resolution that is 2× to 4× coarser (Mazloff et al., 2014; Desbiolles et846

al., 2017; Stammer & Cazenave, 2017). This reduction in resolution is compounded by our847

7-day running average of the data to allow for global coverage. We believe the eddy killing848

magnitude will almost certainly increase with the inclusion of scales smaller than the current849

resolution limit, but that the eddy killing length-scale of ≈ 300 km is well-resolved within850

our current analysis and should not change with finer datasets (Rai et al., 2021).851

It is also worth mentioning the difficulty in inferring winds from scatterometers under852

strong wind conditions exceeding ≈ 20 m/s (Yu & Jin, 2014). Since it is hard to sample these853

extreme events with a scatterometer and concurrently by other means (in-situ or models),854

it is challenging to calibrate modeling functions in this regime due to a lack of sufficient855

reliable benchmarking data (Quilfen et al., 1998; Chelton & Freilich, 2005). Moreover,856

the measured radar cross-section (or backscatter coefficient) becomes less sensitive to wind857

under strong wind conditions, increasing the scatterometer’s uncertainty in the strong wind858

regime (Fangohr & Kent, 2012). Fortunately, such strong wind conditions account for a859

only 2.2% of the global wind field (Yu & Jin, 2014). Yet, we highlight these limitations860

since correlations (or anti-correlation) between such extreme wind events and oceanic flow,861

i.e. wind work, can still be significant. This is a question for future research.862

A salient assumption we have made in our analysis, similar to prior work (Hughes &863

Wilson, 2008; Scott & Xu, 2009; C. Xu et al., 2016; Renault et al., 2017), is that the (i)864

sampling of wind stress from QuikSCAT and (ii) the sampling of geostrophic current from865

altimetry are matched in space and time. A potential mismatch can introduce systematic866

biases toward smaller values of total wind work and also smaller estimates of eddy killing.867

However, for such biases to affect our estimates, any time or space mismatch would have868

to be at (time or length) scales greater than the resolution of our data. Since we use 7-day869

time-averaged data on a 0.25◦ grid, we believe such biases, if present, are unlikely to be870

significant.871

Another aspect of our analysis worth highlighting is that the QuikSCAT measurement872

of wind stress τ qs implicitly involves the full (geostrophic + ageostrophic) ocean velocity873

interacting with the wind. However, the ocean velocity used in our analysis of wind work874

represents only the geostrophic flow, uo, from altimetry, similar to prior work (Hughes &875

Wilson, 2008; Scott & Xu, 2009; C. Xu et al., 2016; Renault et al., 2017).876

Wind work on agesotrophic flow can modify eddy killing which is not accounted for in877

our study. Two previous studies (Renault, Molemaker, McWilliams, et al., 2016; Renault,878

Molemaker, Gula, et al., 2016), based on Reynolds averaging, suggest that eddy killing of879
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the ageostrophic flow may be negligible. Moreover, wind work to the ageostrophic flow is not880

believed to feed into the general circulation and diapycnal mixing (Wunsch, 1998; Von Storch881

et al., 2007; Scott & Xu, 2009). In previous work using coarse-graining (see Supplementary882

Material in (Rai et al., 2021)) to analyze global CESM model output (R. J. Small et al.,883

2014), we found that the ageostrophic flow is wind-driven and is not subject to eddy killing on884

average, which is consistent with physical expectations (Renault, Molemaker, McWilliams,885

et al., 2016; Renault, Molemaker, Gula, et al., 2016). However, upon inspecting regional886

trends, we found that in strongly eddying regions such as WBCs, the ageostrophic mesoscale887

flow is also being killed by wind. In contrast, the ageostrophic flow in the rest of the888

ocean, which includes the Ekman flow, is mostly wind-driven rather than damped. We had889

hypothesized (Rai et al., 2021) that this may be due to a difference in the formation of890

ageostrophic mesoscales in energetic regions, which probably arise from a loss of balance in891

the geostrophic flow, unlike the ageostrophic flow elsewhere in the ocean, which probably892

arise directly from the wind forcing.893

8.2 Stress Formulation894

In addition to the mechanical coupling in eq. (16) (or eq. (3)), there is also thermal895

coupling between the ocean and atmosphere, which affects wind stress (Chelton et al., 2001,896

2007; O’Neill et al., 2003). The air-sea thermal coupling changes the Marine Atmospheric897

Boundary Layer’s stability and causes wind speed to change (Sweet et al., 1981; Businger898

& Shaw, 1984; R. d. Small et al., 2008). While the bulk stress formulation of (W. Large &899

Pond, 1981; W. G. Large et al., 1994) depends only on wind (relative) speed, the COARE900

bulk formulation (C. Fairall et al., 1997; C. W. Fairall et al., 2003) also accounts for the901

boundary layer stability due to the thermal air-sea coupling. This is beyond our scope here902

and we only use the W. Large and Pond (1981) bulk formulation of wind stress. It is also903

important to bear in mind that bulk parameterizations such as COARE and W. Large and904

Pond (1981) may become less accurate at sufficiently small length-scales and time-scales,905

although this is unlikely to be an issue in our study here.906

8.3 Coarse-graining907

Our analysis above (and in Rai et al. (2021)) has demonstrated that coarse-graining908

is an effective approach to disentangle eddy killing and highlighted its advantages over909

the traditional mean-eddy Reynolds decomposition. Yet, we wish to bring to the reader’s910

attention some of the practical choices we have made in our coarse-graining analysis.911

First, our choice of the graded Top-Hat kernel in eq. (11) to convolve with the fields is912

not unique. It is certainly possible to utilize one of the many other kernels such as Gaus-913

sian or Poisson functions. An in-depth discussion of the advantages of each is beyond our914

scope here (e.g., see Rivera et al. (2014)). We mention briefly that some of the desirable915

properties in our kernel is its positive semi-definiteness, which satisfies physical realizability916

conditions (Vreman et al., 1994). For example, it ensures density and energy remain pos-917

itive (Buzzicotti, Aluie, et al., 2018), unlike other possibilities such as the Dirichlet kernel918

(Aluie & Eyink, 2009). Another advantage is that the Top-Hat function has a well-defined919

width, which can be easily associated with the length-scale at which we are decomposing920

the dynamics, unlike other kernels such as the Gaussian (Buzzicotti et al., 2021). Indeed, a921

convolution with Gℓ in equation (11) is a spatial analogue to an ℓ-day running time-average.922

Second, when analyzing the flow close to continental boundaries or ice regions, we have923

to make a choice regarding the boundary treatment. For example, when coarse-graining the924

ocean velocity at location x near land, uℓ(x) is essentially a weighted average of the velocity925

within a region of radius ℓ/2 around x, which might include land. A practical choice we926

made in this work, as in Aluie et al. (2018), is to treat land as water with zero velocity over927

which the wind stress is also zero. This choice ensures that coarse-graining commutes with928

spatial derivatives (Buzzicotti et al., 2021), which is necessary for deriving the dynamics at929
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different scales self-consistently. Note that this is also consistent with numerical formulations930

of OGCMs, where land is often treated just like any ocean region but with an imposed zero931

velocity.932

9 Summary and Discussion933

Motivated by how to best mechanically couple winds to the ocean in models, this study934

builds on our previous work analyzing eddy killing (Rai et al., 2021), where we had used935

QuikSCAT winds and altimetry data to study wind work on the ocean surface as a function936

of length-scale. While it is well appreciated that stress formulated from absolute winds937

overestimates wind work (Duhaut & Straub, 2006), we show here that stress formulated from938

relative winds can introduce a significant bias in the opposite direction by underestimating939

wind work even when the atmosphere and ocean are coupled. By analyzing wind work as a940

function of length-scale, this study demonstrates how these biases from absolute and relative941

stress formulations are primarily at the mesoscales. We proposed a simple reformulation of942

the wind stress to correct such biases.943

We were able to objectively disentangle wind work by these stress formulations at differ-944

ent length-scales using spatial coarse-graining. The approach is objective in the sense that945

it does not rely on preconceived notions of what constitutes a mesoscale eddy. We showed946

that coarse-graining can unravel mesoscale eddy-killing clearly, while the more traditional947

Reynolds averaging decomposition of the flow cannot.948

We found that both absolute and relative wind stress formulations are reasonably ac-949

curate (within 10%) in how they force the large-scales, however, they differ starkly in their950

roles at the mesoscales. Absolute stress, τ a, does negligible (albeit positive) work on the951

mesoscales with muted seasonality. On the other hand, relative stress, τ r, yields eddy-killing952

(negative work) at the mesoscales. This eddy-killing by τ r is significantly exaggerated when953

the atmospheric resolution is coarser than the ocean’s, which is the case in almost all general954

circulation model. The eddy-killing exaggeration bias persists at all times and is especially955

pronounced in dynamic regions like WBCs and ACC.956

A main contribution was deriving a mathematical criterion (eq. (27)) for eddy killing to957

occur at any length-scale, which gives us insight into the physics of wind work as quantified958

by EPCg. This criterion provides the theoretical explanation for results in Rai et al. (2021)959

and shows that a mismatch in resolution between the atmosphere and ocean components of960

GCMs leads to an exaggeration in eddy-killing.961

The analytical expression (eq. (26)) highlights the disproportionate effect small-scale962

winds O(100) km can have on the dynamics of mesoscale ocean eddies, despite the dominant963

atmospheric motions being at length-scales larger than O(103) km (e.g. Nastrom et al.,964

1984). The mechanical coupling between the atmosphere and the oceanic mesoscales can be965

significantly distorted if the atmospheric motions at those same scales are misrepresented966

in a model. We were able to infer that, on average, small-scale winds tend to be aligned967

with oceanic mesoscales at the surface, but are not sufficiently strong to energize them.968

The tendency for small-scale winds and currents to be aligned may be due to the so-called969

“re-energization” mechanism identified by Renault, Molemaker, McWilliams, et al. (2016),970

in which winds mechanically adjust to the ocean surface state. What we highlighted here,971

based on eq. (26), is that such atmospheric adjustment is not possible at the scale of oceanic972

eddies if the atmosphere’s resolution is coarser than the ocean’s even in coupled atmosphere-973

ocean models. Such resolution mismatch can lead to significant artifacts in the wind forcing974

of ocean mesoscales.975

We proposed a simple recipe to correct for exaggerated eddy killing. The reformulated976

stress has no free parameters and relies on expressing stress using wind velocity relative to977

ocean surface currents at a coarsened resolution to match the atmosphere’s. The reformu-978

lated stress τ r2 showed remarkable improvement, which provided evidence that resolution979
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mismatch causes exaggerated eddy killing. We believe the simplicity of the recipe and its980

lack of any free parameters makes it especially appealing.981

Our reformulated wind stress recipe may be thought of as an attempt to parameterise982

the unresolved alignment between the small-scale winds and ocean currents if the atmosphere983

has sufficient resolution. It is somewhat related, at least in spirit, to parameterizations of984

re-energization proposed by Renault et al. (2020) for ocean-only simulations. Adding a985

dynamic marine atmospheric boundary layer similar to the one suggested in Lemarié et al.986

(2017) that can resolve the feedbacks from the ocean could be another way to provide more987

correct forcing, albiet at a higher computation cost.988

Appendix A Wind Stress989

A note on terminology that is common in geophysical fluid dynamics but may be990

confusing outside: the term “stress” used here refers to the vector τ (N/m2). This is991

physically related to the full stress tensor T via τi = Tiz, as is commonly (and reasonably)992

assumed, since ∂zTiz is the dominant force in the ocean surface momentum balance. Here,993

τi is the i-th horizontal component of the vector τ . Therefore, the power (in Watts) injected994

by the wind can be calculated from the inner product of geostrophic ocean velocity, u, with995

the wind force (per unit volume) in the momentum equation, ∂zτ , and integrating over996

volume:997

wind work =

∫
dA

∫ 0

−Ek

dz ui∂zτi

=

∫
dA

∫ 0

−Ek

dz
[
∂z(uiτi)− (∂zui)τi︸ ︷︷ ︸

=0

]
=

∫
dA

[
uiτi|z=0 − uiτi︸︷︷︸

=0

|z=−Ek

]
=

∫
dA u·τ |z=0

where ∂zu = 0 within the Ekman boundary layer (< 100 m) for the low-frequency flow at998

horizontal length-scales > 50 km, while τ = 0 below the Ekman boundary layer. The latter999

also explains the third expression above.1000

Appendix B Regional Analysis1001

We generate masks for oceanic regions of interest shown in Fig. 5 over which we analyze1002

eddy-killing. The equatorial mask is the ±8◦ band, and the Southern Ocean mask is the1003

[35◦ − 65◦S] band. The remaining masks are irregular and are intended to select strongly1004

eddying regions with strong currents. Specifically, the masks satisfy 1
2 |⟨uo⟩|2+ 1

2 ⟨|u
′
o|2⟩ > 0.11005

m2/s2 in the Gulf Stream and Kuroshio, and 1
2 |⟨uo⟩|2 + 1

2 ⟨|u
′
o|2⟩ > 0.05 m2/s2 in the1006

remaining regions shown in Fig. 5. Subject to these thresholds, the masks lie within [35◦ −1007

70◦S] (ACC), [15◦− 85◦W, 23◦− 55◦N] (Gulf Stream), [120◦− 180◦E, 23◦− 50◦N] (Kuroshio),1008

[0◦ − 45◦E, 15◦ − 40◦S] (Agulhas), and [40◦ − 75◦W, 35◦ − 60◦S] (Brazil-Malvinas).1009
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Figure A1: Total wind work (in W/m2) to the ocean using Reynolds averaging (left col-
umn) and coarse-graining (right column). Different rows show the three stress formulations:
QuikSCAT stress τ qs (top), NCEP absolute stress τ a (middle), NCEP relative stress τ r

(bottom). Coarse-graining is performed with ℓ = 300 km. All six panels are qualitatively
similar and left panel have identical domain integrated value with right panel, except for
subtle differences in the fine features. Note that areas in black include land and ocean
regions with seasonal or permanent ice coverage.
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