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Abstract

The wind shear stress at the ocean surface drives momentum exchange across the air-sea 

interface regulating atmospheric and oceanic phenomena. Theoretically, the mean wind 

stress acts in a reference frame moving with the ocean surface; however, the relative mo-

tion between the air and ocean surface layers is conventionally neglected in bulk transfer 

-

of the near-surface current. Here, we build on this recent work and propose a general 

the stress at the interface into viscous skin and (wave) form drag components, each ap-

within the sub-surface log layer and the modulation of waves by currents predicted by 

-

-

−1, 

reduction in form drag variation was found. At this wind forcing, neglecting the currents 

be captured by using the slab ocean approach. This framework builds on the existing un-

derstanding of wind-wave-current interaction, yielding a novel formulation that explicitly 
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Keywords 

1 Introduction

-

dar and Tennekes ):

 
U(z) − U0 =

u∗

κ
ln

(

z + z0

z0

)

,

z) such that the direct impacts of vis-

cous dissipation are negligible. Here, u∗ is the surface friction velocity, κ is von Kármán’s 

constant, z0 and U0 are the surface roughness length and speed of the wall, respectively. 

Assuming the system is homogeneous, stationary, and the stress within the sublayer is non-

divergent, the corresponding shear stress can be represented as:

 τ/ρa = u2

∗
= CD(U − U0)2

≡ CDU2

r

where ρa is the air density, u∗ is the friction velocity, U and CD

Ur here is the air-sea relative 

wind velocity  and ) are the basis for physi-

U0 is negligible and Ur → U ; how-

-

τ . An example of Ur �= U  

weather and climate. To simplify the problem, previous oceanic studies tended to ignore Ur, 

assuming oceanic currents were much weaker than the wind. Thus, the majority of the previ-

ous investigation into τ , and thus CD, ignored the near-surface hydrodynamics (e.g., Smith 

and Banke ( ); Smith ( ); Smith ( ); Yelland and Taylor 

( )). Fairall et al. (

), Edson et al. 

( Ur as the input velocity 

τ  

over large-scale ocean currents, e.g., the Gulf Stream, where the surface advection is large 

and U may be low. This is bolstered and expanded by the satellite- and numerical-based 

studies showcasing ocean surface current intensity across large swaths of the ocean (Kelly 

et al. ; Dawe and Thompson ; Renault et al. ). This re-emphasis on the import 

of Ur
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hydrodynamic models incorporate Ur explicitly into their free-surface kinematic boundary 

conditions (Deltares ). Despite these conceptual advancements, Ur lacks a rigorous, 

ad hoc.

Ur is characterizing a representative current at the 

ocean interface. Classically, τ  should be applied to a wall moving at some arbitrary speed, 

U0. For the case of a solid plate, U0

in the case of a water surface it is less obvious at what velocity are the roughness elements 

Ur paradigm to 

τ  have used a bulk approach:

 τb = CDU2

r,b = CD(U − Ub)2,

where Ub

Ub and it may often be applied without considering the role of 

vertical current shear on τ

of near-surface shear and the interaction these currents have on surface waves (which carry 

, ; Morey 

et al. ). Furthermore, τ  applied to a wavy surface distributes the 

k, each with 

mechanism, especially in the cases where Ur

and wave form components each applied to their relevant surface advection current. This 

) by entraining our present understand-

ing of stress partitioning and the Doppler modulation of linear surface wavesf. The impact 

a sensitivity analysis using an extensive oceanic dataset with co-located measurements of 

2 Methodology

2.1 Wind Stress on a Moving Ocean Surface

The stream-wise component of the horizontal momentum balance for an idealized atmo-

spheric boundary layer can be expressed as:

 
ρa

(

∂U

∂t
+ U

∂ U

∂ x
+ V

∂ U

∂ y

)

=
∂

∂x

[

− P + 2µ

(

∂U

∂x
+

∂U

∂y

)]

+ ρa

∂

∂z
(−w′u′),  (4)

where [x, y, z] are the right-handed stream-wise, cross-stream, and vertical coordinate, 

respectively; P is the hydrostatic pressure, the 2µ(...) term is the mean strain rate, and the 
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last term on the right-hand side is the relevant component of Reynolds stress divergence. 

Here, we have already applied Reynolds decomposition (x = X + x
′) assuming ergodic-

horizontal), stationary, and that we are within an inertial sublayer (Blackadar and Tennekes 

) such that the impact of viscosity, µ

the Reynolds stress is non-divergent:

 
0 = ρa

∂

∂z
(−w′u′)

 

τ0

ρa

≡ u2

∗
= w′u′,

where τ 0

):

 

∂U

∂z
=

u∗

κz
,

 
U(z) =

u∗

κ
ln

(

z + z0

z0

)

,

where z0 is the surface roughness length and κ is the von Kármán constant. This describes 

may be moving with some speed U0, and thus U(z) → Ur ≡ U(z) − U0 ), which may 

be considered the classic atmospheric boundary layer scenario. The height above the sur-

( ) (Tennekes ∂τ 0/∂z = 0 is widely assumed, though 

recent experimental evidence has made a compelling case for this not being generally valid 

; Mahrt et al. ). For 

the purposes of developing the present framework, we will assume a constant stress layer 

exists and discuss the implications of ∂τ 0/∂z �= 0 further on.

U ≫ U0 was widely 

applied (Smith and Banke ; Smith ; Smith ; Yelland 

and Taylor ). More recently, Fairall et al. ( ) demonstrated that this assumption 

was not generalizable, and the authors show the impact this has on parameterizing the aero-

ocean surface layer (Fig. -

tive wind. a Thus, the total wind stress at the surface was given as:

 τ 0/ρa ≡ u2

∗
= CD(U − Ub)|U − Ub|,
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where Ub is the bulk advection of the slab projected into the mean wind direction 

(Ub = U0cos(φ)( U0 is the Eulerian surface current magnitude and φ is the relative angle 

Ub is determined opportunistically as a measured 

(or simulated) current near the surface assuming ∂Ub/∂z ≈ 0

τ 0 ) stemmed from observations over barotropic ocean currents, e.g., 

Gulf Stream, with minimal sub-surface shear. However, outside of this domain, there may 

be non-trivial regimes where U ∼ U0 and ∂Us/∂z �= 0, in such cases Ub would not be suit-

able. Thus, a more general approach is needed to account for surface advection of the wavy 

interface (Fig. 

2.2 Bulk Momentum Flux in the Presence of Shear and Waves

The key limitation of the bulk-current approach is that it does not account for the impact 

of current shear on the waves that carry τ 0. At some distance above the surface, τ 0 may 

). However, as one approaches the 

undulations. The proportion of this wave form stress, τ w, to the total stress increases with 

proximity to the free surface, η(x, t). At the interface, z = η, the total stress may be parti-

tioned into two components (Donelan and Dobson ):

 τ 0 = τ ν + τ w,

where τ ν

τ ν  comprises the frictional interaction between 

Fig. 1 Conceptual diagram highlight-

the relative wind velocity over the (a) 

slab ocean versus the (b) wavy inter-

shear, the relative contributions of 

viscous skin (Us) and wave form 

(Uw) must be directly accounted when 

calculating the relative wind at the 
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). The viscous stress component may be parameterized given an assumed smooth air-

), or using direct measurements over 

et al. ; Buckley et al. τ w is coherent with the wave phase 

and is thus applied non-uniformly across the local wave spectrum, F (k) over gravity wave-

numbers k. The proportion τ w/τ 0 increases steadily with wind shear and the evolving wave 

state, and can easily dominate the interfacial momentum transfer (Makin et al. ).

Just as τ 0

CD, its components may be represented using analogous drag laws and their respective 

et al. , e.g.,). Applying the rationale of Fairall et al. ( ) and Edson et al. ( ), 

these stress components may be represented as the linear supposition of independent drag 

laws referenced to their respective mean surface advection currents:

 τ ν = ρaCD,ν(U − Us)|U − Us|,

 τ w = ρaCD,w(U − Uw)|U − Uw|,

where Us and Uw are the advection currents appropriate to the skin and wave forms, respec-

), the total surface stress takes the form:

 τ 0 = ρaCD,ν(U − Us)2 + ρaCD,w(U − Uw)2,

 τ 0/ρa = CD,ν(U − Us)2 + CD,w(U − Uw)2 = u2

∗
.

Us and Uw are the ocean skin drift and the mean Doppler current advect-

ing the wave forms, respectively, and CD,ν  and CD,w are the viscous and wave form drag 

Us = Uw = Ub, which can be shown to 

) with CD = CD,ν + CD,w ) presents a bulk drag formulation 

that explicitly accounts for both the decomposition of the interfacial stress into viscous 

-

interface, this approach introduces additional unknowns to the system. The remainder of the 

 and ) and the impact this has on τ 0, as 

u∗ is known, and the implications of not 

knowing it will be discussed below.

2.3 Defining the Forms of Us and Uw

Us ). 

); von Kármán ( ) across the viscous and inertial sublayers. For this 
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analysis, we followed the wall layer coordinate system given by Spalding ( ), which 

 u+ = Ud(z)/u∗,w

 z+ = zu∗,w/νw,

where subscript w denotes water-side parameters and Ud -

Ud(z) = Us − U(z). The water-side friction velocity is calculated assuming stress con-

): u∗,w = u∗

√

ρa/ρw where ρw

 

u+ =

{

z+ z+ < 5
2

κ
log(z+) − 3.05 5 <= z+ < 30

1

κ
log(z+) + 5.5 30 <= z+

inertial sublayers, respectively. The laminar and transition layers span approximately 

Us, the total skin 

) (Fig. 

anindirect estimate of Us.

Uw

ocean, the near-surface current may have arbitrary shear, which in some cases can be sub-

stantial, and this impact may be described by examining the surface gravity wave dispersion 

relationship:

 Ω(k) = k · UUU(k) + σ(k),

Fig. 2
-

senting Us and Uw  are overlaid, where 

the former will coincide with the surface 

skin drift and the latter is a weighted 

average from the depth Zw  to the surface. 

The depth of Zw  varies with the average 
−1) of local waves, 

hence Zw  increases with more devel-

oped waves. The depths of typical ocean 

current measurement systems are shown 

using dashed lines. The depth of “acoustic 

of the measurement nearest to the surface 

given known acoustic interference
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Ω) includes the Doppler shift, k · UUU(k), of the intrinsic wave 

σ), and k is the wavevector (‖k‖ ≡ 2π/λ, where λ is the surface wavelength). 

The absolute wave celerity is then C = Ω/k Uw, it is necessary to explicitly con-

nect each k

the relationship between UUU(z) and UUU(k) may be stated as (Kirby and Chen ):

 

UUU(k) =
2k

sinh(2kh)

0
∫

−h

UUU(z)cosh(2k(h + z))dz,

The above reduces to the form of Stewart and Joy ( ) in deep water. Thus, for a given 

k ) may be the vertical average of the observed ocean 

Zw. This is conceptually depicted in Fig. 

, where Uw is a k

depth of Zw is expected to be inversely proportional to the k at the peak of the wave energy 

Zw have been proposed. The conven-

tional approach has been to assume a functional form (e.g., linear, exponential, etc.) of the 

near-surface shear and estimate Zw as some fraction of λ (Stewart and Joy 

). Direct iterative approaches have been proposed that arrive at Zw for an arbi-

trary U(z) (Campana et al. ; Smeltzer et al. 

( UUU(k) for all k Zw.

) links the current shear to the waves across the spectrum of k. However, 

Uw. The portion of the surface stress 

carried by the waves has been referred to as the wave form stress, τ w. This is analogous to 

τ w is the 

integration of each k contribution to the wave form stress:

 
τ w ≡

∫

k

τ w,k(k)dk,

where τ w,k(k) is the form stress spectral density. This may be represented in terms of wave 

energy input from the wind, Sin (Jones et al. ),

 
τ w = ρwg

∫

k

Sin(k)

c0

F (k),

 
= αρwg

∫

k

(

u∗

c0

)2

cos(θ)kF (k)dk,

) assuming the the wavenumber-directional spectrum 

and τ 0/ρa = u2

∗
 is known. Here, g is the gravitational acceleration, c0 is the intrinsic phase 

speed, θ F (k) is the surface elevation variance density spec-

trum, and α is an empirical parameter (determined from the laboratory to be 0.04 ± 0.02). 

τ w across all k ) provides a means of estimating this from 

wind and wave parameters; however, not all k contribute equally to the τ w and, hence, τ 0. 

As in the wave-current modulation governed by a Doppler term, k · UUU(k), the amount of 
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stress carried by the waves is proportional to k -

tion current as the current of encounter for all k, weighted by their contributions to τ 0:

 
Uw =

1

τw

∫

τ w,k(k) · UUU(k) dk,

|k| < 100 U ≫ c0, τ w is carried predominantly by short, 

steep waves that are impacted by the near-surface currents. Thus, Zw tends to shallow due 

to k · UUU(k) being dominated by large k U < c0, τ w is distributed across a 

larger range of k and the contributions of longer waves deepen Zw and decrease the average 

k · UUU(k) Uw as the mean wave form advection moves further 

2.4 Evaluating this Framework Using an Observational Dataset

builds on the notion of stress partitioning at the air-water interface into viscous skin and 

form stress components. This framework also accounts for the relative motion between 

to collect comprehensive biogeochemical and physical oceanographic data. For complete 

details, the reader is directed to , the relevant 

information for this study will be discussed here.

site is exposed to a wide range of wind, wave, and current conditions (Fig. 4). Furthermore, 

-

are processed following methods laid out by Edson et al. ( ) and complete details may 

be found at  h t t p s :  / / o c e  a n o b s e  r v a t  o r i e s  . o r g /  i n s t r u  m e n t  - c l a s s / f d c h p /. The key measurement 

elevations are reconstructed from a six degree-of-freedom motion system and integrated 

-
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h t t p s :  / / o c e  a n o b s e  r v a t  o r i e s  . o r g /  i n s t r u  m e n t  - c l a s s / w a v s s / for details). For this system, the 

-

fc

◦ ◦]. The 

of the wind and wave measurements. The coalesced dataset used in our analysis contains 

The wavevector k and wavenumber-directional spectrum F (k)

directional spectrum F (Ω, θ) k ) 

Ω and direction θ. This was accom-

plished through pre-allocation of a high-resolution synthetic array of ω(k) obeying the lin-

Ω was then computed for each possible 

wave direction in response to the directional advection current UUU(k). The wavenumber cor-

observed and synthetic values of Ω. Finally, the wavenumber-directional spectrum F (k) 

):

 

+π
∫

−π

∞
∫

0

F (k, θ)kdkdθ =

+π
∫

−π

∞
∫

0

F (Ω, θ)dΩdθ,

Fig. 3 a b
◦

◦ )
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from which it follows that

 
F (k, θ) =

Cg

k
F (Ω, θ),

where Cg  is the absolute group speed ∂Ω/∂k fc corresponds to 
−1

our wave spectra deeper into the short gravity wave regime, we performed a directionally-

varying wave spectral tail extrapolation out to khigh =
−1: each dimensionless 

spreading function D(k, θ) ≡ F (k, θ)/F (k) was linearly interpolated on k ∈

m−1, while each omnidirectional wavenumber spectrum F(k) was augmented with a piece-

Fig. 4 aU10, the ten-

meter wind speed in m s−1; bUS , current magnitude at ≈ −1; cHs

height in m; dTm Tm02) in s
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wise power-law tail, transitioning from k−2.5 to k−3 at the wavenumber corresponding to a 

pre-determined degree of saturation:

 
F (k) ∝

{

k−2.5, k3F (k) = B(k) < 8 · 10−3

k−3, k3F (k) = B(k) ≥ 8 · 10−3

The value chosen for this critical degree of saturation Bsat ≈ 8 · 10
−3 was informed by 

-

-

observational spectrum.

3 Results

) using oceanic buoy data where direct 

covariance stress, directional wave spectra, and surface currents were simultaneously mea-

services. This is an energetic region characterized by strong wind and waves throughout 

the year, especially during the boreal winter. The wind was predominantly from the north, 

with substantial portions of southerly wind vectors (Fig. 4a). The wind was orthogonal to 

the predominant westerly wave systems in the region, leading to a highly mixed sea state 

environment (Fig. 4 −1, but with an 
th th −1 (Fig. a). The median sig-

Hs

under 4 m (Fig. d). 

The surface currents, Us, tended be from the south (Fig. 4

s−1 U10), although Us
−1 were common (Fig. b).

Figure  examines variability of the derived Us

speed, U10. Us was estimated by extrapolating the sub-surface current measurements from 

). Conventionally, the surface skin advection is expected 

-

the parameterized surface current, especially at low U10. Furthermore, the overall trend in 

Us U10 < 

4 m s−1, Us

observation-derived Us -

ms
−1. Relative to the friction 

velocity, the observed Us u∗ across the entire 

observational range of mean winds, however the observed Us/u∗ tended to decrease, sug-

gesting that it would approach the expected value at larger U10.

 and ) is that the total stress at the interface is comprised 

expect the viscous skin stress to dominate at low U (and in the absence of waves), and the 

wave form stress to progressively increase as surface waves develop. Figure  examines this 
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stress budget in a frame agnostic of surface currents (i.e, no current information), applying 

the extrapolation methods discussed above. For completeness, we have introduced τbr in 

Fig. 

have integrated here to account for physical processes such as feedbacks associated with 

expected, accounting for currents, sheared or otherwise, does not impact the overall depen-

dence of τx/τ 0
 with wind speed. However, including current information does exert some 

currents tend to decrease the contribution of τ ν  to the overall stress in favor of τ w (and τb) 

through wave-current interaction. Further re-distribution of stress to the wave components 

Us is systematically underestimated in a 

k. The impact 

Fig. 5 aU10, bUS , cHs, and dTm

th percentile
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Fig. 7 Decomposition of the various stress mag-

), 

here. Above, Ui is the surface advection, Us and 

Uw , respectively, corresponding to the appropriate 

stress component. Uw  was used for the breaking 

stress magnitude τbr

 

Fig. 6 Us

following velocity defect approach and assum-

as a percentage of ten-meter wind speed and b 

fraction of of air-side friction velocity. Dashed 

lines indicate canonical values provided by (a

( ) and (b

sample points per bin) with shading across the 
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of currents on the stress budget was observed consistently throughout the range of U10 with 

τ ν

The typical parametric formula for τ 0 hinges on the sea state- and height-dependent 

CD U10

), 

CD,ν  & CD,w

). Similar to the stress budget analysis, we do not 

expect the introduction of currents, sheared or otherwise, to dramatically impact the overall 

dependence of CD,i on the wind speed, e.g., Fig. a and b. Here, the total dataset has been 

relative ms
−1

Fig. 8 Dependence of a viscous and b
th th percentile) about the median (solid 

relative ms
−1 wide discrete bin. (c, d) Give 

the relative uncertainty, σSE

i
/µi, or the ratio of the standard error to the mean per wind speed bin, for the 

i
th
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error per wind speed bin, σSE
i

/µi, where i refers to the mode: no current, slab current, 

and sheared current, and µ CD,ν , there was neither a 

c). 

For U10 > 8 − 10ms
−1 there was some divergence in the medians across the three current 

CD,ν , relative 

to the slab and no current scenarios. This also coincided with relatively increased variability 

in CD,ν  at these wind speed ranges.

For CD,w -

-

sis (Fig. 

ms
−1, CD,w

approach. During this span, the wave form stress (τ w τ 0

in the median CD,w ≈ ms
−1, whereby τ w

CD,w (Fig. 

ms
−1, the variability in the current agnostic CD,w -

ms
−1

the bin-wise mean.

Following Fig. , we examine the the relative impact on the total and component-wise 

stress, excluding τb (Fig. τ̂i as the mean stress, per current regime 

i

τ̂sheared current ≡ 1

interval, which has also been normalized by mean stress calculated using the shear pro-

estimated stress components (τ ν ,τ w) and resulting total stress (τ 0) when considering no, 

). As expected, alternative stress 

not including current information lead 

overestimation of τ 0 ms
−1, as compared to the 

Fig. 9 The median stress (shading spans ±1.96σ
SE ) for the viscous (a), wave form (b), and total (c) 

current regime tested here, is denoted τ̂i
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-

up to ∼ ms
−1

for relative wind above ∼ ms
−1

4 Discussion

-

). Although more 

robust measurements of U(z)

of our framework.

and these short waves are particularly sensitive to the velocities in the uppermost deci-

meter of the water column. Therefore, a key aspect of this project involved appropriately 

parameterizing the wind-induced surface drift as part of the mean surface skin advection 

Us

bulk near-surface current, Ub Us in 

ms
−1 (Fig. ). As expected, under this regime, we found 

that accounting for surface advection had the strongest impact on the derived drag coef-

moderate relative wind speeds included in this analysis. The low subrange of wind speeds 

part, this regime may shift from shear to buoyancy driven turbulence which leads to non-

-

U10 − Ui τ
no

0
−τ

shear

0

τ
shear

0

τ
slab

0
−τ

shear

0

τ
slab

0

τ
no

0
−τ

slab

0

τ
slab

0

∗∗ ∗ ∗∗

∗∗ ∗ ∗∗

∗∗ ∗ ∗

∗∗ ∗

∗∗

∗

This comparison corresponds to the curves in Fig. c. A two-sided 

∗ denotes cases where p < 0.05, ∗∗ denotes p < 0.005

Table 1 -

ences of between the no current 

(no), slab ocean (slab), and full 

shear) regimes 

tested in this analysis
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in drag uncertainty (for CD,w) at relative low winds that is directly associated with account-

ing for wave-current interaction over sheared surface currents (Fig. d). This suggests that 

-

utable to other processes (non-stationarity, divergence, etc.) that might be addressed through 

dynamics at larger scales.

The crux of the physical framework described here hinges on the partitioning of sur-

face wind stress at the interface into viscous and wave form components, forcings that are 

total

). Further-

approach is typical of numerical prediction systems where direct integration of the physics 

-

-

τ w relies 

Sin ), which was chosen based on the information avail-

alternative input functions have been tested, (e.g., in the style of Snyder et al. 

Sin

change. Furthermore, the physical framework presented here is agnostic to these individual 

choices of parameterization.

 does 

include τb, we do not directly investigate the dynamics under stronger forcing where wave 

and the role this has on the viscous skin and wave form drag remains under explored out-

side of laboratory or theoretical studies. More developments are needed to generalize our 

F (k, ω) to allow 

for directly extracting the current information from the full dispersion relationship. Method-

-

tive, but they are not typical to experimental datasets. Further advances in this area will 

Us may neglect 

the Eulerian mean wave-induced advection by the orbital motions; further understanding 

of how to best incorporate this contribution into the overall framework will be the focus of 

future work.
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5 Conclusions

that accounts for the role of upper-ocean current shear and surface waves. This work hinges 

on the concept of interfacial stress partitioning into viscous skin and wave form components 

which can be parameterized using aerodynamic drag laws. The role of vertical current shear 

is included through applying each stress component in a reference frame moving with the 

surface advection relevant to the contribution to the total stress on the interface. The appro-

layer, which we extrapolated using the inertial wall layer formulations. The appropriate 

through Doppler modulation. This approach accounts for the non-uniform distribution of 

stress across the wave spectrum, which is weighted toward high k, whose Doppler shift is 

-

eral, our framework does not modify the overall dependence of τ 0, or CD, on wind speed, 

ms
−1

-

tical current shear as compared to shear-free, or slab ocean, bulk current. Furthermore, at 

ms
−1, our approach accounted for a systematic overestimation of τ 0 

-

lent bulk current cannot account for this systematic bias in τ 0 due to missing the nonlinear 

this framework in numerical simulation with large spatio-temporal integrations and with the 

advent of wave breaking which further redistributes the incident atmospheric stress onto the 

ocean surface.
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