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Abstract. Historically, our understanding of the air-sea surface stress hasdegmed from engineering studies of
turbulent flows over flat solid surfaces, and more recently, over ggmplex geometries. Over the ocean however,
the presence of a free, deformable, moving surface gives rise tw@complicated drag formulation. In fact, within the
constant stress atmospheric turbulent boundary layer over the, doeaotal air-sea stress not only includes the traditional
turbulent and viscous components but also incorporates surface effects such as wave growth or decay, air-flow
separation, and surface separation in the form of sea spray dr@setsise each individual stress component depends on
and alters the sea state, a simple linear addition of all stress componentsimpdistic. In this paper we present a model
of the air-sea surface stress which incorporates air-flow separatibitsaeffects on the other stress components such as
a reduction of the the surface viscous stress in the separated regioggested by recent measurements. Naturally, the
inclusion of these effects leads to a nonlinear stress formulation. Thislmeptoduces the observed features of the drag
coefficient from low to high wind speeds despite extrapolating empiricadwpectra and breaking wave statistics beyond
known limits. The model shows the saturation of the drag coefficient at\wigd speeds for both field and laboratory
fetches, suggesting that air-flow separation over ocean waves arddtapanying effects may play a significant role in
the driving physics of the air-sea stress, at least at high wind speeds.
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1. Introduction

Accurate evaluation and prediction of the stress at the surface of tlam deeritical to a large
range of problems including air-sea heat, moisture, and gas exchagmssh turbulent diffusivity
generally dominates its molecular counterpart by orders of magnitude, asdishthe primary
mechanism for transport. Unfortunately, the range of scales involvetére direct numerical simu-
lation inadequate for models of these air-sea processes. Furtheriigbregdolution data are sparse,
and detailed experiments are unsuitable for routine field observationsfdres most applications
require that the surface stress be derived from readily obtaineccantyed variables. For flow over
a smooth, flat plate, upon which boundary layer turbulence theory igedetthis approach is quite
successful because the stress in the vicinity of the surface can hdereualsto be constant, resulting
in the well-known “law of the wall.” Succinctly, the law of the wall identifies thidistinct layers:
the viscous sublayer, where molecular stresses dominate, a log layee tivbgurbulent stresses
dominate, and a defect layer. Except in the defect layer, the consitess fayer assumption lead to
self similar functions for the velocity profile in the form of the classical logdingrofiles. Unlike
air-flow over flat surfaces, individual stress components for the méxdundary layer are not well
resolved, and their interactions are even more obscure. The complicatitay for the oceanic
case is the presence of a free surface at the boundary. As the wind bl@r the ocean, waves
form, grow, interact with each other, and eventually break. In additionetstitess from the viscous
boundary effects and turbulence, there is also stress due to the ftnmwéves (e.g. Janssen 1989;
Edson and Fairall, 1998; Hare et al., 1997; Belcher and Hunt, 199Bin\é&aal., 1995). Therefore,
the stress at the surface is highly dependent on the sea-state. Forgheegoaf this paper, we split
the stress from the waves (form drag) into the two main components: wdueed and air-flow
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separation. For purely wind-wave seas, the wave-induced stres®nentgs the momentum flux
into the ocean, which creates, feeds, and maintains the waves. Air-fltavasion stress occurs
when the waves become too steep for the air to follow the surface.

Inrecent years, several authors have used air-flow separatigpltireboth an increase and a de-
crease in the drag coefficient relative to extrapolated, bulk valuestaihigl speeds where data are
sparse. On the one hand, field and laboratory data suggest that gheoéfficient peaks when the
10— mwind speed reaches roughly 8%~! and afterwards decreases (Powell et al., 2003; Donelan
et al., 2004). On the other hand, previous numerical models of surfieess $hat include air-flow
separation predict even higher values for the drag coefficient these textrapolated from bulk
parameterizations (Kudryavtsev and Makin, 2001; Makin and Kudrgay002). More recently, a
first attempt, which explicitly models air-flow separation and its resulting fedqlbeas reproduced
the saturation of the drag coefficient at laboratory fetches (Kudrgraxaisd Makin, 2007; hereafter
KMO7). The objective of this paper is to formulate an explanation for theemesl behavior of
the drag coefficient in the presence of air-flow separation for bothrdauy and field fetches. Our
model includes effects from air-flow separation yielding both a novel;lm@ar formulation and
fundamentally different results from that previously reported.

2. Theatmospheric boundary layer

Using the bulk formulae, the turbulent momentum flux is expressed as:

—uW = = il = Cp (U1o—Up)?.

a

(1)

The primes indicate turbulent quantities (away from the influence of viscasitywaves) and the
overbars represent ensemble averages. The air-side friction vedaditymean velocity are noter
andU, respectively; the density of air is noted @s The quantitie€p andt are the bulk transfer
coefficient for momentum, i.e. the drag coefficient, and the surface stesgsectively. Finally, a
subscript 0 indicates the value taken at the interface and a subscriplit8tas the 18- m height
value. When the flow is neutrally buoyant, the velocity profile away from tenbary, where
viscous effects are negligible, can then be evaluated from well-knownfitive wall:

U(2)—Uo— l:(*ln<z+205> 2)

wherek is the von Karman constant-(0.4); zy is the roughness length, which parameterizes the
influence of the roughness elements at the surface on the kinematicsreardidy of the flow, and
d = 07y, usually witha = 1, is introduced such that the profile is not singular at the suriaed).

In smooth flows over a flat plate, a viscous sublayer forms near thecsurfavhich the velocity
profile is linear rather than logarithmic. In wall coordinatg’s= zu,/v andU * = U/u,, the profile is
also self-similar lineat) * = z". The van Driest damping function (van Driest, 1956) approximates
both the near-wall linear sublayer and the smooth transition to the log layer:

Ut =A <1—eAi>, 3)

whereA; is a constant, typically on the order of O(10) for smooth flow (corresipgnim the height
of the viscous sublayer). The presence of waves causes the flovpaot dleom smooth flow and
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become transitionally rough for most wind speeds. Therefore, the moving; bottom boundary
needs to be considered.

3. Parameterization

3.1. BOUNDARY CONDITIONS AND PROFILE

In the model presented here, ondg, is specified, the form for the velocity profile is determined
using a hybrid of the van Driest damping function and the standard logaritwofite described
above. In fact, the profile is simply the summation of the two layers with the logarittayér
exponentially damped in the near-wall region, as follows:

=zt U,
U(z)—Uo = Au,, (1—eA1 ) —

x

+‘l‘<*|n<z+55> (1—eff>, (@)

wherepaufv represents the viscous component of the surface streséyandO is the height of the
viscous sublayer in wall coordinates. Finally, the surface drift is sépte 15.2u,,,, /% = 0.53u,,

(Wu, 1983), wherg,, is the density of the surface water apéijfv is the viscous component of the
surface stress. The profile given in equation 4 offers a continuaass@cond-order differentiable)
formulation that smoothly connects the viscous and log layers. The modifiaHtitve van Driest
component accounts for the roughness of the flow and converges statidard definition given

2
in equation 3 for the smooth flow limit, i.e. the lindt — 0 yieldsU* = ﬁ”JV , Which reduces to
U™ = z' in the smooth flow limit where the surface stress is entirely due to viscosity.rdicegy,
the viscous stress at the surfaw% lz—0= ufu. Outside the viscous sublayer, the profile converges

to the standard log layer:

(5)

U(z) —Up = ‘:(*|n<z+azo> 7

2
with

KAlugv

a=e % . (6)

The coefficienta, merely shifts the profile near the surface in order to match the linear sublaye
such that at the limiz" — oo, the profile converges to:

U, z
U(2)—Up = Kln<20>. )
As the air-flow tends toward the fully rough regime, the slope of the viscobiager velocity
profile, in wall coordinates, decreases relative to the smooth casee@atly, the viscous sub-
layer only plays a dominant role at low winds speeds, while the form dragrddes the stress for
moderate to high wind speeds. The only remaining variables yet to be defia¢ke two friction
velocities,u, andu,,. Their parameterization is the subject of the next section.
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3.2. SURFACE WAVES

In the present model, the bottom boundary is a surface wind-wave fielibep water, gravity
and capillary wave modes. The wavenumber range is specified with an implveit loit, ki, =
0.07°g/u? (Plant, 1982) wherg ~ 9.81 is the gravitational acceleration constant. The spectrum fol-
lows an empirical, directional wavenumber spectrth(k, 0) (Elfouhaily et al., 1997), whereand

0 are respectively the wavenumber and angle between the wind and vapeagption directions.
This empirical wave spectrum captures the observed fetch deperatart of both the high wave
number (Cox and Munk, 1954afine and Riemer, 1990; Hara et al., 1994) and low wave number
(Phillips, 1985; Kitaigorodskii, 1973) regimes. Therefore, the specisunot only a function of

the friction velocity,u,, but also the inverse wave age, which is a function of normalized fetch,

X* =Xg/U%:

Q = Uro/c, = 0.84tanh (X" /%0)°) o (®)

whereX is the fetchc, is the peak wave phase speed ¥d= 2.2 x 10% is an empirical constant
(Elfouhaily et al., 1997).

3.3. SURFACE STRESS AND AIRFLOW SEPARATION

Banner and Peirson (1998) found that the surface stress in the snovotindlt is the upper limit for
the tangential stress at the surface in the laboratory. Intuitively, and mb$ence of contradicting
data, this result seems reasonable for extension to field cases as pplicstimation. In the model,

the viscous surface stress without accounting for the effect of airdeparationz? = p, (uQv)z,
is approximated by the equivalent stress in the smooth flow limit. Here, thessuipeO refers to
values that do not consider the feedback effects of the air-flow aémarBy prescribing the 10-m
wind speed, profile form (equation 4), and roughness length for snilowthi.e. zy = 0.11%, the
equivalent stress for smooth flow can be found. )

For the total stress at the surface in the presence of air-flow separtit@oimdividual stress
components (viscous, wave-induced, and separation) are codugrga and summated using:

T|p—0 = pal? = f170 4 F219 4 fa10, 9)

wheretd andt? are the surface wave-induced and separation stresses (withoutaseparation
feedback effects), respectively. The parametérs,f,, and f3 account for the effects of airflow
separation on these stresses and will be discussed shortly. The wlacedrstress?, is found by
the integration of the contributions from all waves:

00, 0 = P /K“ / * Blk, 6)wkW(k, 6)cosBdedk, (10)
In _§

wheref(k, 0) is the wave growth rate, and is the wave angular frequency. Except for the use of
the hybrid velocity profile (equation 4), the separation stre&ss modelled as in Kudryavtsev and
Makin (2001); their equation (14) with minor modification can be written as:

10)m0 = o k)2cosBA(k, 8)dadk
sl—o=patoy | | us(k)"cosBA(k, 8)dBdk, (11)

whereg, is the characteristic slope of the breaking wayis,an empirical constant relating the pres-
sure drop due to the separation region to the velocity of the air-flow, anlyfirék) = U (&,/K) cos6 —



Air-sea surface stress 5

c(k) is the wind speed at height,= &,/k, in reference to the wave phase speék). The up-
per wavenumber limit for contribution to the separation stress is taken to @ag20akin and
Kudryavtsev (2002). The effect of air-flow separation on eachesétstress components must now
be considered.

We assume that air-flow separation only occurs in the presence of dnealdng event. There-
fore, the occurrence of breaking waves is the foundation for the air $leparation stress and
feedback effects. The probability of a wave crest breaking within themamber rangek( k+dk)

IS
Py (k, 0) = z?nﬂ, (12)

wherel = A(k, 8)kdBdk is the total length of breaking wave crests per unit area of ocean surfac
for waves within the wavenumber rande k+dk). When the spectral dissipation due to breaking
is assumed to be roughly equal to the spectral wind energy input (Kutdereand Makin, 2001},

can be approximated as:

B(k, 0)k*W(k, 8)dodk
wb

Ak, 6)kd6dk = , (13)
whereb is the normalized dissipation rate of breaking waves.
For a monochromatic wave field, the fraction of sea surface area ekpws@-flow separation
over a breaking wave would be: 3
A=LRy, (14)

whereL is the length of the separation region normalized by the wavelength which weisdgliss
later. In the presence of multiple wave modes, some separated regions en@pofor example,
in the case where a large, dominant wave crest breaks and the sdpagide extends such that it
covers a fraction of the surface containing subsequent smaller bgeakives, then these smaller
waves could not induce separation that would impact additional seaxswarfaa. Therefore, noting
that the fraction of area that is not affected by air flow separation pemavenumber iQ(k) =
1— [oLRx(k, 8), the fraction of area per unit wavenumber exposed to separation isatttefral
probability of unaffected area from all longer waves multiplied by the fractibaffected area of
the corresponding monochromatic wave:

A = [ [Q)] » | LRu(k 0) (15)

The total fraction of area exposed to air-flow separation is the arecaweavenumbers, i.6A =
JKA(K). With the fraction of sea surface exposed to air-flow separation, tlzenedersfs, o, and
f3 accounting for the effect of separation on the multiple stress components fadknirally:

f, = 1—A (16)
k.

fa(k) = 1—/0 AK), (17)

fa(k) = Al (18)

JoPor(k, 8)°

The first parametef;, simply accounts for the reduction of viscous stress due to the total seaesurf
area exposed to air-flow separation. Physically, this means that the vistress at the surface
vanishes within the separation bubble. This is consistent with recent taboexperiments (Reul,
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1998; Veron et al., 2007) that show the surface viscous stress is vadtiged in the region of
air-flow separation. The second parametgrassumes that there is a cascades from all longer
waves represented as a cumulative sum of the fraction of sea surécexposed to separation
(Kudryavtsev and Makin, 2007). Finally, the third paramdteadjusts the separation stress from a
breaking wave statistics to the modified air-flow separation statistics. In otiresythe probability

of an air-flow separation event is less than or equal to that of a breaking event because multiple
breaking waves could have overlapped separation regions. Accgudaotifieedback, the effective
viscous, wave-induced, and separation stresses respectiveipbece- flr\(}, Tw = Ji fzdr\,?,, and

Ts= [y fgdrso, and the total stress is now:

T|z—0 =Ty + Tw+Ts, (19)

wheredt? anddt? are respectively the spectral densities of wave-induced and sepasatsses
without air-flow separation effects.

If the wave growth parameter is conceptualized as the rate of energietraasfrom the wind to
waves normalized by wave energy, then the presence of multiple wave madtgdly impacts the
energy transfer. The dependence of the growth rate on the localdntlstress within the inner layer
stems from the theory of Belcher and Hunt (1993). Essentially, longeesvshelter shorter waves,
resulting in reduced local turbulent stress for the wave boundary tdiygtorter waves whose top is
still within the wave boundary layer of the longer waves (Makin and Kuasey, 1999). We follow
the assumptions made by Hara and Belcher (2002) such that the growdlepateds upon the local
turbulent stress available for each wave mode, and the stress indueadtbywave mode is constant
within the wave boundary layer and zero outside of it. Approximating the swaleced stress for
each wave mode as a step function simplifies the parameterization considerdlilges not seem
to render drastically different drag coefficients compared to more condglexy functions (Makin
et al., 1995). Therefore, within the constant stress layer, the waueddstress discontinuously
becomes turbulent stress outside the inner region. We also assume thepadhetion stress from
all wave modes is part of the turbulent stress throughout the constass s$ayer. Consequently,
the maximum turbulent stress available for each wave mode is the summation afathésoous
and separation stresses and the wave-induced stress of all smallst \mewther words, for each
wave mode the stress carried by all shorter wave modes contributes tcetbeistthe wave growth

parameter such that:
_ G(k)w(k) ”
i 0) = 20 (rsrat [analk)) (20)

whereCy (k) is in the range @4+ 0.02 (Plant, 1982) andr,(K') is the spectral wave-induced stress.
To limit wave growth to the wind-wave regime, the following smooth cutoff@gfk) is used:

%

Cp(k) =B— Btanh<(;(k) — 1.8n> , (21)

whereB is a constant taken to be(2. Thus, for young waves, the value 16y is 0.04, which
corresponds to Plant’s mean value. With increasing wave age, the domatesitions smoothly to
zero at the wind-wave limit and remains zero for all older waves, whichf@ceprohibits negative
wave growth (i.e. the transfer of momentum from the waves beyond the wéwrd-limit to the air).
Three of the empirically derived parameters used in modelling both the siepastiess and re-
sulting feedback, namely the breaking wave slapg the normalized dissipation rate of the break-
ing wave p), and the normalized length of the separation bubb)e emain to be parametrized.
The slope of breaking waves can be less thandh the low end (Wu and Yao, 2004) and greater
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than 06 on the high end (Duncan, 1981). For the dominant waves, the signiicge is often used
as the characteristic breaking wave slope:

1
g— ke _ o W()df| 22
> 2 o, (f) (22)

where the subscripb denotes peak wave propertigfsjs the wave frequency, arid, is the sig-

nificant wave height of the peak waves. Here, we employ a slightly diffeyet equivalent char-
acteristic breaking slope as that above, and offer a unified form faddhgnant and equilibrium
regimes. Indeed, for the dominant waves, the significant slope scales féxrtor of 2) with the
root-mean-square slope of the dominant waves. Thus, for both regim@iant and equilibrium,
we can take the characteristic breaking wave slope as:

go(K) = 2 {/S(k)dk} %, (23)

whereS(k) = [T k®W(k, 0)kd6 is the slope spectrum. The limits of integration for the dominant
waves are the corresponding wavenumbers to the frequency limits givehef significant slope
calculation, while the limits for the equilibrium range include all wavenumbersetiee dominant
waves up to the cutoff for separatidn=£ 20m). Presumably, breaking wave events with small slopes
are more likely to be a spilling wave, while the breaking events at greatersstwpamore likely to

be a plunging wave.

The normalized dissipation rate for breaking wauehlas been found to span a wide range of
values from 104 to 10! (e.g. Duncan, 1981; Melville, 1994; Phillips et al., 2001; Drazen, 2006;
Banner and Peirson, 2007), and is thought to depend on the slopeakKimy waves (Melville,
1994). Indeed, recent work (Drazen, 2006) suggests that trendepce ob on slope is split into
the spilling and plunging regimes, respectively:

b = Ye (24)
b = Xsbg. (25)

The tabulated data from Duncan (1981) suggests¥hatin the range @07— 0.019. We take the
mean value from Duncan (1981) such that 0.013. Fitting the two regimes at the slope20

we find the valugy = 0.325. We note here that both values are less than those reported bynDraze
(2006) who foundy"= 0.05 andy ~ 0.849. Yet, these values are of the same order of magnitude as
those of Drazen (2006) and offer a similar and appropriate fit to the blaita.

Finally, we need to parametrize the fractional lendthof the sea surface affected by air-flow
separation. Earlier models proposed that 0.75co98, wheref is the angle between the wind
and wave propagation directions (Csanady, 1985). KudryavtseWhih (2007), assumed that
the flow reattached at the following crest, iLe= 1, in the case of copropagating wind and waves.
This certainly is the upper bound and realistically, the length of the sepasaiah is less than the
wavelength. In both cases, the length of the air-flow separation regionatized by wavelength
is a constant fraction of the wavelength. The length of the area expodbkd separation bubble,
however, presumably depends upon the slope of the wave (Reul €@1), 2 hus, we propose that

L(k) = (sb(k)% + i) coso. (26)
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Figure 1. (a) Drag coefficient as a function of wind speed for aretch (solid line) along with the experimental data
of Kunishi and Imasoto (circles) and Donelan et al. (2004) (sqliakéadel results from KMO7 (dashed line) are also
included. (b) Fraction of the viscous (line), wave-induced (dasleed) separation (dash-dotted) stresses as a function of
wind speed for 10n fetch.

For the range of breaking slopes considered hemgnges between.B5 and 1 when the angle
between the wave and wind directions is zero. We note, however, that tihed nasults are not very
sensitive to the choice @fand are qualitatively similar to the case whega: 0.75 cos for all wave
modes.

4. Results

We present here the model output for both laboratory and field feteltesampare the predictions
with available data and parameterizations.

4.1. LABORATORY COMPARISON

Experimental data at laboratory fetches offer insight not only into thesdehof the drag coefficient
at high wind speeds but also into the relative contributions of each stwegsonent at lower wind
speeds. This combination of data can be used to assess the role of aeflavation at extreme
conditions. Kunishi and Imasoto (see Kondo, 1975) performed a wimdeflexperiment at high
wind speeds and found that the increase of the drag coefficient with spedd lessened above
Uyo =27 ms L. Furthermore, their data points for the highest two wind speeds suggettérdrag
coefficient may actually plateau at high wind speeds. Recently, Doneddn(2004) found that the
drag coefficient indeed becomes independent of wind speed ahgve 33 ms. Figure l1a plots
the results from the model for a fetch of & For comparison, we also show the experimental drag
coefficients from Kunishi and Imasota (see Kondo, 1975) and Domglah (2004), as well as the
model results from KMO7. At low wind speeds, our model compares well thigih of KMO7, but

1 The data from Donelan et al. (2004) was averaged over the differetitods used in their study, as suggested by
Mark Donelan - personal communication
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both models predict a higher drag coefficient than either experimentakeatAt moderate wind
speeds, our drag coefficient is substantially higher. This is most likelyalaa overestimation of
the viscous stress, which will be discussed subsequently. At the highdrspeeds, both models
show a trend toward the saturation of the drag coefficient. Figure 1bssth@welative contributions
of stress components as a function of wind speed. The maximum fractiepafation stress is
roughly Q6 compared to @ in KMO7. Itis difficult to directly compare the stress fractions to KM0O7
since the total stress used to normalize the stress components is diffedveatiéhe models. For
example, the fraction of viscous stress would be lower at higher windispié¢he total stress were
higher. Likewise, if the viscous stress were lower, the fraction of wasteaeed and separation stress
would also be higher.

We now consider an additional modification of the viscous stress. Theakabgrexperiments
of Jahne and Riemer (1990) suggest that the small gravity-capillary waeeshe viscous scale
are not completely smeared out of existence. Therefore, the wavesewiner region; (k) = d/k,
lies completely within the viscous sublayer, i;¢k) < 10v/u§3v, must depend on the viscous stress
for growth rather than the turbulent stress which is negligible within this Iayeus, the wave-
induced stress for these waves should be subtracted from the vidoegs fsom the smooth flow
limit before accounting for the air-flow separation effects. Although theevor d is still debated,
we take the conservative estimate- 0.1, and in conjunction with the conservative estimate for the
viscous sublayer height, we find a lower bound of wave growth due towssstress. Therefore, the
fully modified viscous stress, accounting for both air-flow separationsamall wind wave growth
becomes:

f, = (1_ m) ’ 27)

Ty
wherek, = %.

When usingf; in the model, the only mechanism for the viscous stress to depart from théfsmoo
flow limit is the effects air-flow separation. It is reasonable to believe thastialest capillary-
gravity waves play an important role in altering the viscous stress relative &nlboth flow limit,
hence the introduction df,. Figure 2 plots the viscous stress produced by the model versus the total
stress along with laboratory data from Banner and Peirson (1998kdrgparison, the data from
Kukulka and Hara (2005), hereafter KH2005, is also shown. Notellegaggedness of the results
for both our model and KH2005 are due to the data spanning differtafitefe. We can infer from
figure 2 that viscous stress reduction caused by air-flow separatioglig ttiit the only mechanism
for the reduction of viscous stress relative to the smooth flow limit. In factirmdel overestimates
the viscous stress when usirig that is when it accounts only for the separation effects on the
viscous stress. The laboratory fetches for these runs are espeaialy €45 m, 3.10 m, and
4.35m), so that the smallest waves arguably affect the viscous stress poopdely more than for
longer fetches. Nevertheless, when accounting for both the effeettodseparation and the wave
growth of the smallest waves (by usirig), the predicted viscous stress follows the experimental
data of Banner and Peirson (1998) quite well. Figure 3 is the extensioguréf? to higher wind
speeds (i.e. total stress) for €88 m fetch. At high wind speeds, both estimatesrpfire roughly
the same, which is a consequence of more prevalent air-flow separationf @ thinner viscous
layer. Because of the latter, the inner regions of few waves are ariatgas by the viscous layer
at high wind speeds. In other words, the additional influence of the svawehe viscous stress is
significant at either short fetches, such as laboratory conditiongrbaps in the field under low
wind speeds. Consequently, the drag coefficient, when including thet effthe smallest waves on
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Figure 2. Viscous stress as a function of total stress calculated with no feeddaskdcircles)f; (closed squares), and
fy (closed triangles) along with the experimental data of Banner and P€t868) (gray circles) and the Kukulka and
Hara (2005) model results with sheltering and infinite wave growth cotsstgn= 9.4 (open circles) andg = 6.7 (open
squares).

the viscous stress, does not substantially change at the lowest andthiging speeds, but within
the wind speed range 10-2Bs 1, it is slightly reduced from that shown in figure 1. Therefore,
while this additional feedback mechanism perhaps explains the viscosss atlewer wind speeds,
it does not explain the flattening drag coefficient at high wind speedseasia the experimental
data of Donelan et al. (2004).

4.2. HELD COMPARISON

Field fetches of a kilometer or more have more practical importance than theatahyofetches
discussed in the previous section. With increasing fetch, the wave fiebtrfgscmore developed for
each particular wind speed, which means that the short, laboratory $gtcbede steeper waves
and consequently more fractional area affected by air-flow separatitime ocean, less sea surface
area exposed to separation yields less stress due to separation stich thiag coefficient reaches
full saturation. Figure 4a shows our predicted drag coefficient fokrhi@nd 100km fetches as
well as the infinite limit. For comparison, we also plot the drag of Large and P®81), the data
from Taylor and Yelland (2000), and the data from Powell et al. (2@608)g with the KMO7 model
results for a 10&m fetch. For the most part, all of the data collapses on the Large and P@&t)(1
estimate at lower wind speeds. At moderate wind speeds, thkm@dd infinite fetch cases seem
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Figure 3. Viscous stress as a function of total stress for a fetch28 rh calculated with no feedback (linef; (dashed),
andf, (dotted) with the range of experimental data from figure 2 denoted byottelmx.

to follow Taylor and Yelland (2000). All of the modelled field drag coeffitgeplateau somewhere
between 35ns~ 1 and 45ms~1, even in the infinite fetch limit. The drag coefficient at ki fetch
follows the upper limit of the Powell et al. (2003) data up tord® ! but never decreases as their
data suggest. This downward trend with decreasing fetch is consisteriheitionclusion of Moon
et al. (2004) that the observed reduction of the drag coefficients wélPet al. (2003) could be
due to an extremely limited fetch. Figure 4b plots the fraction of the individuesstcomponents
to the total stress for 10km fetch. Compared to the I fetch shown in 1b, separation stress does
not play as much of a role as it only carries 40 percent of the stress higthest wind speed. The
maximum fraction of separation stress is roughl} Gompared to ® in KMO7. This is partly a
consequence of their model taking the upper bound limit on the length of pagadimn bubble,
thereby maximizing the separation effects in their model. Since there is legsats@patress, there
is also less fractional area exposed to separation compared to thdéetéh case, which is easily
seen by the greater fraction of viscous stress at the highest windsspeed

The nondimensional roughness length, or Charnock constant, diefrfiliustrate the differ-
ent effect of air-flow separation for laboratory and field fetchexomting for the smooth flow
roughness, the nondimensional roughness due to surface gravig vgav

Zi=— v/ (28)
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Figure 4. (a) Drag coefficient as a function of wind speed for 10 km (solid), BCfetch (dash-dotted), and infinite
(dotted) fetches along with the experimental data of Large and Pond) &t gray), Taylor and Yelland (2000) (dark
gray) and Powell et al. (2003) (gray symbols). Model results frdOR (dashed line) are also included. (b) Fraction of
the viscous (line), wave-induced (dashed), and separation (adgd}istresses as a function of wind speed for akif0
fetch.

Figure 5 shows the nondimensional roughness length for severak$etha function of wind
speed. There is similar behavior for all fetches. The peak roughinessyer, shifts to higher wind
speeds with increasing fetch, which corresponds to the further dewelttpof the wave field with
increasing fetch. At low wind speeds, the Charnock coefficient is wittgregtimates from the San
Clemente Ocean Probing Experiment (SCOPE; Edson and Fairall, 1998Jagtor and Yelland
(2000). At high wind speeds, our results are within the Powell et al.3péfror ranges for wind
speeds up to 5énsL. It is also interesting that the roughness reaches a minimum at high wind
speeds for the 1fn fetch. This suggests that the roughness coefficient for field fetahdd also
reach a minimum at extremely high wind speeds since the behavior of fieldtafeddaes is similar,
but shifted, at the lower wind speeds. If this is indeed the case, air-8paration effects would be
unable to cause the reduction of the drag coefficient at high wind speed®n in the data of Powell
et al. (2003) because a reduction in the drag coefficient requiresreading roughness coefficient.

5. Discussion and conclusion

Although empirical wave spectra and breaking wave statistics are extregbkyond known limits,
the present model appears to reproduce the observed trend of theodféicient better than avail-
able models, which also use similar extrapolations. We note however thatdabiadmlescription

of the wave induced stress and separation stress (equations 10 anetly ib) the assumption that
the wave field can be adequately represented by linear Fourier modesasBamption might be
guestionable in the presence of frequent breaking at the higher wasdispWe also note that the
breaking wave statistics used here may very well underestimate actukhgresents, as they rely
on equilibrium between input and dissipation, which might not be the caseowirgy seas, and
are based on estimate of the dissipatiomhich is contentious to this day. This could be especially
prevalent in the laboratory. Furthermore, air-flow separation may atso @gthout any observable
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Figure 5. Nondimensional roughness as a function of wind speed foml@otted), 100m (short dashed), 18m
(dash-dot-dotted), 100m (long dashed), and infinite (line) fetches along with estimates from vafieldsprograms:
Taylor and Yelland (2000) (open circles), SCOPE (open squarespawell et al. (2003) (gray symbols).

wave breaking, though this remains controversial. In any event, it is likelyain-flow separation
is probably more prevalent than its parameterization in both previous stutigkia one (Veron et
al., 2007).

Nonetheless, this nonlinear stress model, which incorporates air-flosradEm effects, can
gualitatively reproduce the observed features of the drag coeffigidatv and high wind speeds.
These results, to the best of our knowledge, are the first, which explictlydes air-flow sepa-
ration, and reproduce the complete saturation of the drag coefficieighratind speeds for field
scale fetches. We note however, that the effect of sea spray may edsboto be considered at
higher wind speeds as recent studies have predicted a significant momediiange due to spray
(e.g. Andreas, 2004; Makin, 2005; Barenblatt et al., 2005). In fasta spray generation is also
a function of wave slope, its contribution to the air-sea momentum flux may irideber reduce
the predicted drag coefficient past @81 and further improve the agreement between predicted
and observed drag at high wind speeds (figure 1 and figure 4). Tthie subject of current work
and will be reported in subsequent publications. Our results indicate itFfidve separation over
ocean waves and the accompanying effects and feedbacks on the miléptecomponents may
account for a significant portion of the physics that drive the obsemends. Finally, the model
results suggest that air-flow separation on a range of scales evermmatlys a complete saturation
of the drag coefficient regardless of the fetch.
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