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1. Introduction

Physical phenomena that occur on the air-sea interface, are determined
or strongly influenced by the air flow dynamics over the water waves.
The exchange of momentum, heat, moisture and gases between the
atmosphere and the ocean is determined to a large extent by the
wind-wave interaction. A significant part of the momentum flux at the
sea surface is formed directly by wind waves. Breaking waves could
influence the exchange of heat and moisture by ejecting spray into
the atmosphere . To account for this process, the vertical transport
and spreading of spray, defined by the air flow above waves, should be
known. Short wind waves, the key issue in remote sensing applications,
are formed and modulated by the wind. To understand and parame-
terize the processes occuring at the sea surface and just above it, an
explicit description of the air flow over waves is needed.

Starting from Miles (1957) numerous studies were dedicated to the
problem (see, e.g., a review of Belcher and Hunt, 1998). Those stud-
ies brought the understanding that the modulation of the Reynolds
stress close to the wave surface is responsible for the peculiarities of
the wind-wave interaction. Belcher and Hunt (1993) distinguished two
main regions above the waves: the inner and the outer region. In the
inner region - a very thin region adjacent to the surface - the wave-
induced turbulence is in local equilibrium with the local wind shear. In
the outer region the turbulent stresses correlated with the wave surface
are suppressed due to rapid distortion effects. Hence, the dynamics of
the air flow corresponds to inviscid flow. The action of the Reynolds
stress in the inner region causes a thickening of the stream lines on
the forward slope of the wave. The inner region is thus asymmetric,
leading to a pressure asymmetry in the outer region, which finally
results in wave growth. The subdivision of the air flow into two regions
considerably simplifies the analysis of the air flow dynamics above
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waves. Belcher and Hunt (1993) found an analytical solution for the
case of slowly moving waves (as compared to the wind velocity), while
Cohen (1997) extended the theory for the case of fast moving waves.
Harris et al. (1996) developed an eddy-viscosity model, in which the
turbulent stresses in the inner region are parameterized by using the
eddy-viscosity derived from the balance between the turbulent kinetic
energy (TKE) production and its dissipation. In the outer region the
eddy-viscosity coefficient is damped exponentially, and the turbulent
stresses vanish.

We present here a simplified model of the wave boundary layer
(SWBL), which we view as a convenient tool for applied studies that
require the detailed structure of the air flow above waves. As an example
we mention the calculation of the stress modulation in a model of the
modulation of short waves by long waves (Kudryavtsev et al, 1997), or
the calculation of the wave-induced velocity field for modelling sea spray
distributions (Mestayer et al., 1996). The SWBL model can be useful
to support experimental studies, both in the stage of preparation and
measurements, when a quick decision to correct/extend measurements
is needed, and the use of expensive numerical models of the wave
boundary layer, like the model by Mastenbroek et al. (1996), is not
feasible. The SWBL model describes the air flow above fast and slowly
moving waves propagating at an arbitrary angle to the wind direction.

Following Belcher and Hunt (1993), by dividing the turbulent air
flow into an outer and an inner region, the main simplification of
the problem is achieved. In the outer region the wave-induced motion
experiences an undulation typical for inviscid flow. The description of
the outer region is further simplified by using the approximate solution
of the Rayleigh equation for the vertical velocity suggested by Miles
(1957) and Lighthill (1957). The amplitude of the vertical velocity is
proportional to the mean velocity profile and decays exponentially with
height. The horizontal velocity is found with the same accuracy from
the vorticity conservation equation, once the vertical velocity is known.

In the inner region, the dynamics of the wave-induced motion is
strongly affected by turbulent stresses. Towards the outer region, those
are damped exponentially with height. Unlike Harris et al. (1996) who
introduced damping of the eddy-viscosity coefficient, we apply damping
directly on the stresses. The local eddy-viscosity closure scheme is used
to parameterize the stresses. The eddy-viscosity coefficient is obtained
from the balance between the turbulent kinetic energy production and
its dissipation, where the dissipation is expressed in terms of the mixing
length. The description of the inner region is based on the solution of
the vorticity equation, in which the existence of the critical layer and
the Reynolds stresses is accounted for. In Kudryavtsev et al. (1999) this
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equation was solved analytically and explicit equations for the velocity
and the shear stress were obtained. Here, for simplicity we solve the
vorticity equation in the inner region numerically by iterations.

The solution of the simplified model is compared with the solu-
tion of the two-dimensional numerical wave boundary layer (2D WBL)
model by Mastenbroek et al. (1996), based on a second-order Reynolds
stress closure scheme. A good quantitative and qualitative agreement
is found in velocity and stress distributions for fast and slow waves.
The estimate of the growth rate parameter obtained by the SWBL
model is consistent with the 2D WBL model. The results of the SWBL
model are also compared with laboratory measurements of Hsu and Hsu
(1983). The comparison is encouraging: the simplified model reproduces
measurements of velocity and shear stress fields above waves as well
as the 2D WBL numerical model. The main model assumption - the
subdivision of the air flow into the outer and inner region - is supported
by measurements.

2. Model equations

2.1. WAVE-INDUCED VARIATION OF WIND VELOCITY

A fully developed turbulent air flow over a monochromatic surface wave
travelling on the (z1,22) plane along the z1-axis with the phase speed
¢ is considered. The air flow moves at an angle 6 to the x;—axis, and
all the air flow variables are uniform along the zs-axis. The surface is
described by

n= nO(kxl - Wt)a

where k and w are the wavenumber and the frequency of the surface
wave. In a frame of reference moving with the phase speed of the wave
the equations governing the steady disturbances of the air flow caused
by the wave are

uﬁ—i-w%——i( —T )—i—iT +i(7' —733), (1)
o1 Oz = T om p 33 Oz 13 o2y 11 33))
u&)iw_i_waiwi_i( _ )_,_i 2)
axl axg - 6$3 P 733 8w17m’

0 0

where p is pressure, 713 is the Reynolds shear stress, and 77 and 733
are the Reynolds normal stresses.
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In the wave-following coordinate system

r = I,
z = w3 —n(r1,73), (4)
where n(x1,x3) = no(x1) exp(—kx3), equations (1)-(3) take the form
0 0 d
U(% - 7715)“ +w(l - UB)&U
0 0 d 0 0
= (g, —mg )P+ (L =m)g-ms+ (5 = my-) (1 — 733),(5)

0 0 0 0 0 0

U(% - 771%)10 +w(l— 773)57«” = —(1- UB)&P + (% - 771&)7'(@
0 0 0

(% - ma)u +(1- 773)510 =0, (7)
where P = p — 733, m;; = On/0xr1, and n3 = 0n/dxs. The vertical
transformation of the xs-coordinate is defined so that lines z = const.
are related to the streamlines of the irrotational flow over the wave.

The slope of the surface wave is assumed to be small, so that the air
flow can be described as a sum of the basic flow and small perturbations

u(z,z) = U(z) +u(z, z),
v(z, z) = V(z2),
(
(

w(z,z) = @(gv,z),~
P(z,z) = P(2) + P(z,2),
Tij(x,2) = Ti(2) + Tz, 2). (8)

Here the wind velocity components U, V and the variables marked by
the bar are related to the basic flow averaged over the z-coordinate,
while the tilde refers to the perturbed flow. For a small air flow pertur-
bation equations (5)-(7) can be linearized (hereafter the tilde over the
perturbed variables is omitted) so that

U _ 0P om0

ou
U%—l—(w—mU) % - 92 + ER +%(7'11—7'33)7 9)
ow o oP 87‘13
U% T oz + oz’ (10)
ou 0
%4'@(10—771(]) = —msU, (11)

where 113 = 0?1/0x10x3. The mean wind velocity profile is assumed
to vary logarithmically with height

U(z) = (u«/k)In(z/2p) cos — ¢
= (u«/K)In(z/z.) cos@. (12)
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Here x is the von Karman constant, zg is the roughness parameter, u,
is the friction velocity of the basic flow, and z. is the critical height

defined as
KC

(13)

ze = zpexp(—= .
Uy COS O

The roughness parameter is taken as the sum of the Charnock relation
and the viscous roughness scale to account for low winds

20 = 0.0147% /g + 0.11v, /s, (14)

where v, is the kinematic viscosity of the air.
The following boundary conditions are imposed:

u,w — 0, (15)

if z — o0, and
U = us, (16)
w = —caa? (17)

at z = 2y, where ug is the horizontal component of the surface wave
orbital velocity.
The vorticity equation for the perturbed flow can be obtained from
equations (9)-(11) by eliminating P
o9 " ;0 92 d?
U— —mU) U —m3UU = (z==—=— — (11— 18
ax+(w mu) s (822 ax2)713+8a:82(711 ), (18)
where Q = Ou/dz — dw/dz is the vorticity, U = dU/dz, and U~ =
0?U/0z2. The vorticity equation can be rewritten in the form of the
Rayleigh equation for the vertical velocity using the continuity equation

(11)

62111 82’(,0 7 82 82 62

Uz o)~V =gz~ )™ T gaps i T ) (19)

Equation (18) can be solved after the Reynolds stresses are expressed
in terms of the independent variables, i.e. a turbulence closure scheme
has to be introduced.

2.2. INNER AND OUTER REGIONS

Belcher and Hunt (1993) developed scaling arguments to describe how
turbulence in the air flow is affected by the surface wave. They intro-
duced two main time scales. The advection time scale, Tp ~ k=1/ |U(z)],
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characterizes the time for turbulent eddies to be advected and dis-
torted by the mean flow over the wave. The eddy-turnover time scale,
T1, ~ Kkz/U,, characterizes the time for turbulent eddies to be adjusted
to the local wind shear. The height at which these scales are compa-
rable, Tp ~ T}, is defined as the height of the inner region /. Belcher
and Hunt (1993) estimated this height as

2K Uy
kl = .
[U(0)]

In the case of very fast waves kl = 2ku,/c. In the inner region (IR),
defined as z < [, turbulence is in a local equilibrium with the local
wind shear. In the outer region (OR), defined as z > [, turbulent eddies
are advected too fast to be correlated with the local wind shear. The
turbulent stresses are smeared out, i.e. they are not correlated with
the surface wave, and the wave-induced air flow in the OR is largely
inviscid.

The inner region has an important physical meaning. It is a thin
region in the boundary layer above the wave where disturbances of
turbulent stresses, caused by the interaction of the air flow with the
surface, are located. Experimental evidence of the existence of the IR
and the OR above waves was presented by Mastenbroek et al. (1996).

The height of the IR is the key parameter in the present model. Its
height as a function of the inverse wave age parameter Uy /c (Uy is the
wind speed at z = k~1) is shown in Figure 1. For a given wind, the IR
height increases with increasing phase speed of the wave and reaches
its maximum in the vicinity of Uy /c ~ 1. This value of the inverse wave
age parameter corresponds to waves at the peak of the wave spectrum
of a fully developed sea. For faster waves the IR height decreases again.

(20)

The subdivision of the boundary layer above waves into an inner
and an outer region allows considerable simplification of the parame-
terization of the Reynolds stresses. In the OR the turbulent stresses are
simply neglected, and the air flow experiences inviscid undulation. In
the IR a simple local eddy-viscosity scheme is used. In this region the
air flow is strongly affected by wave-induced variations of the turbulent
stresses. The boundary between the two regions is specified at height
h = nl, where n is a constant of O(1). At height z = h the wind velocity
and its vertical gradient are continuous.

2.3. CRITICAL LAYER

The critical layer plays a crucial role in quasi-laminar models of the
air flow above waves (Miles, 1957). This type of models assume that
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Figure 1. The vertical structure of the turbulent boundary layer over a wave as a
function of Uy /c. The solid line is the IR scale kl, equation (20); the dashed line
is the critical height kz., equation (13); the dotted line is the roughness scale kzo,
equation (14).

the turbulent stresses can be neglected. In the terminology of the rapid
distortion theory above waves this assumption is only valid when the
height of the critical layer is situated in the outer region. The height
zc of the critical layer, defined by the condition U(z.) = 0, equation
(13), is shown in Figure 1. In the range of Ui /¢ > 1 the critical layer is
located inside the inner region, so that turbulence should influence the
dynamics of the critical layer.

Miles (1959) indicated that viscous effects become important and
break the assumption of the quasi-laminar model when the viscous

scale of the critical layer
1/3
5, = (l/alizc) (21)

Uk

is of order z. or more, i.e. §. > z.. If the critical layer is situated inside
the IR, the eddy-viscosity takes the role of molecular viscosity in (21).
In this case an estimate of the height §,. can be obtained by replacing
the viscosity v, in equation (21) by the eddy-viscosity K = 2kT,z at
z = 2 (see equation (44) below). Then equation (21) can be written as

5. = (2n222 /)3, (22)
and the condition . > z. is equivalent to
kz. < 2k2.

It follows from Figure 1 that both conditions, z, < [ and kz, < 2K2,
are satisfied in the range of Uy/c > 1. It means that in this range
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turbulence dominates the dynamics of the air flow in the vicinity of the
critical height. Hence, the applicability of the quasi-laminar model in
the description of the air flow dynamics is restricted to a very narrow
range of the inverse wave age parameter Uy /c around Uy/c ~ 1.

3. Solution of equations

We assume that the wave steepness ak (a is the wave amplitude)
is small. Hence,any air flow variable Y in the presence of waves ex-
periences a small variation Y, which can be expanded in powers of
ak

Y (x,z) = (V) (akY D (z, 2) + O(ak?)), (23)

where (Y) is a scale. To normalize the variation in the air flow pa-
rameters, u,/k is chosen as a scale for the wind velocities (including
the mean wind speed), and @2 as a scale for the Reynolds stresses and
pressure. The wave profile is introduced as the real part of

no(z) = ae'™®. (24)
The solution is then presented in the form of the normal mode
YW (z,2) =V (2)e™, (25)

where Y (z) = Y,(2) + iY;(z) is the complex amplitude.

The second small parameter of the problem is the dimensionless
height of the IR kl. As a variable Y could depend on kl, we expand
Y (z) in powers of kl

~

Y (z) = Yo(2) + kIY1(2) + O(K?12). (26)

The real part of f/(z) is the amplitude of the wave-induced variation in
the air flow which is correlated with the wave elevation. The imaginary
part of Y(z) is the amplitude of the variation which is correlated with
the wave slope. Notice, that if }7@(2) is positive then the maximum of
the wave-induced variation is displaced towards the backward slope of
the wave. As the surface wave is described by cos(kx), only the real
part of (25) has a physical sense.

The analysis is done to first-order in ak (hereafter the superscript 1
is omitted), and to zero-order in kl (we shall call this solution the zero-
order solution). For the vertical velocity the first order ki-correction
of the zero-order solution has a significant physical sense (see Section
3.2.4), and will be considered additionally.
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3.1. OUTER REGION

The turbulent stresses in the outer region are not correlated with the
surface wave. Hence the wave-induced motion in the OR should be close
to that of the inviscid air flow.

3.1.1. Inviscid air flow
When the air flow experiences inviscid undulation over the surface
wave, equation (19) is reduced to the Rayleigh equation

02w
022
with the boundary conditions for the vertical velocity (15) and (17).
This equation was studied in details in numerous papers starting from

Miles (1957). Miles (1957) and Lighthill (1957) suggested an approxi-
mate solution of the Rayleigh equation in the form

U( — K@) — WU =0, (27)

i0(2) = YU (2) exp(—kz), (28)

where + is a constant of proportionality. As was mentioned by Phillips
(1966), this constant should have a different value above and below the
critical height. At z < 2. the constant must be equal to i to satisfy the
boundary condition (17). At z > z. the constant should differ from i
due to the expected influence of the critical layer. A direct substitution
of (28) into equation (27) shows that this solution satisfies the Rayleigh
equation with the accuracy of (kzIn(kz/kz.))~! at large distance from
the surface (kz ~ 1), and with the accuracy of kz close to the surface
(kz < 1).

In Figure 2, the approximate solution (28) is compared with a nu-
merical solution of the Rayleigh equation (27) for the inverse wave age
parameter Ujp/c = 5 and 2. To fit (28) to the numerical solution, the
tuning constant  is chosen as

v =i, if 2 < 2, (29)
1
v = 5(1+i),ifz>zc. (30)

This choice gives a reasonable agreement between the approximate
solution (28) and the numerical solution. Notice, that at the critical
height equation (28) gives wo,(z.) = 0. However, in fact wo,(2.) is
slightly positive. Its value defines the energy transfer from the shear
flow to waves in the quasi-laminar theory of Miles (1957). Miles (1957)
estimated the magnitude of the vertical velocity at the critical height
through the approximate solution (28) by integrating equation(10) from
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Figure 2. Inviscid shear flow: profiles of real and imaginary parts of vertical w(z)
and horizontal ﬂ(z) velocities. The wind speed is Ujp=15 m s~!. The inverse wave
age parameter is Uio/c = 2 (left column), and Uig/c = 5 (right column). The
approximate solution, equations (33) and (35), is shown by dashed lines. The solid
lines show the numerical solution of the Rayleigh equation (27) with the horizontal
velocity defined through the continuity equation (4). The velocities are normalized
with ak@./k. The critical height is kz.=0.018 for Uip/c = 2, and kz.=0.004 for
U10/C = 5.

infinity to z., and substituting the obtained relation for the imaginary
part of P into equation (9)
N kkz. [ _
Bolze) = Re(y) % / U2 d(kz). (31)
U Zc
The approximate solution for the horizontal velocity can be obtained
via Wy defined by (28) from the continuity equation. In Cartesian co-
ordinates (x1,x3) the approximate solution for the horizontal velocity
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reads
to(ws) = iy [~U + kU] e7Fo2. (32)

This solution is shown in Figure 2 along with the numerical solution
of the Rayleigh equation. The approximate solution for horizontal and
vertical velocities compares reasonably well with the numerical solu-
tion. We shall apply the approximation of wy (28) for the description
of the outer region in the turbulent boundary layer.

3.1.2. Turbulent air flow

In Section 2.3 we argue that the singular behavior of the critical layer
dynamics has to be significantly suppressed by turbulence. Therefore,
we describe the vertical velocity in the OR by equation (28) where
~v = ¢ throughout the whole wave boundary layer, i.e.

Wo(z) = iU(2)e %, (33)

This solution describes the basic behavior of the vertical motion - its
decay with height - in the turbulent wave boundary layer. It can be
shown that the solution is correct only in zero-order. The Reynolds
stresses inside the IR induce a vertical velocity which is of the kl—order
(Belcher and Hunt, 1993). To obtain the solution of @y with the same
accuracy as g, we use the vorticity equation (19). In terms of normal
modes this equation has the form

~

8 " /
ikU(% — ikio) + (@g — e F U + ike MUU =0.  (34)

Substituting (33) for wy into the vorticity equation and integrating
the obtained expression for dugp/dz from oo to z with the boundary
condition @p(oc0) = 0, we obtain the following approximate solution for
the horizontal velocity

tio(z) = Ue ™™ + 2/ e *U'dz. (35)

Thus, the general feature of the wave-induced motion in the outer
region is described by equations (33) and (35) for the vertical and the
horizontal velocity respectively. This is the zero-order solution in the
sense of expansion (26). The kl-correction of the solution for @y (z) does
not introduce new essential elements in the description of the horizontal
velocity in the OR. However the kl—correction of the vertical velocity is
important as Re(w) determines the energy transfer from wind to waves
and will be considered later.
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3.2. INNER REGION

3.2.1. Reynolds stresses

In the IR the Reynolds stresses are in equilibrium with the local gra-
dient of the wind velocity. Consequently, they can be described by the
local eddy-viscosity closure scheme

ou Ow
T13 — K <8z + 81») 5 (36)
ov  Ow
= K|—+—].
T23 (82 + 6y) (37)

Here K is the eddy-viscosity, which is expressed via the square root of
the turbulence kinetic energy e and the turbulence length scale which
is proportional to the distance from the surface

K = kze'/?. (38)

The normal Reynolds stresses in the IR are assumed to be proportional
to the shear stress

1 = —au(Th +7223)1/2, (39)
T3z = —u(TH +7'223)1/2, (40)

where «, and «,, are empirical constants. The shear stress can be
found from the TKE conservation equation, in which a the local balance
between the TKE production and its dissipation is assumed

ou o ed?

7'13& + 7'235 — g =0. (41)

Inside the IR, the wave-induced variation of the vertical gradient of the
horizontal velocity is (kl)~! times larger than the variation of the hor-
izontal gradient of the vertical velocity. In the kl-order, the linearized
equation (41) written in terms of normal modes is

~[rouN2 (ovN?] —ovuon KK
K||l— —_— 2K—— —3——=0. 42
l(@z) +(6z)]+ 0z 0z Ktz (42)
The solution of this equation is
— ou
K = k%2% cos— 4
k2" cos b, (43)
and the shear stress is derived from (36) and (43)
=oU —0u
Ti3 = K— + K—
s 0z + 0z
ou
= (1 2 0) K2y —— 44
(1 + cos*0O)kzu P (44)
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This relation is valid well inside the IR (at z < [). According to rapid
distortion theory, the shear stress attenuates towards the outer region.
To take this effect into account we introduce a vertical damping of the
shear stress and rewrite (44)
ou
P13 = (1 + cos® 0) k2, —e /L. (45)
0z
At small z/[ this equation reduces to (44), while at large z/I the shear
stress vanishes.

3.2.2. Vorticity equation in the IR
Let us introduce a new dimensionless vertical coordinate inside the IR:

¢ =2/l (46)

and rewrite the vorticity equation (18) in terms of normal modes ac-
counting for the shear and normal stresses (45), (39) and (40)

~

z'U(ng — ikl@) + (k)@ — ie U U , + ie U U,

_ 1+cos?fr|U| | 02 2 . 0 _CaA
_ 5 o 87C2+(kl) ikl cos O(ay, Oéw)afc (Ce %4>)

The continuity equation (11) in the (-coordinate reads

~

T
iklu + a ie CUé =0, (48)

where U, = 0U(¢)/9¢ and U, = 0*U(¢)/9¢>.

Figure 1 shows that the height of the IR kl is small except in a
narrow range in the vicinity of Ujg/c ~ 1.2. Outside this narrow range
the terms of the kl— order can be neglected in equation (47), which
then takes the form

1 0? Oy uU OJug
14 2 07 _<> _ U duo _ 4
2( + cos 9)0§2 <Ce ac ZK!U;\ ac S(Q), (49)
where the function S(¢) is

_ o~ —kIC ”

a, | (W—ie”" UV T
S) = 1 [ 2l +ie” " UU,

N Uy R 7 . K¢ ’

To obtain the second equality, the expansion (26) in powers of kl for
the vertical velocity is used, so that @y is defined by (33) and w; is the
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kl-order correction. The term S describes the source of vorticity caused
by the vertical motion in the shear flow.

3.2.3. Solution of the problem: shear stress and horizontal velocity
It is more convenient to rewrite equation (49) in terms of the shear
stress variation
S — m ()70 =50(¢), (51)
a¢
where 7y = 2k, (el /OC is the shear stress variation when 6 = 0°,
and m?(¢) is a function defined as

43 w2U €S
2 *
B — —. 52
m(Q) 1+4cos?20 |U)| ¢ (52)
The source of vorticity Sy(¢) is
4@2 " /
So(¢) = * 1 Upe +ie MU, ) . 53
0(() 1 T cos? I (wl cc e 4) ( )

The kl-order correction of the vertical velocity can be found from the
continuity equation (48) if the zero-order solution g for the horizontal
velocity is known

¢
() =i /C (1 — Ue ™M) d. (54)

Equation (51) is an ordinary non-uniform differential equation of the
second order with respect to the shear stress 7y, or of the third order
with respect to the horizontal velocity 4. The boundary conditions have
to be specified. At the upper boundary of the IR, { = n (in the present
study we adopt n = 3), the solution of the equation has to patch the
horizontal velocity %, and its vertical gradient in the OR, i.e.

Uo(n) = Up, (55)

ou
T = 2ne "Klx—|¢c=n- 56
70(n) ne "Ku 8C’< n (56)
At the lower boundary ¢ = (y = z0/l, the solution of (51) has to patch
the horizontal component @y = kc/u, of the orbital velocity of the
surface wave
Uo(Co) = Us. (57)
Accounting for the boundary condition (57), the relation between
the wave-induced variation of the shear stress 7y and the wind velocity
ﬁois
1

2K Uy

¢
0(C) = iis + /C #(Q)eldIn ¢, (58)
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At small ¢ in the lower part of the IR the shear stress is approximately
constant with height. Hence, the profile of the wind velocity variation
according to (58) has a logarithmic shape. This thin sublayer adjacent
to the surface is usually referred to as the inner surface layer (Belcher
and Hunt, 1993). The magnitude of the shear stress at the surface 74((o)
is unknown, and should be found so that the solution of equation (51)
with the upper boundary condition (56) obeys the condition

n
Uy — G = %1“* /0 7(C)eSdInc. (59)

Equation (51) (with (52), (53) and (54)) can be solved with the
upper boundary (56) and integral condition (59) either analytically or
numerically. In equation (51) the vorticity source Sy depends on the
Ekl-correction of the vertical velocity w; in(54), which in turn depends
on the solution of (51). An example of the analytical solution of the
problem is given by Kudryavtsev et al. (1999). However, the simplest
way to solve these coupled equations is to use an iterative method. The
following procedure was applied: 1) The first guess for 7y at = (o is
taken. 2) Equation (51) with the upper boundary condition (56) and
70(p) is solved numerically. 3)The profile of the shear stress found is
integrated over the IR according to the right hand side of (59). This
results in an estimate of the horizontal velocity difference over the IR
Adip. 4) Depending on the difference between Aty and the true value
(Uy, — Us), Tp is corrected and the iteration is repeated from step (2).
The iterations are continued until |Adg — (G, — Us)| / |t — Us| is small
enough. Then w;(¢) in (54) is updated with new 4y and the iteration
starts again. The solution of equation (51) at arbitrary wind direction
0 gives the vertical profile of the shear stress inside the IR

~ 1 ~
T13(C) = 5(1‘*‘0032 0)70(¢), (60)
and the profile of the horizontal velocity is found from (58).

3.2.4. Vertical velocity
The kl-order correction of the vertical velocity has an important phys-
ical meaning. It gives the real part of the vertical velocity, which deter-
mines the energy flux to waves. The vertical velocity correlated with
the wave elevation produces the slope-correlated variation of the air
pressure. The pressure correlated with the wave slope provides the
energy transfer from the air flow to waves.

The first-order solution for the vertical velocity inside the IR follows
from equation (54) with @y defined by (58). However, this solution does
not provide the attenuation of the vertical velocity above the IR. It is
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clear that such a behavior of the vertical velocity is not physical, which
is explained by the fact that the solution for @y used in (54) is valid
for small kz only, i.e. inside the IR. Outside the IR all wave-induced
variables of the air flow decay exponentially with height. To account
for this fact the exponential decay is introduced in equation (54), which
then takes the form

@1 (¢) = —ie ¢ /C C(ao —Ue M)d¢. (61)

Equation (61) helps to understand the mechanism of wave generation.
The imaginary part of the horizontal velocity, produced by the action
of the shear stress inside the IR, generates the real part of the vertical
velocity, which is in phase with the wave elevation. This velocity pene-
trates into the inviscid OR and generates the slope-correlated pressure.
The pressure then penetrates the thin IR and forms at the surface the
energy flux from the air flow to the wave.

3.3. ENERGY TRANSFER FROM WIND TO WAVE

The growth of the wave energy E,, due to the energy transfer from
wind to waves is described by equation

6@% = PaC <Psaa7:7€0> + pa (Tsts) , (62)
where E,, = 1/2p,ga’ is the energy of the gravity wave, p, and py,
are the air and the water density, P; = P(zg) is the surface pressure
(including normal turbulent stresses), 75 = T13(20) is the surface shear
stress, and brackets denote horizontal averaging over the wave length.
The dimensionless growth rate parameter § is defined as

1 0E,
= . 63
b FE,w Ot (63)
In terms of normal modes (63) takes the form
2
pa U* 5 ~
p=t2% [Im(Pos) + Re(7,)] , (64)

where Py, = ]30(@), and Ts = T13(¢p). The first term in (64) describes
the energy flux due to the work of pressure on the vertical orbital
velocity. The second term describes the work of the surface tangential
stress on the horizontal orbital velocity. The surface pressure can be

found from (10)

Im(Pys) = k™ %k / (U, — Re(713)) dz, (65)
20

wblblm.tex; 13/04/2007; 13:59; p.16



17

where the vertical velocity is defined by (61), and the shear stress is
defined by (60).

4. Results

4.1. WIND VELOCITY AND SHEAR STRESS PROFILES

In this section we present a comparison of the wave-induced velocity
and the Reynolds stress calculated by the simplified model (SWBL)
with those calculated by the two-dimensional numerical wave boundary
layer model (2D WBL). The 2D WBL model is described in detail by
Mastenbroek et al. (1996). Here we only mention that the second-order
Reynolds stress turbulence closure scheme developed by Launder et al.
(1975) is used to model the turbulent stresses. A comparison is made
for 4 cases specified by the parameters listed in Table 1. For the first
3 runs the direction of the wind coincides with the direction of the
wave propagation; for run 4 the wave propagates against the wind.
The vertical profiles of the velocity and the Reynolds stress are shown

Table I. Parameters of runs.

‘ Run ‘ Uio/c ‘ ¢/ ux ‘ kz. ‘ kl ‘ kzo
1 0.83 | 36.6 | 32.8 0.05 | 1.4 x 107
2 1.66 18.3 | 8.5%x 1072 | 0.28 | 5.5 x 107°
3 5 6.1 57x107% | 0.11 | 5.0 x 1074
4 1.5 15.9 | - 0.03 | 5.6 x 107°

in Figures 3-6. Heights of the IR and the critical level are also shown
in these figures.

In the outer region (z > [) the wave-induced motion is defined
mainly by the elevation-correlated (real part) component of the hor-
izontal velocity and the slope-correlated (imaginary part) component
of the vertical velocity, which characterize the inviscid nature of the
flow above the wavy surface. Their quadrature components (Im(a) and
Re(w) respectively) are small. Notice, that in the OR the approximate
solution by the SWBL model based on equations (33) and (35) is in an
excellent agreement with the 2D WBL model for all 4 cases.

Run 1 (Figure 3) relates to waves in the vicinity of the spectral peak
of a fully developed sea (inverse wave age Ujp/c = 0.83). In this case
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Figure 3. Profiles of real and imaginary parts of the horizontal velocity u(z), (left
column), the vertical velocity w(z), (middle column), and the shear stress 7(z) (right
column). The solid lines show the solution of the simplified model; the dashed lines
show the solution of the 2D WBL model. Inverse wave age is Uio/c= 0.83. Wind
velocities are normalized with ak@#/k, and the shear stress is normalized with ak7>.
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Figure 4. The same as in figure 3, but inverse wave age is U1g/c= 1.66.

the critical height is located outside the wave boundary layer, so that
the influence of the critical layer on the air flow dynamics is absent.
The dynamics of the OR is mainly defined by the inviscid air flow
undulations over the wave profile, while the structure of the IR is fully
determined by the action of the shear stress. At the surface the stress
provides the patching of the air flow velocities to the orbital veloci-
ties of the wave. This results in the generation of the slope-correlated
horizontal velocity inside the IR, and hence, through the continuity
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Figure 5. The same as in figure 3, but inverse wave age is U1g/c= 5.
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Figure 6. The same as in figure 3, but for the wave moving opposite the wind.
Inverse wave age is Uip/c= 1.5.

equation, the elevation-correlated component of the vertical velocity.
The latter is of the kl—order and small but plays a crucial role in the
energy exchange between wind and waves. The vertical profiles of the
shear stress obtained by the simplified and the numerical models are in
qualitative and quantitative agreement. Both models predict a strong
enhancement of the surface stress in the region of the wave trough.
Run 2 (Figure 4) corresponds to a case when the frequency of the
wave is twice the frequency of the spectral peak of a fully developed
sea (inverse wave age is Ujg/c = 1.66). In this case the height of the IR
is kI = 0.28, which is close to its maximal value as follows from Figure
1. The height of the critical level is kz. = 0.085. This is comparable
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to the IR height, which could give rise to complication. The accuracy
of our approximation is of the kl-order, and one could anticipate a
significant deviation of the solution of the SWBL model from the 2D
WBL model. However, the comparison is encouraging. The simplified
model reproduces the local maximum in Re(u) and the local minimum
in the shear stress well, both occuring in the region of the critical layer.
Notice, that as the critical layer is located inside the IR, the singular
behavior of the air flow dynamics, which is well expressed in the left
column of in Figure 2, is significantly blurred by turbulent stresses.

Run 3 (Figure 5) corresponds to a case of a slow wave (inverse wave
age Ujp/c = 5). Again a good comparison in the velocity distribution
between the models is found. The structure of the IR is characterized
by a speed-up of the horizontal velocity over the crest. Both models
predict the maximum of the horizontal velocity (as well as the real
part of the vertical velocity) in the vicinity of the IR height. The
2D WBL model gives a somewhat stronger acceleration of the flow
than the simplified model. The vertical profile of the shear stress is
in qualitative agreement, though the local extremum in Re(7) seems
to be underestimated by the simplified model. Furthermore, unlike the
simplified model, the 2D WBL model predicts the existence of the
slope-correlated stress Im(7) in the OR. The critical layer for this run
is located in the lower part of the IR, where the shear stress dominates
the air flow dynamics, and there is no manifestation of the singular
behavior of the air flow at the critical level.

Finally, run 4 (Figure 6) corresponds to a case of swell propagating
against the wind. In this case the minimum of the horizontal velocity
occurs over the trough of the wave. Inside the IR the action of the shear
stress shifts the region of the accelerated air flow to the downwind slope.
The maximum of the stress is in the vicinity of the wave trough. Again,
the simplified description of the turbulent wave boundary layer is well
consistent with the one obtained by 2D WBL model.

The comparison of the results shows, that the simplified model cor-
rectly reproduces the general peculiarities of the air flow dynamics over
surface waves in a wide range of wind-wave conditions as compared to
the 2D WBL model.

4.2. GROWTH RATE PARAMETER

In Figure 7, a comparison of the growth rate parameter resulting from
the simplified and the 2D WBL models is shown. In the IR the air flow
dynamics is governed mainly by the shear stress. The stress generates
the real part of the vertical velocity in the kl—order (61), which in
turn generates the slope-correlated surface pressure (65), providing the
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energy transfer from wind to wave. This is the so-called non- separated
sheltering wave growth mechanism described by Belcher and Hunt
(1993).

30¢

Growth rate parameter g

Wave age c/u,

Figure 7. The growth rate parameter as a function of ¢/u.. The solid line denotes
the solution of the simplified model; the dashed line denotes the solution of the 2D
WBL model.

Qualitatively, the simplified model reproduces well the growth rate
dependence on wave age ¢/u, resulting from the 2D WBL model. Quan-
titatively, the SWBL model gives somewhat lower values of §. This
is explained by the fact that the simplified model predicts a smaller
magnitude of the vertical velocity Re(w;) and hence I'm(FPys) than
that predicted by the 2D WBL model. In the range 15 < ¢/u, < 22
the growth rate parameter has a peak. Its origin can be explained by
the fact that the critical height here approaches the upper boundary
of the IR, and peculiarities of the critical layer dynamics, though still
suppressed by weakened turbulence, become important. In the range
of fast waves the growth rate parameter is negative, which means that
the energy flux is from the wave to the air flow.

4.3. COMPARISON WITH MEASUREMENTS

In this section results of the simplified and the 2D WBL models are
compared with the laboratory measurements of velocity and stress
fields by Hsu and Hsu (1983). They used a mechanically generated
wave with phase velocity ¢ =1.6 m s~!. Other parameters of three runs
of this experiment are shown in Table 2. Uy, is the wind speed in the
centre of the tank, w4 exp is the friction velocity presented by Hsu and
Hsu. The wind velocity at z = k= U(k~!) and the friction velocity u.
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Table II. Parameters of runs of the experiment by Hsu
and Hsu (1983)

‘ Run ‘ Uso ‘ Us exp ‘ U(k ‘ Use ‘ Uk™)/c ‘
‘ ‘ (m/s) ‘ (m/s) ‘ (m/s) ‘ (m/s) ‘ ‘
1 1.37 0.043 0.06 0.87
2 2.12 0.073 0.08 1.28
3 2.92 0.110 0.13 1.84

are determined by fitting the logarithmic profile to the observed mean
wind speed.

The wave-induced horizontal velocity and the shear stress measured
in the wave following coordinate system are shown in Figures 8-10. The
vertical velocity is not shown in the figures as there is an apparent bias
in these data of which the cause is unknown (Mastenbroek, 1996).

Runs 1 and 2 relate to cases when the wave moves somewhat slower
and faster than the wind respectively; run 3 represents a slowly propa-
gating wave. In cases 1 and 3 the measurements were done in both outer
and inner regions, while in case 2 the IR depth is large, and most of
data are confined to the inner region. The data confirm the existence
of the outer and the inner regions. For case 1 nor 2 no significant
variation of the shear stress is observed inside the OR, while inside
the IR a systematic trend in the shear stress is clearly seen. In run
2 the IR is high, and the stress varies throughout the whole domain.
Peculiarities of the wave-induced horizontal velocity are dependent on
the ratio of the wind speed to the wave phase velocity. If the wave runs
faster than the wind, then the air flow accelerates over the trough (run
1). Otherwise, the air flow accelerates over the crest (run 2 and 3): the
larger the speed difference between wind and wave, the stronger the
acceleration.

The simplified model reproduces the behavior of the wave-induced
disturbances of velocity and stress fields above the wave well. The only
significant deviation of the model predictions from the data can be
observed in the lower part of the vertical profile of Im(7) the reason
of which is not understood. However, the 2D WBL model suffers the
same deficiency. In fact, it is not possible to judge which of the two
models behaves better as compared to measurements.
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Figure 8. Comparison of simplified model (solid lines), and 2D WBL model (dashed
lines) with laboratory measurements of Hsu and Hsu (1983) (open squares). Run
1: Up=1.4m s™'; Uy/c=0.87 (see Table 2 for details). The horizontal velocity is
normalized with ak%. /s, and the shear stress is normalized with aku?
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Figure 9. The same as in figure 8, but for run 2: Up=2.0m s~ *; Uy /c=1.28.

5. Discussion and Conclusions

A simplified model of the wave boundary layer over a surface wave
propagating at an arbitrary phase velocity and direction as compared to
the wind vector is presented. The main simplification of the problem is
achieved by the division of the wave boundary layer into the outer (OR)
and the inner (IR) regions, as suggested by Belcher and Hunt (1993).
In the OR the wave-induced motion experiences inviscid undulation,
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Figure 10. The same as in figure 8, but for run 3: Uy=2.9m s~ '; Uy /c=1.84.

while in the IR the motion is strongly affected by the turbulent shear
stress.

The IR depth is relatively small (kI ~ 0.1) for all waves, except for
those running with a phase speed close to the wind velocity (i.e. the
inverse wave age parameter is 1 < Ujg/c < 1.2). In this narrow range
the height of the IR is kI ~ 1. An important conclusion resulting from
the analysis of the IR depth is that the critical height (the height where
the wind speed equals the phase velocity of the wave) is almost always
located inside the IR. This means that the singular behavior of the
critical layer dynamics is strongly suppressed by the turbulent stress
for all waves, with exception of those with inverse wave age Uyg/c ~ 1.2.

The fact that the singular behavior of the critical layer dynamics
does not influence the inviscid outer region allows a simple description
of the velocity in the OR. This description is based on the approx-
imate solution of the Rayleigh equation suggested by Miles (1957).
The solution for the vertical velocity is proportional to the mean wind
velocity and an exponential decay function. The approximate solution
for the horizontal velocity results from the integration of the inviscid
vorticity equation with the known vertical velocity. The description of
the OR in the simplified model is presented by explicit formulas, and
is compared with the numerical solution of the Rayleigh equation. A
good comparison is found.

The description of the IR is based on the solution of the vorticity
conservation equation which accounts for the turbulent diffusion of the
vorticity. The turbulent shear stress is parameterized using the mixing
length closure theory. Introduction of exponential vertical damping of
the wave-induced shear stress leads to a further simplification of the
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problem. The damping of the shear stress describes phenomenologically
the basic feature of the wave boundary layer: the rapid distortion of
turbulence in the OR. The zero-order solution (in terms of a kl -power
expansion) of the vorticity equation can be found either numerically
or analytically. An example of the analytical solution of the problem is
given in Kudryavtsev et al. (1999). In the present study the vorticity
equation is solved numerically.

Correction of the IR solution in the kl-order has a physical signif-
icance only for the real part of the vertical velocity. This component
of the vertical motion, being generated inside the IR due to the action
of the shear stress, penetrates into the OR and generates the slope-
correlated component of the air pressure. The pressure penetrates into
the thin IR and forms the energy and momentum flux between wind
and waves (the non-separated sheltering mechanism of wave generation
by Belcher and Hunt (1993)).

The comparison of results obtained by the simplified and the 2D
WBL models is encouraging. A reasonable agreement is found for the
wave-induced velocity, the shear stress and the growth rate parameter.
This fact has a very important consequence: the description of the
air flow dynamics over waves appears to be not very sensitive to the
details of the turbulence closure scheme used. For a correct description
of the air flow the scheme has to provide the vertical damping of the
wave-induced stress at a scale comparable with the IR height. The
phenomenological approach used in this paper is based on the direct
suppression of the turbulent stress with height. This gives results which
are in good agreement with those found by using the second order
Reynolds stress closure scheme.

The results of the simplified model are consistent with data of Hsu
and Hsu (1983) obtained in a laboratory experiment. The experimental
data confirm the existence of the outer and the inner region above
waves.
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