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WIND STRESS INDUCED BY SEA WAVES

Part 2: Effect of thermal stratification on wave growth by wind

A.C. Radder

Abstract

The purpose of Part 2 of the present report is threefold:

(1) to deliver a more fundamental analysis in support of the CL-theory, as applied in Part 1 to the

problem of momentum transfer between air and sea;

(i1) to extend the theory by including a convection-diffusion equation for turbulent heat transfer, to

describe the effect of the resulting thermal stratification on wave growth by wind;

(iii) to explain the effect of physical processes as shoaling and swell on wave growth and roughness

of the sea surface.



1. Introduction

Observations show that stability (c.q. gustiness) of the atmospheric boundary layer (ABL) due to
differences in temperature between air and sea can affect the growth of surface waves by wind
significantly: in unstable conditions wind-wave growth is enhanced whereas in stable conditions it is
reduced (cf- van den Boogaard ef al. 1991, p.11; Young 1998; van Vledder 1999; Jones and Toba
2001; Sullivan and McWilliams 2002). Usually, this effect is accounted for by the Monin-Obukhov
similarity theory, which relates the wind profile to the roughness of the sea surface and the stability
of the atmosphere, through a parametric description of the heat flux involved. However, the theory is
questioned on the assumption that its parameter set is complete, regarding the influence of the height
of the ABL on surface layer characteristics (Johansson et al. 2001; McNaughton and Brunet 2002).
There exists an extensive literature on measurements of wind stress over oceans and shallow seas;
however, the data show a significant scatter when the drag coefficient is presented as a function of
the mean wind speed at a reference height. While this scatter can be explained partly as a con-
sequence of the age of the wave field (¢f. Bonekamp et al. 2002; Lin et al. 2002), other parameters
play a part, as significant wave height, steepness, and spectral shape (Taylor and Yelland 2001). Note
that atmospheric roll vortices, as observed by Vandemark et al. (2001), induce fluctuations in local
wind speed, and thus variations in sea surface roughness and wind stress. Further theoretical
development is invaluable to understand the influence of the various physical processes.

The Craik-Leibovich (CL)-theory, which describes the interaction between waves and mean flows,
has been employed by Radder (2001; henceforth referred to as Part 1) to develop a model for the
wave-induced wind stress, the wave growth by wind and the related roughness of the sea surface.
Due to the CL2-instability mechanism involved, roll-patterns appear in the atmospheric boundary
layer above the sea surface; a ‘principle of maximum energy transfer’ is then invoked, to establish a
relation between the roughness parameter and the friction velocity; as a consequence, both the
growth rate and the mean drag attain maximum values for a given wind and wave field.

In this second part of the report, the theory is extended by adding to the existing continuity and
momentum equations a convection-diffusion equation for turbulent heat transfer, and applying the
Boussinesq approximation (§2). In support of the theory of Part 1, a more fundamental approach is
presented in §3 by a time-scale analysis: changes in the ABL due to the interaction between wind and
surface waves appear to be fast in comparison with the time scale associated with the evolution of the
waves. After a linear stability analysis (§4), the effect of atmospheric stability - owing to differences
in temperature between air and sea - on the growth rate, as a function of a Richardson number, is
estimated in §5. Some properties of an analytical and a numerical model are given in §6. Finally, §7

presents conclusions and recommendations.



2. Governing equations. Energy balance

The extended CL-equations for a thermally stratified turbulent flow in the atmospheric boundary

layer are (Leibovich 1983; Arya 2001; Dingemans 2001; Part 1, §2)

D, U,/Dt +V Py =V.2 /ps+ (Uz + Ps) x Qc + Psx Q —Brg0 +0(d*) (1a)
DO /Dt =V.(0.;VO) , (1b)
V.U=0 . (1c)

Herein,
U,= U—-n, with 1 =Ps — U, U is the mean Eulerian velocity,
Py the pseudo-momentum, Us the (generalized) Stokes drift,
Pr the generalized pressure, ~ =2 p,vy D the Reynolds stress tensor,
p, the air density, v; a (turbulent) eddy viscosity,
Q =V x U the mean vorticity,
Qc the Coriolis rotation vector,
equal to rwice the angular velocity of the earth,
2 =(0,0,—g) the acceleration of gravity,
® the mean virtual potential air temperature,
0 the fluctuating virtual potential air temperature,
Br=—p. '0p. /0O the coefficient of thermal expansion,
o 7 a (turbulent) eddy diffusivity of heat,
and a a measure of wave amplitude.

A definition of the virtual c.q. potential temperature, expressing the influence of humidity c.q.
pressure on the air temperature, can be found in Arya (2001, Ch. 5) and Csanady (2001).
Besides the vortex force Pgx Q equation (1a) contains the buoyancy force — 3 r g0 due to
temperature fluctuations; the evolution of the temperature ® is governed by the convection-
diffusion equation (1b), with velocity U satisfying the continuity equation (1c¢).
The following simplifications and assumptions were made in the derivation of (1):

(1) the air is incompressible, and the Boussinesq approximation is applied;

(ii) the air-wave field is irrotational outside its boundary layers, and of small amplitude a;

(iii))  the water-wave field is homogeneous within a convection cell;

@iv) slow mean-flow and wave variations in the horizontal plane are considered.



Assuming horizontally homogeneous flow conditions in the atmospheric boundary layer, U =
{U(z,0),/(z,1),0}, Ps =(Ps, Qs ,0), ® =0 (z,f), with wave-induced disturbance {u;0} = {u,v,w;0},
air density p,(z) and eddy viscosity vr (z), the wave-induced Reynolds-Orr energy-balance equation

is (¢f. Arya 2001, §9.1; Part 1, §3):
dK/dt = — [ " dz pa{¥s vi <2d:2d> + <wu>.0(U+Us)/0z — B 1 g <w0>} — dE/dt + O(d’, a* %), (2)

where K = % [ " dz p,< w.u> is the kinetic energy of the disturbance, d = {d;} = 2{0u;/0x; + Ou; /0x;}
the deformation tensor of the velocity disturbance u, # indicates the height of the arising convection
cell, < ... > denotes averaging over horizontal planes of a convection cell, and E is the mean wave-
energy per unit area of the sea surface. The parameter p << 1 indicates that the shear of the
disturbance is assumed to be small compared with the shear of the mean flow.

Note that the buoyancy flux p 7 g <w0> , when scaled with (U")* , where U " the friction velocity of
the wind, is comparable with the Obukhov scale height L; while the velocity is scaled with U, the
temperature is scaled with the fiiction temperature ® " .

The wind and temperature profiles are related to the wave-induced fluxes of momentum and heat,
and the corresponding eddy diffusivities; in equilibrium-flow state, from (1a) and (1b) the mean

wind profile U(z) and the mean temperature profile ® (z) are obtained as

Uz = (<wu>+ U U™ Ivy (3)
and 00 /oz = (<wb>+ |U1®") la 7 , 4)

with |U| =N(U U™ +V V"), sign (U") = sign (8U/dz), and sign (© *) = sign (80 /oz), .

In these expressions, the influence of the Coriolis force is neglected, assuming a ‘constant stress
layer’ model; otherwise, a damping function fj (z) can be introduced to achieve that the total shear
stress T = pa| v'lu’ decays with height and eventually vanishes at the top of the surface layer.
Accordingly, the eddy diffusivities vr (z) and o 7 (z), as functions of geometry and flow parameters,
will be specified later on (§4.4). Note that (3) expresses the partitioning of the total stress into a
wave-induced stress and a turbulent viscous stress (cf. Uz et al. 2002).

In order to proceed with the energy balance (2) to develop a subcell-scale model for the wave-
induced Reynolds-stress <wu> , it is necessary to distinguish between the time scales of the various
physical processes involved; in the next section, a time-scale analysis is given, and a ‘principle of
maximum energy transfer’ is formulated as a Aypothesis, based on the optimum theory of turbulent

shear flow.



3. Time-scale analysis. Optimum theory of turbulent shear flow

The present CL-model employs two time scales (see figure 1; ¢f. also Part 1, p. 6):

1) on the ‘fast’ time scale ¢, secondary circulations are formed in the atmospheric boundary layer
(‘roll vortices’; size £1 km), through an instability mechanism in the interaction between wind and
surface waves, with given wave field; as a consequence, an inverse energy cascade occurs from
small-scale to large-scale circulations;

2) on the ‘slow’ time scale 7, nonlinear transfer of energy is assumed to occur from these large-

scale circulations to turbulent eddies on small scales, through vortex stretching (the turbulent
energy cascade); by this process the wave field is capable to absorb the released energy, implying
wave growth.

‘fast’ time scale (¢) ‘slow’ time scale (7=5¢, 6<<1)

(coherent; CL-theory)

inverse energy cascade | energy cascade
| (turbulent; maximum principle)

OADLOLO - OADOLO

0 | i
0 | i
JuJvuuuy air nonnnN
e S~ AAAAAAAAAAA ======mmmmmmmmmee
given wave field sea growing wave field
figure 1

The first process is described by the extended Craik-Leibovich theory, which is a well established
theory defining the interaction between waves and mean flows:

- Leibovich and Paolucci (1980) used the extended CL-theory with constant eddy diffusivities to
compute the development of a mixed layer in a thermally stratified ocean, with imposed wind
stress and surface-wave field. The resulting convective motions appear to cascade energy from
small-scale to large-scale (Langmuir) circulations.

- Araujo et al. (2001) employed a (k-¢) turbulence model coupled to the CL-equations to

investigate the enhanced turbulence observed beneath air-water interfaces and the presence of



organized structures like Langmuir circulations. A good agreement was found between
numerical results and experimental data from a wind-wave channel.

- Phillips et al. (1996, 1999) studied the CL2 instability mechanism in case of a boundary layer
flow over wavy terrain, with O(1) shear; then, the pseudo-momentum replaces the Stokes drift,
and wave distortion appears to diminish the instability. (Note that the latter effect is neglected in

the present application to the atmosphere.)

The second process requires some further explanation. In the theory of turbulence, variational
methods have been employed to derive rigorous upper bounds on certain global flow quantities that
characterize statistically steady turbulent flows. To this end, various approaches have been developed
in the past:

- the upper-bound theory, by Malkus (1956) and Howard (1972);

- the optimum theory, by Busse (1978);

- the background flow method, by Doering and Constantin (1992).

In this work, global transport quantities like momentum-, heat- and mass-fluxes across turbulent
boundary layers are investigated and found to become extremal, depending on the constraints (such
as continuity and boundary conditions) imposed on the admitted velocity fields. Under statistically
steady conditions or long-time averaging, this approach is equivalent to bounding the energy
dissipation rate (cf. Kerswell 2002 for references on various applications). By adding further
constraints on the flow and using different dissipation functionals, the theory has been extended and
generalized by Malkus and Smith (1989), Nicodemus et al. (1998), and Kerswell (2002), in order to
close the gap between the theoretical and the experimentally measured dissipation rates.
Unfortunately, as has been noted by Kerswell (2002), these variational problems involve heuristic
assumptions which cannot be traced back to the Navier-Stokes equations. Nevertheless, to quote
Busse (1978): ‘In principle it is possible to conceive a hierarchy of constraints such that the bounds
approach the extremal values assumed by the actual solutions of the equations of motion, and thus

can be brought closer and closer to the observed values’.

Remark. The foregoing approach is consistent with the constructal theory developed and described
by Bejan (2000): in engineering and in nature, flow systems with geometric structure tend to optimal
distribution of internal flow resistance. This principle applies to a wide range of topics, including
mechanical, thermal and turbulent structure. Examples are:

- the growth rate of the mixing region in shear layers, through time-minimization analysis;

- the optimization of thermal resistance in Rayleigh-Bénard convection, through the maximization

of the heat transfer rate.



In the present problem, we are concerned with wave-induced atmospheric roll vortices, which contain
most of the turbulent kinetic energy of the atmospheric boundary layer (Lykossov 2001). The

corresponding energy-balance equation (2) becomes, in equilibrium-flow state,
d(K+EYdt = — [ ¢ dz p{%s vr <2d:2d> + <wu>.0(U+Ug)/dz — B r g <wb>} = 0, 5)

where the terms on the right-hand side represent successively the dissipation rate, the production
due to shear and the production / destruction due to buoyancy. Note that besides the integral
constraint of streamwise vorticity, further constraints can be imposed by a suitable choice of
(parameters of) the eddy diffusivities of momentum and heat, vy (z) and a 7 (z).

In order to obtain an optimum solution to the problem, we invoke the following

Hypothesis. The wave-induced dissipation rate D, = ) o dz Pa Vr <2d:2d> , conceived as a
functional of steady-state mean-flow properties c.q. parameters, attains a maximum value for a given

wave field, at the expense of the kinetic energy K : Dy . =— dK/dt .

It follows that the energy transferred from the atmosphere to the wave motion tends to a maximum as
well:

dE/dt = — | dz po{<wu>.0(U+Us )0z — B+ & <w0>} | ma - (6)

This principle of maximum energy transfer is consistent with a hypothesis postulated by Oberlack
(2001): The mean velocity in an incompressible turbulent flow establishes a maximum degree of
symmetry consistent with the Reynolds-averaged Navier-Stokes equations and the initial and
boundary conditions. In the present case, the development of roll vortices in the atmospheric
boundary layer involves symmetry breaking of the mean flow; according to the hypothesis, the flow
thus exhibits a strong tendency towards a higher degree of symmetry, i.e. to reduce the strength of
the vortices by energy transfer to surface waves.

Owing to this maximum principle, the roughness parameter and friction velocity can be determined,

and the wind drag and wave growth established, using the flux-profile relationships (3) and (4).



4. Linear stability analysis. Equilibrium solution

When the disturbance (#,0) is sufficiently small, linearization is permitted, and in the present

approximation, # ={u,v,w} and 0 obey the equations (c¢f. also Dingemans 2001, § 3.3):

ou/ot + U, 0u/Ox + V, 0u/0y + wolU, /0z + 1/p, 0p/ox = 1/p,(V.0), + Os ®, ,

ov/0t + Uy Ov/Ox + V 0v/Oy + woV/0z + 1/p, Op/0y = 1/p,(V.G), — Ps . ,

ow/ot + U Ow/Ox + V. 0w/Oy + 1/p,0p/0z = 1/p,(V.0). + Pso, — Os o, + B g0 ,
00 /0t + U 00 /0x + V 00 /0y + wo® /0z = V.(a. 7 VO) ,

with continuity equation Ou/Ox + ov/0y + ow/0z =0 .

The linear stability problem can be analysed using a long-wave (or: shallow-water) asymptotic

(7a)
(7b)
(7c)
(7d)

®)

expansion in powers of the small parameter € ; correspondingly, mixed boundary conditions on u, v,

and w are chosen:
o(u; v)/0z rac(u;v)=0 ,
w=0,

at the mean free surface z = 0 and at the cell height z = 4 , with parameter ac = O(e 4.

(9a)
(9b)

Remark. The free-slip boundary conditions 0u/0z = 0v/0z = 0 (known as ‘constant stress model’) lead

to unstable modes of infinite wavelength; therefore, Cox and Leibovich (1993) and Cox (1997)
considered the mixed boundary conditions 8(u; v)/0z + ac (u; v) =0, with ac = O(e*).
However, for the present purpose, only second order results in € are needed, so the boundary

conditions ou/0z = Ov/0z = 0 are sufficient to this end.

For the boundary conditions on 0 at z =0 and z = /&, we have several alternatives:

1) condition of constant heat flux Hy, 00 /0z =— 00 /0z + Hy/ou 1 ;

2) mixed boundary condition, 00 /0z +y-6 =0 (Cox and Leibovich, 1993) .
As special cases, we have from 1) the adiabatic condition: Hy= 0, and from 2) the isothermal
condition: 6 =0 (i.e. y¢ =), and the condition: 00 /0z =0 (i.e. y¢ = 0). In the following, we
consider the two extreme cases 6 =0 (§4.1) and 00 /0z = 0 (§4.2). [Note that in the present

approximation (to second order in €) the latter condition holds as well when yc = O(e *).]

10



Employing the shallow-water expansion (Proctor, 1981; Cox and Leibovich, 1993; Cox, 1997)

(u,0; fdp/pa) ~ (uoteu+...; 0 0+el (+...; potepi+...) explie(kx+ly)+e(o+ecr+...)t},  (10)

with u,(z), 6 (z) and p,(z) functions of z alone, and £, / scaled cell wave numbers, O(1), and upon
substituting (10) into (7,8), we are able to solve the equations that result at successive orders in g,

taking into account the boundary conditions (9) at each order in the expansion.

4.1. The isothermal boundary condition © =0
From the details given in appendix A, we obtain the following results: ug, vy are constants, generally
# 0, satisfying the relation kuy+ vy =0; wo=w; =0; 09=0, = 0; wy(z) and 0 ,(z) are given by the
solution of:
5z(VT522 wo) = [l Ps— Ps) — k( Qs — Os )] (luo — kvo) , (11a)
and wy0.0 =0.(ar0.05) , (11b)

with boundary conditions: w, =0, 0. wy=0 ,and0,=0 at z=0 and z=nh.
Introducing the velocity amplitude 4 , cell wave-number modulus «c= V(k* + I*) , and orientation

q=kKl, let

lug — kvog=xc Ao, wr(2) = Kcon my(z) , 02(z) = KC2A0 0u(z) , (12)

then (11a,b) become
0. (vr 0-2my) = [(Ps— Ps) — ¢(Qs — 09IN(1+ ) , (13a)
and 0.(70,0,)=my0.0 , (13b)

with boundary conditions: m=0, 0.°my=0,and 0, =0 at z=0 and z=h.

In conclusion, in the present approximation we have the same equation (13a) for the wave-induced
disturbance u as in case of neutral stability conditions (¢f. Dingemans 2001, § 4.2); the induced
fluctuating temperature 0 = 6, (z) depends on the gradient of the mean temperature 0.0 , and is

given by the solution of (13b).

4.2. The boundary condition 00 /0z =0
The details of this case are given in appendix B: u,, v and 6, are constants, generally # 0 ;

kuy + Ivg = 0; wo = w; = 0; wy(z) and 0 are given by the solution of:

11



0. (v d.2 wy) = [ I( Ps— Ps) — k( Qs — Os)] (lug — kvo) + (2 + ) BrOog (z — h/2) (14a)
[o" dz [(K + PYar — vi) — wy 8- (1U — kW) (lug — kv)] 00 =— 1" dz w, 0.0 , (14b)

with boundary conditions: w, =0, 0.°w,=0,at z=0 and z=h.

Now with (12) we obtain

0. (vr 8.” mg) = [(Ps— Ps) — q(Qs — Os)IN(1+ ¢°) +gPBr(z—h/2)0, , (15a)
and [o" dz [(vi — o r) + mgd.(U=gMNA+¢)] 0, = " dzmyd.0 , (15b)

which form a coupled set of equations for m(z) and 6 ,, = 0 (/4 , with boundary conditions:
mo=0,0."my=0,at z=0 and z=h. Note that the pressure fluctuation, averaged over height, is
given by:

o= (Bs —q0s5) AN+ ). (15¢)

4.3. Choice of boundary condition. Equilibrium solution

The isothermal boundary condition (§4.1) results in an expression for the heat flux <w0> ~ 2 w0, ,

where w; (z) and 0 ,(z) are given by the solutions of (11a) resp. (11b). However, this approach turns

out to suffer from the following disadvantages:

- the heat flux %2 w,0 , depends on the cell wave-number modulus k¢, which is unknown a priori
and must be found by carrying on the asymptotic expansion up to O(e *), ¢f. Cox (1997);

- the fluctuating temperature 6 (z) has to be found from the solution of the diffusion equation
(11b), whereas w; (z), given as the solution of (11a) does not explicitly depend on 6 ,.

Therefore, in the following we will go on with the results from the boundary condition 60 /0z=0,

namely the expression <w0> ~ %2 w0 , and consider the corresponding coupled set of equations for

wa(z) and 0 ¢ (or, equivalently, my(z) and 0 ,,) as presented in §4.2.

The wave-induced wind stress and heat flux are now given by

<wu> =" [(a— B)y ] mo(z) / V(1+ ), <wv> =—g<wiu> (16a,b)
<wb> =% [(a0— B)y 10, mo(z) , (16¢)

when a > [3 ; otherwise, a threshold for onset of stability exists, and <wu> = <wv> =<wB> =0.

From (16), the heat flux <wB> can be related to the momentum flux <wu>,

<wB> = [<wu> — g <wv>10,, / V(1+ ¢°) . (17)

12



The profile my(z) and the constant 0 ,, are given by the solution of (15a,b), while the coefficients o , B
and y are evaluated in appendix C. Result: to leading order, the wave-induced wind stress and heat
flux in equilibrium-flow state are independent of the cell wave-number modulus kc, i.e. independent

of the horizontal size of the circulation cells.

4.4. Choice of eddy diffusivities of momentum and heat
It remains to specify the form of the eddy diffusivities of momentum and heat, v (z) and a 7 (z).

From micrometeorological experiments, the following empirical expressions have been proposed

(Arya 2001, §11.2; ¢f- also Lykossov 2001, §3.2, and Johansson et al. 2001)

vr(z,Le) 2« Uz ¢y (z/Lo) ,
ar(z,Lle) =k U'z @y (z/Lg) ,
with similarity functions
9o =@ =(1-15z/Lo) ", Ly<0,
Qo =@y =1+5z/Lg , Ly>0,

where the parameter Ly < 0 applies to unstable conditions, and Lg > 0 to stable conditions.

However, in view of the uncertainties in the measurements, and because of the singular character of
the wind- and temperature profiles at the surface z = 0, we take here simply o r (z) = v (z). Besides,
in accordance with Part 1, expression 30, it is assumed that close to the surface, 0 <z <z, , where
the logarithmic velocity profile is not valid, the eddy viscosity is small, and can be represented by a
constant value v = {v + x| U’ zos } fp(zv) ; v 1is the kinematic viscosity of air, and f5(z) <1,

fp(zy) =1, a damping function. For z, < z<h, a profile is chosen as:

vi@) = {v+xlUTl i o) (18)
with d =z, — zps .
Thus, the displacement height d and the roughness parameter zys should be regarded as parameters in
the variational problem (6). To facilitate the analysis, we take as damping function fj (z) = 1; then,
integrating (3) and (4),

©"/|U2©.-00)/|U.-Ul , (19)

where U is the surface current (usually neglected), and ®  is the surface temperature.

13



5. Dependence of wave growth on Richardson number

As a measure of atmospheric stability due to air-sea temperature differences, a Richardson number Ri
is defined as (appendix E):
Ri = 4k /(L Asma) Pr(©.-O ) gh /| UU.| , (20)
where
Kk = 0-4 denotes the von Karman constant;
Asmax = 2-32 a model-dependent constant;
7 =0-0033 (T ") the coefficient of thermal expansion;
®.-0 , the air-sea temperature difference;
g the acceleration of gravity;
h the height of the atmospheric boundary layer;
U" the friction velocity of the wind;
U, the wind speed at height z.

The growth rate parameter Cg (defined in Part 1, equation (34) ) becomes, in terms of Ri,

Cp =Cpo(1 - Ril2)*. 1)

Thus, in unstable conditions (Ri < 0) wave growth is enhanced whereas in stable conditions (Ri> 0)

it is reduced (cf. Young 1998); the expression is nearly linear in Ri for small values, | Ri | <14 . Note
that in the last case, Ri < 2; otherwise, wave growth is prevented due to stable stratification.

With the estimate & = U /(oL f¢), (cf: Donelan 1990, §3B; Part 1, equation (11)), the Richardson
number (20) becomes:

Ri = 4K/(nASmax ) B T(®z_® 0) g/((x OfC Uz) (22)

Some values of Ri and the corresponding relative change in the growth rate parameter Cy /Cg , for

air-sea temperature differences of +1°,are given in table 1, showing a significant influence.

U.(m/s) 5 10 15 20 25 30
| Ri 1-03 0-52 0-34 0-26 0-21 0-17
Cp /Cpo (Ri< 0) 2:30 1-58 137 127 122 1-18
Cp /Cpo (Ri> 0) 0-24 0-55 0-69 0-76 0-80 0-84

Table 1. Richardson number and relative change in growth rate, for ® ,—© (= +1°

14



Note that these results depend on the approximate value of the parameter Asm.x in the expression for
Ri , as given in appendix E; this value is presumably somewhat underestimated, and consequently the
effect on growth rate overestimated. However, only pure ‘wind input into waves’ is involved in the
expression (21) for the growth rate; nonlinear wave-wave interactions and wave dissipation are not
considered here. Therefore, the results of table 1 are not directly comparable with the measuring-data
of Young (1998); the ‘bulk Richardson number’, applied by Young as an alternative indicator of
atmospheric stability, is different from (20).

6. Some model properties. Effects due to shallow water and swell

In order to explain influences of physical processes as shoaling and swell, two model types will be

discerned in this section:

- an analytical model, where mean wind and waves (including swell) have the same direction,
under neutrally stable conditions;

- anumerical model, dependent on the directional wave spectrum, in the presence of swell and

thermal stratification.

6.1. The analytical model
Consider the special case that mean wind and waves are aligned along the x-axis, i.e. ¢ = 0.
Under neutral stability conditions, the analytical model (which is similar to the simple model (38) of

Part 1) is given by

K U./U" = 1+ dlzos + In [(z—d)/z05] (23a)
(1- G,) 12k Ky zos) = enlU”, (23b)

with shape factor
Gn = X a exp[-2K;(d +20))] (23¢)

where g; the (dimensionless) weight of the spectral component with wave number k; , normalized by
2 ajz = 1, mean phase speed ¢,, = @,,/k, , and mean frequency @, = 2, ajz ;. The ratio ¢,,/U “isa
measure of the wave age. Note that G,, mainly depends on the high-frequency part of the energy
density spectrum ajz (k) ,and 0< G, < 1. From (23b), the friction velocity U * can be eliminated,
resulting in an equation for the roughness parameter zy, which can be solved by the method of
successive substitution. The drag coefficient is now given by Cp, = [U W UZ]2 ; it turns out that Cp, ,
as a function of the displacement height d = v, H,, attains a maximum, consistent with the principle
of maximum energy transfer (cf. Part 1, table 2). As such, the model (23) contains no adjustable

parameters.

15



In shallow water, the effect of shoaling may generally cause an increase of roughness: according to
linear wave theory, in the absence of currents, shoaling waves become steeper, while the mean
frequency ®,, remains sensibly constant; the factor (1- G,,) in (23b) then increases with steepness
k.. d , resulting in enhanced roughness.

The effect of swell can be explained by the same mechanism: a following swell entering the wind
wave field reduces the effective steepness, and thereby the roughness and the net growth of the wind
waves, whereas an opposing swell enhances this growth, in agreement with laboratory and field
observations (cf- van den Boogaard et al. 1991, p.53). Several other physical mechanisms have been
proposed to account for this effect: Balk (1996) showed that a train of long waves can suppress a
short-wave field merely by means of four-wave resonance interactions; Booij et al. (2002) applied
some relatively simple modifications in the formulation for the dissipation (‘white-capping’) and
generation of wind waves, to improve the performance of the third-generation wave model SWAN.
Note that weak winds over swell may even show upward momentum transport (cf. Grachev and

Fairall 2001).
6.1.1. Comparison with the Kitaigorodskii roughness model
Kitaigorodskii (1970) considers in the first instance the propagation of a simple harmonic wave in a

coordinate system moving with the phase speed ¢ of the wave; the velocity profile U, , applying to

the atmospheric boundary layer, is then given by the logarithmic wind profile
k(U.—¢)/U" = In (z/a) , (24a)
wherein a a measure is for the amplitude of the wave; now (24a) can be written as
kU./U" = In (z/z) , (24b)
with roughness parameter
2o = a exp[—xc/U"] . (24c)
For a wave spectrum with energy density S(k), this can be generalized to

20 = Cx” [y S(k) exp[-2xe(k)/U "] dk , (24d)

wherein Cx denotes an empirical constant (c¢f. also Donelan 1990, §4, for further discussion on a

simplified formula and comparison of results with field data).
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It follows easily by inspection, that in the limit of a simple harmonic wave with infinitesimal
amplitude a— 0, the models (23) and (24) become identical, when the roughness zy, in (23) is taken
equal to the amplitude a in (24)! This property makes a comparison between both models in case of
a realistic wave field very interesting (in that case, knowledge is required of the wave number

spectrum, notably the high-wave number part).

6.1.2. Comparison with observations

The RASEX (Risg Air-Sea Exchange) field experiment was carried out in rather shallow water (3m
to 4m), at an off-shore fetch-limited site in the Baltic sea at Vindeby, Denmark in 1994 (for details,
see Johnson et al. 1998; Taylor and Yelland 2001). A few cases are selected here from table 1 in
Johnson et al. (1998), where locally wind-generated waves were considered in neutrally stratified
situations, with wind and waves in nearly the same direction and rough turbulent-flow conditions at
the air-sea interface; the measured drag coefficients are in the range 1-1107° to 2157

In table 2 below, some typical values of the measured drag coefficient are presented, together with
results of the roughness length formula of Taylor and Yelland (2001), and with results of the model
(23), using a Wallops-type spectrum with high-frequency tail @ *.

Ui (m /) 4-14 641 889 1033 1272 15-14 16:35
Measured (RASEX) 1-7 13 15 1-5 1-5 1-8 1-8
Taylor and Yelland 1-1 1.2 1-4 1-5 1-6 1.7 1-8
Present model (23) 0-03 0-3 0-6 1-2 2-1 3.3 39

Table 2. Comparison of some values of the drag coefficient Cp,, in units of 107

Taylor and Yelland (2001) used, together with HEXOS (Meetpost Noordwijk) and AD96 (Lake
Ontario) data, only RASEX data where Ui, > 10 m/s to determine the coefficients in their roughness
length formula by regression analysis.

Although the measurements show a large scatter in roughness especially in case of weaker wind
speeds, U;o< 10 m/s, the model (23) predicts in that case far too low values of the drag coefficient;
for Uyp> 13 m/s, the model overestimates the drag coefficient. In these conditions, the simple model
(23) is not merely applicable, even considering the sensitive dependence of the surface drag on

spectral shape; however, it should be stressed that the model contains no adjustable parameters.
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6.2. The numerical model

The analytical model is essentially based on the approximation Ps = 0, i.e. the average-over-height
of the pseudo-momentum is supposed to be zero; as appears from the foregoing, this approximation is
generally not justified. According to the analysis in appendix F, correction terms emerge in the right-
hand side of equation (23b), resulting in enhanced roughness zo, . However, the precise effect of these
terms on the surface drag is not easy to analyse; the sensitivity of the roughness to the mean wind
shear (i.e. to the profile of the wave-induced wind stress <wu>, cf- Part 1, figure 1) may be

considerable, and an accurate numerical approach is necessary.

The wave-induced wind stress c.q. heat flux (16) is proportional to the solution m(z) of equation
(E3):
vr:"mo =[Go (2) — gHo DI N(1+q) (25)

which has to be found generally by numerical means. The right-hand side of (25) depends on the
directional wave spectrum, as well as on the mean wind shear OU / 0z , and the orientation ¢, between
the directions of shear flow and pseudo-momentum (cf. Cox 1997). With the mean wind shear given
by (3), and boundary conditions my=0 at z=0 and z =4, the equation is linear in mo(z), with
coefficients still depending on the parameters d and z;.

Thus, invoking the principle of maximum energy transfer, the problem amounts to solving (25) for
mo(z) and obtaining the maximum value of dE/d¢ in (E8) by variation of the parameters d and zos;
the friction velocity U then follows from integrating the mean wind shear 6. U in (3) to the wind

speed U,y measured at a given height zy; .

The numerical model (25) should be used to test the validity of the analytical model (23), in
particular:

- the approximation Ps = 0, i.e. the average-over-height of the pseudo-momentum is zero;

- the sensitivity to mean wind shear near the sea surface (effect of eddy viscosity model);

- the sensitivity to spectral shape (effect of swell c.g. high-frequency spectral tail);

- the assumption that mean wind and waves are aligned (effect of wave refraction);

- the ‘constant stress layer’ assumption.

As an alternative to the simple eddy viscosity model (18), a (k-¢) turbulence model may be suitable,
¢f. Araujo et al. (2001). A new analytical model for the high-frequency tail of the wind-wave
spectrum is proposed by Hara and Belcher (2002).
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7. Concluding remarks

In the present work, the effect of atmospheric stability due to air-sea temperature differences A® on
wave growth by wind is investigated. For small values of the Richardson number (20) involved, the
change in growth rate is found to be proportional to the height / of the convective boundary layer,
inversely proportional to the wind speed U. and the friction velocity U ", and is enhanced / reduced in
unstable / stable conditions: in stormy weather, the relative change in growth rate per degree A® is
estimated to be 20 to 30 % (cf- table 1).

While the present analytical model is asymptotically equivalent to the Kitaigorodskii roughness
model, its performance in calm c.q. stormy weather (¢f. table 2) and its sensitivity to spectral shape
c.q. mean wind shear near the sea surface need further study; the proposed numerical model may
serve this purpose, and more in general the aim to validate the CL-theory, as applied here to the

problem of momentum and heat transfer between air and sea.

Comparing model results with measuring-data, one should taken into account that generally:

- mean wind and waves have different directions, especially in shallow water;

the shape of the directional spectrum is of importance;

- at lower wind speeds, surface (tidal) currents exert influence;

the wind direction depends on height (wind veering: Coriolis effect).

In order to evaluate the effect of the various assumptions made in the underlying theory, comparison
with (laboratory and field) observations of wind and waves as well as with numerical simulations
(DNS, LES) is necessary.

Available field measurements in the Netherlands have been presented by Andorka Gal (1996) for the
coastal area of Petten, and by Bottema (2002) for the lake IJsselmeer area.

Numerical simulations of turbulent flow over waves have been performed by Phillips et al. (1996), Li
et al. (2000) and Sullivan and McWilliams (2002). Khanna and Brasseur (1997) reported a detailed

analysis of the Monin-Obukhov similarity from high-resolution LES predictions.
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Appendix A. The isothermal boundary condition 6 =0

At zeroth order, we have

0wy =0, (Ala)

Wy 0, Uyr = 0. (Vr 0. up) (A1b)

Wy 0, Ve =0, (vr 0. ) (Alc)

0:p0=2 0, (vr 0. wp) + Ps 0.+ Qs O.vo +PBr gbo , (Ald)
we 0,0 =0.(aur0.0y), (Ale)

with 8, = 0/0z .
Together with the boundary conditions (9), we obtain from (Ala): wy = 0; from (A1b,c): uy , vy are
constants, generally # 0; from (Ald,e): 0= 0 (because of the boundary condition 6 =0, and a7 >0

on 0 <z<h), and po constant = 0.

At first order:
i(kug + Ivg) + 0. w =0, (A2a)
oy ug + 1(kUy + Vi) ug + wy 0, Uy + ik po = 0. (vr O, uy) — Qs 1(lup — kvy), (A2b)
o1 Vo +1(kUy +1Vy) vo+ w1 0. Vi + 1l po = 0. (vr 0. v1) + Ps i(lug — kvo), (A2¢)
0.p1=20.(vrO:w1) + Ps O.u1 + Qs O.vi + Brgb, , (A2d)
w10,0 =0.(ar0.0,) . (A2e)

Integrating the continuity equation (A2a) gives, in view of the boundary conditions (9), kuy + /vy =0,
and so w, = 0; likewise, from (A2e): 8, = 0. Averaging the momentum equations over height, it is
found that po= (I Ps — k Qs )(lug — kvo) / (K* + I*) , where Ps, Qs denote averages over height 4.

At second order:

itkuy + v))+ 0. wr, =0 (A3)

Elimination of u, , v; from this equation and the first order momentum equations yields:

az(VTazz"VZ):[Z(BS_PS)_k(QS_QS)] (lug — kvy) , (A4)
and wy0,0 =0.(ar0.05) , (AS)

with boundary conditions: w, =0, 0. wy=0 ,and0,=0 at z=0 and z=nh.
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Appendix B. The boundary condition 06 /0z =0

At zeroth order, we have

0wy =0, (Bla)

Wwo 0. Up = 0. (vr O:up) (B1b)

Wo O, Ve = 0. (V7 0. V) (Blc)

0.po =2 0:(Vr 0:wo) + Ps O:uo+ Qs 0:vo + fr g0 , (B1d)
W00 =0.(a70.09) . (Ble)

In view of the boundary conditions, we obtain: wg = 0; uy, vo and 0y are constants, generally = 0;

and O.po=Prgbo constant = 0,s0 po= po+PrOog (z—h/2).

At first order:
i(kug + Ivg) + 0.w; =0, (B2a)
o1 uo+ 1(kUy + 1V ug + wy 0, Uy + 1k po = 0, (vr 0 uy) — Qs 1(lug — kvy), (B2b)
oy vo+ kU, + V) vo+w 0.V, +1l po= 0.(vr 0.v1) + Ps i(lug — kvy), (B2c¢)
0.p1=20,(VrO,w1) + Ps O, uy + Qs 0. vi +Prgb, , (B2d)
6100+ i1(kU+1V)0o+w 0.0 =0.(070:0,). (B2e)

Integrating the continuity equation (B2a) gives: kuy+ [vo =0, and so w; = 0; eliminating p, from

(B2b,c) and averaging over height, it is found that

o1 =—i[k(U+Us) + (¥ +Vs)]. (B3)

Now, the pseudo-momentum and the Stokes drift are O(a?), with wave amplitude a = O(g), so in the

present order of approximation we have

U, = U+0(Y), o1=—i(kU +1V)+O(e?). (B4)

Using kug + Ivy = 0, and averaging the momentum equations (B2b,c) over height,

po=(IPs =k Os)(luo = kvo) / (K + ) . (B3)
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At second order:

i(kuy + ) + 0w, =0 . (B6a)

Gy g + W1 0. Uy + ik py = 0. (vr 0. u2) — Qs i(luy — kvy) = vr (I + P) uq (B6b)
Gy Vo + W2 0. Vi +1l p1 = 0. (V7 0. v5) + Ps i(luy — kvy) = vr (I8 + P) vy (B6c)
0.pr=20,(vr O, wp) +1vr O, (kuy + Iv)) + Ps O,up + Qs 0. vy + Br g0, , (B6d)
6,00+ w2 0.0 =0.(a70.0,) —a 7 (K +%)0,. (B6e)

Elimination of u,; , v; from the continuity equation (B6a) and the first order momentum equations

(B2b,c¢) yields:

0. (vr 8-> wy) = [ I( Ps— Ps) — k( Qs — Os)] (lug — kvo) + (K + ) Pr00g (z — h/2) . (B7)

Averaging (B6e) over height,
[o2+ (KB +P) S dzar100==h"1"dzw,0.0 (B8)

it remains to evaluate the growth rate o,: eliminating p; from (B6b,c) and averaging over height,
we obtain
or=—(K+P) I dz vy
— " dz [wy 8. (U = kV) — i (kPs + 105 )(luy — kvi)]/ (Tug — kvg) (B9)

When wind and waves are aligned (i.e. shear flow and pseudo-momentum in the same direction) it
follows that kPs + IQs = 0; in any case, (Ps, Os)=0(g>), and we may neglect the corresponding

term in (B9). Then (B8) becomes

[o" dz [(K + PY(or — vi) — wy 8. (IU — kW)(lug — kvg)] 0=~ o" dz w, 0.0 . (B10)

22



Appendix C. Coefficients of momentum- and heat-fluxes

From [uy— kvy=x«cAy and kuy+ lvy=0, with kc= \/(k2 + 12) ,and g = k/l denoting the orientation

of the critical rolls, we have
Uy = ZA()/KC , Vo=—(q ZA()/KC , Wp (Z) = KCZA()m()(Z) . and 90 = A() 9,,, . (Cl)

Upon substituting the real part of the solution (10) into (3), (4) and subsequently into (5), and

neglecting in the final expressions terms of O(e %), we obtain
[ dz (1o vy <2d:2d>) = Vot A 1" dz vr (C2)

[ dz {<wu>.0(U+Us)loz}y = Vax Ao 10" dz mo(z2) [Z — qZ, N1+ ¢7) +
vakc' Aot [o" dz mo*(2) I vr (C3)

[ dz {Brg<wd>} = Yk A’ gB 10, 0" dz my(z) , (C4)

where Z=(Z.,Z)=|U"|U"Iv; +dUs/0z .

Then, the equilibrium amplitude 4y of the governing Landau-Stuart equation is:

KAy = (=P, (C5)

with coefficients a , 3 and y given by
a==-2[¢"dzm2) { (Z. = qZ )N+ ¢*) — gBr0,} (C6a)
B =2 Ioh dzvr , Y= .[oh dz moz(Z) Nt o, (Céb,c)

where the Landau constant y > 0 allows supercritical behaviour of the solution, and the existence of
a non-trivial equilibrium-flow state for the profile m(z) and the constant 6, , when o> f3 .

Note that the coefficient oo depends explicitly on the orientation ¢ of the critical rolls.
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Appendix D. Evaluation of the temperature disturbance 0,
To evaluate 0,, from (15b), we need to specify the (empirical) forms of the eddy diffusivities of
momentum and heat, v (z) and o 7 (2).
According to §4.4, assuming that vy = a7 , then
0, 10" dz mo0.(U=gNN(+q") = I dzme0.0
or, with (3), (4), (16) and (17), using V' =—g¢ U,
0., [o" dz mo[<wu>+ | U U Yvr = [ dz mo[<wu>0 ,, + | U |© N1+ ¢H)ivr .
The solution of this equation is given by
0, N(1+¢>) =0 (U-qV").

Inview of ¥ '=-¢ U", we have then simply

0,=0"/U".
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Appendix E. Definition of Richardson number. Approximate solution my(z) for ¢ =0
The pseudo-momentum Py is defined by

Ps(z)=(Ps, Os)=0.Gs =0.(Gs , Hy) , (E1)

with primitive function
Gs(2) 2% ad” Y, a0 [-exp(-2k;z) c; k; + k;[." dz’ exp(-2k; ") dUIéz’ ] . (E2)

Herein, a is a wave amplitude, related to the spectral wave energy E by E=Y%p, ga’, a; the

dimensionless weight of the spectral component with wave number k; and phase velocity ¢;,

normalized by ¥, a =1, k;= |k ;1,and OU/ 0z denotes the mean wind shear.

Integrating (15a) once, the equation for m(z) can be written in the form

vr 8.2 my =[Ge (2) — qHe ()] N(1+ ¢°) (E3)
where
Go (2) = (z/h) Gs(h) + (1—z/h) Gs(0) — Gs(2) + 2 B 7O " gz(z—h)(U - qV") , (E4a)
Ho (2) = (z/h) Hs (h) + (1=z/h) Hs(0) — Hs(2) —q %2 Br® " gz(z—h)/(U "= qV") ,  (E4b)
with

Go(h) = Ge(0) = He (h) = He (0) = 0, and boundary conditions my=0 at z=0 and z=Ah.

Substituting (3) into (6) and neglecting the O(a”) Stokes-drift term results in:

dE/dt = —[" dz p, {<wu> (<wu> + U U vy — g Br<nwb>} (E5)

which, being a quadratic expression in <wu>, turns out to have a maximum value.

Defining the dimensionless coefficients (from appendix C, neglecting the 0, Ug- term):

as=a /UK, Bs=B/IUIR); ys=yIUI/R*; (E6a)

Ts =% [(a—B)y 1 R2/U|? | (E6b)

we have T's = (ag —Bs)/ys.

Upon substituting these expressions into (ES), using (16), we obtain
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dE/dt = p, |U"* Bs(ous —Bs)/ys » (E7)

where the coefficients still depend on m(z), and in turn via v; also on the parameters d and zos
(note that the coefficient o s depends explicitly on the orientation ¢ of the critical rolls).
Consequently, dE/dt can be conceived as a functional of m(z), and employing the concept of
variational, or functional derivative (c¢f. Dingemans 1997, §1.5.2), it is easily shown that dE/dt attains

a maximum when a5 = 2fs , and
AE/dt | o = pu |U P Bs? iys = pa |U P as® Mdys) (E8)

Thus, invoking the principle of maximum energy transfer, the problem amounts to solving (E3) for
mo(z) and obtaining the maximum value of dE/d¢ in (E8) by variation of the parameters d and zy;
the friction velocity U " then follows from integrating the mean wind shear 6. U in (3) to the wind
speed U,y measured at a given height z,;.

As a measure of atmospheric stability due to air-sea temperature differences, a Richardson number Ri
is defined as follows:

(0N :(lso(l—Ri/z) , (E9)
where o 5 is equal to o g without temperature effect (i.e. 6,, = 0). In order to obtain a workable
expression for Ri, an estimate of the integral [," dz mo(z) is needed.

The solution my(z) of equation (E3) can be written in the form
mo(z) = 2., mo, sin (nm z/h) , (E10)
where the boundary conditions: my=0 and 0, me=0, at z=0 and z = h, are satisfied auto-
matically. The coefficients m,, can be found numerically by standard methods, e.g. collocation.
Here, an approximate solution will be given in the form (for g =0, ¢f. Part 1):
mo(z) = mg; {sin (nz/h) + b sin (2nz/h)}, (E11)
in order to estimate the value of the integral [o" dz mo(z).

From the analysis in Part 1 (appendix E, with f, = 1) we arrive at
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mo /h? = —P A (E12)
where
As=Agmax = C1 + bmax G, s b= bmax ~(0-32 , (E13a)

Ci=ldzsinz/z =Si(n)=1-8519, C,=¢"dzsinz/z =Si(2n)=1-4182, (E13b)

(For the definition of the Sine Integral, see Abramowitz and Stegun 1968, §5.2).

With the approximation (E11) the Richardson number Ri can be written in the form

Ri = 4k [(nAsma) PO gh /| U|* . (E14)

From the expression (19) for ® *, with U, = 0 , we obtain finally

Ri = 4k /(T Asmax) Br(©.-0 ) gh /| UU.| . (E15)

The value of Agpna.x follows from (E13): Agmax = 2:32.
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Appendix F. Estimation of the mean value of the pseudo-momentum Pg

In Part 1, a simple model was derived for the wave-induced wind stress, based on the approximation
Ps = 0, i.e. the average-over-height value of the pseudo-momentum was supposed to be zero. Here,
an alternative estimation of Py will be given: according to (E1) and (E2), the pseudo-momentum Pg
decays exponentially with height z, so Ps(h) =0 and Ggs(h) =0as 2k, h>> 1.

Then, from (15a, g = 0; z = 0) we have:

Ps =Ps(0) + &.(vro.>mo)l o + o ghPrO, (Fla)
and:

Ps =—Gs(0)/ I . (F1b)

The expression (C5) from Part 1 is given by

Gs(0) =% a* [- cnkm + U (1= G)/(2k z05)] (F2)
with shape factor
Gn = Y a exp[-2k; (d + z5)] - (F3)
From (E1) and (E2),
Ps(0) = @® { X4’ cik; — Yok, 0UIOzl o} . (F4)

Under neutral stability conditions (0 ,,= 0), using (E11) and (E12), we obtain, with v7(0) = xU zs ,

Ps = a’ {Ya’ck/ — K, U2k z00)} + V2 Mo U 205 /h (F5)

where A= 2(1+8b)(kn)*/As = 6-09 ; further, assuming the frequency spectrum sufficiently narrow,

2 2 o 2 :
2 a7 ¢k =c,k, ,we obtain

(1- G,) IQ2xKnzos) = CmlU " = MoK zos /(K @)* + (1= 2Ky Zos € /U ) Bl zo5) ,  (F6)

wherein some correction terms emerge, in comparison with equation (23b). In order to eliminate zy,
from (F6), let x = 2kKyzos cn/U 5 p=ho! [2«(Kn a c/U Y1 g=2knh—1; r=2k, h—(1- G,);
then x must satisfy

px’+qgx -r=0, (F7)
with p,qgandr >0.

The quadratic equation (F7) has a solution x>0,
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x="Y% [N+ 4prigh) - 11 qlp . (F8)

As 2k, h>>1, we have g = r =2k, h, and obtain

x=Y%[N(1+4plg)— 11 qlp . (F9)

Alternatively, U can be eliminated from (F6), using the approximation 2k,, # >> 1, and the estimate

h=U"/(o.fc), to yield an expression equivalent to (F9):

U*/ Cn = 2KkaOS [1 + 7\10(1 OfC kaOs / (2mm (km a)2 )] ] (FIO)

which is comparable with equation (23b). For a North-Sea situation under neutral conditions, the
constant oy = 12, and the Coriolis parameter fo = 1-15 x 10*sec™, ¢f. Donelan (1990).
It should be noted that due to the neglect of the (1-G,,)-term in (F6), the equivalent expressions (F9)
and (F10) become independent of the displacement height d ; as a consequence, in the calculation of
the drag coefficient Cp, , d becomes an adjustable parameter, scaled as d =y, H, , with v, = O(1).
Some results of the calculation are shown in table F1, to be compared with the RASEX-results of
table 2 (it turns out that the Ao-term in F10 is @(107%) and can be neglected).
However, these model results depend essentially on the (rough) approximation of the shear term
0. (vr 6.7 my) o by the A¢-term in the expression (F5): being the product of a small factor v (0) and a
large factor (0, 3 mo) | o , its value should be tested by an accurate numerical model.
Thus, the model results may be found sensitive to

- the effect of the applied simple eddy viscosity model,

- the shear of the wave-induced wind stress,

close to the sea surface.

Uipn (m/ ) 6-41 10-33 15-14
Ya=1-0 23 4.0 6-4
va=14 13 2:6 4.6
Y4=2-0 0-3 12 2:6

Table F1. Some values of the drag coefficient Cp,, in units of 10~ (model F10)
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