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Model of local dynamic interaction between a water basin
and the atmosphere under conditions of surface roughness
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The paper presents a mathematical formulation of the problem on describing small-scale interaction
of water basin and the atmosphere under conditions of moderate wind, with the detailed account of the
vertical turbulent exchange near water-air interface. The surface exchange is calculated with the account
of viscous-buffer films in both natural environments. Description of wind-induced roughness is based on
solution of transfer equation for spectral density. The calculated values of the energy influx to waves and
dissipation rates in the near-surface layers and at depth well agree with the observation data. A
parameterization scheme is developed to describe the near-water layer above sea waves.

Introduction

The simulation of small-scale near-surface
interaction of the atmosphere and water basin is very
difficult because of nonstationarity and irregularity of
the shape of interface caused by traveling waves.
Recently, different approaches have been developed to
describe turbulence fields near rough water surface. A
number of models is based on individual simulation of
the system of periodic waves.:2 In other approaches,
spectrally averaged characteristics of the layer of wave
interaction are studied using hypotheses of aerodynamic
resistance of moving underlying surface.34 Some simpler
models account for wind roughness in an integral form,
by calculating the roughness parameter of sea surface
using well known Charnok formula.4

An interesting theoretical model for calculating
resistance of rough surface is described in Refs. 3 and 5.
This approach is based on equations of motion and
balance of turbulent energy in the presence of moving
obstacles; in equations, the obstacles are described
using additional terms associated with the resistance of
obstacles and proportional to the square of relative
velocity of the mean flux. The model is impractical,
primarily because the relationship between the resistance
parameters and statistical characteristics of the roughness
must be determined in it.

The next section formulates the problem, in which
the model from Refs. 3 and 5 is generalized to include an
additional equation for wave energy balance. This removes
from consideration the unknown empirical parameters
and makes it possible, on the basis of analysis of the
energy bonds in the system near-water atmospheric layer
— wind waves — water basin, to obtain a local interaction
model, closed in the internal parameter space.

Statement of the problem

Let us consider motion of airflow over water
surface covered with moving roughness waves. For
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determining the vertical structure of solution domain
we will use the notion of a transient layer occupied by
moving waves (see Ref. 4), and assume that the level
z =0 coincides with the layer bottom (level of the
mean position of wave troughs). We introduce the
following notation: 74 is the top height of near-water
layer; and /A is the thickness of the transient layer. In
the layer 0 — A, there occurs a momentum exchange
between the atmospheric airflow and waves due to
normal pressure forces, as well as a transfer of
tangential tensions to drifting current. It is assumed

that the lower boundary of the region in water H is
located at depth making no contribution to natural
decay of the surface processes.

Assuming that the level %y is located above the
layer of wave interaction, for quasi-stationary
conditions the dynamic equation is written as>:
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where U is the wind speed; b is the kinetic turbulence

energy (KTE); €is the rate of KTE dissipation; J = Ug -
—NO©,, A is the buoyancy parameter, © is the air
temperature; C is the phase speed of waves; y; is the
dimension parameter (in m~!) having the meaning of
friction coefficient; and ¢y, ¢, and c3 are universal
constants. It is assumed that y; vanishes above the
level hy.

For H<z< 0, the current in the water basin is
described by the equations
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where J = U2 - gBsT,; T(z) is the temperature of
water; Br is the thermal expansion coefficient of water;
g is acceleration of gravity; and the tilde over the
quantities indicates the water medium. The parameters
of surface waves will be calculated using wave energy
balance equation in the spectral representation®

%+cx%+cy%:1—0, 6))
where S(w, 9, x, y, t) is the spectral density of wave
energy, W is the frequency, ¢ is the direction of wave
propagation; C,, C, are the component vectors of the
group velocity along the directions x, y; I is the wave
energy supplied by wind; and D is the rate of energy
dissipation due to wave disruption. Solution of
equation (3) makes it possible to determine the mean
roughness parameters. In particular, for elevation o and
thickness /&, we obtain4
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Now we consider the boundary conditions. At the
top boundary, the wind speed Uy is assumed to be
db Je

U=Uip; g, =0 Ky

o 5, = Ku.E for z = hyy, (5)

where u, is the dynamic speed. In specifying conditions
at water-air interface, KTE continuity at the surface, as
in Ref. 2, is assumed
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where D = 0.5¢(1 — a)J J Ddwd¢ is the KTE flux
0 0

into the water; v is the molecular viscosity of air; and
parameter a < 1 characterizes the fraction of wave
energy converted to heat immediately above water
surface and omitted within the model. The Ilast
condition in the system (6) determines the turbulent
regime of the surface layer by specifying the scale
length [ associated with the intensity of roughness.

For the bottom boundary in the water we specify
the conditions:

=0 forz=H. 7
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By orienting the x-axis normal to the shore, we
write the boundary condition for equation (3), along

the shore, assuming statistical homogeneity of
roughness with respect to y
S =0 for x = 0. ®

As the initial conditions for equations (2) and (3),
we specify the state of rest.

From analysis of energy relations for systems (1)—
(3), it can be shown that the boundary conditions
formulated above do not contradict the laws of energy
conservation in the components of the natural system
near-water layer — wind-induced waves — top layer of
water basin. The necessary condition of the energy
balance is given by the equation
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which provides closure for the problem with respect to the
quantity y;, usually specified as an external parameter.

Treatment of the viscous layers

Equations (1) are valid for developed turbulent
regimes and fail for conditions realized near interface,
where the turbulent viscosity is comparable to the
molecular viscosity. The dependence K(z) in the viscous
buffer air layer 0 <z < h, is approximated by the
empirical formulad

Ky -v[(1 +0.1v,z/v)?], 9

where v, is dynamic speed of tangential friction; and the

subscript v stands for viscous buffer layer. The layer
thickness 4, is (30 = 50)v/v,, in conformity with
numerous estimates.3>

For calculation of v+, we use the equation of
momentum conservation in the layer of moving
obstacles

hy
pu? = py; J OU — CI(U - C)dz + pvZ,  (10)
0

where the first term in the right-hand side describes the
resistance to airflow due to obstacle shape; while overall,
the equation characterizes the momentum loss due to
Reynolds tensions counteracting the resistance forces.
Within the viscous buffer layer, it is assumed that

K U _ V2, K % _
vy, T Vi Ky = const,
which, combined with (9), makes it possible to
reconstruct the velocity and KTE profiles as functions
of z in this layer.

The viscous buffer layer in water is simulated by
hypothesizing that the structure of near-wall turbulence
in water and air is the same,>7 i.e., by assuming that
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the distribution K(z) in formula (8) does not depend
on whether parameters for water or air are used.

To calculate Dy in (6), the underwater dissipation
determined by the parameter @ must be known.
Presently, the data on the rate of KTE influx into the
water during wave overturning are very scarce. Here we
only mention an estimate by Kitaigorodskii4 (@ = O(1),
consistent with measurements) and let a = 0.96. As
numerical experiments show, such a value of @ in water
favors the formation of wind-driven mixing layer in
which the calculated dissipation rate reasonably agrees
with the observed £ values.!

Parameterization of the transient layer

We now will consider a numerical solution to the
problem for conditions when roughness parameters vary
little with time. Figure 1a presents KTE profiles in the
near-water layer calculated assuming Uy =8 m /s for
fetches x = 1-3, 5, 10, 20 km (the curves are shifted in
horizontal, and curve numbers correspond to distance
from coast). The horizontal bar on the curves indicates
the calculated height of the transition layer /. The
vertical bar indicates the equilibrium b value,
characteristic of the traditional layer of constant fluxes
over non-moving underlying surface. The deviation of
KTE profile from a constant level is explained by the
resistance to the shape. From Fig. 1a it is seen that the
deviation grows with increasing x, probably because the
larger the fetch, the greater the height and length of
the wind-induced waves.

The character of this KTE distribution, with a
maximum near the level of wave crests and decay of
induced perturbations at heights comparable with height
of waves, is consistent with the turbulent characteristics
on near-water layer described qualitatively in Ref. 3.

The vertical structure of KTE, in dimensionless
coordinate

h -1
dz/KE , (11)
U

(=] dz/K

oS~

is presented in Fig. 1b (curves 7/ and 2). The difference in
the profiles is due to different boundary conditions at the
bottom boundary; in the first case, initial conditions (6)
were specified with a direct KTE tailoring at the
surface z = 0. The input of turbulent energy to water in
the course of wave disruption leads to large b values, an
order of magnitude larger than KTE scale due to
generation by shear. Since KTE values for water and
air are required to coincide, b also has large values,
leading to the fact that the profile peaks at the lower
boundary (curve 7 in Fig. 1b) and KTE flux is directed
from water to air. This effect, reminiscent of reflection
of turbulent energy from the surface, manifest itself
only in the lower centimeter-thick air layer; though it
was not recorded in the field. Quite possibly, this is
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due to the transfer of KTE from waves to air (such as
during ripple); though this is not confirmed
experimentally yet.

Therefore, we will not require KTE continuity at
the interface and, instead of the system (6), consider
the conditions

ab _~ b
pKE:O, PK 5, =PD1, (12)

which again ensures balance of turbulent fluxes. Curve 2
in Fig. 1b is obtained by integration of the problem
with the boundary conditions (12). We see that
formulas (12) are a less restricted condition and
provide physically more meaningful solution. Actually,
the gradients of b near the surface are not high, the

reflection effect is absent, and turbulent energy flux is
directed toward water.
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Fig. 1. (@) Profiles b(z) of the established turbulent regime in
the near-water air layer (figures near curves correspond to the
fetch in km); and (b) profiles of b calculated for boundary
conditions (6) (curve 7) and (12) (curve 2), as well as the
profile of U (curve 3) in dimensionless coordinate .
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The deviation of wind speed from logarithmic
profile over sea waves was discussed extensively in the
literature.34 Using field data, it was shown that the
distortion of wind profile is observed only in the lowest
air layer, most probably due to a change of turbulence
fields under the influence of momentum flux directed
toward waves. The reduction of resistance force due to the
wave propagation velocity leads to an increase in the
wave velocity near the wave crests by as much as 0.5—
1 m/s under marine conditions. This velocity increase
has the same order of magnitude as model-calculated
values shown in Fig. 16 by solid line (curve 3). The
logarithmically distributed U(z) becomes a linear
function in { coordinate; in Fig. 1b it is shown by dashed
line (curve 3). The velocity profile has an inflection
point, indicating the presence of thin transient layer.
Outside this layer, the velocity follows almost linear
law with the slopes u? and v2 above and below the

level ¢ =, respectively. Such a relationship is found in
all calculations over a wide range of parameters. This
provides a basis for construction of a simple parameterization
of the transient layer. Approximating U({) by a piecewise
linear function with a sewing at the inflection point, from
the boundary conditions and momentum conservation
equation (10) we obtain a system of nonlinear equations
relating u. and v.. This system of equations is solved
by iterations.

Comparison  of this parameterization  with
logarithmic law has made it possible to calculate the
roughness parameter zq as a level, at which the velocity
formally turns to zero. Presently, there are many
empirical formulas for calculation of zy, and most of
them are inferred from observations in open sea with
the developed roughness. These formulas can be useless
for inland water basins because they have limited water
area (fetch) and small value of the parameter C/u.,
which characterizes the “age” of the waves.3 This is
illustrated by Fig. 2 which shows the calculated z
values as functions of wind speed for different distances
from leeward coast (curves 7—3 are calculated for
x =135, 10, and 20 km). Also shown are distribution of
roughness parameter, obtained by the method from
Ref. 8 (curve 4) and using empirical Charnok formula4:

z9 = muz/g, (13)

with most frequently used values of the parameter
m = 0.035 and 0.074 (curves 5 and 6, respectively).
Use of formula (13), as usual, for the ocean gives a
monotonic increase of the roughness parameter with
increasing wind speed; whereas its use for a limited
fetch does not lead to such a dependence. For instance,
zog grows slower starting from Uj = 6 m /s, practically
leveling off at Uj, =8 m/s (Fig. 2, curve 1), probably
since the waves reach their limiting height at small
distances from the coast. As the fetch increases (curves
2 and 3), the energy “saturation” of waves occurs at a
larger wind speed until, in the limit as x - o, the
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Charnok formula becomes valid. The increase of z; in
the range Uj;, <2 m/s (curves 1 and 4) is due to the
increase of the role of molecular sublayer in the regime
of weak winds.
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Fig. 2. Dependence of roughness parameter on wind speed for
the fetches x =15, 10, and 20 km (curves 7—3); dashed lines
show empirical dependences (curves 4-6).

The model validation was made using data¥
obtained as part of the field experiment at reservoir of
Wellington, Australia. The data describe the evolution
of mixing layer in water under impact of wind-induced
and shear turbulence during typical late-summer day.
The sea breeze, with a maximum speed of 6.5 m /s,
developed in the second half of the day, and weakened
by the evening. The mean calculated height of the
roughness was as large as 0.17 m for the fetch of 3 km
(in specifying the fetch, the wind direction relative to
coastal line and the position of the site on the reservoir
were taken into account). Figure 3 shows the time
variations of the model friction velocity in water and

actual #. values as given in Ref. 9 in the form of look-
up tables. We note that the experimental values and
theoretical curve quantitatively agree. Also good
agreement is obtained for the dynamics of mixing layer
and absolute values of the drift velocity.
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Fig. 3. Comparison of calculated (dashed) and actual (squares)

. values.
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