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Abstract. Both mean and wave-induced motions generate turbulence in the air flow above sea waves.
Assuming a local balance between production of turbulent kinetic energy and its dissipation, an
explicit relation for the heat exchange coefficient Cy is obtained. It is shown that Cy follows a
square-root dependence on the drag coefficient C p. However, the proportionality coefficient appears

to depend on the sea state, expressed in terms of the coupling parameter. Dependence on the sea state

suppresses the CID/2 wind-speed dependence, and results in a marginal increase of C gz with increase

in the wind speed.
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1. Introduction

It is well established by field measurements that the heat (sensible and latent)
exchange coefficient over the sea is much less dependent on the wind speed than
the drag coefficient (Anderson, 1993; DeCosmo et al., 1996; Friehe and Schmitt,
1976; Geernaert, 1990; Large and Pond, 1982; Smith, 1980, 1988, 1989). However,
the actual wind-speed dependence of the heat exchange coefficient is obscured,
because difficulties in heat-flux measurements result in a considerable scatter
of data. The heat exchange coefficient Cy is usually parameterized as a constant,
i.e. wind speed independent Cy = Const. (Anderson, 1993; DeCosmo et al., 1996;
Friehe and Schmitt, 1976; Large and Pond, 1982; Smith, 1980, 1988, 1989), with
the constant having a value of about 10~3.

However, a dependence on wind speed is not ruled out by field measurements.
Large and Pond (1982) argue that for wind speeds above 10 m s~! the parameteriz-
ation of the heat exchange coefficient in terms of a constant temperature roughness
length is more appropriate, though the statistical improvement of such a fit to their
data is not significant compared to the constant heat exchange coefficient para-

" meterization. Assuming the logarithmic distribution of temperature above the sea
surface, it immediately follows that in this case

Cy =ciCy’ D
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where Cp is the momentum exchange coefficient (the drag coefficient), and ¢y is a
constant. For high wind speeds the dependence (1) overestimates the heat exchange
coefficient, compared to the constant value of Cy, by more than 50%.

The different wind-speed dependences of the drag coefficient and the heat ex-
change coefficient can be explained by the difference in exchange mechanisms
of momentum and heat close to the sea surface (Makin and Mastenbroek, 1996).
Momentum is transported to a large extent by the organised wave-induced motions
correlated with the waves (the wave-induced stress). With increase in the wind
speed the wave-induced stress increases, which results in the growth of the drag
coefficient (Makin et al., 1995). The wave-induced flux of heat plays a negligible
role in the heat transport (Makin and Mastenbroek, 1996), so that waves cannot
directly influence the exchange of heat over the sea. The heat transport is fully
determined by turbulence above waves, and by the molecular processes in the
laminar sub-layer next to the surface.

Makin and Mastenbroek (1996) used a differential model of the boundary layer
above waves based on the full balance equations of the turbulent kinetic energy
(TKE) and its dissipation to show that the heat exchange coefficient does increase
with the wind speed, though slower than is described through (1).

Here, assuming a local balance between the TKE production and its dissipation,
an explicit relation for the heat exchange coefficient is obtained. The heat exchange
coefficient follows C dependence however, the proportionality coefficient is
not a constant but depends on the sea state, described in terms of the coupling
parameter « (the ratio of the wave- mduced stress“at the surface to the total stress).
This dependence on « suppresses the C ? increase of C H, which results only in a
marginal increase of Cy with increase in the wind speed.

2. Eddy Viscosity Above Waves

Above waves the total stress (u?) is supported by the mean turbulent stress ¢/ =
—u'w’, and the wave-induced stress ¥ due to the organized wave motions in the
atmosphere induced by waves (Janssen, 1989; Chalikov and Makin, 1991; Makin
et al., 1995), so that

T'(2) + 1¥(2) = u?, )

and by definition equals the square of the friction velocity u,.
The local turbulence closure relates the turbulent flux to the gradient of the
velocity field u via the eddy viscosity K

t'(z) = K%-. 3)
0z
From (2) and (3)
g _ =u - 17(2). 4)
0z
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In terms of the coupling parameter

G 5)

o =
u}

and the dimensionless decay function of the wave-induced stress

()

Equation (4) is rewritten as

K?=ﬁﬂ—#w% | ™
Z

" The decay function f(z) approaches 1 at the surface, and rapidly decays with
height above the waves (Makin and Mastenbroek, 1996).

. To obtain the eddy viscosity K above waves, a local balance between the TKE
prbdu‘étitm P ‘and its dissipation to heat ¢ is assumed (Chalikov and Belevich, 1993;
Makin and Mastenbroek, 1996),

P=e ®)

The production of the TKE P above waves results from both the mean and the
wave-induced motions (Makin and Mastenbroek, 1996),

7
3

P =P + P¥. : &)
The first term on the right-hand side is traditionally written as

ou
Pt = t——,’
“5 . (10)

* and-the second'term follows from a balance equation of the mean wave-induced
enetgy, where the vertical flux of the wave-induced energy is neglected (Makin
and Mastenbroek, 1996), viz.

w U

pv = v 2% : 11
4 0z (11)

The TKE production above waves is thus

u_ 2o

]
P=(t+t¥)— = . 12
T+ )az u*az (12)
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Using the mixing length theory, and expressing the dissipation in terms of K
and the mixing length | = kz (« is the von Karman constant), ¢ = K3[~*, the
equation for the eddy viscosity is found from (7), (8) and (12)

K =1lu, (1 —afz)". (13)

If an erroneous balance between the production due to the mean motion only
and the dissipation is assumed (Janssen, 1989; Chalikov and Makin, 1991; Makin
et al,, 1995), i.e., -

Pt =€, (14)
it follows from (3), (10) and (14) that

ou .
= 2=
K=F= (15)
and further accounting for (7)
K =lu,(1-af@)?. (16)

Near the surface as « approaches 1 under strong winds, relation (16) considerably
underestimates the eddy viscosity compared to relation (13).

3. The Heat Exchange Coefficient

Above waves the heat flux is supported only by turbulence (Makin and Masten-
broek, 1996), whence

—_ 0
—Qyw = e*u* = Ka_, (17)
9z
where 0, is the temperature scale. This flux is constant with height in the atmo-
spheric surface layer.
From (17) and (13) the heat exchange coefficient is obtained

Bt 2 [* ~1/4 -

In (18) u,p is the wind speed at 10-m height, and the drag coefﬁcieﬁt is defined as
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Also Af is the temperature difference between 10-m height and the surface, and
integration is done from the viscous roughness length z§ to 10-m height. Makin et
al. (1995) have shown that the viscous roughness length is related to the surface
turbulent stress 7/ (0) = u?(1 — «) through

v

bV — 0.l ————
“ (1 — )2

(20)
where v is the kinematic viscosity of the air.

What follows immediately from (18) is that the heat exchange coefficient is pro-
portional to C gz, with the proportionality coefficient dependent upon the coupling
parameter o. If the sea-state dependence in (18) is ignored, or if it is assumed that
the coupling parameter is a slowly varying function of the wind speed, the relation
(1) is recovered. '

However, the coupling parameter is a strongly varying function of the wind
speed. The wind-speed dependence of the coupling parameter is shown in Figure
1. This dependence is obtained by the Makin and Mastenbroek (1996) model. Data
of Banner and Peirson (1998), though with only two experimental points available,
~ seem to support the model prediction.

The heat exchange coefficient, calculated according to (18), is shown in Figure
2, together with the open ocean data of Anderson (1993). The dependence of Cy
on the coupling parameter suppresses the C 11)/2 dependence on the wind speed,
which results in a slower increase of the heat exchange coefficient with wind speed
compared to the dependence (1). This result was already obtained by Makin and
Mastenbroek (1996), although no proper explanation was given by them. For high
wind speeds the difference in Cy between (1) and (18) can reach 20% and more.

If an erroneous balance between TKE production and dissipation (14) is used
to calculate the eddy viscosity (16), the exponent —1 /4 in (18) should be replaced
by —1/2. In this case the suppression is larger, especially for high winds when
(1—a) — 0, and the heat exchange coefficient decreases with increase of the wind
speed. This erroneous dependence was also shown by Makin and Mastenbroek
(1996).

To obtain a simple parameterization for Cg, the integral in (18) is approximated
by 13.2(1 — 0.75¢)~"/#, which gives

Cy = 0.031CY*(1 — 0.752)"*. (21)

Relation (21) reasonably approximates (18) (see Figure 2) and can be used in
applied studies.
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Figure 1. The coupling parameter o versus u1g. Circles — experimental data of Banner and Peirson
(1998).

4. Discussion

The assumption concerning the local balance between the production of the turbu-
lent kinetic energy due to the mean and the wave-induced motions above sea waves,
and its dissipation, allows an explicit relation for the heat exchange coefficient Cy
to be developed. It is shown that Cy; depends on the square root of the sea drag
coefficient Cpp. However, the proportionality coefficient appears to depend on the
sea state, expressed in terms of the coupling parameter. Dependence on the sea state
suppresses the CID/2 wind-speed dependence, and results in a marginal increase of
Cpy with increase in the wind speed. This result was already implicitly obtained by
Makin and Mastenbroek (1996), using a differential model of the boundary layer
above waves based on the full balance equations of the TKE and its dissipation.
Here a clearer explanation of this fact is given.

In Makin and Mastenbroek (1996), we also argued that the use of the mixing
length theory will result in a decrease of Cy with wind-speed increase. Here, this
result is explained as a consequence of an erroneous treatment of the local balance
between production of the turbulent kinetic energy above waves due to the mean
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Figure 2. The heat exchange coefficient Cp versus u1g. Solid line — relation (18); dashed line -
relation (21); dashed-dotted line — dependence (1) with c1 = 0.027. Circles — experimental data of
Anderson (1993).

motion only, and its dissipation, which results in an erroneous estimation of the
eddy viscosity above waves.

Though experimental data do not distinguish between the wind-speed depend-
ence of the heat exchange coefficient (1), (18), or Cy = Const. because of the large
scatter in data, it is thought that the use of the physically based relation (18) is
preferable in applied studies. It relates Cy not only to the drag coefficient, but to
the sea state t0o.

It is worthwhile to mention here that sea spray may play a role in heat (sensible
and latent) exchanges at the sea surface at wind speeds of about 25 m s~1 and above
(Makin, 1998). In this case the generalized explicit relations for the sensible heat
and humidity exchange coefficients that account for the sea spray effects can be
easily obtained by substituting expression (13) for the eddy viscosity coefficient K
obtained in the present paper into equations (67)<(72) in Makin (1998).
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