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Abstract—New experimental data that make it possible to explain and predict the observed variability of tur-
bulent-energy dissipation in the upper ocean are discussed. For this purpose, the dependence of the energy dis-
sipation rate of breaking wind waves on their propagation velocity (see [1]) is used. The turbulent-energy dis-
sipation values obtained earlier in [2, 3] by a direct method are compared to the results of radar measurements
of individual breaking events presented in [1]. On the basis of this comparison, a strong dependence of the tur-
bulent-energy dissipation value on the stage of wind-wave development, which is characterized by the ratio
U,/c, (U, is the wind speed and c,, is the phase speed of the peak of the wind-wave spectrum) is confirmed. This
dependence was found earlier purely empirically. Moreover, it is shown that the theoretically obtained depen-

c \4
dence (Fp) , does not contradict the available empirical data. The results of this study opens possibilities for
a

scientifically substantiated calculations of greenhouse-gas exchange (specifically, CO, exchange between the

ocean and the atmosphere).
DOI: 10.1134/S0001433809030104

1. INTRODUCTION

The schemes used in [3-5] to describe physical
processes of ocean—atmosphere local interaction are
based only on the characteristics of atmospheric and
oceanic turbulence and wind waves that are deter-
mined via direct methods, i.e., on the basis of the most
perfect present-day techniques of measuring different
statistical characteristics of oceanic turbulence and
wind waves. This relates primarily to such difficultly
determined characteristics as the turbulent-energy dis-
sipation immediately beneath breaking waves, €,; the
width of the dissipation subrange in the wave spec-
trum, which is characterized by the quantity ®,, which
represents the low-frequency boundary of this sub-
range; and the values of aerodynamic roughness of the
ocean surface as seen from both above (z,) and below
(z,4), Which are determined from measurements of the
quantity ®, and the entire wind-wave spectrum. With
this approach, a certain dependence of these quantities
on the stage of wind-wave development has been
established in most cases. This stage is characterized
by the quantity U,/c, (where U, is the wind speed and
¢, is the phase speed of the spectral peak.

This study shows the efficiency of this approach by
using different methods of determining €,—the value

of turbulent kinetic energy dissipation immediately
beneath breaking waves.

2. CONCLUSIONS OF THE THEORY
OF THREE-DIMENSIONAL TURBULENCE
FOR THE UPPER OCEAN SUBJECTED
TO WIND WAVES

The most constructive way of determining the variabil-
ity of turbulent-energy dissipation €, in the upper ocean is
the use of the theory developed in [5, 6], according to
which the system of determining parameters for describ-
ing the variability of €, can be written as

& = flltsen 2 Koo 200), 2> 0, (1)

where uy.,, is the friction velocity in the upper ocean;

z is depth; K, is a constant (in depth) turbulent viscosity,
which is defined by analogy with shear-free turbulence;
and z,, is the parameter of ocean surface roughness as
seen from below, which may be described, in accor-
dance with [12], by the following formula:

K
Zoq = 0.1K/us mnst Re, = 70 > 1. )
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in the region with dissipation presumably constant in depth
is determined and shown in this figure as InA( = 3.04; six

points, which are indicative of a rapid decrease of €, with z

UgZ

in the range 1.6 > > 1.2, are also shown: (/) two val-

0
ues from the WAVES experiment [3], 2) SWADE data in the
region £(z), and (3) SWADE data in the region €, = const = €.

In view of (2) and according to [6], it is possible to
assume that

e 3

4
Usery | U2

g = ?*O-F(*—] VIS 2> 2,4
The latter formula shows that the rate of turbulent-
energy dissipation €, depends on both the characteristics of
the velocity-shear flow (through the quantity us.,,) and the
turbulent-energy diffusion flux, which predominates in
the case of shear-free turbulence (by means of the quan-
tity K. In the region of turbulent patches that form as
a result of different types of wind-wave breaking, or,

more precisely, in the region £ < O(1) (—Z— < 10) in
Ky Zod
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(3), it was assumed that the dissipation €, is already
independent of z, so that €, = €(ux,,, Ky), or

F = Ay; )

where A, is a dimensionless constant coefficient.

It is formula (4) that is the most constructive result
of [3, 5], which indicates that, in the course of gener-
ation of turbulence under the wind effect in the pres-
ence of wave breaking, the dissipation value €, may
depend on both the velocity shear (through u.,,) and

the turbulent-energy flux, which is directed deep from
the center of the patches generated by the process of
wave breaking (through K;). In [3], much attention
was given to both the possible existence of a notice-
able depth range where (4) is valid and the determina-
tion of the values of the constant A, for different con-
ditions of coexistence of waves and wind, i.e., at dif-
ferent stages of wave growth. It has been found (see
Fig. 2c in [3]) that, for the initial stages of wave devel-
opment (a very small wind fetch and a rapid growth of
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where uy, is the friction velocity in the near-water
atmospheric layer), the depth range in which (4) is
valid could not been detected in [3] (on the other hand,
the region was revealed in which g, ~ 772 for both stable
and unstable stratification). At the same time, this
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depth range was observed to a depth of %ﬁg <3.0 for
0

the SWADE experimental data [7], which corre-

sponded to developed wind waves (g—“ = 1.0—2.0) in
P

the open ocean. The average value of A, obtained from

these data was 20.9 (see Fig. 6¢ in [3]). This value was

found without allowance for the values of g(z) in a

thin surface layer, where variations in €,(z) with depth

were observed.

Analyzing the SWADE data in [2], I was able to
obtain a rough estimate for the variability of A,
depending on the age of wind waves U,/c,:

Ag(1)=320; Ay (1.3)=120; Ay(1.5)=90;
Ay(2) = 60 Q)

where the average value is A, = 140. These data were
presented in my report at the International Symposium
on Gas Exchange in Miami in 2000. In contrast to the
aforementioned average value A, = 20.9, these data
were obtained without the initial selection of experi-
mental data for the region where €,(z) = const, which is
reason for different average values of A, (20-140).
Now, it is possible to give a more complete description
of A, variability both theoretically and experimentally.
This issue is considered in the following sections.

3. PARAMETRIZATION OF THE PROCESS
OF WAVE-ENERGY DISSIPATION
DUE TO WAVE BREAKING AND THE USE
OF THIS PARAMETRIZATION
FOR DETERMINING THE DISSIPATION
OF TURBULENT KINETIC ENERGY
IN THE SURFACE OCEAN LAYER

On the basis of radar measurements, an effort was
first made in [1] to immediately determine the depen-
dence of the energy dissipation rate in breaking wind
waves on their propagation velocity. For this purpose,
measurements of individual breaking events were
used. In most cases, the connection between the life-
time of a surf (7,) and the speed of its motion (C,) was
clearly defined. The details of this experiment are
more thoroughly described in our study [5] as well.
Our main interest here is the wave-energy dissipation

as a function of C, (or the wave number k, = g/ Ci).
Searching for such dependences is commonly based

on the following initial relation for the wave-energy
dissipation per unit length of wave crests ¢g;:

8L = bpwgilciv (6)

where p,, is the density of water and g is the accelera-
tion of gravity. This relation was found in laboratory
experiments performed above quasi-stationary break-
Vol. 45
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Fig. 4. Dependence of InA( (23) on U,/C, for different wind speeds U, (m/s). The square shows the region of the observed values

of InA( according to Figs. 1-3.

ing waves. The values of the numerical coefficient b in
(6) can be chosen using the relation

_ .8
=Ty
which was derived in [3]. In (7),  is the characteristic

vertical size of the jet (its thickness) that forms in the
course of breaking and moves forward with the speed

27tC§

b (7

C, in the direction of motion of the surf and A, =

is the wavelength of the breaking wave, which is sub-
stantially greater than d, so that b is a small numerical
coefficient. Its value is estimated at 0.03 in [9]. The
range of its values for different types of breaking waves
b = (3-16) x 107 is given in [10]. For the wave-energy
dissipation value per unit area g, it is possible to use the
expression

5
=P
g=b o

In [1], the emphasis was on determining the depen-
dence of the wave-energy dissipation on the quantity

®)

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

C,. With this goal, in his study [1], Phillips introduced
the function A(C,) to characterize the length of break-
ing elements (surfs). It does not have the dimension of
length, because it represents the average length per
unit area and unit speed range, i.e., a dimension of

[A(C)] = 12 The methods of determining the quan-
L

tity A(C,) are more thoroughly described in [5]. Using
this quantity, the authors of [1] considered the quan-
tity

&

= bp. -1 SA
Ac = Pt CIAC)

e,(C,) =

)

as a function of the speed of breaking-front motion C,
(or the speed of surf motion). This dependence is
depicted in Fig. 6 from [5], where the distribution of

e, (C
W(b ) is shown. It is this quantity that is of primary

importance for our purposes, because it gives the distri-
bution (over C,, k,, or A,) of the wave energy that is lost
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during wave breaking per unit volume. Under certain
conditions, this distribution can be compared to the tur-
bulent-energy dissipation value in turbulent patches
that form beneath the sea surface as a result of wave
breaking. More accurately, the expression for €,(C,)
may be written as

e.(C.) = bap,g CIA(C,), (10)
where o is a numerical coefficient, which characterizes
the ratio of the average length of a turbulent patch that
forms during wave breaking to the quantity C,t, (T, is
the average lifetime of the patch (or surf)). The value of
o must be within the range 0.5-1.0 [5]. In order to find
the relation between the wave-energy dissipation value
per unit volume €, and the turbulent-energy dissipation
value per unit mass in turbulent patches that arise from
wind-wave breaking, it is necessary to know the life-
time of surges (i.e., individual breaking elements, or the
so-called breaking events). In [1], a sufficiently reliable
relation was established between the average lifetime
of a surf T, and its speed C,. This relation may be writ-
ten as [1]

C
T, =5-—< = ir: 0.87,

=5t =0 (an

2—n1/2 = 2—nC is the wave period. Then, the
(gk) g

expression for the turbulent-energy dissipation g, per
unit mass in turbulent patches that are formed by surfs
may be written as

where T =

8w(C'e) bo 4
= —C,A(C,).
pwre 5 e ( e)

& = (12)

Equating (4) and (12), we obtain the following desired
expression for the constant A, in formula (4) for &

4
A, = lﬂ(fﬂj A(C)K,. (13)

5| Uy

This expression will be subjected to further analy-
sis and used for numerical estimations and compari-
son with the data on A, variability obtained earlier in
[5]. To conclude this section, we notice that a strong

. . . . . C
increase in A, with the inverse wind-wave age (D—e) ,

which was found in [2, 3], is completely supported by
formula (13).

a
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4. NUMERICAL ESTIMATES FOR A,

When formula (13) is used, the emphasis should be
on determining the range of possible variations in the
quantity A(C,) and the coefficient of turbulent viscos-
ity (constant in depth) K,,, which can also depend on

C, (more precisely, on the ratio MC—E ). However, under
kw

the existing uncertainty in choosing many quantities
that are used to parametrize the processes under study,
it is necessary to take into account the fact that many
of these quantities can be determined only to within an
order of magnitude. We start with the coefficient K|,
The theory developed by the author [11, 12] has led to
the following result:

K, = ai,cog = ngJS(w)du),

O

(14)

where a,, is the rms amplitude of breaking waves and
®, is the low-frequency limit of the dissipation range in
the frequency spectrum of waves, which characterizes
the frequency of breaking waves. If

S(w) =Bg*0” =0, (15)
Ky = 550, (16)

where B = 0.025 is the Phillips constant. In view of
recent data [5, 13], when K is estimated in (18), the
possible dependence of ®, on the stage of wave devel-
opment, i.e., on the ratio C,/us,, in this context, should

be taken into account (see Fig. 8 in [5]). If the typical

o0,U,
average value

=4.0 is immediately taken for the

quantity ,U /g, then according to (16), we find that

LU
K, = 2x 107" =~ (17)

So, even for such small wind speeds as 5 m/s, formula
(17) leads to K, = 20 cm?/s; i.e., it gives a value of the
same order of magnitude as viscosity in the shear layer,
where it is on the order of uy, s if A =50 cm, i.e., on the
order of a,. Analysis of the WAVES and SWADE
experimental data in [3] has shown that that the corre-
sponding value of w,U,/g is in the range 5.0-12.0. In

0,U,

[4], it was assumed that =6.0 (see Fig. 3 in [4]),

which is most typical of conditions close to developed

Vol. 45 No. 3 2009
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o,U
wind waves. Below, we will take %’ = 5.0, which
leads to
3

LU
K, = 1.0x 107" =,
g

(18)

because value (18) was chosen by us earlier in [3] dur-
ing analysis of the SWADE experiment [3]. As is seen,
calculations of K|, turn out to be rather sensitive to the

o, U
values chosen for —4—=

. Itis likely that the actual vari-

K
ability of the quantity —O;g can be estimated at (0.5—
U

a

o, U
2.0) x 10%, depending on the value chosen for —£—= .

8
(The data of [3] that are presented below for the
SWADE experiment [3] were also obtained at w,U,/g = 5.0,
so that their use here does not require any recalcula-
tions.) As for the quantity A(C,), its values are given in
Fig. 5 from [5] and, according to [1], lie in the range

AC)=(B%10*=5x107) m=. (19)

Thus, it is possible to firmly state that the main variabil-

ity of Ay in (13) is due to its dependence on both the

wind-wave age (the quantity U,/c,, which is related to
3

U
(C,/uy,,) in (13)) and the wind speed (through K, ~ E“ ).

In order to determine the relation between the quantity
ux,, and the wind speed, it is best to use the conven-

tional approach in which

172

_ (Pa : _

Ugy = | — Uy Ugq =
Pw

cus
) (20)

C, =107 Z2~107,

w
where p, is the air density, ux, is the friction velocity in

the near-water atmospheric layer, C; is the resistance
coefficient for the sea surface, and U, is the near-water
wind speed. Then,

C C —-12
£ = _e(gg Cf) .
Uy, Ua pw

2n

For calculations of A, in (13), we chose the following
numerical values for the constants o and b in accor-
dance with [1]: =1 and b = 1.0 X 1073, where the latter
is the average value in the range (7-13) x 10, which is
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indicated in [1]. Thus, the quantity 1259‘ in (13) was
taken to be
bo

02x107. (22)
In view of the possible ranges of variations in o
(o0 = 0.5-1.0) and b, this value of ba/5 can hardly intro-
duce errors greater than by 2-3 times. Therefore, the
expression for A, may finally be written as

C 4
Ay = 02x107 x 10‘2(36) A(C)K,.

a

(23)

The quantity A(C,) will be taken as the average value
over the entire range of values C, = 2.5-6.0 m/s in
accordance with the experimental data presented in [1]
(see also Fig. 5 in [5]). In this range, A(C,) = (2 X 10*-
5x 107), which yields the average value 1.2 x 10, It is
seen from Fig. 5 in [5] that, in the range C, = (3.0-4.5)
m/s, the quantity A(C,) hardly varies and remains at the
level of 2 x 10*. Thus, choosing A(C,) = 1.2 X 104, we
also take into account a small (but noticeable) decrease
in the values of A(C,) with increasing C, (in the range
C, = (4.5-6.0) m/s). For a more convenient comparison
of the results of calculating A, according to (23) with
the available data of direct measurements of A, we
present the SWADE experimental dependences of A
on the wind-wave age U,/c, [7] in Figs. 1-3. (Recall

0,U,

once again that the only value = 5.0 was used in

calculations of K,,.) In Fig. 1, which was borrowed from
[3], it is seen that the region where €,(z) = const is fairly

well defined for MI*(—WZ > 1.5, and only six points near
0

the surface show a marked tendency of increasing €,z)
as the surface is approached. Figures 2 and 3 were con-
structed with these six points eliminated, so that the
dependence of A, on U,/c, was found only for those €,
values that belonged to the region of constant (in depth)
values of €,. In order to compare the observational data
shown in Figs. 1-3 with the results of calculations by
formula (23), we have presented a table of A, values for

. U, .
different values of ok Taking into account that, as a

e

rule, C, < ¢, or approximately C, = (0.5-0.3)c,, we

U
determined the variability of A for the range Ea =2-6,
which appeared to correspond to the experimental con-
ditions of SWADE [3]. In addition, because the
SWADE experiment [3] was conducted under condi-
tions when the average near-water wind speed varied in
the range 8-12 m/s, we performed calculations for
wind speeds of 5, 10, and 15 m/s. The final results of
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Values of 1nA for different values of V,/C, and wind speeds
U,=5,10, and 15 m/s

UJC, | U,=5m/is | U,=10m/s | U,=15m/s
1.0 3.36 5.50 6.71
1.2 2.627 4767 5.98
1.4 2.013 4.153 5.36
1.6 1.46 3.603 4813
1.8 1.01 3.15 436
2.0 0.59 2.73 3.94
22 0.19 2.33 3.54
24 ~0.146 2.00 3.20
2.6 1.69 2.90
2.8 1.37 2.58
3.0 1.08 2.29
32 0.85 2.06
34 0.594 1.80
3.6 0.37 1.58
3.8 0.16 137
40 ~0.06 1.17
42 0.97
44 0.78
46 0.61
48 0.39
5.0 0.28
52 0.11
54 ~0.04

Note: The values chosen for the constants in C, calculations in (23)
are indicated in the text. The ranges of InAy values presented
in Figs. 1-3 are separated in the table and are shown hravy
numbers.

these calculations by formula (13) for A(C,) = 1.2 X

10* m™22/s are given in the table and Fig. 4, and the
reader can judge their agreement with the experimental
data presented in Figs. 1-3. It can be seen that, for tem-
perate wind speeds of 5 to 15 m/s, the observed values

U
of A, are in the range of real values C—“ =0.3-1.7.
p
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5. CONCLUSIONS

We have paid special attention to determining the
turbulent-energy dissipation value €, beneath breaking
waves. The point is that the theory of gas transfer
between the ocean and the atmosphere [14] shows that
the gas transfer velocity V, for CO,, O,, and other
gases (resistance to their vertical transfer is estab-
lished in the water medium rather than in the air) is
described by the formula

Vir = (&V) " }f(Pr), (24)

where €, is the characteristic value of turbulent-energy
dissipation in turbulent patches that form in the course
of wind-wave breaking, v is the viscosity of air, and Pr
is the Prandtl number. It follows that the gas transfer
velocity, which is

Vi = A$/4M*W(—V—)”4f(l’r), 25)

K,

in accordance with (4), not only depends on the wind
3

U
speed (via us,, and K, ~ j ) but also depends substan-

tially on the stage of wind-wave development (through A,).
In view of (23), it can even be stated that the gas trans-
fer velocity increases with wind-wave growth because

-1
A(l)/4 ~ (%) . The data presented in [15-18] indicate
p

that a dependence of this kind actually occurs, and we
intend to devote a separate study to its description as
well as to a discussion of the methods for calculating
the transfer of greenhouse gases between the ocean and
the atmosphere.
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