DEEP-SEA RESEARCH
Part 11

ELSEVIER Deep-Sea Research II 52 (2005) 1270-1286

www.elsevier.com/locate/dsr2

Momentum and energy exchange across an air—water interface.
Partitioning (into waves and currents) and parameterization

Y.A. Papadimitrakis

Water Resources, Hydraulics & Maritime Engineering Division, National Technical University of Athens (NTUA),
School of Civil Engineering, 5 Heroon Polytechniou St., Zografos Campus, Zografos, 15780 Athens, Greece

Accepted 17 January 2005

Abstract

Expressions have been derived to parameterize: (a) the total (time) mean wind momentum and energy fluxes across
the air—sea interface, and (b) their partition into waves and a mean surface drift current, as expressed by the fractions yy,
and yg, in terms of the wave age, ¢, /u., and the significant slope, §, of the wave field. Available laboratory and field
observations support the parameterization predictions. The fraction of the wave-supported momentum,y,,, increases
initially with the wave age (and/or the non-dimensional fetch, %) but, as the wave field matures, it diminishes and attains
rather constant small values (of about 0.05) at large wave ages (and/or X). For a fixed wave-age (and/or X), 7y, increases
with §. The corresponding wave-supported energy fraction, yg, shows a similar behavior for small and moderate wave
ages (and/or X), although yg values remain greater than about 0.5 in the range 5<c¢,/u, <10; yet, at larger wave ages
(and/or %), although yg values remain greater than about 0.5 in the range 5<c¢,/u. <10; yet, at larger wave ages (and/or
X) yg appears to increase again, reaching values of about 0.8 when ¢, /u, ~ 30, features, all in accord with experimental
observations. For waves generated locally by wind, where ¢, /u, is of O(1), a significant portion of the normalized total
(time) mean wind-energy flux across the interface goes directly to the surface drift current, the remaining being
transferred to the waves. For mature waves or waves generated in the presence of swell, where ¢, /u, is of O(10), this
energy partition changes, the waves now supporting more energy than the surface drift current. The relative importance
of the normalized wave-energy dissipation fraction, compared with the corresponding wave-energy fraction advected by
the wave field and the energy fraction supported by the drift current, is also examined as the wave field develops.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction sphere—ocean interface has received little attention
thus far, although understanding of many physical
Parameterizing the total (time) mean wind processes resulting from air-sea interactions re-
momentum and energy fluxes across the atmo- quires quantitative knowledge of the partition of
these fluxes into waves and a mean surface drift
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Most often in studies of the dynamics of the
upper ocean (Phillips, 1977), the total wind
momentum and energy fluxes from the atmosphere
to the ocean are taken as p,u> and p,ul,
respectively, where u, is the wind friction velocity
and p, is the air density; now we learn differently,
however (cf. Section 4). It also has been assumed
that some fraction of these quantities goes into the
surface waves, the remaining being transferred to
the surface drift current. For estimating the wave-
supported momentum and, in fewer cases, the
wave-supported energy as a fraction of either p,u?
or p,u} some investigators have used simplified
transport mechanisms (e.g., Donelan, 1979; Mit-
suyasu, 1985; Eiffler, 1993; Bye and Wolff, 2001).
Others have calculated the wave-supported fluxes,
along with other important air—sea interaction
parameters, either simulating numerically the
behavior of the atmospheric boundary layer under
neutral and/or thermally stratified conditions (e.g.,
Chalikov and Makin, 1991; Jenkins, 1992; Makin
and Kudryavtsev, 1999; Bye and Wolff, 1999), or
with the aid of integral theories of the interaction
of waves with the wind (Hsu et al., 1982;
Papadimitrakis et al., 1986a).

Laboratory and field work, in this area, has
been conducted by various investigators during
several decades, and more specifically by Donelan
(1979), Snyder et al. (1981), Hsu et al. (1982),
Hsiao and Shemdin (1983), Papadimitrakis et al.
(1986a), Katsaros et al. (1993), Donelan et al.
(1997), Banner and Peirson (1998), Atakturk and
Katsaros (1999) and Grachev and Fairall (2001).
Among these observations only a few correspond
to the water proximity, a region that certainly
controls all of the transport processes. Such data
have been collected either in an Eulerian, wave-
following, frame of reference—although they do
not belong to the viscous sublayer region (e.g.,
Snyder et al., 1981; Hsiao and Shemdin, 1983;
Papadimitrakis et al., 1986a), or by means of other
sophisticated techniques. Banner and Peirson
(1998), for example, using VIP techniques for
investigating, in a laboratory flume, the structure
of the thin shear layer just beneath a wind-driven
air—water interface, presented results on the
contribution of surface shear stresses (tangential
and normal to the surface wave form, in their

terminology) in transmitting the atmospheric
wind-stress into the water motion. They further
studied the behavior of the wave-modulated part
of the tangential component of the surface shear
stress as the wave field progressively matured.

Examination of the available laboratory and
field observations on the conventionally defined
fraction of momentum flux to the waves (or the
wave-supported momentum flux as a fraction of
the surface stress), rv = tw /70, where 1y, represents
the wave-supported part of the wind-stress
(= p,u?), indicates that wide discrepancies exist
among the corresponding results of these investi-
gations. The literature data indicate that the
fraction ry varies from a few percent to almost
100%. For large fetches ry appears to be small
(<10%), whereas for small fetches ry appears to
be large (60-100%).

Regardless of the apparent and real differences
among the available observations on the wave-
supported wind momentum (and energy fluxes),
there has not been (at least, to our knowledge) any
systematic effort to parameterize these fluxes
(however they are defined) and their partition into
waves and a mean drift current in terms of widely
accepted and readily determined parameters. This
is the subject of the present paper.

2. Momentum and energy exchange mechanisms

A detailed description of the mechanisms
involved in the process of exchanging wind
momentum and energy across the air—sea interface
(under thermally neutral conditions), and their
relative importance, can be found in Papadimi-
trakis et al. (1986a), although other investigators
(e.g., Hsu et al., 1982; Chalikov, 1985) provide
similar descriptions. Briefly, the horizontal (time)
mean shear stress acting against the (time) mean
wind-velocity gradient (in the vertical direction)
draws energy from the (time) mean wind field and
transfers it to both the wave-perturbed and
turbulent (wind) fields. This energy, in turn, is
transmitted through the action of wave-induced
pressure and wave-induced Reynolds stresses, in
the air, to the surface waves and, via the action of
(time) mean static pressure and turbulent normal
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and shear stresses (again in the air), to the surface
drift current. For definitions of the respective
quantities and a detailed description of the
contribution of the above agents to the momentum
and energy transfer processes across an air-sea
interface (under various sea state but thermally
neutral atmospheric conditions), the interested
reader should peruse Hsu et al. (1982) and
Papadimitrakis et al. (1986a).

Briefly, neglecting the transport by viscous
stresses, the total (time) mean wind momentum
and energy fluxes, Mt and Er, transferred across
the interface are given by Egs. (2.5-2.10) of
Papadimitrakis et al. (1986a). These expressions
have been derived by integrating vertically the
boundary-layer momentum and energy equations
in the air, held in an Eulerian wave-following
coordinate system that contains only vertical
translation, and are exact for two-dimensional
flows. However, similar expressions have been
given by Hsu et al. (1982) for three-dimensional
flows. We therefore, following Hsu et al. (1982)
and Papadimitrakis et al. (1986a), characterize the
partition of total (time) mean wind-momentum
flux into waves and a mean drift current by the
ratio yy(= M, /M) of (time) mean wave-sup-
ported momentum in the mean wind direction x—x,
M., and the total (time) mean momentum, M,
transferred across the interface in the same
direction. Similarly, we characterize the partition
of total (time) mean energy flux into waves and a
mean drift current by the ratio yg(= Ey/ET) of
(time) mean energy transfer from the wind to
waves, Ey, and the total (time) mean energy
transferred across the interface, Et. Again, we
understand that the ratio ry = 1y,/7, may not be
equivalent to yy; (see also Section 4).

With this picture in mind, it will be attempted to
parameterize: (i) the total (time) mean wind
momentum and energy fluxes transferred to the
water side, and (ii) their partition into waves and a
mean (drift) current, given by the fractions y,; and
vg, in terms of commonly used parameters that
express the wind-field and sea-state conditions and
their mutual coupling, under thermally neutral
conditions in the absence and/or presence of swell.
Such parameters are the significant slope, the wave
age and the swell slope. The definitions of various

quantities follow in proper sections and in the
appendix.

3. A micro-scale model for the momentum and
energy fluxes

3.1. The Energy Transfer Equation

For accomplishing the objectives of this study,
use has been made of: (a) an integral form of the
wave energy balance equation in deep water
(known also as radiative-transport equation, cf.
Hasselmann et al., 1976), and (b) of various
correlations that describe the spatial development
of the wave field and the (local) wave energy losses
caused by the various dissipative mechanisms.

The generation of waves by the wind includes
three distinct stages of development characterized,
respectively, by wave growth, equilibrium, and
decay. These wind—wave interaction processes' can
be accurately described by the wave energy
balance equation, which for deep water takes on
the form:

LD | (ealo.9) + s VF(0,9)

= w(o, ) + l(o, ¢) +i(a, ¢). (3.1)

Here, F(o, ¢) is the two-dimensional wave energy
spectrum and the symbol V represents the
horizontal gradient operator; cq(o, ¢) is the group
velocity of the wave component with frequency ¢
propagating at an angle ¢ with respect to the
streamwise mean wind, x—x, direction, and the
angle ¢ is measured clockwise from the (—x)
direction; ugs is a Eulerian mean velocity repre-
sentative of the surface drift current. A procedure
to determine uys is described, in detail, in the
appendix. w(a, ¢), €(o,¢) and i(o, ) are, respec-
tively, the source functions of wind-energy input to
the waves, wave-energy dissipation, and energy
transfer among the wave components of the
spectrum via the nonlinear wave—wave interaction
mechanism. In general, F(o, @) is a function of the

In this work, we consider only dispersive wave trains, since
the description of non-dispersive bound wave trains requires a
different approach.
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position vector and time, ¢; it can be approximated
by the product of the one-dimensional spectrum,
®(0), and the normalized directional spreading
factor D(¢) or D(o,¢). The directional wave
spectrum, F(a, ), proposed by Donelan et al.
(1985), and modified slightly by Banner (1990), has
been used in the subsequent calculations.

Now integrating Eq. (3.1) with respect to ¢,
from —= to m (neglecting back scattering effects, at
least for laboratory waves), we obtain:

6(1;([0) + {2a(0) + uas) aq;ia)
= W'(6)+ L'(c) + I'(0), (3.2)

Co(0) = {/_ cg(o, p)cos F (o, P) dgo]

T

x[/i/oooF(a,qo)dodq’)}l, (3.3)

where Cg(0) is the directionally averaged group
velocity in the mean wind (4x) direction. An
expression for ¢g(o, @) (= 0o /0k, where k denotes
wave number), including drift current and swell
effects, can be obtained from the kinematical
conservation equation and other dynamic con-
siderations (Papadimitrakis, 1986). W'(s), L'(0)
and I'(o) are integrals of w(a, ¢), £(c, ¢) and i(c, ¢)
with respect to ¢, from —x to 7.

Integrating (3.2) over all frequency components,
we obtain:

OE, OE,
F‘*‘{Cg‘}‘uds}a— W—L, (3.4)

0 —_—
Ey = pg/ @(0)da = pgn?,
0
o0
W=pg [ Wi
0

L= —pg/ L'(0)do, (3.5a,b,¢)
0

where E, is the total wave energy, p is water
density, g is gravitational acceleration, # is the sea
surface displacement from the mean water level
(MWL), and C'g is an overall mean (wave) group

velocity defined as:

00 o0 -1
Cg = [/0 Ce(0)P(0) do} {/0 P(0) do} (3.6)

The second term on the LHS of (3.4), denoted as
R, represents the rate of transport of energy by the
waves and is associated with the spatial and/or
temporal wave growth. ¥ is the total energy input
to the waves (from the wind), and L is the total
wave-energy dissipation rate. The nonlinear wa-
ve-wave interactions conserve energy and, there-
fore, have a zero net effect on the total wave-
energy balance. Consequently, from the Ilatter
point of view, only the wind-energy input, W, the
wave growth (or decay), R, and the wave-dissipa-
tion losses, L, are relevant mechanisms in the
evolution of a wave field.

Next, we determine the rates of wind-energy
input to the waves and to the mean drift current,
as well as the rate of energy dissipation from the
waves (mainly to turbulence) during the develop-
ing stage. The decaying stage is not considered in
this work, for both the spatial rate of wave decay,
and the rate of wave-energy dissipation require
special treatment.

3.2. Energy flux into the wave field

When W > L the waves will grow. Since we are
interested in determining the total wave-energy
balance, (3.4) may be rewritten as:

OFy

. OEy
W=+ (Cotua) 5+ L (3.7)

Under steady-state conditions, the first term on
the RHS is zero. The second term can be
determined from knowledge of the wave growth
with fetch. Experimental observations, under field
(e.g., Kahma and Calcoen, 1992; Babanin and
Soloviev, 1998; Young, 1997) and laboratory
conditions (e.g., Huang et al., 1981; Hsu et al.,
1982), indicate that a relation between the non-
dimensional wave energy, Ey{= Ey/(pu?/g)},
and the non-dimensional fetch, %(= gx/u?), exists;
x here denotes fetch. This relationship, how-
ever, may be different for waves generated in
the presence or absence of a swell, provided
that the corresponding growth rates are different.
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In the absence of swell we have:

2

Ey=xx Ey,= TZ (3.8a, b)
*
where x is a coefficient that can be determined
from laboratory and/or field observations.
Although Hsu et al. (1982) have reported that x
is approximately constant with a value of about
1.6 x 107%, Huang et al. (1981), analyzing (fetch-
limited) laboratory data taken under various wind
conditions (but thermally neutral conditions),
concluded that x is a function of the wave age
(¢cp/us) and the significant slope ( § whose defini-
tion is given in the appendix); ¢, represents the
phase speed of the dominant wave at the spectral
peak frequency; the subscript p refers (in general)
to the spectral peak. Kahma and Calcoen (1992),
reanalyzing field observations collected at three
distinct locations (North Sea, Bothnian Sea and
Lake Ontario), concluded that under both stable
and unstable stratification conditions the dimen-
sionless energy E, varies almost linearly with
the non-dimensional fetch X. Under neutral
stability conditions, elimination of X in their
Eqgs. (16-17, letting at the same time the stability
parameter to equal zero) produces: k = 6.485x
10*4(cp / u*)70'538. Thus, we can derive expressions
for R which correspond to both a constant and a
variable .

Since combining (3.8a, b) yields Ey, = kx(pu?)
and, therefore

x Ou, XxO0Kk| ,

OEy /0x = k|1 42 = = += | pu; = ipu
[Ox=rx|l+ Uy 6x+1c6x'0u* P

(3.9a, b)

it becomes apparent that evaluation of the
radiative-transport term, R, requires knowledge
of the variation of u, with fetch. Such information
may be obtained from the variation of the wind-
stress coefficient, Cyq(= ui/Ugo), with fetch; Uy 18
a streamwise (time) mean free-stream wind velo-
city (a quantity used for laboratory waves, similar
to the (time) mean wind velocity, Uy, measured at
the height of 10m above MWL in the field). Sinai
(1987), among other investigators, using the
momentum integral theory in flows above water
waves, derived an expression for Cy in terms of X,

namely:
~ 1 ~
c;'? =— In{Co%/C; "/}, (3.10)
0

where ko(= 0.4) is the Von Karman constant and
C, is a function of several parameters that depend
on the structure of the boundary layer developed
above the waves. Since for wind-generated waves,
both ¢,/u, and § are simple functions of X it is
possible to eliminate ¥ from (3.10) and express
Cq in terms of either of the latter parameters.
Explicit expressions of C4 in terms of the same
parameters are also available in the literature,
most notably that proposed by Geernaert et al.
(1987), viz., Cig = 14.8 x 1073(c, /u,) """, where
Cio(=u2/ U%O). Such expressions have been de-
rived form field observations and appear to be
valid for wave ages greater than 10.
Now in terms of u, and x, (3.10) yields:

Ou, Uy 1
SR ) . — 11
=N s} a

where Cq maybe evaluated from Sinai’s (1987)
expression in terms of the wave age. Taking « to be
constant we obtain

aﬂ—1€pu2 K=1xql 2
ox v kG2 =1

k=16x10"% (3.12a,b,¢)

Thus, the rate of radiative-transport of the wave
energy can be expressed as:

- OE,
R={Cy+ Uds}W

= R(p/p)on(cp/us) + o0} pyie;
= A\ p,i. (3.13a,b,¢)
Here we have replaced ugs by aou, and C_’g by o ¢p,
where the coefficients oy and o are expected to be
of O(0.5). We can estimate o from knowledge of
the spectrum form of the surface wave configura-
tion. Detailed estimates of o, are found in the
appendix.

Similar, but not identical, expressions for R can
be obtained in the presence of swell. In this case it
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can be shown that

© /g 4
+/ (—) @' (o) da}, (3.14a,b)
ot \%p

o ~0.25, although its actual value might be
somewhat higher (possibly about 0.31), as Phillips
(1977) and other investigators have indicated; o
represents a threshold frequency above which the
interactions of short waves, riding on the swell
back, with the swell become significant; an
expression for o has been provided by Phillips
(1981), viz., o1 = {[4B(1 — B)]"'}a,,, where B is the
swell slope. An expression similar to (3.13b), with &
given by (3.14a), determines the radiative-transport
term in the presence of swell. As in the absence of
swell, © increases with §°, a result in virtual
agreement with the findings of Mitsuyasu (1985)
who showed that the momentum advected away by
a monochromatic (or in his terminology, regular)
wave train is also proportional to the square of the
wave slope, provided that momentum is equivalent
to the ratio of wave energy and phase velocity.

Egs. (3.13), and its counterpart expression in the
presence of swell, give R in terms of readily
obtained physical and dynamical parameters.
Since the ratio p/p, is nearly a constant (it
depends primarily on the air and water tempera-
tures) and the coefficient o) may be shown to be
weakly dependent on §, it becomes apparent that
the variations in R can mainly be attributed to
those of ¢p/u,. For typical field conditions
{with ¢,/u, = 20—30}, R = 2.0p,u3, but for la-
boratory waves generated in the absence of swell
{with ¢p/u, = 0(1)}, R =~ 0.2p,u3. This result
clearly indicates the difficulties encountered when
patis is taken as the total (wind) energy flux. Even
under field conditions, the value of R/p,u’ is not
1.0 (although 2.0 is of order unity). Furthermore,
R is not the total energy flux rate, but represents
the radiative-transport of the wave energy flux.

Wave energy is, in turn, only a part of the total
energy transferred across the surface layer.

3.3. Wave-energy dissipation

Wave breaking is generally believed to be the
dominant dissipative mechanism in a wave field at
moderate and high wind speeds. In this work, we
have used a version of Longuet-Higgins (1969)
statistical model to calculate the fraction of wave
energy losses per unit area and average wave cycle,
@, properly modified to account for drift current and
wave crest downward acceleration effects; @ 1is
related to the rate of wave energy losses (per unit
area), L, by:

T G Jo” @(0)do
(3.15a, b, ¢)

where T (or &) is a mean wave period (or
frequency). The (time) mean portion of energy
losses per average wave cycle, @, can be expressed

2&252

2 1 — » a2
(Z)zexp{—a—c}, ac =—g{ it/ VS

(3.16a,b,c)

The coefficient ay {of O(1)} accounts for the fact
that waves break at the crest when the local
downward Lagrangian acceleration, ap, reaches a
value somewhat closer to 0.4g than 0.5¢g. Indeed,
the calculations of Longuet-Higgins (1985) have
shown that, for (symmetric, steady) waves ap-
proaching the limiting form, @ =~ —0.39¢g. For
more details the interested reader should peruse
Longuet-Higgins (1985); one then can calculate o,
as being roughly equal to the ratio of (0.5g/
0.39g = 1.282). f = f(§) is a function accounting
(indirectly) for the nonlinearities of the wave field,
and represents the square of the ratio of the non-
lincar and linear (average) phase speeds. For
uniform steady waves of amplitude a, f may be
taken as (Longuet-Higgins, 1975):

f =1+ (k) +1(ak)* +1ak)® = 2@k +- -,
(3.17)
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where (ak) is the wave slope. To obtain an
expression for f, in the case of a spectrum of
waves, Eq. (3.17) may still be used with (ak)
replaced by the average slope (ak),, = dk, =
2421 § of the wave field; here @ = (242)'/. In
the presence of a swell, a. takes on a different
form.

In terms of the significant slope, (3.16a) may be
rewritten as

. {1 —oqu, /ey [\~
wzexp[—432a%n2 § {G—p} fZ],

- _\ -1
¢ G o
Uy op) Uy

or in the presence of a swell:

(3.18a, b)

A=7(L£) (2 4 00)
Pa Uy
. Pa Uy Op

= A + A4». (3.22a,b)

Thus, W represents a lower bound of the rate of
the total wave-supported energy.

3.4. Energy flux into the mean drift current

Now, utilizing the boundary layer expressions
mentioned previously (i.e., Eqs. 2.5-2.10 of
Papadimitrakis et al. (1986a)) and the definitions
of yy and yg, we derive an expression for the

w
324372 §(1 — B)?

= V= udSO/Cpa

s
¢

Q|

where ugso(® ogu,) represents the value of the
surface (time) mean drift at the point where the
mean waveform crosses the undisturbed water
level; hence y & ag(cp /u*)_]. In the appendix we
describe how the representative value of the
surface drift current, w45, may be connected with
Ugso. The rate of wave energy losses, L, now
becomes:

3 _
L=2 8oLV () (L)) = Asp.id.
o 2)(2) (Dt -ses

(3.20a, b)

Then, assuming stationary conditions and com-
bining Egs. (3.13), or the equivalent expression in
the presence of a swell, and (3.20) we obtain:

W:R+L=I€(p) (oclcp+oc0>paui
Pa Uy

3/ =
o)) ()
Pa Uy Op

= Ap,u2, (3.21a,b)

5 exp l_ {(1 = /)1 — B+ [(1 — B — 92 — )] X(cy /)Y {i-}—4f2‘|,

Op

(3.19a,b,c¢)

energy flux transferred to the (time) mean drift
current. In the air surface layer, the mean rate of
work done by the wind-induced drift current,
D = E_., can be rewritten as

D= quds = (wa/y]\/[)uds B (1 - VM)_Ichuds
=(1- VM)_I(_paW)udS ~ (1 - VM)_ITOHds,

where M,. represents the (time) mean current-
supported momentum in the x—x direction and
—p,u'v is the (time) mean turbulent (horizontal)
shear stress, which in the constant stress layer
proximity of the air—water interface is roughly
equal to t,. Since ugqs = ayu,, D will be given as:

D = ag(1 —pw) ' pu] (3.23)
From the definition of yg we also obtain:
_ 1— _ 1-— _
D=E = { yE}Ew= { 7)E}"/EET
VE 7E
=1 =)W = (1 —yp)dp,c. (3.24a,b,¢)

It is now possible, by making suitable assump-
tions (based on available experimental evidence)
regarding the relative importance of the cross-
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correlations entering Egs. (2.5-2.10) of Papadimi-
trakis et al. (1986a), to derive explicit expressions
for the fractions y,; and yg in terms of quantities
that are essentially functions of the two funda-
mental parameters of the wave field, namely the
wave age and the significant slope.

3.5. Momentum and energy partition (into waves
and a mean current)

Combining (3.23)—(3.24) it can be shown that

1 —=yg—opd _l—yM—ocoA1
™ [ > VE 1 — 7y
(3.25a, b)

Since the momentum supported by a uniform
wave train can be written as the ratio of the wave-
supported energy and the net phase speed of the
wave (Hsu et al., 1982), it can be argued that for a
spectrum of waves: Mw = Ew /(¢ — ugs). Experi-
mental evidence (Papadimitrakis et al., 1986a) also
suggests that Mw =~ M,, because the wave-
supported momentum in the vertical direction is
insignificant compared to M,,. Then we obtain

_ _ 1— -1 _ 1 — -1
My =M, = {"/—VM} M, = {.—m} paui
M

Ew _ VEET
C—uUgs C— Ugs

1 1 3
/EW — /EApau* (326)

C — oolly

Combination of (3.25) and (3.26) yields:

- —1
= (1 — aoA—l){l — g A A7 (i> } :
Uy

-\ —1
pp=1—o0gd™" — ol — WH)( ) . (3.27a,b)

C — Ugs

c
Uy
It is now apparent that with y,; and yg expressed
as functions of ¢p/u, and §, the quantities Mr,

Er, M, E, can be expressed in terms of the same
fundamental parameters. More specifically:

M = MT/Pa”i =(- VM)ila

Ern = Er/pul = A, (3.28a,b)

Mwx = Mw/pait = (1 = 7w,
Ewn = Ew/p,u, = Ayg,
where 4 is given by Eq. (3.22).

(3.29a, b)

4. Results and discussion

Fig. 1 shows the variation of y,; and yg fractions
as a function of wave age alone, for values of cp/u*
ranging from 0.5 to 30.0. In this plot, § does not
represent an independent parameter but is ex-
pressed in terms of c¢p/u, according to the
following relationships:

5 = L= 20(ep/u) )
472 ’
§ = 31.74 x 1073(cp /)™,

for ¢, /u,<1.85, and
for ¢p/u,>1.85.

These two relationships express the ascending and
descending branches of the §-c,/u, curve, for
wind-waves generated in the absence of swell. For
a detailed description of these §-cj,/u. correlations
see also Papadimitrakis (2005). Similar y; and yg
curves, however, can be obtained when § is
allowed to vary as an independent parameter
ranging from zero to §,. (= 0.0356). As seen
from Fig. 1, y, rises initially with increasing wave

1.00 —

0.80 —

m=

0.60 —
w
NS
0.40 —

0.20 —

J Y,

M

0.00 T T T T T T T T T T
0.10 1.00 10.00 100.00
G/u.

Fig. 1. Variation of yy;, yg fractions (expressed by Egs. (3.27))
as a function of wave age; § is coupled to ¢, /u.
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age for ¢, /u, <1.85, but then diminishes as ¢, /u,
approaches 10.0, remaining nearly constant (with
a value ~ 0.05) as ¢, /u, further increases to values
close to 30.0. Such variation is very similar to the
shape of the theoretical curve for the correspond-
ing fraction yp derived by Donelan (1979),
although the two fractions (yy; and yp) are not
identical. As seen from Fig. 2, when § varies
independently of c,/u, yy increases with §, for
¢p/u, = constant (except perhaps for 0<cp/u, <
1.0 and for very low § values). The variation of yy,
and yp with X exhibits a behavior quite similar to
that of Fig. 1.

Due to space limitations, figures showing swell
effects on yy; and yg will not be included in this
work; such effects will be reported elsewhere. Yet,
it was felt appropriate to include the short
references describing the influence of swell on the
quantities R and L, as some of the available
laboratory observations have been conducted in
the presence of swell (i.e. Papadimitrakis et al.,
1986a) and the comparison of predicted and
observed y,; and yp values, under such circum-
stances, would be significant.

The values of y; and yg, calculated according to
(3.27) using proper ¢, /u, and § values, have been

§=0.02
1.00

0.80

Yu

0.60—

0.00 —_—y
0.00 10.00 20.00 30.00
cplu.
0.40 T T T T T ]
0.00 10.00 20.00 30.00
clu.,

Fig. 2. Variation of yy;, yg fractions (expressed by Eqgs. (3.27))
with wave age and § as a parameter.

compared with the laboratory observations of Hsu
et al. (1982, who also used the same definitions of
ym and yg) and Papadimitrakis et al. (1986a),
taken at the Stanford wind-wave facility under a
variety of wind and wave conditions, and the field
data of Snyder et al. (1981). Hsu et al. (1982) and
Papadimitrakis et al. (1986a) have reported
detailed studies of the momentum and energy
transfer mechanisms across an air-water interface.
In their experiments, the wind and wave fields were
monitored simultaneously, under stationary con-
ditions, with fixed and/or wave-following probes
at fetches 3.46, 6.51, 9.48, 12.61, 13.00, and
15.66 m. These observations include measurements
of: (i) mean and fluctuating wind velocities with a
cross hot film, (i1) wind (static) pressure fluctua-
tions with a specially designed pressure instrument
(Papadimitrakis et al., 1986b), and (iii) wave
height with a capacitance wave gauge. The
experimental details can be found in the corre-
sponding references.

The data of Papadimitrakis et al. (1986a) cover
a range of dynamic conditions different from those
of Hsu et al. (1982). To better simulate field
conditions, the former authors conducted their
experiments with wind blowing over 1Hz,
mechanically-generated waves. The presence of
the 1-Hz wave enabled them to extend upwards the
range of ¢,/u, values from 10.0 to about 37.0. In
that study, it was found that the total (time) mean
momentum and energy fluxes across the air-water
interface are dominated by the wave-induced
pressure, and that the portion of these fluxes that
goes to the waves (and to the mean current) is
determined by the parameter ¢p/u,. It should be
noted, however, that their experiments were
conducted with a single slope (B ~ 0.1) mechani-
cally-generated wave and, consequently, the influ-
ence of the wave steepness (as expressed by B) on
ym and yp cannot be extracted from their
observations.

Snyder et al. (1981) also reported detailed
measurements of the wind-stress and static pres-
sure fluctuations in the turbulent boundary layer
above ocean waves, along with simultancous
measurements of the surface wave elevation. From
these observations they calculated the fraction,
rms, of the momentum fluxes supported by the



Y.A. Papadimitrakis /| Deep-Sea Research II 52 (2005) 1270—-1286 1279

waves, under a variety of wind and wave condi-
tions. Since they defined rys as the ratio
pon/ox/pu? and My =~ M,, = pon/dx (see Pa-
padimitrakis et al., 1986a), it can be readily shown
that yps = rms/(1 + rys). This ypyg ratio has been
compared with our predictions of yy;, under the
corresponding field conditions. It should be noted,
however, that in this comparison we have used
only those values of rvs (from Table 9 of Snyder et
al., 1981) that have not been influenced by
upstream propagating reflected waves or contami-
nated one way or another and correspond to
thermally neutral atmospheric conditions (cf. their
p. 11).

Table 1 lists the predicted yy, and yg, values
along with their experimental counterparts, Ypm
and yg,,, taken from Tables 2 and 3 of Hsu et al.
(1982) and Table 1 of Papadimitrakis et al.
(1986a), as a function of c,/u, and/or X. The
values of wave ages encountered in the experi-
ments of Papadimitrakis et al. (1986a) have been
obtained from Table 1 of Papadimitrakis et al.
(1988). The field data, rys and yyg, of Snyder et al.

(1981), along with the corresponding yys, predic-
tions are summarized in Table 2.

As seen from Tables 1 and 2 of Hsu et al. (1982),
for wind-generated waves in the absence of swell
with ¢, /u, (and c¢p/ugs) on the order of unity, the
fraction y), increases with increasing dimensional
fetch, x, and (/or constant x but) decreasing X. In
the presence of swell, with ¢, /u, (and ¢p/ugs) on
the order of 10.0, y\; appears to decrease with
(constant dimensional fetch, x, but) increasing X,
for values of ¢,/u, up to about 18, but for larger
values of ¢,/u, it appears to increase again and
attains values of about 0.74. The differences
between the yy;, yg values given by Hsu et al.
(1982) and Papadimitrakis et al. (1986a) can be
attributed to the dissimilar dynamic conditions
governing the transfer processes between pure
wind-waves and wind—waves in the presence of a
longer mechanically-generated wave (representing
swell in the field). The large current generated at
the air—water interface, in the absence of swell,
results in significant leakage of the wave-supported
momentum to the drift current, in the experiments

Table 1
Wave-supported momentum and energy ratios
X Uoc Uy Cp X kpli § Cp/u* 7Mm TMp YEm VEp
3.46 6.76 0.283 0.283 423.8 0.258 0.029 1.00 0.38 0.35 0.17 0.23
6.51 6.92 0.315 0.375 643.6 0.281 0.0316 1.19 0.53 0.48 0.34 0.32
9.48 7.02 0.326 0.460 875.1 0.256 0.0288 1.41 0.58 0.51 0.34 0.37
12.61 7.09 0.336 0.521 1095.7 0.244 0.0275 1.55 0.59 0.54 0.32 0.40
15.66 7.26 0.353 0.600 1232.9 0.226 0.0254 1.70 0.64 0.59 0.46 0.43
3.46 7.62 0.342 0.301 290.2 0.293 0.0330 0.88 0.48 0.43 0.17 0.22
6.51 7.73 0.362 0.409 487.3 0.293 0.0330 1.13 0.54 0.49 0.29 0.31
9.48 7.90 0.408 0.490 558.7 0.279 0.0314 1.20 0.64 0.67 0.13 0.34
12.61 8.01 0.400 0.580 773.2 0.255 0.0287 1.45 0.74 0.69 0.28 0.26
15.66 8.10 0.424 0.649 854.5 0.228 0.0257 1.53 0.73 0.70 0.39 0.37
3.46 8.43 0.405 0.348 206.9 0.310 0.0349 0.86 0.60 0.57 0.17 0.20
6.51 8.62 0.414 0.451 372.6 0.288 0.0324 1.09 0.59 0.55 0.33 0.31
9.48 8.81 0.475 0.556 412.2 0.267 0.0300 1.17 0.66 0.68 0.23 0.20
12.61 8.88 0.484 0.639 528.1 0.242 0.0272 1.32 0.72 0.73 0.30 0.27
15.66 8.97 0.487 0.711 647.7 0.220 0.0248 1.46 0.75 0.74 0.38 0.35
13.00 1.41 0.043 1.559 70,604.8 0.110 0.0124 36.5 0.61 0.52 0.95 0.91
13.00 1.79 0.055 1.559 41,853.7 0.110 0.0124 28.1 0.74 0.68 0.92 0.93
13.00 2.00 0.062 1.559 33,176.4 0.100 0.0113 25.1 0.75 0.72 0.90 0.86
13.00 2.31 0.072 1.559 24,329.6 0.110 0.0124 21.4 0.72 0.74 0.89 0.84
13.00 2.85 0.089 1.559 16,245.9 0.100 0.0113 17.6 0.26 0.24 0.77 0.74
13.00 3.46 0.119 1.559 8990.6 0.100 0.0113 13.0 0.43 0.45 0.76 0.72
13.00 4.02 0.156 1.559 5260.6 0.110 0.0124 10.0 0.62 0.60 0.42 0.41
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dominates the wave-coherent momentum flux. In
summary, most of the features described above
(for wind-generated waves at least) do not contra-
dict the variation of our y; fractions with the wave
age (and/or fetch), although ry and yy are not
identical quantities and the direct comparison of
our y, fractions with most of the field and
laboratory observations (expressed in a conven-
tional way) may not be permissible.

It is noted that the prediction of measured Yy,
YEm Tatios is improved significantly when (3.27a,b)
are used in conjunction with the relevant ¢, /u, and

§ data set, and proper wave growth and dissipa-
tion expressions of R and L (in terms of ¥, C4 and
@, respectively). R and L are influenced by the
presence (or absence) of swell, interacting (in the
former case) with the locally generated wave field.
The presence of swell, and/or the interaction of
higher frequency spectral components with the
longer waves near the spectral peak, also enhance
dissipation, by causing premature breaking, and
thus affects yy and yg.

5. Total energy input

The total rate of (time) mean energy input from
the wind to the water is

T=D+R+L=D+W (5.1)

or in non-dimensional form:

~ T
7o _SZLM(ﬁ) (alc_pﬂ())
pary (1 =7\m) Pa Uy

3 -
) (ﬁ> (ﬁ) <i> (5.2)
Pa Uy Op

During the developing stage, (5.2) represents a
lower bound of the total rate of (time) mean
energy exchange between wind and sea, measured
in units of p,u.

A plot of the variation of 7" with ¢p/u, (in the
absence of swell), and § related to c,/u, through
the ascending and descending §-c,/u, relation-
ships, mentioned previously, is shown in Fig. 3. It
1s seen that as cp/u* increases to about 2, T also
increases, then decreases to its minimum value
(> 2) at about ¢,/u, = 9.5, and finally rises again

100.00 a

!+ 10.00 —

11111

1.00 T T T ] T T T T [ T T T T
Colu,

Fig. 3. Variation of 7" (expressed by Eq. (5.2) with cp /iy, §1is
coupled to cp/us.

slowly, as c,/u, approaches 30.0, to a value less
than 3. For a fixed value of ¢, /u,, T also increases
rather quickly as § increases independently
(Fig. 4). Yet, the efficiency of the air—sea energy
exchange is limited, for both § and ¢, /u, remain
bounded.

We also can determine the range of T values for
which R>=W. Then, from the asymptotic condi-
tion R = W, we can obtain a threshold (c,/u.),
value as a function of §; that is to say we can
obtain Tmax values (for which R> W) as a unique
function of §. For waves generated in the presence
of swell, where < is given by (3.14a), (cp/us);
depends on both § and B. We can generate then a
family of curves (for which R>= W), as a function
of § and B as a parameter, that (again) bound T
values from above.

With the total rate of (time) mean energy
exchange known, we can now explore each of the
mechanisms, described previously in some detail.
In Figs. 5 and 6, we have plotted both the ratios
D(= D/p,id), R(= R/pid). L(= L/p,s}). and the
normalized fractions Dy, Ry, Ln, which are
estimated from D, R, L by dividing the corre-
sponding values by 7', as functions of ¢p/uy alone
and § coupled to it. From Fig. 5, it becomes
apparent that for ¢, /u,>8, R>L. For such values
of ¢p/us, T ~ 2-3.
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Fig. 4. Variation of T (expressed by Eq. (5.2)) with ¢p/uy and § as a parameter.
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Fig. 5. Variation of D, R, L fractions (expressed by Eq. (5.2))
with ¢p/u,; § is coupled to ¢,/u,. Red, green and blue lines
represent D, R, L, respectively.

Fig. 6 also shows the reversal of roles (and of
importance) between surface drift and wave
growth, under field and laboratory conditions. In

the laboratory, cp/u, is usually of O(l) and,
therefore, the surface drift current receives most
of the energy input (about 70-80% of the total);
wave growth accounts only for about 20-30% of
the energy input. This partition ratio changes
under field conditions, where cp/u* 1s about
10.0-30.0. Then, wave growth receives a greater
portion of the wind-energy input. Dissipation
becomes important only when §>0.013. When
§ reaches the value of 0.015, more than 80% of
wind energy will be transferred to the mean
current (and turbulence through wave breaking),
thereby limiting the growth of wave steepness.

6. Conclusions

Based on: (a) an integral form of the wave-
energy balance equation, (b) expressions that have
resulted from the integration of boundary layer
equations (in the air above water waves) governing
the transfer processes across the air-sea interface,
and (c) existing correlations of wave growth and
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Fig. 6. Variation of Dy, Ry, Lx fractions (expressed by Eq.
(5.2)) with ¢p/u,; § is coupled to cp/u,. Rest as in Fig. 5.

wave-energy dissipation, we have derived a para-
meterization scheme (consisting of a set of explicit
algebraic expressions) that allows: (i) evaluation of
the total and wave-supported (time) mean fluxes of
wind momentum and energy to the water motion,
and (i1) the partition of total fluxes into waves and
a mean drift current, during the wind—-wave
development stage, in terms of the wave age,
¢p/uy, and the significant slope, §, of the wave
field. The parameterization scheme utilizes unified
expressions that cover quite different processes,
under both field and laboratory (but thermally
neutral) conditions. The partition of total (time)
mean fluxes is characterized by the fractions yy
and yg. The agreement among observed yy, and
Yem fractions and their predicted counterparts,
using the proposed parameterization expressions
(i.e. Egs. (3.27)), are considered to be satisfactory
(within 10-25%)), taking into account experimen-
tal uncertainties and other effects that may have
contaminated the available laboratory and/or field
data, one way or another.

The fraction of the wave-supported momentum,
YMm, Increases initially with the wave age (and/or
the non-dimensional fetch, X); but, as the wave
field develops, it diminishes and remains rather
constant at large wave ages (and/or X). For a fixed

wave-age (and/or X), yy, increases with §. The
corresponding wave-supported energy fraction, yg,
shows a similar behavior for small and moderate
wave ages (and/or X), but for large wave ages (and/
or X) it appears to increase again.

Under laboratory (and/or field conditions), in
the absence of swell, where ¢, /u, ~ O(1), 70-80%
of the total (time) mean wind-energy flux is
supported by the drift current. Wave growth
accounts for 20-30% of this energy input. When
¢p/u & 20.0-30.0 (as usually happens in a mature
wave field, in the presence of swell or otherwise),
this energy partition is reversed.

Appendix. Surface-drift current considerations

According to Phillips (1977, see also Papadimi-
trakis et al., 1988), the Eulerian surface mean drift
current, uqs, may be taken as ugsy — Udss(= ooits),
where uqs, and ugss represent the Lagrangian and
Stokes (time) mean drifts. The coefficient o is of
0O(0.5) or less, but caution must be exercised in
selecting its appropriate value, as most of the
surface drift current measurements are conducted
in a Lagrangian frame. Experimental evidence also
suggests that ugqs, = agou, where the coefficient oo
is also of O(0.5). Laboratory measurements (cf.
Plant and Wright, 1980) indicate that for
0<u,<30cm/s, ogy = 0.55-0.60. For intermedi-
ate wind speeds, oy has actually been found to
increase linearly with u,, but the opposite appears
to be true for wind speeds in the range
40<u,<60cm/s, ogy reaching a value ~ 0.33 at
u, = 100 (cm/s). More specifically, the data of Wu
(1968) and others indicate that:

oo = 0.53  for 0<u, <30 (cm/s),

I

ogo = 0.0175u, for 30 <u, <40 (cm/s),

ogo = —0.004375u, 4 0.875

for 40 <u, <60 (cm/s). (A.la—c¢)

Therefore, the value 0.53 (= oy in general), often
quoted in the literature, may not be suitable for
our Eulerian calculations.

For a monochromatic wave train, the Stokes
drift, uges, 1S given as uges = (ak)zc (Kinsman,
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1965), where ¢ represents the phase speed of the
monochromatic wave. For a spectrum of waves,
the above simple relation maybe converted into an
approximate counterpart expression of the Stokes
drift with the aid of the equivalent amplitude (a),
associated with the sea-surface variance, and the
wave number at the spectral peak frequency, kp,
ViZ., Ugss N ~ (2427 §) ¢p. For wind- generated
waves, the Stokes drift represents a small fraction
of ugs, being =~ (0.03-0.04)u,. Therefore, the
variation of the Eulerian fraction oy with wind
and sea state is given by (see also Papadimitrakis et
al., 1988):

m'/?g2

Uds 2 2( % 3 0 “p
Olo = = Ogo — 87" §7( — |, § = 5
Use Uy 27ng

(A.2a, b)

where my is the zeroth-order moment of the sea
spectrum. Eq. (A.2a) states again that the Eulerian
(mean) drift is the difference between its Lagran-
gian counterpart and the corresponding surface
Stokes transport.

In the presence of swell, Phillips and Banner
(1974) suggested that  agp = 0.03(Uso/us) =
OO3C Then at low wind speeds {i.e. when
Cp /ity = O(lO)}, ogp 1s expected to attain values
greater than 0.53-0.60, owing to the reduced
surface roughness. The measurements of Cheung
(1985) confirm this conclusion, yielding oo values
between 0.61 and 0.73 (with an average of
about 0.65) for dimensionless wave speeds in the
range 8 <cp/u, <26. His wave-following measure-
ments also show clearly that gy decreases with
decreasing dimensionless wave speed. In the
presence of swell ¢ increases slowly with increas-
ing wave age, og{= oo —Bz(cp/u*)} may either
increase (for low B values) or decrease (for large B)
with ¢, /u,, indicating that the (Eulerian) surface
mean drift (at the zero crossing of the waveform)
may become more or less effective in this case.
That will depend on the combination of B and
¢p/u, values used.

In the presence of swell, the surface drift
becomes a function of the phase of the swell, y
The distribution of wug4s along the mean swell
profile, when the latter is not breaking, is given

by (Phillips, 1977)

ugs;, = {(1 — Bcos }()2 —[(1 — Bcosy)

— 2 =1"ep,
y<1—[BQ2 - B)]"/>. (A.3a,b)
When y = 1 — [B(2 — B)]'/?, a stagnation point is
formed at the swell crest, but the surface velocity
distribution (A.la) does not allow separated flow.
When y>1—[B(2 — B)]'?, Caponi et al. (1982)
have suggested that by writing:

ugs; = {y — [1 = [Beos 1(2 — Beos )] }¢p

y>1—[BQ2 - B)]'/? (A.4a, b)
one can allow for wave breaking, since then,
according to their calculations, a separation
bubble is formed in the swell trough (cf. their
Fig. 7).

Egs. (A.3)-(A.4) provide approximate distribu-
tions of the Eulerian (time) mean surface drift in
the presence of swell, under all (thermally neutral)
conditions, that can be used to derive average
values of the latter over the swell profile by
integrating (A.3a) or (A.4a) with respect to y,
from 0 to 2%. These spatially averaged drift current
values, normalized by the wind friction velocity,
yield spatially averaged values of ¢ that may be
greater than their counterparts at the MWL due to
the modulation of surface drift by the orbital
motions of the swell along the swell profile. This
concept of obtaining spatially mean oy values
could, perhaps, be applied in wind—waves gener-
ated in the absence of swell, in the sense that the
dominant wave of the spectrum could also
modulate the surface drift current. For providing
averaged oy values, in the latter case, one could
utilize the previously mentioned expression for oy,
derived with swell, by replacing B with the average
wave slope (2427 §). Such spatially averaged o
values may be considered more representative of
the (normalized) surface drift current along a
typical surface wave profile, in between successive
zero up-crossing points (as compared with the o
values at the MWL), and have been used in the
calculations of yy; and yg fractions and of the
fluxes given by Egs. (3.27)—(3.29).
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