thly
cea-

dro-
“ov-
sical
n of

ling
1 Or-
ands

1, O
her-

; FE e b TR Y 4 e A s m

s e e K oF
AT S L a 0N

Phys. Oceanogr., Vol. 11, No. 6, pp. 495-508 (2000)
© VSP 2001.

NOV 1 4 2007

Welinta migis, i 02543

|
|
|

|
|
i

Thermohydrodyndmics of the Ocean

Evaluation of the influence of surface films on short wind
waves and the characteristics of the boundary layer of the

atmosphere*
S. A. GRODSKY, V. N. KUDRYAVTSEYV, and V. K. MAKIN

Abstract — With the help of a combined model of wind and waves, we study the influence of films of
surfactants on the spectrum of short wind waves and the parameters of the lowest layer of the atmo-
sphere. It is shown that the films of surfactants decrease the roughness of the sea surface as a result
of suppression of short wind waves, which decreases the coefficient of resistance of the sea surface
and the coefficient of turbulent heat exchange. The maximum influence of films on the exchange co-
efficients is attained for [/ ~ 10m/s. In this case, the relative decrements of the coefficients of resis-

tance and turbulent heat exchange are equal to 15 and 9%, respectively.

INTRODUCTION

The physical phenomenon of suppression of the short-wave part of the spectrum of
wind waves by films of surfactants is well known for a long period of time (see, eg,
[1]). The films not only suppress short waves but also decrease the energy of longer
waves (although to a lesser extent). This phenomenon is frequently used by sailors
under stormy conditions. The smoothed parts of the sea surface are called slicks and
have various shapes and sizes. Their length varies within the range from tens of me-
ters to several kilometers. Most often, slicks are formed in the zones of elevated
biological productivity and in the regions of artificial pollution. Natural biological
(soluble) films are formed as a result of the adsorption of biological impurities from
the thickness of water and the artificial (insoluble) films are formed, as a rule, as a
result of spread of pollutions, such as petroleum or various kinds of oil, over the sur-
face.

The theory of damping of short wind waves by surfactants is developed in [2, 3]
on the basis of fundamental results that can be found in [4]. An additional dissipa-

. tion of surface waves is formed by the work of tangential forces appearing as a result

of spatial nonuniformity of the concentration of the film (surface tension) in the field
of the orbital velocity of waves. In this case, the damping decrement is determined
by the sole parameter of the film, namely, by its modulus of elasticity.

Surface films play an important role in applications connected with the remote
sounding of the ocean because they strongly affect short wind waves determining the
interaction of the electromagnetic fields with the sea surface within the band of SHF

* Translated by Peter V. Malyshev and Dmitry V. Malyshev
UDC 551.46
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radio waves [5] and take part in the formation of signals in the optical and infrared
parts of the spectrum.

Surface waves significantly affect the processes of momenta, heat, and moisture
exchange between the ocean and the atmosphere. Integral parametrizations relate
these flows to the data of measurements of winds, temperature, and humidity at a
standard level via the coefficient of resistance of the sea surface and the coefficients
of heat and moisture transfer. As one of the results obtained with the help of the
combined model of wind and waves developed in [6—8], one can mention the fact
that the contribution of short wind waves to the formation of the coefficient of resis-
tance of the sea surface is determining. Thus, surface films may potentially affect
the large-scale interaction between the ocean and the atmosphere modifying the
short-wave part of the spectrum of waves. The intensity of this influence depends,
parallel with other factors, on the fraction of the sea surface covered with surfact-
* ants. According to the data presented in [9], the relative surface occupied by slicks
can be significant. It is determined by the wind velocity U and decreases from
"50-60% for U = 2m/s to 20-30% for U = 4-6m/s

The aim of the present work is to evaluate the influence of the films of surfact-
ants on the spectrum of waves and some parameters of the interaction of the ocean
with the atmosphere. Our research is based on the use of the combined model of

wind and waves [7, 8].

PRINCIPAL RELATIONS OF THE COMBINED MODEL OF WIND
AND WAVES

A model of the spectrum of short wind waves developed in [8, 10] follows from the
following stationary and horizontally uniform energy balance equation:

ByB + D(K,)F — D(k,¢) = 0 (1

presented in the dimensionless form for the spectrum of saturation B(k, @) = k* S(k,
¢), where S is the spectrum of elevations, k is the wave number, and ¢ is a di-
rection of propagation of the wave component. The parameter By = p Bl =7
describes the inflow of energy from the wind minus viscous dissipation; here, p,
and p,, are the densities of air and water, respectively, and B is the coefficient of
wind—wave interaction. The remaining terms in (1) have the following physical
meaning:

The dimensionless dissipation f)(l-c') is introduced in [8], where the following
functional relationship proposed in [11] is substantiated:

Dk, @) = (ﬁ%-@) Bk, ¢). @)

The second term in (1) describes the nonlinear generation of a capillary wave
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on the crest of a gravitational wave (with wave number K) with the same phase

velocity c(K) = c(k), where K = kf /k and o is surface tension. The range of
action of this mechanism is restricted by the range of capillary waves and is formally

given by a function
k\4
F=gx _..4(4) ]
p|-4(%

The results of laboratory experiments presented in [12] demonstrate that the
growth of the energy of a gravitational wave leads either to its breaking for A >
10cm or to the generation of a packet of “parasitic” capillaries on its front slope
(A < 10cm). Therefore, the function F differs from zero only for k& < 2100rad/m
and bounds the zone of gravitational waves (K > 62.8rad/m) whose dissipation is
caused not by breaking but by the generation of “parasitic” capillaries.

The spectrum of short wind waves is constructed by conjugating the solutions of
equation (1) for the gravitational and capillary intervals at k = k_:

2 = 1/2 1/n
s o= { Bt )+ Btk ) + 5K, 0F) J | “
The fitting functions of the model have the form
o
Ina = lnﬁ¢(£)+ln0¢g, Lo [I_LJ(D(EJ_I‘_I—’
O, k. n ng k. ng
)

o(2) - (2]

The parameters ng=2, og=0.0388, 0, =0.174, and m =1, are chosen from the
condition of the best possible agreement with the data of the measurements. The
spectrum of short wind waves (3) is true for k > 10k, (k, is the wave number of
the peak) and conjugates with the spectrum of energy-carrying waves [13].

The coefficient of wind-wave interaction [ and the laws of resistance were ob-
tained in [7] on the basis of the analysis of the structure of the wave boundary layer

(WBL). Within the WBL ( zg <z < h), the vertical flows of angular momentum <t

and heat T® are constant:
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2
T(z) = T(2) + @) = u,, 719(2) = u,0,, (5)

where u, and 6, are, respectively, the dynamic velocity and temperature at z = A.

The total Reynolds stress T(z) is formed by turbulent t/(z) and wave-induced
™ (z) stresses. The ratio of the wave flow of momenta on the surface to the total
flow is used as a parameter of wind-wave coupling o,:

a, = TO ugo). ©)

The wave stresses on the surface can be expressed via the spectrum of the flow
of momenta to the waves

©(0) = [T(h)d(nk)
determined by the parameter of wind-wave interaction B(k, ¢) and the spectrum
Bk, @) as
T
T(k) = J.czB(k, @)B(k, P)cospdo. (7)

=T

The wave stresses depend on the height and are close to zero on the upper
boundary of the WBL. Its vertical profile is described by a function

™(2) = ™(0)f(2), 8)
satisfying the conditions f£(0) = 1 and f(h) — 0. The function f(z) is determined
in [7] on the basis of parametrization of numerical calculations.

The coefficient of wind-wave interaction is taken in the form B~ uf /c? pro-
posedin [14]. In this case, the global dynamical velocity u, is replaced with the

local velocity uf(z) =1z) = uf (1= 0. f(z)) averaged over the layer & (k) de-
termining the generation of the wave component k:

2
B = 32(1- 0 f(k) :‘—2 cos¢|cosg|, 9)

where

fk) = %J'f(z) exp (—-;—)dz
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is the averaging function determined by the profile of wave stresses.
The laws of resistance for momenta and turbulent heat exchange have the form
7, 19]

1/2
CgZ - K ' CD

J; o@/Dl- 0 fP dnz) T [ e DPrdng)
" [1- o £

(10)

where z(‘; =0.1Iv(l-a, z«s,,g)*l"2 is the viscous scale of roughness. The heat Prandtl

number in air Pr is equal to 0.9 for unstable stratification and, for stable stratifica-
tion, Pr = 1.25. In (10), the effects of stratification are taken into account pheno-
menologically via the dimensionless flow functions ® specified by the Monin—
Obukhov length scale L proposed in [16].

INFLUENCE OF THE FILMS OF SURFACTANTS ON THE SPECTRUM
OF WIND WAVES

An additional source of dissipation of wind waves caused by surface films is
easily taken into account by replacing viscous dissipation on the clean surface Y=
4v,, k*/® with the corresponding dissipation for the sea surface covered with a
film of surfactant. For this purpose, we use a very simple model based on the as-
sumption that surfactants affect the linear dissipation of waves only due to the visco-
elastic properties of the films. According to [4], the elastic modulus of the film E
is, in the general case, a complex variable and can be expressed via the surface con-
centration of the film I" by the formula

_do()
d(InT")

D,
1-G-Dossr

=

(11)

where Dy = v,,/Pr;, is the coefficient of molecular diffusion (Prp ~ 1000 is the
diffusion Prandtl number in water), C is the bulk concentration of the substance
which is adsorbed on the surface to form the film. For insoluble films, C =0 and
the imaginary part of the elastic modulus ImE = 0. In the general case, E = E; +
iF; and v has the form [17]

_(E;-E)K* |EP K’ . _Ek
s 4Vk2 P, ® 3!2 v 4‘\{_p2 32 —= 5!’2 4PWVE) (12)
® | _ Y2(B, - E)K LE|2!<4

—_— 2
p, @2V piva
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Films increase the decrement of damping of waves both due to the fact that the
elasticity modulus is nonzero and as a result of changes in the dispersion relation
®(k), which depends on the coefficient of surface tension. To describe the elastic
properties of the film, we use the virial equation of state proposed in [18]

A = Cy + 11t + Cm2, (13)

where = op—o(I') and 69 = 6 (I' =0) = 74dyn/cm is the coefficient of sur-
face tension of clean water. We assume that parameters Cy = 85.16erg, C;=
227.5cm?, and Cp =5cm3/dyn are equal to their mean values observed in the ex-
periments [19]. The variable A (measured in cm?) is the area occupied by the film
in measuring ¢ with a Langmuir balance. The variable A is regarded as a parame-
ter and, in view of the fact that I" ~ 1/A, for the static elasticity of the film, we can

write

B e on _ on
Y dlnT dlnA’

The results of calculations are presented as a function of Ej.

NUMERICAL RESULTS

We study the influence of surfactant films on the parameters of wind flow over
the waves. As follows from the laws of resistance (10), the value of the parameter of
wind-wave coupling o, determines the difference between the structure of WBL
and the vertical characteristics of flow over a smooth wall. Indeed, for a nonstrati-
fied flow with o, =0, relations (10) imply the well-known laws of resistance for a
flow whose profile is logarithmic and the roughness parameter is equal to the visc-
ous parameter: z, = zy. In Fig. 1.1, we present model values of o, for the clean
sea surface and slicks formed by an insoluble film whose elasticity modulus E is
equal to 30dyn/cm (typical of olein). The numerical calculations were performed
for various winds and types of stratification of the air-water boundary layer. The in-
fluence of stratification on the parameter of the wind-wave coupling is weak. The
quantity o, increases with the wind velocity and, for light winds (U < 5m/s),
when the effect of damping of waves by the films is maximum, the typical values of
o, are equal to 0.3-0.4.

The influence of the films on the parameters of the WBL is determined both by
the quantity o.. and the fraction of o formed by sufficiently short wave compo-
nents efficiently suppressed by the surfactants. According to [20], the range of wave
numbers can be estimated as follows: k < k; = 207t/3 rad/m. The normalized spec-
tra of the wave flow of momenta 7T'(k)/t%(0) presented in Fig. 1.2 show that the
contribution of the “slick-forming” wave range to the quantity o . described by the
formula
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1
7(0)

j T(k) d(Ink)

k>k

p:.‘

also decreases as the wind velocity decreases. Hence, it can be expected that the in-
fluence of surfactant films on the parameters of the WBL is not very strong for any
wind. This conclusion is indirectly confirmed by the data of numerical calculations
of o, for the slick zone (Fig. 1.1). Thus, the relative decrement of o, as compared
with its values for the clean surface (observed within the range of wind velocities
U = 5-10m/s) does not exceed 30%. In Figs 1.3 and 1.4, we present the results of
numerical calculations of the coefficients of resistance and turbulent heat exchange
together with the data of in sifu observations in the open ocean [21, 22]. The quan-
tities Cp and Cy are increasing functions of the wind velocity and strongly depend
on the difference between the air and water temperatures 6,,, = 6,—0,,. The nega-
tive contrast of the energy of wind ripple in the slicks leads to the corresponding de-
crease in the coefficients of exchange. In this case, the maximum relative variation
of the coefficient of resistance ACp/Cp =~—15% is obtained for U = 10m/s
(Fig. 1.6). As follows from Fig. 1.4, the effect of smoothing of the sea surface in the
slicks on the coefficient of heat exchange is somewhat weaker. The maximum vari-
ation of this coefficient ACy/Cy =~ —10%.

We now consider some integral parameters of the spectrum of waves, namely,

the mean-square slope
82 = [ B(k, 9)dod (k).

It is formed mainly by short waves and the surfactant films significantly de-
crease & as aresult of the suppression of wind ripple. This is confirmed by the ex-
perimental data from [23] presented in Fig. 1.5. The agreement between the calcul-
ated integral slope of waves and its measured value is a good test of adequacy of the

applied model. As a rule, the model estimates of 8> are in qualitative agreement
with the data of observations and their dependence on the wind velocity is correct.
However, both for the clean surface and slicks, the theoretical values of the disper-
sion of wave slopes are somewhat higher than the experimental data.

Our calculations do not confirm the existence of the effect of intensification of
wind over the zone of smoothing (slick) on the sea surface described in [24]. Note
that changes in the wind in the course of passing of the slick through the point of ob-
servations (~ 10 min and more) can be caused both by the decrease in the roughness
of the surface and by the natural variability of the wind. The results of numerical
calculations of changes in the wind velocity at a height of 5m over the slick relative
to its background value for a given wind at a height of 10 m are presented in
Fig. 1.6. Indeed, the wind velocity becomes somewhat higher over the slick in ag-
reement with the data of observations from [24] but the quantity AU(5)/U(5) does
not exceed 0.5% and can be neglected.
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Figure 2. Parameters of the wave boundary layer as a function of the elasticity modulus of an insolu-
ble film E for U(10) =7m/s: (1) parameter of the wind-wave coupling 0, (2) coefficient of resis-

tance Cp(10) (4) dispersion of wave slopes 3, (3) spectrum of the vertical flow of momenta to

waves T'(k) for various E. The bold solid line corresponds to the data obtained for the clean surface

E=0.

Let us now analyze the dependence of characteristics of the WBL on the elasti-
city of the film. The results of calculations performed for an insoluble film and
U(10) = 7m/s are presented in Fig. 2. The case of elasticity equal to zero E =0
corresponds to the clean sea surface. As the quantity E increases, the dissipation of
short waves becomes more intense. This results in their suppression and, according
to (7), affects the form of the spectrum of the wave flow of momenta T'(k) (Fig.2.3).
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As a result, the parameter of wind—wave coupling represented as the integral of
T'(k) decreases (Fig.2.1). As the elasticity of the film increases, the sea surface un-
dergoes gradual smoothing. This, in turn, decreases the coefficient of resistance of

the sea surface (Fig. 2.2) and the mean-square slope of waves (Fig. 2.4).
Spectral contrast is introduced as the ratio of the level of the spectrum in the

slick to its level for the clean sea surface for waves propagating along the wind

K;(k,0)= 550 O).
S(k, 0)

In Fig. 3, we present the results of calculations carried out for U(10) =7 m/s. Thus,
Figs 3.1 and 3.2 contain the results obtained for insoluble films. It follows from (1)
that the level of spectrum and contrast of gravitational waves (k <k., F =0) are
determined by the difference between the inflow of energy from the wind and the
level of viscous dissipation By = pB/p, —7. In Fig.3.1, we present the back-
ground coefficient of wind-wave interaction p,B(k, 0)/p,, in the direction of the
wind and the viscous damping decrement for the clean surface and in the presence of
surfactant films with various values of the static modulus of elasticity. Note that the
film with relatively small E equal to 5 dyne/cm significantly increases the value of
Y as compared with the case E=0. For U(10)="7m/s, the wave number kg sat-
isfying the condition [y (kg, 0) =0 belongs to the zone of gravitational waves. For
k > kg, the level of spectrum turns into zero because the level of dissipation is higher
than the inflow of energy from the wind (Fig. 3.2). The calculations were performed
for the cases E =5, 10, and 30 dyne/cm typical of the spread of fuel, vegetable oil,
and olein, respectively (see Fig. 3). In these cases, the wavelength Ag = 2m/kg was
equal to 2.5, 4.6, and 13 cm respectively. Capillary waves (k < k) are generated
not only by the wind but also, as in the case of “parasitic” waves, on the crests of
gravitational waves with wave numbers 62.8rad/m < k < kg. This results in a sad-

dle-type form of the contrast and the spectral level differs from zero for k > kf / kg -
Note that, for a film with the elasticity modulus E = 30dyne/cm, we have kg <
62.8 dyne/cm ()\5 > 10cm) and the contrast K; = 0 forall k£ < kB‘

In Figs. 3.3 and 3.4, we present the results of numerical calculations performed
for the same wind U(10) = 7m/s for soluble films. In these calculations, the de-
rivative 0I'/dC in (11) (measured in [m]) is estimated according to the diffusion

scale of length as 10D, v;l , where

ve = |Pe_a,)u,
Py

is the dynamic velocity of waves in water. It follows from the comparison of
Figs 3.1 and 3.3 that, for the same modulus of static elasticity, viscous dissipation is
much lower for soluble films than for insoluble. Thus, the wave number kg > kc
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belongs to the zone of capillary waves and the spectral level differs from zero in the
entire range of k.

CONCLUSIONS

The influence of the films of surfactants on the spectrum of short wind waves
and the parameters of the lowest layer of the atmosphere is evaluated on the basis of
the combined model of wind and waves proposed in [6, 8]. The parameters of these
films were specified on the basis of the coefficient of viscous dissipation obtained in
[4] and the virial equation of state from [18].

The films of surfactants decrease the roughness of the sea surface as a result of
the suppression of short wind waves, which leads to a decrease in the coefficient of
resistance of the sea surface and the coefficient of turbulent heat exchange. The in-
fluence of waves on the parameters of the wind flow is determined by the parameter
of wind-wave coupling, which is an increasing function of the wind strength. For
light winds (when the effect of the films on waves is maximum), the relative decre-
ment of the coefficient of resistance caused by the films is small because waves are
responsible only for a small fraction of friction stresses. For strong winds, despite
high values of the parameter of wind-wave coupling, the effect of films becomes
weaker because the increment of growth of waves (quadratic as a function of the
wind velocity) is much higher than the level of viscous dissipation. The maximum
influence of the films on the coefficients of exchange is attained for U ~ 10my/s,
and the corresponding relative decrements of the coefficients of resistance and tur-
bulent heat exchange are — 15 and — 9%, respectively. It should be emphasized that
the numerical analysis of the effect of surfactants on waves in the presence of strong
winds have a somewhat hypothetical character because, in this case, the films suffer
intense destruction caused by the breaking of waves. However, at present, there is
no quantitative description of the influence of these processes on the viscous damp-
ing decrement.

The mean-square slopes of waves for the clean sea surface and slicks obtained in
the model are in satisfactory agreement with the data presented in [23]. In both
cases, the model values are somewhat higher than the data of observations. The
model does not confirm the phenomenon of strengthening of wind over the zone of
smoothing (slick) on the sea surface described in [24]. The analysis of the behaviour
of the wind velocity at a height of 5m over the slick relative to its background value
(for a given wind at a height of 10 m) reveals a small increment of the wind veloc-
ity. However, the quantity AU(5)/U(5) does not exceed 0.5% and can be re-
garded as insignificant. Even for a relatively small elasticity modulus of the film,
E = 5dyne/cm, viscous dissipation significantly increases (as compared with the
clean surface) and, as a result, the waves shorter than 2.5 cm cannot be directly gen-
erated by the wind. The ratio of the spectral level of the wind ripple in the slick to
the background level has a local minimum within the range k = 250-550 rad/min.
This means that millimeter waves are suppressed by the films less efficiently than
centimeter waves, since they are generated not by the wind but as “parasitic” capil-

I S P —
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laries on the crests of steep gravitational waves. If we take into account the solubil-
ity of the film, then the viscous decrement becomes much lower and, hence, the con-
trast of the energy of ripple in the slick for the same modulus of static elasticity de-
creases.
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