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Abstract

A short review is presented of selected aspects of mod-
elling the mean velocity profile in the atmospheric and
oceanic boundary layers, taking account of the effects of
surface waves, using coordinate systems which follow the
free surface. The relative merits of Lagrangian and other,
more general, coordinate systems, are discussed; also the
Generalised Lagrangian Mean formulation of Andrews and
McIntyre. Attention is given to the problem of providing a
consistent parameterization of wave energy dissipation in
order that spectral wave models and models for the ocean
current may be coupled together correctly.

1 INTRODUCTION

To include the effects of water waves in a coupled model
for the atmospheric and oceanic boundary layers, it is either
necessary to resolve individual waves, a procedure which
is usually computationally uneconomic, or to use some
kind of averaging procedure. The large variations in atmo-
spheric and oceanic properties (fluid velocity, temperature,
composition etc.) in the region very near the air–water in-
terface, over vertical distances which may be much smaller
than the wave amplitude, will not be properly resolved if
the averaging, temporal, spatial (horizontal), or over an en-
semble, is performed for fixed vertical co-ordinates ( ��� ).
Much better resolution across the interface will be obtained
if a coordinate system is used in which the interface corre-
sponds to a coordinate surface.

2 COORDINATE SYSTEMS

2.1 Types of Coordinate System

An infinite variety of surface-following coordinate sys-
tems is, of course, available, the choice of which is ac-
cording to the convenience of the user. If one can assume
that the waves on the interface are of fixed form, e.g. si-
nusoidal, then the system may be made approximately
time-independent by transforming to a moving reference
frame [1]. At the other end of the spectrum of possibili-
ties, one can use a Lagrangian formulation, in which the
fluid particles have fixed coordinate labels [2, 3]. In gen-
eral, one can use a time-dependent curvilinear coordinate
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system: if the coordinate system is such that the mean fluid
velocity at a particular coordinate location is equal to the
mean drift velocity of a fluid particle passing through the
location, the coordinate system corresponds to that of the
generalized Lagrangian mean (GLM) formulation of An-
drews and McIntyre [4].

2.2 General Formulation

It is advantageous to write the hydrodynamic equations
in conservation-law form, also in the case of curvilinear
coordinate systems [5]. A general treatment which encom-
passes a large variety of coordinate systems is described
by Jenkins [6, 7]: a brief presentation follows here. The
notation is similar to that used by Andrews and McIn-
tyre [4]. The fixed (Cartesian) coordinate system is de-
noted by x � � �����	��
��	����
 , and the curvilinear system by
y � ��� ��� � 
�� � ��
 . Vector components in the curvilinear
coordinate system continue to be referred to the original
Cartesian coordinate directions. Superscripts

��� 
	� and
��� 
��

are applied to variables in order to state which coordinate
system is being referred to. Partial differentiation with re-
spect to spatial coordinates and time is represented by

��� 
�� � ,
where � may be � , � , � , or � . We assume that the system sat-
isfies the following momentum and continuity equations:
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where  is the fluid density, u � � # ��� # 
�� # �7
 is the veloc-
ity,

+
is the rotational angular velocity vector of the Carte-

sian coordinate system, ) is a force (e.g. gravitational) po-
tential and 2 is a tensor which incorporates both pressure8 � 0 �� 2 ' ' and shear stress. The Einstein summation con-
vention is used: repeated indices are summed from 1 to 3.

If we assume that the coordinate transformation x � is
invertible and differentiable sufficiently many times, with
its Jacobian determinant 9 having co-factors : $ ' , we may
write the momentum equation (Eq. 1) in the following
form: ; $ � % 0=<>$ ' � ' �@? $ � (3)

where

; $ �  �� 9 # �$ is the ‘concentration of � $ -momentum
in y-space’,
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is minus the flux of � $ -momentum across
� '

-surfaces, and
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is a source function representing the potential (gravity) and
Coriolis forces. If  is constant, the potential force term
can be removed from ? $ and incorporated into <�$ ' as an
additional term, 0  (� � � : $ ' .

The derivation of Eqs. 3–5 becomes quite straightfor-
ward if we employ the four-dimensional coordinate sys-
tems

� �����	��
��	�����	��� �@� 
 and
��� ��� � 
�� � ��� � � � � 
 (Ref. [7]

section 2b).

2.3 Specific coordinate systems

Obviously, if � �$ � % � 4 , 9 � � , and : $ ' ��� $ ' , we re-
cover the usual Eulerian formulation of the hydrodynamic
equations. If we set # �$ � � �$ � % , we obtain the Lagrangian
hydrodynamic equations. If we choose x � so that we can
simultaneously decompose x � and u � into mean and fluc-
tuating parts:

x � � y &�� � � � � �64	� (6)

u � � u � & �
u � 
�
,� �

u � 
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in such a way that
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we recover the GLM equations, with u � as the generalized
Lagrangian mean velocity.

2.4 A Coordinate System for Both Air and Wa-
ter

The GLM representation is very elegant and powerful:
unfortunately, singularities may appear in the fluctuating
fields � � ,

�
u ��
 
 etc., for example, at critical levels, where

the mean velocity resolved along the wavenumber direction
of a wavelike component of the flow is equal to its phase
propagation speed, even where there is no singularity in the
flow itself. To avoid this singular behaviour it can be valu-
able to take the more general approach of section 2.2. In
the case of wind blowing over surface waves, there may be
critical levels in the atmospheric boundary layer, where the
wind speed is equal to the phase speed of a wave compo-
nent, and also in the near-surface region of the water col-
umn, if there is wave breaking, or if capillary rollers or
bores are formed near the wave crests. It can then be use-
ful to employ a coordinate system, such as that shown in
Fig. 1, which is determined by the form of the interface,
but not necessarily directly by the flow field either in the
air or in the water column.

2.5 Reynolds Stress

The quantity <�$ ' in Eqs. 3–4 has the function of a
stress: if the quantities 2 � , u � , etc. are split into mean
and fluctuating parts, we may obtain equations similar to

Figure 1: Example of a coordinate system, above and
below a wave surface. In this particular case we have x �D � � 0
��������� ��������� � ��� � � 0! � 
 � � 
�� ��������� ������"$#%� ��� � � 0! � 
 F .
Above the interface, the coordinate system is isomorphic:
below the interface 9 � � &'& D � � � 
 
 F .

those involving Reynolds stress for incompressible fluids
in fixed coordinate systems. However, the equivalent to the
Reynolds stress is normally more complicated, with many
more terms, including some which involve fluctuations in
the coordinate system transformation. An example, from a
model which applies perturbation theory to & D � � � 
 
 F 
 , is
shown in Fig. 2, in which we see that the total mean stress,
which is equal to the mean turbulent shear stress 2 ��� at the
top of the boundary layer, has at the water surface a large
fraction supported by the pressure-slope covariance 8 
)( � � .
The wave-induced apparent Reynolds stress 0  # 
 *+
 makes
a moderate contribution at intermediate levels, but it can be
seen that the coordinate-transformation-dependent terms# 
)( � % and , # 
)( � � make large (and oppositely-directed) con-
tributions.

In the particular case considered here, of wind blowing
over waves, it was found necessary, for simplicity in the
calculation, to neglect contributions to the mean (‘eddy’)
viscous shear stress which are of second and higher order
with respect to the wave slope � � . A similar simplification
was found to be necessary by Groeneweg and Klopman [8]
when applying the GLM theory to wave–current interac-
tion under the influence of viscous and/or turbulent shear
stresses.

2.6 Remark on perturbation theory

Equations of motion in Lagrangian and other time-
dependent curvilinear coordinates, particularly if they in-
volve second derivatives of the velocity field, are complex,
and perturbation expansions contain very many terms. Xu
and Bowen [9], when treating the problem of wave-induced
currents in finite water depth, avoided this problem by re-
taining the Eulerian representation.

An alternative method was applied by Jacobs [10] in his
analysis of wind over waves. He applied the theory of do-
main perturbations [11], in which modified dependent vari-
ables satisfy the same equations in y-coordinate space as
the original variables do in the fixed Cartesian x-coordinate



Figure 2: Computed vertical profile of the various contri-
butions to the downward momentum flux over wind waves,
calculated by the quasi-linear eddy-viscosity-based model
of Jenkins [7]. 1, 2 ������ ; 2, 8 
)( � ���� ; 3, 0 � 
�B� ( � ���� ; 4,2 
��� � � ���� ; 5, # 
)( � % ; 6, 0 # 
 *+
 ; 7, , # 
 ( � � . Notation: � is the
vertical curvilinear coordinate, with � � 4 being the water
surface—see Fig. 1; � and ( are the horizontal and vertical
coordinate displacements; , is the mean horizontal veloc-
ity; # and � are the horizontal and vertical velocity compo-
nents; � $ ' � 2 $ ' & 8 � $ ' is the traceless stress tensor; over-
bars and primes denote mean and fluctuating values with
respect to the curvilinear coordinate system. (Reprinted
from Journal of Physical Oceanography, c

�
1992 Amer-

ican Meteorological Society.)

space. The solutions to the equations are then transformed
to represent the original variables by adding terms involv-
ing the perturbation expansion of the coordinate transfor-
mation. This domain perturbation method may reduce the
amount of algebraic manipulation necessary, at the cost of
being somewhat more difficult conceptually.

3 NEAR-SURFACE WAVE-INDUCED
CURRENTS

3.1 Introduction

The computation of drift currents induced by wind and
waves, in the presence of (eddy) viscosity and rotation, has
been the subject of numerous studies (e.g. [1, 3, 9, 12–19]).
I will restrict myself here to discussing currents near the
sea surface induced only by local wind and wave action,
and discuss two problems in particular: (1) the relation be-
tween viscous and inviscid wave-induced currents in the

presence of rotation; (2) the interrelationships been air–sea
momentum flux and the wave generation and dissipation.

3.2 Wave-Induced Ekman Spirals and Inertial
Oscillations

According to Ursell [13], it is impossible for a steady
mean drift current to be generated by irrotational surface
gravity waves in an inviscid, rotating ocean. This result
is apparently inconsistent with the necessity of a mean
drift current (Stokes drift) for irrotational waves in a non-
rotating reference frame [12]. This paradox was resolved
in an elegant way by Pollard [14], who found an exact so-
lution of the Lagrangian hydrodynamic equations which
was a sum of Gerstner waves [20], which are rotational but
which have no mean drift, and depth-dependent inertial os-
cillations, so that at one phase in the inertial cycle the flow
is irrotational, but Coriolis force subsequently deflects the
current away from the wave direction.

Figure 3 shows what happens to the drift current due
to surface waves of a single wavenumber when a small
(eddy) viscosity is added to the system—the inertial oscil-
lations, which start when a wave field propagates into the
system, are gradually damped out [16]. It is conceivable
that a situation like this may arise if the ocean is calm and
significantly stratified. If the eddy viscosity is increased,
the drift current behaves more like that in a classical Ek-
man layer [21, 22], with a spiral hodograph for the mean
current, and Fredholm spiral time dependence for the the
current at given depths. Since no wind forcing is applied,
the momentum flux which drives the current is generated
by the ‘viscous’ damping of the wave field, which, though
specified to have a constant wave height for �	� 4 , must
decay along the wave propagation direction. Note that if
the ocean is initially at rest, and waves propagate into the
area at time � �64 , the drift current ‘immediately’ increases
to the appropriate ‘Stokes drift’ value.

The model which was used in these simulations is based
upon a perturbation expansion of the Lagrangian hydro-
dynamic equations. Because of the similarity of the La-
grangian coordinate system, for short drift intervals, to the
sub-surface coordinate system shown in Fig. 1, I anticipate
that the same results would be obtained from an analysis
based upon the latter coordinate system, or, indeed, from a
GLM formulation of the problem.

3.3 Wave Generation/Dissipation and Cou-
pling of Wave and Current Models

As discussed above, the flux of momentum into the wave
field from wind forcing, and the flux of momentum from
the wave field into the current when waves dissipate, must
be taken into account. It is also possible under certain cir-
cumstances, such as when swell propagates in light-wind
conditions, for the waves to be damped by atmospheric
forcing and for the wave momentum to drive an airflow
in the near-surface boundary layer [23, 24, 25]. The prob-



Figure 3: (After Jenkins [16].) Development in time (0 to
50 pendulum hours) of the mass transport velocity at depths
of 0, 1, 2, 5, and 10 metres, after a monochromatic wave
field of wave height 1.76 m propagates into the area of in-
terest. Eddy viscosity = 10 ��� m
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1986 American Me-
teorological Society.)

Figure 4: (After Jenkins [16].) Development in time of
the mass transport velocity due to the same wave field as
in Fig. 3. Eddy viscosity = 10 ��� m
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1986 American Me-
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lem of wind-wave generation has been discussed by many
authors (e.g. [7, 10, 26–35]); in this section I will primar-
ily touch on the other problem, that of wave damping or
dissipation.

The simplest wave dissipation case to deal with is when
the (eddy) viscosity is constant. In this case, in linear deep-
water gravity wave theory we may decompose the oscil-
latory motion into an irrotational part, which decays with
depth (increasing negative

� � ) as ��� ��� , and a rotational

component which decays rapidly with depth, as ��� ��� , with� � �  � � ��� 
 , where  is the wave angular frequency
and � is the (eddy) viscosity. In the absence of other forc-
ing, the wave amplitude will then decay with time [36]

as �
	���
 0 
�� ���� ��� , and the wave momentum will be trans-

ferred into the water column with an apparent source at the
surface.

In the case where we may regard the waves as being
damped by an eddy viscosity � which varies with depth,
the situation becomes more complex: we still have an ir-
rotational oscillatory flow with an � � ��� depth dependence,
but the rotational component extends to greater depths [17].
Under the assumption that � is constant within the vortic-
ity layer which extends downwards from the surface with
an � -folding depth of � � � , Jenkins [17, 37] determined that
the waves decay with time according to

��� �
	���� 0 � � 
 ������� � � � � ��� ��
 � 
 � ���"! � �
# ��$ %
He also found that the momentum was then transferred
from waves to the current partly at the surface, at a rate
given by the surface value of � , and the rest from a diffuse
source distributed within the water column as � � � � 
 � ��� .

It is then tempting to simulate the wave-dissipation ef-
fects of, for example, wave breaking and whitecapping
(e.g. [38]), by employing a vertically-varying eddy viscos-
ity which has the same wave-frequency-dependent wave-
damping effect. Unfortunately, it is impossible to use the
same eddy viscosity to damp the wave energy as one uses
for the diffusion of momentum within the current field: the
former must be much smaller than the latter. This can
be understood in terms of the fact that the current will
be affected by turbulent eddies and other motions such as
Langmuir circulations, which have time scales too great
to respond to ocean waves sufficiently rapidly to exert a
wave-damping effect. It is therefore necessary to employ
timescale-dependent eddy-viscosity profiles in order to use
this approach, and this method was applied for the first
time, to my knowledge, by Jenkins [39], the results being
reproduced here in Figs. 5–6. It was found necessary to ad-
just the results of the wave model used in this simulation to
ensure that its formulation of energy, momentum, and wave
action conservation was consistent throughout the whole
wave spectrum.

More precise formulations of this problem necessitate
the analysis of detailed laboratory and/or field experiments
and also realistic wave-resolving numerical simulations
(e.g., [40–47]).

4 CONCLUSION

I have given here what is necessarily a very brief descrip-
tion of the atmosphere–wave–sea momentum flux prob-
lem, from the point of view of a modeller of near-sea-
surface processes. Notwithstanding the difficulties which
may arise in the analysis, the use of surface-following co-
ordinates has its advantages, since such coordinates enable



Figure 5: (After Jenkins [39].) Evolution of the surface
drift current when the wave field is calculated using a spec-
tral wave model (a 1-point version of WAM [48]). The
significant wave height is initially zero, increases to 1.5 m
after 9 hours and to 1.8 m after 36 hours. The rapid os-
cillations in the current during the first few hours may be
due to the numerical properties of the version of the wave
model used, and reflect the oscillations in the Stokes drift
shown in Fig. 6. (Reprinted from Deutsche Hydrographis-
che Zeitschrift, c

�
1989 Bundesamt für Seeschifffahrt und

Hydrographie.)

Figure 6: (After Jenkins [39].) The Stokes drift computed
from the wave model results used in the coupled model
runs for Fig. 6. (Reprinted from Deutsche Hydrographis-
che Zeitschrift, c

�
1989 Bundesamt für Seeschifffahrt und

Hydrographie.)

a fine resolution of what are expected to be large gradients
in the dependent variables in the cross-interface direction.
This is particularly important when considering heat and
mass flux problems, since such large gradients are indeed
observed [47, 49–52].

5 ACKNOWLEDGEMENTS

The author acknowledges support from the Research
Council of Norway under project no. 155923/700. This is
publication no. A0027 of the Bjerknes Centre for Climate
Research.

6 REFERENCES

[1] M. S. Longuet-Higgins. Mass transport in water waves. Phi-
los. Trans. R. Soc. Lond., Series A, 245:535–581, 1953.

[2] W. J. Pierson. Perturbation analysis of the Navier–Stokes
equations in Lagrangian form with selected linear solutions.
J. Geophys. Res., 67:3151–3160, 1962.

[3] M.-S. Chang. Mass transport in deep-water long-crested
random gravity waves. J. Geophys. Res., 74:1515–1536,
1969.

[4] D. G. Andrews and M. E. McIntyre. An exact theory of
nonlinear waves on a Lagrangian-mean flow. J. Fluid Mech.,
89:609–646, 1978.

[5] J. L. Anderson, S. Preiser, and E. L. Rubin. Conservation
form of the equations of hydrodynamics in curvilinear coor-
dinates. J. Comput. Phys., 2:279–287, 1968.

[6] A. D. Jenkins. Conservation form of the momentum
equation in a general curvilinear coordinate system.
Ocean Modelling (newsletter), 84:6–8, 1989. Unpub-
lished manuscript, available from the Robert Hooke
Institute, Dept. of Atmospheric, Oceanic and Planetary
Physics, Clarendon Laboratory, Parks Road, Oxford, OX1
3PU, U.K. Manuscript available for download at URL
http://www.gfi.uib.no/˜ jenkins/papers/JenkinsAD_OM-
1989-6.ps.gz.

[7] A. D. Jenkins. A quasi-linear eddy-viscosity model for
the flux of energy and momentum to wind waves, using
conservation-law equations in a curvilinear coordinate sys-
tem. J. Phys. Oceanogr., 22(8):843–858, 1992.

[8] J. Groeneweg and G. Klopman. Changes of the mean veloc-
ity profiles in the combined wave–current motion described
in a GLM formulation. J. Fluid Mech., 370:271–296, 1998.

[9] Z. Xu and A. J. Bowen. Wave- and wind-driven flow in
water of finite depth. J. Phys. Oceanogr., 24:1850–1866,
1994.

[10] S. J. Jacobs. An asymptotic theory for the turbulent flow
over a progressive water wave. J. Fluid Mech., 174:69–80,
1987.

[11] D. D. Joseph. Domain perturbations: The higher order the-
ory of infinitesimal water waves. Arch. Rational Mech. Anal,
51:295–303, 1973.

[12] G. G. Stokes. On the theory of oscillatory waves. Trans.
Camb. Philos. Soc., 8:441–455, 1847.

[13] F. Ursell. On the theoretical form of ocean swell on a ro-
tating earth. Mon. Not. R. Astron. Soc. (Geophys. Suppl.),
6:1–8, 1950.

[14] R. T. Pollard. Surface waves with rotation: an exact solution.
J. Geophys. Res., 75:5895–5898, 1970.

[15] J. E. Weber. Steady wind- and wave-induced currents in the
open ocean. J. Phys. Oceanogr., 13:524–530, 1983.



[16] A. D. Jenkins. A theory for steady and variable wind and
wave induced currents. J. Phys. Oceanogr., 16:1370–1377,
1986.

[17] A. D. Jenkins. Wind and wave induced currents in a rotating
sea with depth-varying eddy viscosity. J. Phys. Oceanogr.,
17(7):938–951, 1987.

[18] J. E. Weber and A. Melsom. Transient ocean currents in-
duced by wind and growing waves. J. Phys. Oceanogr.,
23(2):193–206, 1993.

[19] J. E. Weber. Virtual wave stress and mean drift in spatially
damped surface waves. J. Geophys. Res., 106(C6):11653–
11657, 2001.

[20] F. J. Gerstner. Theorie der Wellen, 1804. Abhandl. Kgl.
Böhm. Ges. Wiss., Prague.

[21] V. W. Ekman. Om jordrotationens inverkan på vindström-
mar i hafvet. Nyt Magazin for Naturvidenskab, 40(1):1–27,
1902.

[22] V. W. Ekman. On the influence of the earth’s rotation on
ocean-currents. Arkiv för Matematik, Astronomi och Fysik,
2(11):1–52, 1905.

[23] M. A. Donelan. Air-sea interaction. In B. LeMehaute and
D. Hines, editors, The Sea: Ocean Engineering Science,
volume 9, pages 239–292. Wiley, New York, 1990.

[24] A. Sjöblom and A. Smedman. The turbulent kinetic energy
budget over sea. J. Geophys. Res., 107(C10):3142, 2002.
doi: 10.1029/2001JC001016.

[25] A. Sjöblom and A. Smedman. Vertical structure in the ma-
rine atmospheric boundary layer and its implication to the
inertial dissipation method. Bound.-Layer Meteorol., 2003.
In press.

[26] H. Jeffreys. On the formation of water waves by wind. Proc.
R. Soc. Lond., A107:189–206, 1924.

[27] J. W. Miles. On the generation of surface waves by shear
flows. J. Fluid Mech., 3:185–204, 1957.

[28] O. M. Phillips. On the generation of waves by turbulent
wind. J. Fluid Mech., 2(5):417–445, 1957.

[29] H. Mitsuyasu and T. Honda. Wind-induced growth of water
waves. J. Fluid Mech., 123:425–442, 1982.

[30] P. A. E. M. Janssen. Wave-induced stress and the drag of air
flow over sea waves. J. Phys. Oceanogr., 19:745–754, 1989.

[31] V. K. Makin. Numerical approximation of the parameter of
wind-wave interaction. Sov. Meteorol. Hydrol., (10):93–96,
1989. English translation of Meteorol. Gidrol. (USSR), No.
10, pp 106-108.

[32] D. Chalikov and V. K. Makin. Models of the wave boundary
layer. Bound.-Layer Meteorol., 63:65–96, 1991.

[33] A. D. Jenkins. A simplified quasilinear model for wave
generation and air-sea momentum flux. J. Phys. Oceanogr.,
23(9):2001–2018, 1993.

[34] S. E. Belcher, J. A. Harris, and R. L. Street. Linear dynamics
of wind waves in coupled turbulent air–water flow. Part 1.
Theory. J. Fluid Mech., 271:119–151, 1994.

[35] V. K. Makin and V. N. Kudryavtsev. Coupled sea surface—
atmosphere model. 1. Wind over wave coupling. J. Geophys.
Res., 104:7613–7623, 1999.

[36] H. H. Lamb. Hydrodynamics. Cambridge University Press,
Cambridge, England, 6th edition, 1932.

[37] A. D. Jenkins. A Lagrangian model for wind and wave in-
duced near-surface currents. Coastal Engng, 11:513–526,
1987.

[38] K. Hasselmann. On the spectral dissipation of ocean waves
due to white capping. Boundary-Layer Meteorology, 6:107–
127, 1974.

[39] A. D. Jenkins. The use of a wave prediction model for driv-
ing a near-surface current model. Dt. Hydrogr. Z., 42(3–
6):133–149, 1989.

[40] P. D. Craig and M. L. Banner. Modeling wave-enhanced
turbulence in the ocean surface layer. J. Phys. Oceanogr.,
24:2546–2559, 1994.

[41] R. Cointe and M. P. Tulin. A theory of steady breakers. J.
Fluid Mech., 276:1–20, 1994.

[42] A. D. Jenkins. A stationary potential-flow approximation for
a breaking-wave crest. J. Fluid Mech., 280:335–347, 1994.

[43] H. M. Nepf, E. A. Cowen, S. J. Kimmel, and S. G. Moni-
smith. Longitudinal vortices beneath breaking waves. J.
Geophys. Res., 100(C8):16 211–16 221, 1995.

[44] P. D. Craig. Velocity profiles and surface roughness under
breaking waves. J. Geophys. Res., 101:1265–1277, 1996.

[45] E. A. Terray, M. A. Donelan, Y. C. Agrawal, W. M. Drennan,
K. K. Kahma, A. J. Williams, III, P. A. Hwang, and S. A. Ki-
taigorodskii. Estimates of kinetic energy dissipation under
breaking waves. J. Phys. Oceanogr., 26:792–807, 1996.

[46] A. D. Jenkins. Do strong winds blow waves flat? In Billy L.
Edge and J. Michael Hemsley, editors, Ocean Wave Mea-
surement and Analysis, volume 1, pages 494–500. Ameri-
can Society of Civil Engineers, 2001. Proceedings, WAVES
2001, San Francisco.

[47] W. L. Peirson and M. L. Banner. Aqueous sur-
face layer flows induced by microscale breaking wind
waves. J. Fluid Mech., 479:1–38, 2003. DOI:
10.1017/S0022112002003336.

[48] G. J. Komen, L. Cavaleri, M. A. Donelan, K. Hasselmann,
S. Hasselmann, and P. A. E. M. Janssen. Dynamics and
Modelling of Ocean Waves. Cambridge University Press,
1994.

[49] L. Memery and L. Merlivat. Modelling of gas flux through
bubbles at the air–water interface. Tellus, 37B:272–285,
1985.

[50] P. Schlüssel, W. J. Emery, H. Grassl, and T. Mammen. On
the bulk skin temperature difference and its impact on satel-
lite remote sensing of sea surface temperature. J. Geophys.
Res., 95:13 341—13 356, 1990.

[51] A. V. Soloviev and P. Schlüssel. Parameterization of the
cool skin of the ocean and of the air–ocean gas transfer on
the basis of modelling surface renewal. J. Phys. Oceanogr.,
24:1339, 1994.

[52] C. J. Donlon and I. S. Robinson. Observations of the
oceanic thermal skin in the Atlantic Ocean. J. Geophys.
Res., 102(C8):18 585—18 606, 1997.


