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A multi-scale asymptotic theory is derived for the evolution and interaction of currents
and surface gravity waves in water of finite depth, under conditions typical of coastal
shelf waters outside the surf zone. The theory provides a practical and useful model
with which wave—current coupling may be explored without the necessity of resolving
features of the flow on space and time scales of the primary gravity-wave oscillations.
The essential nature of the dynamical interaction is currents modulating the slowly
evolving phase of the wave field and waves providing both phase-averaged forcing
of long infra-gravity waves and wave-averaged vortex and Bernoulli-head forces
and hydrostatic static set-up for the low-frequency current and sea-level evolution
equations. Analogous relations are derived for wave-averaged material tracers and
density stratification that include advection by horizontal Stokes drift and by a vertical
Stokes pseudo-velocity that is the incompressible companion to the horizontal Stokes
velocity. Illustrative solutions are analysed for the special case of depth-independent
currents and tracers associated with an incident surface wave field and a vortex with
0O(1) Rossby number above continental shelf topography.

1. Introduction

We derive approximate dynamical equations for surface gravity waves and currents
in a fluid bounded below by a spatially variable bottom topography. The purpose
of our modelling differs from well-established theory for effects of topography,
nonlinearity, and currents on wave evolution (see Mei 1989 for a review). We
focus on how the primary gravity waves (i.e. characteristic of the peak of the
wave spectrum) influence currents and vice versa on the longer space and time
scales that characterize their nonlinear evolution, with the goal of obtaining a wave-
averaged asymptotic model for the mutual interaction of waves and currents in
oceanic shelf regions. We accomplish this through the assumption of scale separation
between the waves and currents and time averaging over the wave scales. This
approach is an extension of McWilliams & Restrepo (1999), but here we do not
assume that waves are distinguished from currents entirely by their irrotationality.
Rather the distinction between what we mean by waves and currents is made by
scale dependences alone; the temporal scale separation is the most fundamental one.
The resulting model has the appealing theoretical and practical attribute of making
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the large-scale interaction between waves and currents explicit without the burden
of resolving the wave oscillations. Our hope is that this model will be useful for
discovering new phenomena that arise through wave—current interactions as well as
for realistic coastal simulation modelling. We leave open pro tem several possible
generalizations of the theory of the wave evolution along previously established lines
(e.g. dissipation effects).

The ingredients of the dynamics are the following:

(i) Surface gravity waves that (a) are approximately irrotational; (b) are in water
of finite depth (i.e. w=koHy~ 1, where k;' and H, are characteristic values for the
horizontal scale of the waves and depth of the layer, respectively); (c¢) have a small
but finite amplitude (i.e. € =apko < 1, where aq is a characteristic sea level amplitude
for the waves); and (d) propagate in a slowly varying environment provided by the
topography, long waves, and currents (i.e. with a ratio 8 < 1 between the characteristic
wave and topography/long-wave/current horizontal scales).

(i1) A separate long surface gravity wave component (i.e. an infra-gravity wave),
forced by a nonlinear, phase-averaged pressure head and a mass-flux divergence due
to the primary waves.

(iii) Nonlinear, rotational currents, whose evolution is influenced by Stokes-drift
advection and vortex forces (cf. Craik & Leibovich 1976; McWilliams & Restrepo
1999), as well as other wave-averaged effects.

The theory describes the interactions among these components. It also includes their
consequences for material tracers and density stratification.

Work on the interactions among water waves and currents spans nearly half a
century. Mainly driven by military, shipping, and shoreline interests, most of the
research has focused on how wave nonlinearities affect the shape and spectrum of the
waves and on how strong currents affect waves, rather than the other way around.
Longuet-Higgins & Stewart (1960, 1961) analyse the nonlinear interaction between
short waves and long waves (or currents) and show that variations in the energy of
the short waves corresponds to work done by the long waves against the radiation
stress of the short waves. In a shoaling area these radiation stresses lead to what are
known as the wave set-up and set-down, surf beats, the generation of smaller waves
by longer waves, and the steepening of waves on adverse currents and tidal streams
(Longuet-Higgins & Stewart 1962, 1964). In Longuet-Higgins (1970) the divergence of
this radiation stress is shown to generate an along-shore current by obliquely incident
waves on a beach. Peregrine (1976) and Peregrine & Thomas (1979) contribute to
the general asymptotic theory on the effects of currents on waves. Thomas (1981,
1990) further investigates the problem both numerically and experimentally. Burrows
& Hedges (1985) describe the influence of currents on the oceanic wave climatology.
Yoon & Liu (1989) develop a nonlinear dispersive-wave model with current terms.
Reviews of wave-wave and wave—current interactions appear in Fenton (1990) and
Jonsson (1990).

The effect of waves on currents has been studied much less. It is well known
that waves produce a residual Lagrangian current on time and space scales larger
than those typical of the waves. Its asymptotic expression is known as the Stokes
drift velocity (Longuet-Higgins 1953; Restrepo & Leaf 2002). The coupling of the
vorticity in a current with the Stokes drift, known as the vortex force, can lead to
a destabilization of the current, forming cells that have striking similarity to oceanic
Langmuir circulations (Craik & Leibovich 1976; McWilliams, Sullivan & Moeng
1997). Waves can cause a decrease in tidal-current amplitude with increasing wave
height through enhancement of the wave-averaged bottom stress (Grant & Madsen
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1979; Prandle 1997; Wolf & Prandle 1999). The wave set-up effect (above) can also
be viewed as an effect on the larger scales associated with the currents.

The organization of the paper is the following: the primitive dynamics and non-
dimensionalization are defined in §2; the leading-order wave solution is presented
in §3; the multi-scale asymptotic expansion is defined in §4; the wave dynamics are
more fully determined in §§5-7 and Appendices A and C; the forced long-wave
dynamics are in § 6 and Appendix B; the current dynamics are in §§ 8-9; the evolution
of a material tracer field is in §10; the generalization to density stratification is in
§11; the classical shallow-water ansatz is derived in §12, and some of its illustrative
solutions are analysed in § 13; and a summary and discussion are in § 14. Appendix D
summarizes the definition of the symbols employed.

2. Primitive dynamics

Our starting point is the conservative system of equations for three-dimensional
velocity U(X, z,t), sea level z=E(X, ), and material concentration C(X, z,¢) in a
rotating, finite-depth layer with uniform density p,, a free upper surface of constant
pressure, and variable resting depth z=—H(X). Here X are the horizontal spatial
coordinates and z the vertical one, parallel to gravity, with an upward unit vector
2; z=0 coincides with the quiescent oceanic sea level. We make all equations
and variables non-dimensional with a characteristic gravity-wave frequency o and
wavenumber ky, wave amplitude in sea level ay, and the linear dispersion relation
with a characteristic water depth Hy =k, ' (namely o = gko tanh[u], where g is the
gravitational acceleration and u =koHp). Thus, we non-dimensionalize with k! for
distance and depth, o' for time, ag=¢€ky' for E (where € =aoko), €ooky' for U,
€pooiky? for pressure P, and eoy for the vorticity 2. We use f, as the scale for
the Coriolis frequency, and define a non-dimensional frequency, f"¢ = f;/o9, which
is equivalent to a Rossby number based on time scales. For convenience, we define
the gradient operator in terms of its horizontal and vertical components so that
V = (V,, 3/9z). We similarly write the velocity U = (Q, W). The horizontal extent of
the oceanic region of interest is denoted by & with a boundary 2.

The resulting non-dimensional equations of motion are

a;3—3+eu~vu+f""f2><u+w>+®=0, 2.1)
V-U =0,
with a bottom boundary condition of no flow through the ground,
W =—uQ-V.H atz=—uH, (2.2)
and kinematic and pressure-continuity boundary conditions at the sea surface,
W=%—I;:+6Q-VXE, (23)

P=Py atz=¢E.

Here the resting depth H is assumed to be changing appreciably only over large
spatial distances. Py represents the large-scale atmospheric pressure anomaly from
climatology that we assume does not vary spatially on the oceanic scales of interest.
We can absorb the gravitational force and surface pressure by defining

<
=P —_— — P 2.4
p + ¢ tanh[u] 05 (2.4)
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thus, the final two force terms are replaced by Vp and the final surface boundary
condition by

= =¢E. 2.
p tanh[4] at z=e¢ (2.5)
Taking the curl of (2.1), we derive the vorticity equation for 2 =V x U:
082
s +Vx[(eR + f2) x U] = 0. (2.6)

(The governing equations for material tracers and buoyancy are deferred until § 10—
11.)

A vertical integral of the continuity equation in (2.1), in combination with the
vertical boundary conditions on W in (2.2)—(2.3), yields the local mass conservation
law,

aE eE
— 4V, Qdz =0. (2.7)
ot —uH
With appropriate lateral boundary conditions on 9% this system preserves total mass,
M = // (LH + €E)dX/, (2.8)
g

and energy,
cE ’
&= IU-U+ ) d7dx. 2.9
[/ (80U ranp ) o 0 22

3. Linear gravity wave solutions

To leading order in €, £, and B, and making use of the slow variation assumption
on H, a non-dimensional solution of (2.1)—(2.5) is

E =acos[k-x —ot],

ak cosh[Z]

o tanh[u] cosh[#]

W= ak sinh[Z]

o tanh[u] cosh[#]

a is the sea-level height; k is the horizontal wavenumber vector; k is its modulus;
% =k(z+unH) is a rescaled height; # =kuH is a rescaled water depth; and the local
dispersion relation is given by

Q=

cos[k-x —ot], (3.1)

sin[k+X —o1].

, , tanh[]
~ " tanh[u]

As . — 0 (i.e. the wavelength becomes very long compared to the depth), 0> — Hk?,
and as u — oo (i.e. deep water), o> — k.

The physical setting we have in mind is an inner coastal shelf region with its typical
wind waves and swell waves. So, for example, for a wavelength of 100 m, then u is not
small except very near the shore where H is small compared to about 15 m (i.e. less
than a few metres depth). In this regime there are several non-conservative near-shore
processes that are not modelled here but could be appended later: divergence of
wave radiation stress due to wave breaking in the surf zone (Longuet-Higgins 1970),
bottom drag, and local wave generation by wind stress.

(3.2)
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The velocity in (3.1) may be defined in terms of a velocity potential @ as
Uu=vao,
so that for the solution in (3.1),

&= a cosh[Z]
o tanh[u] cosh[#]

The associated pressure field satisfies p =—d®/9d¢, hence
_a cosh[Z]

tanh[u] cosh[]
The vorticity to leading order is zero,

2=V, xU=0.

sin[K-X — ot]. (3.3)

p cos[k*x —ot]. (3.4)

In the more general circumstances analysed below, we shall preserve this wave
behaviour at the shortest space and time scales considered.

Substituting (3.1) into (2.9) and averaging over the oscillations leads to an expression
for the mean wave energy, valid to leading order in e,

a2

2tanh[u]’

which is composed of equal contributions from the potential and kinetic components.

&= (3.5)

4. Multi-scale dependences and the asymptotic expansion form

We denote the non-dimensional wave-scale coordinates by (X, z,7). We assume
the waves have a slowly varying ‘envelope’ dynamics in the horizontal and
time coordinates (X, t), where X =X, t =8¢, and 8 <1, including a ‘long-wave’
component that does not oscillate in the wave coordinates (X, ¢). We assume that
the bottom topography varies on the coordinate X, while the currents have slow
scales of variation in the coordinates X and T =y¢, with y < 8 < 1. We choose an
asymptotic expansion form that decomposes the velocity and surface elevation into
wave, long-wave, and current components that have the scale dependences described
above. An expansion form that retains (3.1)—(3.3) as a leading-order solution is the
following:

Q=q(X,z,t, X, 7, T,..)+ 20"z, X, 7, T,...)+8v(z, X, T,...)+-,
W=wX,zt X,1,T,..)+ipw"(z, X, t,T,..)+8Bw(z, X, T,...)+ -,
2 =[(V,,3/0z)+ BVx +...] x(q, w)
+2[(BVx,0/3z) +...]1 x (g, Bw™)+ 8 [(BVx, 3/3z) +...] X (v, Bw) + - -~
= "X, z,t, X, 0, T,...)+ 20z, X, 7T, T,...) + 80z, X, T, ...)+ "+,
E=nx,t,X,t,T,..)+ (X, 7, T,..)+8¢c(X,T,..)+ -,
p=p°X,z,t, X, t,T,.. )+ ip™@z, X, t,T,..)+6r(z, X, T,..)+ -

(4.1)

Here 4,8 < 1. Vyx denotes a spatial derivative with respect to the slow horizontal
coordinate X. The right-hand-side quantities (g, w, ®*, n, p*) are for the primary
surface waves (evolving on fast horizontal and time scales) that are influenced in
their slow coordinate dependences by topography, long waves, and currents; we
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further denote the three-dimensional wave velocity by u=(d, w). The quantities
(g™, w'™, @', ', p") are for the long waves that arise from wave-averaged nonlinear
interactions among the primary waves, with U = (g"*, Bw'*). Finally, (v, w¢, @, ¢, p°)
are for the slowly evolving wave-averaged currents that are influenced by wave-
induced vortex forces, Stokes-drift advection, etc. The topography also has only a
slow spatial dependence, H = H(X).

We distinguish waves and currents by a slow averaging operator, denoted by (-),
over the (X, ¢, ) dependences in (4.1). This implies that all wave quantities have zero
slow average, e.g. (n) = (n'*) =0. We further define a wave-phase average, denoted by
(+), over only the (X, t) dependences, which distinguishes the primary and long waves;
e.g. for n in (3.1), 7=0 and n*>= 14 and for n, (n'") =0. We thus distinguish two
types of fluctuations about these averages by

=)= ()  )'=()=(), (4.2)
where the dot denotes the operand.

Consistent with non-breaking waves near the peak of their spectrum in the ocean,
we assume that € < 1. We shall use € as the fundamental expansion parameter of
the asymptotic theory. The other scaling parameters [8, "¢, y, 8, A] <1 will be
chosen in relation to € to permit particular dynamical balances. We will choose them
to obtain both a consistent and general leading-order vorticity equation for the wave-
averaged current dynamics with advection, rotation, topography and stratification
influences, and a general combination of influences from nonlinearity, topography
and the currents for the slowly varying envelope dynamics of the waves. We shall see
that the scaling choices that allow this are the following:

B=e>, fr=e'f, y=€' S=e Ii=¢, (4.3)

where we assume that f, u~e®=0(1). It will be shown that these choices are
consistent in (4.1) with the wave velocity remaining irrotational up to O(e?) (§§3, 5
and 7) and with the long-wave and current velocities being entirely horizontal up to
0(8B) = 0(€>).

A physical characterization of the regime of interest can be made by using a primary
surface gravity wavelength of 100 m and a wave amplitude of 1.2 m in water with a
depth of 100 m. From the dimensional form of (3.2), the wave period is 8 s. The wave
steepness is € = 0.1. The slow length scale is B! = €72 times the wavelength or 10
km; this is comparable to the baroclinic deformation radius in coastal regions. The
slow time scale is y~! = €~* times the period or 1 day; this is comparable both to
sub-tidal current advective times and to synoptic atmospheric times over which the
wind forcing of the primary waves changes. These slow scales are thus relevant for
sub-mesoscale and mesoscale topography and currents on a continental shelf.

5. Wave envelope dynamics

Here we construct a slowly varying weakly nonlinear wave theory for gravity
waves in finite-depth water, carrying further the approach in Chu & Mei (1970). The
basic strategy is to apply WKB theory (c.f. Keller 1958). To leading order the result
coincides with the linear solution in § 3. At higher orders it includes effects of wave
nonlinearity and vorticity, topographic variations, long waves, and currents. In this
section we assume that the long-wave (n'*, u')(X, z, ) and current (¢, v)(X,z, T)
quantities are known, in order to determine their influence on the primary wave
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evolution. (In subsequent sections we shall derive the evolutionary equations for the
long waves and currents.)

5.1. Governing equations

Exploiting the properties of the velocity field mentioned at the end of the previous
section and the scaling choices (4.3), we write

U=Ve +e(@” +v)+2u™ + 2w 4+ w); (5.1)

¢ is the wave component of the velocity potential @, and u*” is the wave velocity
associated with wave vorticity (i.e. @ =V x u”? #£0). The €§ prefactor of the wave
vorticity is determined by nonlinear interactions with the currents (demonstrated
below).

We obtain simplified governing equations for ¢ by dropping terms of O(e?) after
making use of the scaling relations in (4.3), § = € and B = €? in particular. The
momentum balance (2.1) can be rewritten as

V<8—¢+§(U-U)~I—p+PO)

ot
o (Ve [V :
_ . ( v +<az 29 [az vx¢>D>+0(e ) (52)

where
V=g"+v (5.3)

is the phase-averaged horizontal velocity. The neglected terms contain current
acceleration, Coriolis force, and other higher-order terms. In order to clearly
distinguish the irrotational and rotational components of the wave velocity, we
require that the left- and right-hand sides of (5.2) vanish separately to the indicated
order. The left-hand side yields a Bernoulli integral,

a €
8—¢;+EU-U +p+(Py—Cy) =0+ 0(e). (5.4)
C, is an arbitrary function of ¢ that appears due to spatial integration of the
momentum equations; it will be specified later (§9). The right-hand side of (5.2)

yields
Ju AV a¢p [V

Clearly, (5.4) is only valid to the indicated order with the particular, but permissible,
choice of U™’ in (5.5). In §§6-7 we present more complete analyses of the long-wave
dynamics and the wave vorticity balance, but for now we proceed with the analysis
for ¢, formally assuming that u*® is otherwise known (ie. just as for u'®, n'*, v,

and ¢).
Continuity in the pressure field allows us to evaluate (5.4) at the free surface:
1 ap € 3
E4+—+=-(U-U)=C,— P, =¢E. 5.6
tanh[] t5 1 2( )=Cp,— Py+ O(€), z=¢€ (5.6)

Its material derivative is

r O U-U) 4 EU-TIU-U ¢
[¢]+65( )+7( ) )+W

N w” = 0(e’), z=¢€E, (57)
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which is obtained by applying 9/9¢ + €U -V to (5.6). The operator I is defined as
02 1 d
r=—+——-—. 5.8
8 T tanh[u] 3 8)

The incompressibility relation and kinematic boundary conditions from (2.1)—(2.3)
are

V2¢ = —€’V-u", —uH <z <e€E, (5.9)
)
a_¢ = —ue’V,p:-VyH —ew"™ + 0(e’),  z=—uH, (5.10)
z
?f)_%——keu V.E —e*w™ + 0(), z=¢FE, (5.11)
F4

Next we expand the free-surface conditions in a Taylor series about the mean sea
level, z=0. This is done by applying the operator

9 d
R = exp <EE—> =1+4+€eE—
0z

+ = Ez— + 0(€?)
0z

2 92

d d 1 ,9?
=1+€77£+62< 8_+§ 28 2>+0(€3) (5.12)

to (5.7) and (5.6) and evaluating the resulting equations at z = 0. Here
Z=n"+¢ (5.13)

is the phase-averaged sea-level elevation. After substituting from (5.1), we obtain

62

R[T[p]] =—2¢ (1 -I-éna—) {Vqﬁ (ﬂ tan Al w"’

—é? (§(V¢-V)(V¢-V¢)+2V-Vx—¢> +0(e), z=0, (5.14)
ap €
at} ‘ <1+ 77—> V- Vol

— e (V V) +(C, — Py) + O(€%), z=0. (5.15)

1

PR (n+e€Z)=—R [

The equations (5.9), (5.10), and (5.14) comprise the governing equations for the wave
dynamics in ¢, and (5.15) may be used to evaluate n from ¢. These differ from those
of Chu & Mei (1970) most substantially by including contributions from the wave
vorticity (5.5) that, as we shall see, carry significant information about the effects of
currents.

5.2. Wave phase dynamics
We expand the solution in e,

¢=¢0+€¢1+62¢2+“',}

_ 2 (5.16)
n=mno+en +en+

At leading order we use a WKB representation for the linear wave solution (3.1) and
(3.3) over slowly varying depth, H(X),
$o = 1gn(X, z, 1)elSX I 4 c.c.,}

1 iS(X,7)/e> (5.17)
no = 3n0(X, t)e +c.c.,
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where
1A cosh[Z]

o tanh[u] cosh[#]

Here iz\/—_l, and c.c. denotes the complex conjugate; ¢o; and ny are complex
functions. A is the wave amplitude function in the surface elevation, and S is the
phase function that, when divided by €? in the exponential, yields oscillations over
the fast coordinates (X, t). S is related to the wavenumber vector and frequency by
k=VyxS, O’=—§, (5.19)
T
as is customary in ray theory (Lighthill 1978). This solution form satisfies (5.9), (5.10),
and (5.14) at leading order in ¢ when the derivatives (V,, d/0¢) are interpreted as
€’ (Vx,d/dt) when applied to the solution form (5.17) and when the dispersion
relation (3.2) holds; i.e.

No1 =A(xv T)v ¢01 = (518)

tanh [ (X, k)]

2_ g2 _
o =X (X,1,k) =k tanh ]

(5.20)

The accompanying fields for the leading-order wave solution have the following
harmonic coefficients in expansion forms analogous to (5.16)—(5.17):

ok
Qo1 = 1Ko = m cosh[Z],
o1 iAo =~ .
- h[Z
Wor = =y = Sinh ] ST (5.21)
A
w o _ hl2
Pii = 10 G0t = g T cosh] SOSRZT:
wg = 0.

The so-called ray equations for the phase dynamics are completed by the differential
consequences of (5.19) and (5.20), namely

ok ko
— Vyk=—VyZ|y=———— H
9t + Cg VX VX |1:,k s1nh[2<7f] VX [/'L ]7
3 (5.22)
—G + C 'on’ = 8—2 =
at § 0T |,k
where C, is the group velocity,
D) o 2H
C,c=—=— (14— |k 5.23
SOk T e ( + sinh[2;/f]) (5:23)

Thus, the leading-order wave solution is wholly determined by the preceding relations
except for the slowly varying amplitude A.

5.3. Wave amplitude dynamics

To determine A we must consider higher-order dynamical balances. Because of the
nonlinearities in (5.14)—(5.15), the wave solution form (5.17) induces other harmonics
of the primary oscillation. As in Chu & Mei (1970), we assume that

n+1 n+l
¢ =2 (30me"™  Fee) =3 (e o) (524)
m=1 m=1

for n > 1. Here ¢,,, and n,,, are complex functions of the slow variables (X, 7).
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Substituting (5.24) into (5.9), (5.10), and (5.14), then collecting the leading-order
linear operator terms on the left-hand sides, yields the following boundary-value
problem for ¢,,,:

2
<% — m2k2> Gum = Fup, —uH <z <0, (5.25)
Z
3?;;11 = B, z=—uH, (5.26)
1 0 3 9
tanh[] Py m°o” | ¢pm = Gum, z=0. (5.27)

The right-hand sides are functions of solution components with n’ < n (in particular,
they are trivial for n = 0). Similarly, we formally write the 5 evaluation condition
(5.15) as

Nwm — 1mo tanh[w]o,,, = Hup, z=0. (5.28)

When F,;, B,;, or G,; is non-trivial, there is a compatibility condition that must
be satisfied for the solution form (5.17) and (5.24) to be valid. This compatibility
condition arises from the Fredholm Alternative Theorem; from the adjoint problem
for (5.25)—(5.27), we can derive the following:

0
¢’61 Fnl dZ/ = tanh[,u'] Gn1¢51 ‘Z:() - Bn1¢61 |Z:—/LH (529)

—uH

for all n > 1, where * denotes complex conjugation.

We next apply this condition at n = 2 to determine A. This requires that we first
evaluate the wave solution at O(e¢). Evaluating the right-hand sides of (5.25)—(5.28)
from (5.9)—(5.10) and (5.14)—(5.15) with the solution form (5.17), we obtain

Fii = F=Bi1=Bn=G=H;=0,
3iA%ko

12 = Canh{u] simh 2] (5.30)
2

Hp=——"—
27 2sinh[24]

(cosh[2#] — 2).

Given the above the only non-trivial wave components at this order are ¢y, and 7.
By solving (5.25)—(5.28) with (5.30), we obtain

3 iA%c
o =—3

—————cosh[27],
8 sinh*[#] 2]

(5.31)

B k ( n 3 )
T2 = S tanh[#] 2sinh’[#] )

At O(€?) we evaluate the compatibility condition (5.29) in order to determine A.
(We will otherwise evaluate the wave components at n = 2 in Appendix A, since they
also are needed for later evaluation of wave-averaged forcing of the current equations
(§§8-9).) First we evaluate the vortical component of the wave velocity from (5.5)
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and (5.18):
. I (Asinh[Z] OV'\ 5.0
oFs ) <W 8_z> e +c.c., .
Wy = 1 <iA cosh[Z] K. 8V> /€ 4 (5.32)
2 \ ksinh[s] 9z

Next, using the lower-order solution components (5.18) and (5.31), we evaluate the
requisite right-hand-side quantities from (5.9), (5.10), and (5.14):

1 A cosh[Z]
= 2k - —_
2 tanh[ ( Vx L cosh[yf] D
A cosh[Z iA cosh[Z] 8%7~
(Vyok)) — e
tanh[,u o cosh[A# ksinh[#] 0z
A iA o7

By = — K-VyuH— —2 2 (_uH 5.33
2= anh coshiz] <V MH T isimnp] o M) (5:33)

1 A Ado 24 ok
— p it Z+9(0
G tanh[] < it o 81’) * fanh[4] <sinh[2]f] +71 )>
iA A iM
— ——(0)+ AP
ktanh[u] tanh(#) 0z tanh[u]

(2)

’

where
7 (2)=k*V(z2)

1 9
M=FKko(l+ + ) . 5.34
7 ( sinh’[#]  8sinh’[#] (5:34)

Inserting (5.33) into the compatibility condition yields an equation for the complex
amplitude A:

dA
50 T CerVxA+3AVy-Co+} LiM|APA

and

ik A 0
+ Sinh2A] (aZ + 2/_MH cosh[2ff]”/(z)dz> =0. (5.35)

This may be more readily interpreted by decomposing A into its magnitude and slow
phase,

A(X, 7)=|Ale'®. (5.36)
The equation for the former takes the form of wave action conservation:

9.of
o7 TV (Co)=0. (5.37)
The action is defined in the usual way as mean wave energy over the intrinsic

frequency (Lighthill 1978),
__lar ¢
20 tanh[u] o

(cf. (3.5)). Notice that the action evolution does not depend on the long waves,
currents, or wave nonlinearity. In contrast, the evolution of the slow phase is

(5.38)
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governed by

BIC)
ot

0

M k
C,'Vx®+ —|AP+——— (6Z+2 h[2Z17(z)dz | =0, (5.39
€+ APt s (0242 [ cosh2z1rGdz ) =0, (539

—uH
indicating how the long waves, currents, and wave nonlinearity each induce changes
along ray paths. In particular, note that the long waves and currents enter together
in a simple additive fashion in the primary wave dynamics. The equation (5.35) for A,
which underlies (5.37) and (5.39), has a cubic nonlinearity as previously derived for
dispersive surface gravity waves (e.g. Mei 1989, Chap. 12). We shall see in §§6 and 9
that the effects of Z in (5.35) are a combination of cubic nonlinearities, augmenting the
explicit nonlinear term, and a variable environment provided by an inverse-barometer
response to atmospheric pressure variations. The final term in (5.39) is recognizable
as a Doppler shifting of the slowly varying frequency, —0® /dt, by a wave-profile
weighted-average of the long-wave and current horizontal velocity, V. This Doppler
shift can be rewritten as

1[0

A J_u

where .o/ is the wave action (5.38) and v% is the Stokes drift velocity discussed in §8;
in the special case where V is independent of depth (c.f. § 12), the profile-weighted
Doppler shift is simply ¥~ = k- V. Missing from (5.35)—(5.39) are second-order spatial
derivatives (e.g. as in a nonlinear Schrodinger amplitude equation; Mei 1989, p. 616)
that would act to spread the distribution of A and allow the occurrence of a side-band
instability (Benjamin 1967); this effect would be relevant for a shorter wave packet,
but in our scaling it is deferred to higher order in €. If desired for the purpose
of phenomenological realism, these second-order terms could be appended to (5.35)
without asymptotic inconsistency, though in excess of a minimal consistency.

This completes the determination of the wave envelope dynamics to leading order
in € and on evolutionary scales to (X, t); the dependence on T is implicit in ¢ and v
in these wave balances.

v3(2)-V(z)dz, (5.40)

5.4. Special limits

It is worth noting two situations that allow substantial simplification of the wave
formulae, as well as those below for the wave-averaged effects on the long waves and
currents.

First, in deep water we can smoothly take the limit in the preceding relations as u
and # =kuH become very large. As a consequence, o ~ + \/k,

sinh[#], cosh[#]~ le”,
and in the upper ocean,
sinh[Z], cosh[Z] = le” et

Commonly these # and % functions appear as denominators and numerators,
respectively; thus their ratio has the simple exponential form, e¥*. (In contrast, we
cannot smoothly take the shallow-water limit on the scale of the primary waves,
w, # — 0, since the nonlinear interaction hierarchy for the waves becomes ill-
ordered.)

Second, given steady-state boundary conditions for the primary wave field, after
adjustment from arbitrary initial conditions it will equilibrate through propagation so
that 8, = (-)" =0. Under these conditions the forced long-wave component disappears



Interaction of waves and currents in coastal waters 147

(§6), and the wave envelope dynamics are diagnostically determined from the currents,
topography, and boundary conditions, with an implicit evolution only on the time
scale T.

6. Long-wave dynamics

In the presence of the primary waves in §5, there are forcings of long waves
(sometimes called infra-gravity waves, to indicate their lower frequency) and currents
due to non-trivial wave averages of the nonlinear terms in (2.1) and (2.3). Here we
consider this long-wave dynamics, deferring the currents until §§8-9. We therefore
focus on the response to the averaging operator (+)' defined in (4.2).

6.1. Leading-order balances

Given the coordinate and amplitude dependences in (4.1) and the primitive dynamics
of §2, the leading-order long-wave balances are the following:

aqlw

9 g =) (61
Bplw 0 +
I —3—1%(‘13) , (6.1p)
i awlw
Vi-q¥+—— =0, (6.1¢)
0z
wl"’(—/LH) + qlw(_MH) . VX ['u,H] = 0, (61d)
" 8nlw
w™(0) — —— = Vi * (100(0))", (6.1e)
ot
1 apy i
lw o w 0 . 1
»(0) tanh[u]n (Tlo P (O)> (6.1/)

Balances (6.1b) and (6.1f) occur at O(e), while the rest occur at O(e?); the corrections
to (6.1) occur at O(e*). The horizontal momentum equation and the kinematic
condition at the surface (i.. (6.1a) and (6.1e) formally have more contributing right-
hand-side terms than the ones listed. Appendix B explains how the listed terms
are the non-trivial leading-order contributions. This is an entirely linear long-wave
dynamics, forced by the right-hand-side wave-averaged terms.

From (5.21), we can evaluate the long-wave forcing quantities in (6.1) as

2 i
%(u%)T— ! < |A[k cosh[2£’]> ,

~ 2tanh[u] \ sinh[2.#]
1

_ |Al>ok st
O = 5 (i ) =T 62)

o))~ 1 A1)

We defer the interpretation of these wave-averaged forcings to §§8-9 where they
again arise in the current dynamics but with the alternative averaging operator (- ).
But, to connect with other wave-averaged effects on currents, we remark here that the
quantity T is the depth-integrated horizontal transport by the Stokes drift (9.13).
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6.2. Quasi-static sea level and pressure

We simplify (6.1) by separating out a quasi-static component of the long-wave solution
defined by

1 2 i
p(z) = —%(u(z)(z))T =~ 2 tanh[4] ( sirll?[|2];f] cosh[2Z] > ,

Ipv i 1 ‘A‘zk 1 (63)
" = tanh[u] [ﬁwm) + (no i (0)) ] - (Smh[m) |

These relations (and their slow-averaged counterparts in §9.2) express the ‘set-up’
phenomenon (Longuet-Higgins & Stewart 1962, 1964), whereby the mean sea level is
more depressed under larger-amplitude waves. Furthermore, #'* contributes, through
the term containing Z, to the nonlinear influence on the slow phase evolution of the
primary waves by augmenting the |A|? coefficient M in (5.39).

6.3. Long-wave currents
We denote the residual components of (p'”, ') by (p', H'*):

plw — ﬁlw + ﬁlw, nlw — f]lw + ﬁlw' (64)

The latter components are in dynamical balance with non-zero g"* and w'".
After subtracting the quasi-static balances, (6.1a) implies that q* is vertically
irrotational; hence, we can define a long-wave horizontal velocity potential,

g =Vxe. (6.5)
Relation (6.1b) implies that

8ﬁlw 8qlw a(plw
= = =0; 6.6
9z 9z 9z ’ (6.6)

hence this long-wave component satisfies a classical shallow-water dynamics with w!"
a linear function of z. Eliminating p" and w'* in (6.1) and noting that

dgp" 1 !
=— 7 6.7
1 tanh[n] | 67
we obtain a forced horizontal wave equation for the long-wave velocity potential,
82 lw
o =V (O] = (6.8)

where

lw __ I’LH
= \/ tanh[u] (69)

is the long (i.e. non-rotating, shallow-water) gravity-wave speed and the wave-averaged
forcing is

- 1 aﬁlw
eg;lw — . TSt +
tanh[u] (VX (T7)+ ot )

= ! [ 1APok \T 9 Ak \'
_W[V’( <W) _5<m>]- (6.10)
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Equations (6.8)—(6.10) are a two-dimensional variable-depth generalization of the
long-wave dynamics in Mei (1989, p. 613). All of g'*, #'*, and #'* contribute through
9" and Z to the nonlinearity in the slow phase evolution (5.39), as functionals of |A|>.

In the special case of deep-water primary waves (u > 1; §5.4), 7’ <1 in (6.10)
(cf. { <1 in §9.2), and the long-wave horizontal velocity may or may not retain
its depth-independent structure, depending upon whether we? is small or not. In
the latter case, the preceding relations must be corrected accordingly. In the case of
steady-state primary waves (ie. (-)'=0; §5.4), all of the long-wave forcings in (6.2)
vanish, hence so does the necessity for a long wave component due to primary-wave
nonlinearity. In this case the only significant wave-averaged forcing is for the currents

(§§8-9).

6.4. Long-wave vorticity

The ordering choices (4.3) and the expansion form (4.1) make it useful both to rescale
and to define an anisotropic decomposition of the long-wave vorticity:

Ewlw =c (glw’ szlw), (611)
where

lw lw
=12 x <88iz — 64walw> = 7 aaq—z + 0(e%)

is a purely horizontal vector and
Xlw = Q'VX X qlw.

However, the depth independence of g and the vanishing of its vertical component
of curl, implied by (6.1a) and by (6.5), imply that

" x" = 0(e?). (6.12)

This indicates that the long waves are irrotational to a high order. We will see that
this is sufficient to ensure that the long-wave component contributes to the primary
wave vorticity (§ 7) in only a limited way and not at all to the current vorticity balance

§8).

6.5. A propagating wave packet

The wave-packet problem is for a primary wave whose amplitude function, A, has
compact support and propagates with C, in (5.23) as described in §§5.2-5.3. No
current is forced by the wave packet since the average of the wave forcing over the
scale is trivial. An analytic solution may be obtained for the special circumstances in
which H, k, and o are constant, and A is uniform in the direction perpendicular to
k. In this case the primary wave has uniform steady-state propagation in (X, t) for
all its dependent variables except ®. We define a slow horizontal coordinate moving
with C, and parallel to the phase propagation,

ok
Xo=—+(X— . 1
T x—c) (6.13)

A steady-state solution to (6.8)—(6.10) is

lw)2 1 slw
qQU(X, Y, 1) =Vyg'™ =—<ﬁ> <M—HTS’ +C, [— Z—H} >(x*). (6.14)
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From (5.23) and (6.2), T* and C, are in the same direction and thus combine
constructively in (6.14). From (5.23) and (6.9),

|C,l tanh[#] (1 H )
cv H (2 + sinh[2(//]> st v =0 (6.15)
This indicates that the forced long-wave horizontal velocity moves with the wave
packet; it is uniform perpendicular to X. (as is the primary wave packet); and it is
directed oppositely to T% /uH (the depth-averaged Stokes drift; see §§8 and 9.3) at a
speed that is either equal to it (as s# — oo; deep water on the primary wave scale) or
faster (n.b. TS remains finite while #/* — 0 as # — ). As # — 0 (shallow water
on the primary wave scale), |q’| — oo since |C,| — C™™. Since the asymptotic theory
here is valid for # ~ 1, alternative analyses should be made for these extreme limits.
This behaviour corresponds to the discussions in Mclntyre (1981) and Craik (1985,
§11.2) based on several earlier analyses referenced therein. Although the asymptotic
scaling relations in (4.3) differ from those in the previous derivations, the resulting
solution is the same. Once the preceding special assumptions are relaxed with more
general initial and topographic conditions, we can expect departures from steady-state
propagation with non-trivial evolution of the wave packet properties and a ‘wake’ of
long-wave currents forced by the packet as determined from the relations in §§5.2-3
and 6.3.

7. Wave vorticity balance

The preceding wave dynamics are irrotational up to the first two leading expansion
orders. The first non-trivial wave vorticity arises at O(e?) due to the background
vorticity provided by the currents, as indicated in (5.5). To evaluate the wave quantities
in § 5, only a leading-order approximation to (§”, x) is required; however, to evaluate
the averaged wave forcings in the current vorticity balance (§8), an approximation to
O(€?) is needed.

The ordering choices (4.3) and the expansion form (4.1) make it useful both to
rescale and to define an anisotropic decomposition for the primary wave and current
vorticities (as done for the long wave in (6.11)):

W =€ (E", x¥), ew=c(&°, € x°). (7.1)
The & are purely horizontal vectors. Thus, based on the € ordering in (5.1) and (7.1),
(Ew’ XU})ZV X uwv'

Also,

0z

Note that the formal scaling of the long-wave and current vorticities is identical,
although (6.12) indicates that the former are actually much smaller.
From (2.6) and (4.1), we have

E°=2x (a—" — e“vxuf) =2x g—z + 0(e%). (7.2)

w
_, 0w

o=V [(@" + o +€>f2) x u]

—€eV x [(e?0w") x U] — €’V x [(e 2w”) x V] + O(€®), (7.3)



Interaction of waves and currents in coastal waters 151

where f=¢e*f" is an order-one constant and the prime superscript denotes
departure from the wave average (4.2). The solutions to (7.3) for the wave vorticity
to O(e?) are in Appendix C.

8. Current vorticity balance

The leading-order vorticity balance for currents comes from averaging (2.6) over
wave scales. The expansion form in (4.1) and parameter relations in (4.3) have been
chosen so that the tendency, advection, and wave-averaged forcing terms all enter at
the leading order. Formally, we write this at O(€’) as

dw°
T

but its leading-order balances are more apparent when we decompose it into
horizontal and vertical components at O(e’) and O(e”), respectively:

» +(v-vx+wca—)sf—(sf-vx+(f+x“>§—z)v

+ €72V x [(0° + €2 f2) x (v, ?w)] = —€ 2V x {(e *w") x U), (8.1)

0z
J
— 1ox Y xvak,
0z

(8.2)
BXC c8 c [ ca_ c
et (v v )= (8 Ve 05 Y
=2'Vx><\],
where
c __ v 2 c ~ 8_1)
’§—2><<8Z erw>~2><8Z, (8.3)

X< = 2z VX X 0.
The horizontal vector J is defined by

J=e2x (wE” —x"q) =2 x (woky +wrky +wiEy —x'Gy — x3'Uo— x{'qy)>  (8.4)
and K is defined by

K:2-<q0 ><§5’>. (8.9)
The wave-averaged forcing terms in (8.2) come from the right-hand side of (8.1) that
has the form of a curl of the so-called wave vortex force, whose horizontal and vertical
components, respectively, are J and e 2K at O(e>). These affect the evolution of the
current vorticity as a vortex stretching associated with the Stokes drift of material
parcels (also see §§9-10). In (8.4), we have used the fact that quadratic products
between n = 0 and 1 components have zero wave average. We have also used the
fact that

<wo§8) - X(I)UQO> =0

from (3.1) and (C6). Since the form of (£,,%,) is identical to (£¥, x¥) in its
dependences upon the primary wave variables, this also implies that the former
long-wave terms in (C 8) will make no contribution to J even at O(1), and thus can
be ignored for our purposes. The other potential long-wave contributions implicit
in the formulae for (§5, x3') vanish since they enter linearly in ¥~ and disappear
after averaging over t. Finally, there are no vortex forces resulting from averages of
quadratic products of long-wave fields (e.g. (g x &)) since they would enter (8.2)
only at a higher order in €.
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We evaluate fully the expressions for J and K from (5.21), (C6), (C7), (C8), (8.4),
and (8.5) to obtain the following:

J=—9x% <v5r>(xc +f)— <wSt>a_Z _Vx [< /Z vst(Z/)dZ/>°8_v:|’

d —uH 0z

¢ 0%v
K=— / vSt(Z/)dZ,>'_-
< —uH 8Z2

In both J and K, we note that all the wave-averaged forcing terms are related to the
Stokes drift, which is defined and evaluated as

(8.6)

t |A|20
v = {/ Uo dt -V] Up = ——5—— cosh[2Z]k. (8.7)
2 sinh”[#]
Its vertical integral is
< Ao .
() d ’=|7smh 271k. 8.8
/MH V) = e S (8:8)
We also have defined a vertical pseudo-velocity,
Z
wS(z)=—Vx - / v3dz. (8.9)
—uH

This combines with the horizontal Stokes drift in the following three-dimensional
incompressibility relation:
St
VX . vS[ + 8711) =0.
0z

We use the term pseudo-velocity here to distinguish it from the vertical component of
the averaged quadratic quantity in (8.7) — the true Stokes drift — which is zero. Stokes
drift is the Lagrangian mean flow associated with the leading-order wave field, and it
has a non-dimensional scaling factor of € (i.e. the same as v in (4.1)).

Since currents are distinguished from waves, not just in their coordinate
dependences (4.1), but also in their dominantly vortical, rather than irrotational,
character, we can view (8.2) as the central dynamical relations for current evolution
under wave influences. However, for a complete characterization of the current fields
and their dynamics, we must consider additional relations (§9). Further interpretation
of the vortex force is in §9.6.

9. General current balances

Now we examine the wave-averaged continuity and momentum equations and
boundary conditions for the currents. In anticipation of the leading-order dynamical
balances, we partition the sea level and pressure to isolate a component in static
balance with the atmospheric surface pressure and wave field (denoted by ") and a
dynamical term (denoted by ¢) associated with the currents:

(=C+€X%, r=p+ep. (9.1)

The static components are analogous to (7', p'*) in § 6, except here they are due to
the full average over the wave scales.
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9.1. Continuity and bottom boundary condition

The linear equations are easily averaged. The continuity equation for currents occurs
at O(e’) compared to (2.1):

owe

Vx-v+ 3 =0. (9.2)
b4
The bottom boundary condition (2.2) also occurs at O(e?):
w’ =—puv-VxH atz=—uH. (9.3)

9.2. Static pressure and sea-level fields

The leading-order wave-averaged momentum balance from (2.1) occurs at O(e?)
horizontally and O(e) vertically; in both relations it can be integrated spatially to
give a balance with the wave kinetic energy density,

p=—3ud)+C,, (9.4)

which is a simple form of the Bernoulli integral (c.f. (5.4)). The right-hand side is
often called a Bernoulli head, here due to the wave-averaged kinetic energy. C, is
an integration constant. There are analogous wave-averaged forms of the surface
conditions, (2.5) and (5.15), expanded about z =0 (as in §5) at O(e):

, s o\ _ 1
pO) + <Tlo = (0)> = anhnat

o (9.5)

tanh[]

9o
—{ no=——(0) ) — L(u3(0 1(Cp— Py) =

<n0828t( )> 2< o )>+€ (Cp 0)
Using the leading-order wave solution in § 3 or 5, we evaluate the leading-order wave
kinetic energy density to be

o APk
2U8) = 5 tanhia] <sinh[2jf] cosh[22 ]>’ ©-6)

and the wave terms in (9.5) to be

apy . RN . _ 1 ;
(25100 ) =~ (2000 ) = (wil0) = 5 e APk tanb D). (07

The latter quantity is thus the mean sea-level tendency variance, ((dn/dt)*). The first
relation in (9.5)—(9.7) — among oceanic surface pressure, atmospheric pressure (c.f.
(2.4), sea level, and (w?) — is similar to one derived in McWilliams & Restrepo
(1999); it shows that one cannot infer the oceanic surface pressure without correcting
for a wave-averaged term (e.g. in altimetric inferences of dynamic pressure). These
relations can be manipulated to show that C, =€¢"'(C, — Py) and C, = 0 without loss
of generality. Thus, the static sea-level and pressure fields are

~  tanh[u] P 1 |A|*k
¢=——c P73\ sinnpa )

1 1 |APk ©8)
P& == P = ] <sinh[2yf] COSh[w]>‘

The wave forcings in each of these expressions are the same as for their long-wave
counterparts in (6.2)—(6.3) except for the difference in averaging operators. The first
part of ¢ is the ‘inverse-barometer’ response of sea level to an atmospheric pressure
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anomaly (presumed to be O(e) for well- orderedness) and the second part is the
wave set-up on the current time scale. As with n'” in §6, the current-scale sea-level
fluctuations provide, through ¢ and Z, an additional cubic nonlinearity in the wave-
amplitude balance (5.35). The determining relations for p and ; do not involve the
current velocity; hence they may be called static balances.

In the deep-water limit (i.e. # — o0), (9.8) indicates that ¢ — 0 while p(0) remains
finite. This implies that the wave set-up effect on sea level becomes negligible in
deep water. It also implies that the indicated altimetric correction to inferred surface
pressure based on (9.5)-(9.7) becomes applicable only to the static pressure, p(0),
rather than the dynamic pressure, p°(0), and thus inconsequential for determination
of large-scale geostrophic currents in deep water through the cancellation of the
static pressure gradient force and the leading-order Bernoulli-head gradient in the
momentum equations (see further remarks at the end of §9.5).

9.3. Dynamic surface boundary conditions

With p and ¢ fully determined, we proceed to the nonlinear, wave-averaged surface
boundary conditions at O(e?) and horizontal and vertical momentum equations at
O(€%) and O(e€?), respectively. The surface pressure condition (2.5) is

1 , , ~0p ap'v 1
C—p0)=¢—(0 w2 (0 748 9.9
i © — PO = 8500+ (0 + 99)
where the wave-averaged forcing term is

1

aZA 82 lw N
= () 550+ < (0>> < >;
2— w w w
+<noap2°(0)n’“’>+< i (0)+7728p0(0)+ xd (0)>

0z

2 3
+ (o o+ 2t o) + £ (2B o). o)

Other terms formally contribute here at lower order in €, but they drop out after
averaging. The evaluation of £ is laborious, involving (5.21), (5.31), (5.33), (A 3),
(A4), (AS), and (A7); the result is

1 h 2
Py = LUAPR( + tan’ 1)) € 4 + 2000 <|A28—2<ﬁ+p’w>(0>>
|A)? [ tanh[#] v
+§<7{m< ——(0) +co [27f]—( wH)
0 92y o
+ /HH Fcosh[ﬂcz]dz) — 2ktanh[s# ]“//(0)}>
+ l< Al (94 ¢sinh’[#] — 2 sinh4[yf])> (9.11)
4\ sinh[2.#] sinh*[#] 2 ' '

Note that the surface condition (9.9) between dynamic pressure and sea level
at this order relevant to the current dynamics is more complicated in its wave-
averaged correction than (9.5). As in the long-wave dynamics (§6), it is composed
of higher-order contributions to the static sea-level and pressure fields in §9.2 as
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well as dynamical pressure forces for the currents (§9.5), but we will not make this
decomposition explicitly here.

The surface kinematic condition in (2.3), after expansion about z = 0 and averaging,
becomes

w(0)=Vx * (00 (0)). (9.12)

where similar considerations are used in this derivation as in its long-wave counterpart
in (6.1). This final expression for the wave-averaged forcing of the surface vertical
velocity is familiar from McWilliams & Restrepo (1999): it is the Vy divergence of

1/ JAPok \ /[ .\ _ s
(109p(0)) = <ktanh[<%”]> </_H1’S dZ>=<TS>v (9.13)

m

the depth-integrated Stokes drift (c.f. (8.7)—(8.8)). This relation is the counterpart of
the long-wave (100,(0))" flux in (6.2).

9.4. Mass balance

The depth-integrated Stokes drift also appears in the wave-averaged local mass
conservation law from (2.7) at its leading order, O(e?): from (9.2)(9.3) and (9.12),

0
Vy - / vdz = —w(0) = —Vy «(T5) = (w(0)). (9.14)

—nH

This indicates that the leading-order horizontal mass transport divergence by the
currents is equal and opposite to that by the waves. Equivalently, the current vertical
velocity at the surface is equal and opposite to the surface value of the vertical
pseudo-velocity w® from (8.9). However, this does not imply an equivalence of mass
transport by waves and currents because the rotational component, 2+ Vy x ffu y vd7,

is unconstrained. For most large-scale currents the rotational component is much
larger than the divergent component (e.g. § 13).

9.5. Momentum balance

Substituting (4.1) into (2.1) and averaging with () yields the leading-order horizontal
momentum balance for currents at O(e”):

v d X
V- VX—FLU* v+f2xv+VXp‘=—VX%+J. (915)
8T 0z

The first right-hand-side group of wave-averaged forcing terms here is minus the
gradient of the primary- and long-wave horizontal kinetic energy density at O(e?),
1 Al?
= - <%<—51 h25f]—+/
4 \ ksinh”[#] —uH

namely a higher-order form of the Bernoulli head,
9 /|A|*'0’k? cosh[4Z] .
64

1 lw)2
S ] +20@™)), (9.16)

A = (U~ Uy + 1ui + 1(q™)?)
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and the second group here is part of the wave vortex force, (U X w* ), where J is
defined in (8.4). Its curl, of course, leads to (8.2). In (9.16) the explicit evaluation of
the long-wave contribution can be done only after solving (6.8), (6.5), and (6.7).
The vertical momentum balance for currents at O(€?) is
ap* o

=——+4+K 9.17
9z 9z K ©-17)

which has the same types of wave-averaged forcing terms, with K defined in (8.5).
This is a quasi-hydrostatic balance since the vertical acceleration and mean advection
are negligible.

Because the depth-integrated mass balance (9.14) lacks the tendency term 9¢ /0T,
which is smaller than the retained terms by O(e*), we must solve a diagnostic relation
for p¢ in order to time-integrate the current dynamical equations. This relation is
obtained by integrating (9.15) over the resting depth interval (—uH, 0), taking the
horizontal divergence, and using (9.14) to replace the depth-integrated acceleration
with a T derivative of the Stokes transport (which is fully determined from the wave’s
forcing and boundary conditions independently from the current fields). The result is
a diagnostic equation for Vy * LO# » Vxp©dz' in terms of present values of the current
velocity and wave-averaged forcing terms. The complementary vertical variation of
p° is determined from (9.17). With p¢ determined, (9.9) is a diagnostic relation for ¢¢.

For radar altimetric inferences of p°(0) from measurements of ¢¢, the static
components, p and ¢, must first be eliminated as described in §9.2 (n.b. the elimination
is trivial in deep water). As shown above, however, there are other wave-averaged
contributions through %, in (9.10) and " in (9.16) that in principle must also be
included in this inference; furthermore, some of these contributions involve wave—
current products that are unknown a priori. Nevertheless, in the limit of small Rossby
number for the currents (i.e. V¢ < fL¢, dimensionally), these contributions in #, and
A" are small compared to the geostrophically balanced components of p¢(0) and ¢,
and thus this aspect of the altimetric inference remains valid.

In (9.15) the Coriolis forces involving f combine into — f2 x (v + (v5')), after using
(8.6). Ursell (1950) noted that, for rotating flows in the presence of a steady spatially
uniform primary wave, the only conservative, steady, uniform current solution is
v(z) = —(v%)(z) since all other forces vanish. This solution is also consistent with the
mass balance (9.14). This has sometimes been misinterpreted as an indication that
the wave-averaged effect on currents may be only a trivial cancellation of the Stokes
drift, otherwise leaving the currents the same as if there were no waves. In the usual
oceanic regimes with non-steadiness and spatial non-uniformity for all quantities, this
conclusion is logically unwarranted, and the particular solutions in § 13 demonstrate
that the interpretation is often far from valid.

9.6. Vortex force and Bernoulli head

The vortex force €°(J, € 2K) in (8.6) is non-unique in its contribution to the current
vorticity balance (8.2) with respect to any irrotational force vector. The Bernoulli
head force in (9.15) and (9.17), namely

—€’ <VX, e_2a—> A (9.18)
0z

is such an irrotational vector. The following three-dimensional vector identity can be
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demonstrated:

ES(J, E_ZK) — 65(<vSt>, 62<wSt>) % (6_256» f + XL')

5 —28 ) St/ / 3_1)
—¢€ (Vx,e 8—Z> |:</—ILHD (z)dz> az} (9.19)

The left-hand side is the vortex force in (8.6); the first right-hand-side term has the
classical vortex-force form of the vector cross-product of Stokes drift and absolute
current vorticity (Craik & Leibovich 1976, with f=0; McWilliams & Restrepo
1999), here generalized to include the Stokes vertical pseudo-velocity; and the second
right-hand-side term is another obviously irrotational force vector.

For the dual reasons of retaining contact with the classical form and of simplifying
the evaluation formulae for both quantities, we choose to shift the second right-hand-
side term in (9.19) from the vortex force and combine it with the Bernoulli-head
force; in doing so the first term in the second line of (9.16) cancels. Thus, we redefine
the vortex force and the Bernoulli head (as denoted by an asterisk subscript) to be

Jo=—2x (v5x+ f)— <wSl>g_v’
z
K. = (o522
E (9.20)

1 o|AP? /z 2y / /> .
o= 7\ Contt i h[2k(z — 7] d

4 < ksinh*[#] J_.u 877 sinh[2k(z — z')] dz

9 / |A|*0?k? cosh[4Z] > s
* 64< sinh®[#] +3((@"™)%).

The redefined quantities (J., K., ') can replace (J, K, #') in (8.2), (9.15), (9.17),
and all their derivative relations.

In summary, the current fields, (v, w¢, £&°, x¢, p¢ ¢°), are fully determined at
their leading orders from (9.15), (9.17), (9.2), (8.2), (9.3), (9.9), and (9.12), once their
wave-averaged forcings are determined from the wave dynamics in §§5-7.

c

10. Material tracers
The non-dimensional primitive equation for conservation of a material tracer is

%-ﬁ-eu-v(é:o. (10.1)

The non-dimensional scale for % is irrelevant since this equation is linear in %.
Analogous to (4.1), we decompose % into primary- and long-wave and current
components,

C=v(c(X, 2,6, X, T, T,..) + (X, 0, T,..)) + C(z, X, T, ...), (10.2)

where v < 1 because ¢ arises at its leading order as a consequence of wave advection
of VC, specifically the vertical stratification. This is also true for the long-wave
component ¢, recalling that 1=¢ in (4.3). Here the choice v = ¢ leads to the
following rapidly fluctuating tracer balance:

dc aC . ac
5——wa—z—e(v¢ Ve) —e (w 2z

+q-VxC+V -vxc) +0(%). (103)
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As with wave vorticity (§7 and Appendix C), we can expand ¢ in powers of € and
integrate (10.3) over the fast time to obtain

oC !
Co=—¥</ wodl),
t t
c1=—%</ wldt>—/ (Voo - Vo) dt,
——% t dt —aclw t dr )| —VxC- l dr Hoa
= Py /wz Py /wo X /qO
t t laco
—V'</ VXC()dl)—/ (V¢0'VC1+V¢1'VC()), dl—(/ 8‘L'dt>

The slow evolution of C is determined at O(e*) by

aC d
ﬁ—i_ <v‘Vx+wC£> C=—e?(V-uc), (10.5)
where we have used the three-dimensional non-divergence of U to rewrite the right-
hand side as a wave-averaged material flux divergence. Again, there are no averaged
contributions from products of the long-wave components at this order.

In spite of its appearance, the wave-averaged forcing in (10.5) is actually O(1), as
we now show. Expanding the right-hand side to O(1), we obtain

—e *(V-uc) = —Vx - (dyco)

a a
— e 2 —{woco) — e —(wocy + wico)
0z 0z
d
- —< WoCr + w1 + UJ200>. (106)

0z

The middle-line terms vanish: the first one vanishes because ¢y oc f "wodr and the
resulting (wo( [ "wodr)) =0 with the leading-order wave solution (§3); and the other
two vanish because quadratic products of n =0 and n=1 have zero phase average
since they have phase functions + S and + 28, respectively (§5). The remaining terms
are O(1). They can be evaluated further by substituting ¢, from (10.4) and evaluating
the resulting wave-averaged quantities using the leading-order wave solution (5.21)
and the definition of Stokes drift (8.7), while also recognizing some cancellations due
to the wave averaging. The result is

aC

=4 <v Vx4 w§—> C=— (%) VxC — (w) 2€
Z

o (10.7)

aT

Thus, three-dimensional tracer advection happens both by the current velocity and
by the wave-averaged Lagrangian velocity composed of the horizontal Stokes drift
and its associated vertical pseudo-velocity. The latter effect is a generalization of the
horizontal tracer advection by v® found previously (Mei & Chian 1994; Restrepo &
Bona 1995; McWilliams & Restrepo 1999). The addition here of vertical advection
by the pseudo-velocity w is a consequence of the horizontal spatial scale separation
between waves and currents.

The leading-order long-wave tracer balance also occurs at O(e*). It thus has a
right-hand-side wave-averaged forcing term analogous to (10.5)—(10.7) that selects the
T time variation instead of the T variation (n.b. (4.2), as well as long-wave advection
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of the current-scale tracer gradients. The outcome is

dcl l s l s dC 19 [(3 =)\ acC
=—(q" . — (w™ — || =)= 10.
=@+ 0")) VO = @ 4 @G 45| (520 ) 5[ 08
The final right-hand-side term involves the variance of the vertical parcel displacement
for the wave field, e, defined to leading order by

de —lewl. e _ Asinh[Z]
ar T O [ #]

(n.b. e=n at z=0). This relation shows that long-wave tracer fluctuations are a
consequence of combined long-wave velocity and Stokes-drift advection of current-
scale tracer gradients, analogous to the current-scale tracer fluctuations in (10.7), plus
an apparent vertical diffusion in the long-wave tracer field by temporal changes in
the wave displacement variance. This final effect does not lead to an actual vertical
diffusion of C in (10.7) since its () average is zero.

w = e2

(10.9)

11. Stratified flows

Given the preceding results, it is straightforward to generalize the formal theory to
include the effects of density stratification. Here we consider the simplest case where
the density itself is a material tracer, but the further extension to a more general
equation of state would not be difficult. In this case all of the relations in § 10 apply
to the density p, or equivalently the buoyancy % defined dimensionally by

Beg (1_/0)_ (11.1)

Lo

Associated with #+0 there is an additional gravitational force. If we non-
dimensionalize the buoyancy by %, =ge’s — so that it contributes at leading order
in the current vertical momentum balance in §9.5, consistent with the criteria for the
choices in (4.3) — then the non-dimensional momentum equation (2.1) generalizes to

U R
—t =2 (11.2)
at tanh[u]
where the dots denote previous terms not repeated here. As a consequence, the
vorticity equation (2.6) becomes
02 [ R }

9%
or T “ V| Ganh[u]

(11.3)

and the conserved energy (2.9) becomes

eE 2
= ly. 2 _ €B L

The effects additional to those in §2 are, respectively, the buoyancy force, buoyancy
force curl, and potential energy.

Buoyancy effects are negligible for the leading-order gravity wave solutions in § 3.
Indeed they are also negligible for the wave envelope dynamics in §5. Analogous
to (4.1) and (10.2), we decompose % into primary- and long-wave and current
components,

B=eb(X, 7,1, X, 7, T,...)+ "X, 7, T,..))+ B(z, X, T, ...). (11.5)
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With this choice the wave buoyancy force enters the momentum balance (5.2) as a
right-hand-side term, 2¢*b/ tanh[u]. This is beyond the order of retained terms in § 5,
but it does contribute to the wave vorticity balance (7.3) in §7 as

2

aww €
= ———— 2 X Vb; 11.6
ot tanh[] 2 VP (11.6)
hence in (C 3b) as
t
bg
y=:—2 dr |. 11.7
£ X V"(/ tanh[y] t> (1L7)
We evaluate by from the buoyancy counterpart of the first relation in (10.4):
OB ! Asinh[Z] 0B
by =—— dt | =———— —. 11.8
=T ( / wordt ) sinh[#] 0z (11.8)
Then (C8) becomes
A sinh B
v .. sinhlZ] 9B o ), (11.9)

~ tanh[u]o sinh[#] 3z

without any analogous change in x3|. In principle, this wave vorticity term contributes
to the current vorticity and momentum balances in §§8-9 through the horizontal
vortex force J in (8.4), specifically the term 2 x (wo€5). In practice, however, this
buoyancy contribution is zero after inserting wo; from (5.21) and &3, from (11.9) and
averaging. Yet the buoyancy torque in (11.3) does contribute at leading order in the
current vorticity balance, providing an additional term to the horizontal equation
in (8.2):

0&° z

or tanh[u]

In summary, density stratification does not change the primary wave dynamics

importantly. It does contribute to the current dynamics through the buoyancy force
in the vertical momentum balance in (9.17),

WA e B
9z 0z tanh[u]’

and through the buoyancy torque in (11.10). Wave-averaged advection does contribute
to the evolution equation for B analogous to (10.7):

x VyB. (11.10)

(11.11)

0B d B
ﬁ"' <U'VX+wca—Z> B:—<USI>°VxB—<wS[>8—Z. (1112)
It similarly contributes to the long-wave buoyancy equation analogous to (10.8):
bt , st l G @B 19 [[9 =\ 0B
— _(g» VB — (w'v N— + —— || —e2 ) =—1|. (11.13
G = (A %)) VB — @ )+ 5o | (5¢) 52| (1L13)

12. Shallow-water currents and tracers

A widespread oceanic approximation for currents with small aspect ratio (i.e.
B < 1) in a uniform-density layer is the so-called shallow-water model. In such an
asymptotic limit the vertical structure of the flow is often considered to have little
significance, so that it is sensible to represent the fluid velocity in terms of its depth
average. This form of representation is not unique. One alternative is to represent the
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velocity by its value at the ocean surface (Peregrine 1967; Restrepo & Bona 1995).
Here, however, we choose the simpler alternative assumption that dv/dz~0. The
result of this assumption is a considerably simplified dynamics compared to either the
three-dimensional dynamics derived in §§ 8-10 or even their depth-averaged dynamics
(Restrepo 2001). In the presence of wave-averaged forcing with non-trivial vertical
structure (i.e. # not small), the shallow-water condition of zero vertical current shear
cannot hold; however, we can imagine vertical mixing processes (absent in the present
formulation) that act to enforce the shallow-water condition on the evolutionary time
scale of the currents but not the waves. In such a case we can heuristically argue
that this would have the effect of imposing this condition on the current and tracer
dynamics.

The current vorticity (8.3) implies that £°=0 to O(€?) if dv/dz=0. This greatly
simplifies the wave vorticity: from (C1)-(C3), we conclude that &j = x}' =&} =
xi"=0; hence J or J. is entirely given by its first term in (8.6) or (9.20). Ignoring
the horizontal vorticity equation in (8.2) and vertically averaging the wave forcing
in the vertical vorticity equation in (8.2) inside the horizontal divergence operator —
both for consistency with the shallow-water condition and to preserve the differential
functional form of the forcing — we obtain for the latter,

c

0 0
%);, +Vx-l(f+ x)v]=2-Vx X [M%/MH sz} =—Vx- [17</HH vS’dz>]

(12.1)
Here the depth-integrated Stokes drift is given by (9.13), and
y e (12.2)
uwH

is the potential vorticity of the shallow-water currents. The local mass balance from
(9.14) becomes

0
Vx' [,lLH'U] :—Vx'</ USt dZ> (123)
H

—n

These two relations can be combined to give the potential vorticity law,

d r/° )
(8_T + 'U‘Vx) H:_|:,[,L—H /MH <vs >dZ:| 'VXH. (124)

A further compaction of these expressions can be made by defining

0
A= f + x°, 2XVXW=MH%=MHv+</ vS’dz>, (12.5)
H

—u

that, respectively, are the vertical component of the absolute vorticity for currents
A* and the combined transport streamfunction ¥ that ensures the mass balance in
(12.3). Rewriting (12.1) and (12.4), with IT = A*/uH, yields

9A?
P B AZJ —
0T +Vx-[A*U] =0,

oIl
_ . = U.
Ta +U-VxIT =0

(12.6)
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These are quite familiar functional forms for shallow-water vorticity and potential-
vorticity dynamics, but with the Stokes advection implicit in the relevant advective
velocity.

The vorticity and divergence relations (12.1)—(12.3) are sufficient to determine v,
given the definition of x in (8.3). Thus we can avoid dealing explicitly with the current
momentum balances, (9.15) and (9.17), and the associated boundary conditions, (9.3),
(9.9), and (9.12); this also allows us to avoid (p¢, ¢, w*) except as diagnostic fields. But
the relations (9.4)—(9.8) for p and ¢ are unaltered in the shallow-water approximation.

The analogous shallow-water statement about the material tracer is 9C/dz =0. Both
co and ¢y in (10.4) vanish since they are proportional to dC/dz, and the leading-order
tracer fluctuation occurs only at O(ve?) as

¢;=—VxC- </t N dt). (12.7)

The corresponding slow tracer balance (10.7) becomes

aC 1 o,
ﬁ =—0 ch— |:M—H</_MH v dZ>:| VXC (128)

after the vertical averaging required for consistency with the shallow-water conditions.
Thus, the wave-averaged forcing has the effect of an extra horizontal tracer advection
by the depth-averaged Stokes drift.

We can combine (12.3) and (12.8) into the relation

0
aa—T[,uHC] = Vy- K,qu + </ ) v dz>) c] = 2-Vy¥ xVxC.  (129)

-

Integrating this over all space yields the expected conservation relation for the total

material tracer,
d 0
— Cdzdx=0, (12.10)
dT //? /;LH

if there is no flux at the lateral boundary.

13. An illustrative example: evolution of a shelf vortex

We illustrate some of the possible wave and current behaviours with numerical
solutions of the shallow-water model (§12). We choose a broad shelf region with a
gentle bottom slope up toward the west and a circular depression (figure 1a). We refer
to the edges x = 0 and y = 0 of the rectangular domain as the western and southern
boundaries. The primary wave is specified to be incident from the deeper region to
the east, and it propagates westward through the domain en route to a coastline
farther west. The currents are dominated by a cyclonic vortex, initially centred over
the bottom depression (figure 15). We examine both wave and current solutions,
but their mutual interaction is artificially constrained to simplify this preliminary
computational study: the wave field is in steady-state balance (on the t scale) with
the initial vortex, hence the long-wave component is zero, and the vortex evolution
(on the T scale) is calculated with the wave field frozen in this initial state, rather
than co-evolving with the currents. However, as more fully explained in § 14, the only
field that is biased by this artificiality is @ (X, T'). For oceanographic recognition,
we present the quantitative results in dimensional units, although we retain our
non-dimensional notation.
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FIGURE 1. (a) Bottom depth H(X) (m). (b) Initial vortex velocity v(X, 0) (ms™').

We solve the wave equations (3.2), (5.22), and (5.35)—(5.39). In our baseline case for
the wave evolution, the horizontal domain is a square with a span of L =56km. The
resting depth decreases from 25 m in the east to 20 m in the west, and the superimposed
depression is 2 m deep with a Gaussian decay on a spatial scale of 7km and a centre in
the northeast quadrant (figure 1a). The boundary conditions are periodicity in y and
inward and outward radiation at the east and west, respectively. The incident wave is
uniform along the eastern boundary. It has an amplitude of |A| = 1.0 m, slow phase of
©® =0, wavelength of 2n/k =160 m, and propagation direction to the southwest. The
associated wave period is 2n/o = 11.5 s, phase speed is 13.6 ms~!, and group velocity
is |C,|=10.5ms™". Consequently, the non-dimensional parameters are € =0.04 and
w=1.0. A cyclonic current vortex is centred over the bottom depression (figure 1b).
It has a Gaussian shape for x¢(X) with a peak amplitude of 10~*s~!. The widths
of both the depression and vortex are 7km. This is comparable to the characteristic
X scale of 1/€’k=15km to be consistent with the assumptions of the asymptotic
theory (§4). The associated velocity field has a maximum speed of about 0.16ms™".
Note that v is not axisymmetric (n.b. stronger flow in the northwest sector than in the
southeast), even though x¢ is symmetric, due to the initial velocity divergence implied
by the current dynamics discussed below.

Since this partial differential equation system is hyperbolic, we use first-order
space/time differencing, with upwinding in the advective terms. Nonlinear terms
are incorporated using a fixed-point scheme (Isaacson & Keller 1994, pp. 109—
113), iterating until the difference between successive trial solutions has an absolute
supremum norm no larger than 107%. A convergence test confirms that the code
has the correct approximating characteristics and that the diffusion due to first-
order upwinding is small enough over the time scales of the calculations for waves
propagating in any direction. The solution is integrated until reaching a steady state
with the incident conditions throughout the entire domain. This takes less than 3 hr
(c.f. the characteristic 7 scale is 1/0€? = 0.32 hr).

With this posing o is uniform in the domain because it is conserved along ray
paths in (5.22); however, both k and C, have modest variations due to the depth
changes. The spatial distribution of the wave amplitude (figure 2) shows substantial
variations across the domain in both magnitude and slow phase. |A| is substantially
reduced behind the bottom depression and increased on its flanks as a result of the
convergence and divergence of C,, respectively. In the absence of the depression
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FIGURE 2. Steady-state wave amplitude in the baseline case: (a) |A|(X) (m); (b) @(X) (rad).
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FIGURE 3. Steady-state wave amplitude: (a) |A|(X) [m] without the bottom depression;
(b) ®(X) (rad) without the currents.

(figure 3a), |A| varies much less through the small convergence of C, as the waves
shoal, and |A| is uniform with uniform H. From (5.37)—(5.38), there are no influences
on |A| from either wave nonlinearity or currents. The ® variations are mostly due
to the wave nonlinearity (from both ¢ and M) in their magnitude (c.f. figure 3b),
but the @(x) pattern in the baseline case is substantially influenced by v through
opposite-sign Doppler shifting on either side of the vortex (c.f. figure 3b).

We solve the current equations (12.1)—(12.3). We discretize them with centred
second-order differences. We make a Helmholtz decomposition,

v=2XVx¢¥ + Vxo, (13.1)

and then solve the second-order elliptic equations for ¢ and ¢ after time stepping for
new values of vertical vorticity and horizontal transport divergence, respectively. The
initial velocity, v(X, 0) (figure 1b), thus has an axisymmetric vortical component due
to x¢ and an asymmetric divergent component due to the mass-flux balance in (12.3).
The boundary conditions for currents are periodicity in y (but including a trend in y
for ¢ to represent the domain-averaged flow) and no normal flow at the eastern and
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The second condition includes the Stokes drift, consistent with the mass-flux constraint
(12.3). These conditions are not truly appropriate to open-ocean boundaries, but we
use them only for solutions where v remains quite small there. This limits the
integration time in T for solutions with spatial propagation like these. Finally we also
set x“=0 on the x boundaries for calculating the potential-vorticity flux divergence
in (12.1), as a further degree of isolation of the current evolution from boundary
fluxes.

In the baseline case for the current evolution, the initial cyclonic vortex (figure 1a)
has a peak amplitude of 10~* s~! that is equal to f; hence the initial vortex
Rossby number is 1. The depth-averaged Stokes drift, (fi) , v3'dz’)/uH is shown in
figure 4(a). It is directed mainly to the southwest, paralﬁ:l to k, and its magnitude
ranges from 0.013 to 0.023 m s~' with a pattern similar to |A| (figure 2a); this is
slightly larger than the magnitude of v(0) (figure 1b). (Recall that the Stokes drift is
held fixed in time.) As the currents evolve (figure 5), the vortex retains its coherence
as it moves off the bottom depression and propagates to the southsouthwest at an
average speed of 0.05 m s~! while emitting a weak topographic Rossby wave wake.
This behaviour is analogous to the much studied propagation of a strong, isolated
barotropic vortex under the influence of a variable Coriolis frequency, f(Y) (e.g.
McWilliams & Flierl 1979), except here due to the topographic slope H(X) and
assisted by the Stokes-drift advection in (12.1). There is a proclivity for v to develop
a component ~ —v%’, as a means of satisfying (12.3), which would have a cancelling
effect on the wave influence in the net advecting velocity. This proclivity is quite
strong in wave-influenced Ekman-layer solutions (McWilliams & Restrepo 1999) but
it is more modest here (c.f. Figs. 4b and 5b) where v’ is much weaker than v.

We contrast this baseline solution with the evolution of currents without any wave
influence (i.e. v5 = 0), shown in figure 6. The vortex evolution is qualitatively similar
without waves, but the propagation speed and direction are substantially different,
the Rossby wave wake is less extensive, and the exterior velocity field is smaller.
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FIGURE 5. (a) Vorticity x°(X) (s7!) and (b) velocity v(X) (ms~!) (both as vector and
contoured speed) for the currents in the baseline case at a time of T'=4.0 days.
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FIGURE 6. Same as figure 5, except without wave effects.

The propagation speed is here more toward westsouthwest and the average speed
is 0.0l ms~'. Note that the difference in propagation speeds with and without wave
effects is larger than the magnitude of the Stokes drift by about a factor of 2. Since
the initial vortex would be a steady solution without a topographic slope (because the
bottom depression and the vortex are both axisymmetric and concentric), there is an
early slowness in the propagation until the vortex moves away from the depression.
The axial asymmetry in the vortex velocity, evident in the initial conditions (figure 1b),
becomes larger with time (figure 5b) in the presence of the waves, but it is nearly
absent without waves (figure 6). This occurs in spite of a high degree of axisymmetry
persisting in x¢ in both cases.

From the differing vortex displacements with and without waves, it is clear that
this solution does not conform to the misinterpretation of Ursell (1950) discussed at
the end of §9.5. In particular, the net currents in the presence of the primary waves
(figure 4b) are noticeably different from the currents without waves (figure 6b), both
near the vortex and in the far field. The wave-averaged effects are not limited to the
currents alone. It can be inferred from figure 4 that the evolution of passive tracers,
advected by the net velocity in (12.9), differs significantly in the presence of primary
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waves. With waves, tracer patches in the vicinity of the vortex move more rapidly
to the southwest and are stirred less vigorously; nearshore patches move farther
northward; and offshore patches move farther southward (for brevity these fields are
not shown).

These solutions demonstrate that the effects of wave—current interactions, as
implied by our asymptotic theory, can be significant in a plausible coastal regime.
Here we intend no more than a preliminary impression of the implied possibilities,
leaving to the future a more extensive phenomenological exploration and dynamical
interpretation.

14. Summary and discussion

In this paper we have derived a leading-order asymptotic theory for the coupled
evolution of a primary gravity-wave field, forced long waves, and currents. This is
done in the context of a coastal shelf region with finite-depth effects on all these
components. The resulting model yields a fairly complete description of the dynamics
of waves, currents, buoyancy, and tracers in this setting. The principal assumptions
are the following:

(a) The primary gravity waves have the fastest velocity scale (§, 4 < 1); they are
nearly irrotational; and they have a weakly nonlinear dynamics because of small
wave slope (e =ak < 1).

(b) There is a scale separation in both temporal and horizontal scales between the
primary wave and the currents, long waves, topography, and domain shape (8, y < 1).
These assumptions are embodied in the multi-scale solution form (4.1).

The asymptotic theory is first developed for a non-stratified, non-dissipative, finite-
depth ocean (i.e. with a depth comparable to the primary wave scale; u~ 1), but
generalizations to deep water (§5.4), material tracers (§ 10), and density stratification
(§11) are also developed. The governing equations in the theory are averaged over
the primary wave scales, and thus contain horizontal and time derivatives only on
longer scales. The scaling relations among the various parameters (4.3) are chosen to
give the most general governing dynamical balances at leading order, consistent with
the assumptions above.

The primary gravity-wave field has an oscillatory structure in time and horizontal
coordinate, is surface intensified, and has the familiar linear finite-depth dispersion
relation (§3). On the horizontal scale of the wave envelope (§5), the primary phase
properties satisfy a topographically controlled group-velocity theory for waves in a
slowly varying environment (5.22), and the amplitude function satisfies an action-
conservation law (5.37)—(5.38) independent of the long waves and currents, but with
slow phase modulation (5.39) by the topography, wave nonlinearity, long waves, and
currents.

A long infra-gravity wave is forced by the phase-averaged Bernoulli head and
horizontal mass flux of the primary wave (§6). It is composed of a static component
involving only sea-level and pressure variations (6.3) — called wave set-up — and a
dynamic component consistent with linear shallow-water waves (6.7)—(6.8). Both of
these components disappear after a transient adjustment of the primary waves to
their generating boundary conditions (and wind forcing, if included) when the latter
are imposed in a steady-state fashion. On the other hand, a propagating primary
wave packet forces propagating long waves but no currents (§6.5).

There are analogous static components in sea level and pressure in response to
the steady-state wave-averaged Bernoulli head and horizontal mass flux (9.8). The
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wave-averaged corrections to the usual hydrostatic relation between low-frequency
large-scale sea level and dynamic pressure — involving both (w?) plus additional terms
in (9.9) — need to be considered in inferences of geostrophic currents from tide-gauge
and radar-altimetric measurements (c.f. McWilliams & Restrepo 1999); however, these
corrections are expected to be negligible for geostrophic current inferences in deep
water for small current Rossby number (n.b. the end of §§9.2 and 9.5).

The vorticity balance for the currents (8.2) contains the wave-averaged vortex force,
(€, €’K) or (¢’ J., €’K.) in (8.6) or (9.20), related to the primary-wave horizontal
Stokes drift, v%, and its vertical pseudo-velocity, w™’, by (8.7)—(8.9). Stokes drift also
contributes to the depth-integrated mass balance for currents (9.14). In the current
momentum balance (9.15)—(9.17), there is an additional wave-averaged Bernoulli-head
force, =V~ or —V.¢ . from (9.16) or (9.20), and a static wave set-up in sea level and
pressure (9.8). Finally, due to fluctuations induced by the primary wave acting on
large-scale low-frequency material-concentration gradients, there are wave-averaged
advective transports in the material-tracer and buoyancy balances, (10.7) and (11.12),
by v%" and w’'. The large-scale buoyancy variations, of course, couple to the current
dynamics through the gravitational force in (11.10) and (11.11).

The wave—current dynamical coupling in this asymptotic theory has several causal
chains that are not fully closed as feedback loops. The long-wave evolution (§6)
contains primary-wave forcing that depends on the magnitude of the wave amplitude
|A| but not the slow phase ®, and it also has no direct current effects; the same
is true for the long-wave evolution of tracers and buoyancy (§§ 10-11). The current
evolution is independent of the long waves and other transient adjustments of the
primary waves on the t scale. Furthermore, the wave effects on the current fields
(including tracers and buoyancy) also depend only on |A| but not @ (§§8-12). The
evolution of |A| in (5.37), through conservation of wave action, has no influences from
the currents and long waves nor from @, and thus it may be calculated independently.
The evolution of @ in (5.39), however, is influenced by |A|, long waves, and currents,
but its evolution does not feed back onto any of them.

Since there are many additional effects that could be included in a more realistic
wave dynamics than the asymptotic theory in § 5 (e.g. Doppler shifting of the leading
order for o and wave steepening due to currents), it is important to emphasize that
the derived form of the wave-averaged effects on the current dynamics should be
robustly valid in their dependences on A, K, etc., as long as the primary wave slope is
not large, even if the evolution equations for these wave attributes are different than
presented here.

The present theory for wave-averaged effects on currents encompasses its
predecessors (Craik & Leibovich 1976; McWilliams & Restrepo 1999, where e.g.
the vorticity forcing term is €V x [(v%") x (€2 f2+ »°)], and the tracer and buoyancy
forcing terms are advection only by (v*'), rather than (10.7) and (11.12)). These prior
forms are a subset of the more general ones here and can be derived by assuming
that (a) the Rossby number is O(1) and (b) the horizontal scale of the currents
is comparable with that of the primary wave (e.g. as in Langmuir circulations;
McWilliams et al. 1997). Thus, the essential basis for the new more general theory
is the assumption of multiple horizontal scales (i.e. 8 < 1) applied to the currents as
well as to wave-averaged quantities — with the happy side benefit that the isotropic
regime for currents (i.e. B = 1 in this particular sense) is also encompassed.

The large-scale oceanic surface (Ekman) layer is modified by wave-averaged effects
of several kinds, in addition to the familiar vertical Reynolds stress and material flux
by boundary-layer turbulence (not considered in this paper). Most of these effects
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were discussed in McWilliams & Restrepo (1999), and they can be derived from the
present theory if we make the conventional large-scale assumption of a small Rossby
number for both the currents and Stokes drift. In this limit, the principal Ekman-layer
momentum balance contains the Stokes—Coriolis vortex force, J, J.~—f2x (v%) as
in (8.6) or (9.20); the sea-level/surface-pressure relation contains the (w3(0)) term as
in (9.5); and the Stokes mass-transport divergence forcing of surface vertical velocity
is as in (9.12). What is more general in the present theory, relevant even for small
Rossby number, is the additional (wS') vertical advection in the wave-averaged tracer
and buoyancy balances in (10.7) and (11.12).

The preceding two paragraphs indicate that the conservative wave-averaged
effects on currents and material tracers derived in this paper represent the most
comprehensive characterization yet known. In particular, stepping outside the
particular asymptotic scaling regime used here — a fruitful path for future research
on wave—current interactions — the implicated wave-averaged terms can be appended
to alternative fluid models to investigate the full range of wave influences from
Langmuir circulations (i.e. 8 ~ 1, Rossby number— o) to Ekman—Stokes currents (3,
Rossby number— 0). In the same spirit it may become advantageous to combine the
long-wave and current dynamics in a single governing equation set with the union of
the wave-averaged terms in §§6 and 8—11.

The illustrative solutions presented for the shallow-water ansatz (§§12-13) give
only a small sample of the possible behaviours implicit in the coupled wave—current
dynamics. A future task is to make a more systematic phenomenological exploration,
with the plausible expectation that new modes of behaviour will be found (c.f. the
Langmuir instability; Craik & Leibovich 1976). Because the asymptotic equations
are averaged over the primary wave oscillations, they are much more economical to
solve computationally than the primitive equations. For transient wave adjustment
the reduction in computational cost is by a factor of B°=¢€® and, for steady-state
waves (§ 5.4) and currents, the factor is B2y = €3. These will allow studies of coupling
regimes that are quite inaccessible by direct numerical simulation.

The present theory lacks several features needed for realistically posed problems in
coastal regions. Most important are parameterizations for several non-conservative
effects. These include wave and current generation by local winds, to accompany the
remotely generated waves transmitted through open lateral boundaries; more robust
wave boundary conditions (e.g. Higdon 1986, 1987); wave dissipation, implicitly
representing the weakly nonlinear cascade from the spectrum-peak scale to breaking
and viscous dissipation, as well as wave damping by surface contamination; current
dissipation and boundary-layer mixing; and shoreline wave absorption and/or
reflection and rip current generation through the accompanying radiation-stress
divergence (Longuet-Higgins 1970). Although the present theory has been presented
for a single primary wave, several such waves with incommensurate primary phase
fields may be superimposed without changing the results above since € < 1; their
wave-averaged effects on the long waves, currents, and material tracers are simply
additive. Even if their phase fields are nearly commensurate, e.g. as might happen with
shoreline reflection, then the generalization to include weakly nonlinear wave-wave
coupling can be envisioned along previously developed lines (e.g. Komen et al. 1994,
Chap. I1.3).
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Appendix A. Higher-order wave components

In the analyses of the current dynamics, we require a full determination of the wave
quantities at O(¢) for m =2 and O(e?) for m = 1. Here we make these determinations
for all quantities except the wave vorticity (§7 and Appendix C) using expansion
forms like those in (5.24).

The velocity potential has components ¢¢; and ¢, given by (5.18) and (5.31). The
boundary-value problem for ¢,; is posed in (5.27) with forcing terms in (5.33), under
the compatibility constraint provided by the amplitude equation (5.35). The latter can
be expressed as

N 0 24/ F¢
Fo / cosh?[Z] 9 dz + ——2—(2# + sinh[2.#])

_uH 972 4k cosh[A#]
L(cosh[&#] —1) + i@% cosh[2#] — sinh[2¢1])
4k cosh[A] 8k cosh[#]
_ By
= tanh[u] Gy cosh[#]’ (A1)
where we have partitioned F3; in (5.33) into its separate dependences on % :
A A
F5=———|2k- -k
2! tanh[u] < Vi Lcosh[%]] T cosh[ A7 (Vx )) ’
2Ak
Fj =— k-Vy)uH
5 = Ganhio coshp] < VI
) (A2)
F3$ = — k-Vy)k
21 tanh[u]ok cosh[%]( Vk,
P i2A
77 ktanh[u] sinh[2#]
The solution to the boundary-value problem is
iA VA Y . Ao (k- Vx[uH])
= —(—uH h[Z]— ——F—— h
1 = T S sinh ] ( 5z T B e )> Sinh 2] = mhy 2 oshl]
1A ¢k
—_— —— sinh[22" — Z]d7
+ 2k2 sinh[#] </—le 3z sinh[227 — Z] dz>
o cosh[A#] A%k . Ao(k-Vx)k
————— Vx| ——— | ¥sinh[¥]| — —F———F =% h[Z]. A3
kA {kz sinh[zyf]] Sinh 2] = S sinnpey 7 ozl (A3)

We have set to zero the undetermined coefficient of the homogeneous solution,
cosh[Z], to distinguish it from the leading-order solution in (5.18).

From (5.15) expressed in the form of (5.28), we derive the sea-level component at
this order,

n21 =1itanh[u]o ¢21(0) + Hay, (A4)
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where

A A A2AK? [ sinh*[#] — sinh? 1
H21=i§—{—]+Aktanh[]f]Z——"/(0)—3| "Ak <Sm [#] = sinh"[#] + >
T|O o

8 sinh*[#]
(A5)

The wave velocity at higher order comes from evaluating (5.1) in terms of ¢ and v,
using (5.32) for u*?:

2
Gy, = 2ikhin = 45%;’[';/] cosh[22],
wir = bra = —— Ak Ginpa,
4 sinh™[#] (A6)

. . Ao cosh[Z] Asinh[Z] 0V
A1 = ik _‘VX[ k sinh[#] ] T sinh[#] 0z

0 1Acosh[Z] oY
Wi = gt ] oz

These expressions have been checked by verifying the incompressibility relation in
(2.1) for each (n, m) component. Finally, the wave pressure components are derived
from the Bernoulli relation (5.4),

. A2k A%k cosh[2%
pﬁ=210’¢12— < [ ]—1>,

2 tanh[u] sinh[2.#] ) tanh[u] sinh[257] sinh?[#]
v —iogy +i d [Ao cosh[Z] Ao cosh[Z] » 3|APAK? cosh[3Z]
= 10 _ —_ p— .
P21 2757 | ksinh[#] k sinh[#] 4 tanh[p] sinh[2] sinh’ [#]
(A7)

Again, the long-wave and current effects appear in (A 3)~(A 7) only in combination
as their sum.

Appendix B. Wave-averaged forcing of infra-gravity waves

The right-hand side of the momentum equation in (2.1), after substituting the
primary wave solution form from (4.1) and (5.16) and isolating the phase-averaged
fluctuation, has a contribution at O(e?) that is the horizontal component of

—((V x ug”) x uo)T.
By substituting for uy from (5.21) and for ug” from (5.32), and using the property of
the phase-averaging operator that
ab=0

for any wave quantities a and b unless they have the same exp(im S/€?) harmonic factor
and their coefficients of A are either both real or both imaginary, this contribution can
be shown to vanish. The right-hand side of the surface kinematic condition in (2.3) at
O(e%), after expansion about z = 0 and isolation of the phase-averaged fluctuation,
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becomes

1 ow o 592w f d*w " ;03w f
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1 1 f f
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= Vx - (1090(0))". (B1)

In deriving the successive relations in (B 1), we use the following: the incompressibility
condition for the wave field; the € expansion (5.16) and wave solution form (5.24);
the result above for what is required to have a non-zero phase-average — which is true
here only for the term in the final relation in (B 1) since both g, and 5, have purely
real coefficients for n = 0, 1, see (5.18), (5.21), (5.31), and (A 6); the related property
that

V. ab=¢€’Vy-ab
for any wave quantities a and b; and, finally, the property that (oV, (0o, 70))" =0
since no triple product of m = 1 harmonic functions can have a non-zero average.
These evaluations confirm the results in (6.1).

Appendix C. Wave vorticity solutions

After substituting (7.1) into (7.3), separating horizontal and vertical components,
expanding the wave fields in €, and formally integrating in time while neglecting any
slow time dependences, we obtain the following relations:

g :(gc.vx)</ qu;> _ 3a§Z (/ wodz), (C1a)

X0 =(§“-Vx)</ wodr>, (C1b)
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The contributions (é;v,f(z“’) are due to (X, 7t) derivatives of the (n,m)=(0,1)
coefficients:

’E; = é((EC'VX)qOI - 5750101)7
i

Aw c 0 w
X1 = . <(§ *Vx)wor — EXOI) .

(C4)

2w A
The contributions (&, , 5(3)) are due to the long-wave vorticity, and they have a form
analogous to (C1):

AW t lw t
b= ((&’W-vn(/ %dr) -5 (/ wodr>>,

¢ (C35)
3y =€ ((g’w-vx)</ wodt>>.

The right-hand-side quantities are O(1) by (6.12).

The wave-vorticity expressions at n = 0 are equivalent to those that come from
taking the curl and time integral of the wave-momentum balance (5.5) at its leading
order. The neglected terms at n = 2 in (C 3), denoted by ..., indicate contributions
from nonlinear products that yield other harmonics in the wave vorticity than m = 1,
which at this order do not contribute to the wave-averaged fluxes in §8. Note that
we have not expanded the current quantities in € since our purpose here is to
obtain expressions for the functional dependence of the waves on the currents for
later substitution into wave-averaged forcing terms in the current dynamical balances
(§§8-10).

The expression (C1) is easily evaluated to give the leading-order wave-vorticity
coefficients,

A . 9
I h[Z14 k + k sinh[Z
o1 ksmh[%] (COS [ ] +ksin [ ] 0z ) ’ (C 6)
1A .
N
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where
7 =k- <2>< 3_”> ~k- £
0z

The coefficients (C 6) can also be obtained as the curl of ug§” in (5.32) or, equivalently,
the curl of u, in (A 6).
The expression (C 2) may similarly be evaluated to give
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Finally, the evaluation of (C 3)—(C4) yields

y __l ) ) a_;‘ 1A . ¢
£ = - (5{%1 + 1wy 3z ) + K sinh[A] <ksmh[£’f](x + )k

— cosh[Z](k- V)& + é (ksinh[ff] (%’g—v +"V88§ > +cosh[3’]3€"/k)>
Z Z
+i(§"-V ) Ao cosh[Z] 13_ A%’cosh[:?]k ia_gca_ A sinh[Z]
o 7 "k sinh[#] o 9t | ksinh[#] o 9z dt | sinh[A]
Ai* . Ew 20w : 0 1102 s, W
+ K Sinh[] (cosh[g] ((k-&7)k +2k°E1) +ks1nh[£f]< o ~|—1X12k))
2 g
QLATLE;] <3k cosh[3Z)Zk + (sinh[3Z] + cosh[2Z] sinh[ﬁé”])?ik
5 . 0E" . . 0%&¢ AW
+ k- sinh[3Z] 5 + k sinh[2.%] smh[ff]w + &, (C8a)
z Z
w1 A . ) dx¢  .sinh[Z]
X2 = Oﬁt’wﬂ + Snh[7] <kcosh[ff](x + f) — sinh[Z] 9z +1 > VX
Lo Ao sinh[Z] 10 [ AZ sinh[Z]
+5¢ VX)[ sinh[#] } o 0T [ sinh[#]
A . "
+ m (k COSh[g]Xu —ISIHh[g](k‘glz))
. 3|APAk . . . ox Aw
—1m (k sinh[3Z)Z + sinh[2%] sinh[Z] 82) + Xar- (C8b)

The double-hatted terms are from (C5). More generally we see that the long-wave
and current velocities enter into the wave-vorticity expressions (C 6)—(C 8) in such a
way that every term has at least one vertical derivative, and the only places where
long-wave contributions appear in (£, x,*) are in the two terms at n = 2 proportional
to 77, as well as the double-hatted terms. In neither case do these potential long-wave
contributions survive in the wave-averaged forcing of the current vorticity equation
(§8). The expressions (C 6)—(C 8) have been checked by verifying the non-divergence
of wave vorticity for each (n, m) component.
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Appendix D. Definitions of symbols
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As this paper is of atypical mathematical complexity, a list of symbols is provided

in table 1.
Symbol Name Where defined

a, A wave sea level amplitude (3.1), (5.18)
A® absolute vertical vorticity for currents (12.5)
o wave action density (5.38)
b wave buoyancy field (11.5)
B current buoyancy field (11.5)
B bottom wave forcing (5.26)
B total buoyancy field (11.1)
B, dimensional scale for # after (11.1)
c wave material concentration (10.2)
C current material concentration (10.2)
C, Bernoulli constant (54)
C, pressure constant (9.4)
€ total material concentration before (2.1)
C, group velocity (5.23)
clv long gravity-wave speed (6.9)
9 domain area before (2.1)
89 domain lateral boundary before (2.1)
e wave vertical parcel displacement (10.9)
E total sea level anomaly before (2.1)
é total energy (2.9), (11.4)
& mean wave energy (3.5)
£ fo, f1¢ Coriolis frequency (2.1), (4.3)
Fon surface wave forcing (5.25)
F§y, Fyy, F5*L By coefficients in Fy (A2)
Fhw dynamical forcing of long waves (6.10)
g gravitational acceleration before (2.1)
Gun interior wave forcing (5.28)
H resting bottom depth before (2.1)
H,, surface wave forcing of n (5.27)
H rescaled depth after (3.1)
J, J. horizontal vortex force at O(e’) (8.4), (9.20)
k horizontal wavenumber vector (3.1)
k modulus of k before (2.1)
K, K. vertical vortex force at O(e?) (8.5), (9.20)
A, H s Bernoulli head at O(e?) (9.16), (9.20)
L computational domain width Sec. 13
M nonlinear coefficient in A eqn. (5.34)
M total mass (2.8)
p” wave pressure 4.1)
pl long-wave pressure (4.1)
plv.ptr components of p'” (6.3) et seq.
P, p components of current pressure 9.1)
P,p pressure (2.1), (2.4)
Py atmospheric pressure (2.3)
7 wave-averaged pressure forcing (9.10)
q wave horizontal velocity 4.1)
g long-wave horizontal velocity 4.1)
qr vortical wave horizontal velocity (5.32)
Q total horizontal velocity before (2.1)
r current pressure 4.1)

TaBLE 1. List of symbols.
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Name

Taylor series operator

wave phase function

wave time coordinate

current time coordinate
depth-integrated Stokes velocity
total 3D velocity

total 3D wave velocity

3D long-wave velocity

vortical part of 3D wave velocity
combined current and Stokes-drift
horizontal transport velocity
horizontal current velocity
Stokes-drift velocity
phase-averaged horizontal velocity
wavevector-V dot product

wave vertical velocity

current vertical velocity
long-wave vertical velocity
vortical wave vertical velocity
Stokes-drift vertical pseudo-velocity
total vertical velocity

wave-scale horizontal coordinates
slow horizontal coordinates
wavenumber-vorticity product
vertical coordinate

upward vertical unit vector
phase-averaged sea level

rescaled vertical coordinate
current/wave length-scale ratio
current/wave time-scale ratio
differential operator
current/wave horizontal velocity ratio
wave slope parameter

current sea-level elevation
components of current sea level
wave sea-level elevation
long-wave sea-level elevation
components of 5'*

amplitude phase function

long wave amplitude parameter
wave depth parameter
wave/current ratio for materials
wave horizontal vorticity
long-wave horizontal vorticity

wave horizontal vorticity component

wave horizontal vorticity component
current horizontal vorticity

potential vorticity of depth-uniform currents
density

mean density

wave frequency

dispersion relation

slow wave time coordinate

wave velocity potential

TABLE 1. Continued

Where defined

(5.12)

(5.17), (5.19)
before (2.1)
4.1)

(6.2) & (9.13)
before (2.1)
4.1)

4.1)

(5.1)

(12.5)

4.1)

(8.7)

(5.3)

after (5.33)
4.1)

4.1)

4.1)

(5.32)

(8.9)

before (2.1)
before (2.1)
before (4.1)
after (C6)
before (2.1)
before (2.1)
(5.13)

after (3.1)
before (4.1)
before (4.1)
(5.8)

(6.3) et seq.
(5.36)

4.1
before (2.1)
(10.2)

(7.1)

(6.11)

(C4)

(C5)

(7.1)

(12.2)
before (11.1)
before (2.1)
(3.2)

(5.20)

4.1)

(3.3), (5.1)
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Symbol Name Where defined

' horizontally divergent component of g'* (6.5)

7 horizontally divergent component of v (13.1)

x" wave vertical vorticity (7.1)

X' long-wave vertical vorticity (6.11)

XY wave vertical vorticity component (C4)

)?w wave vertical vorticity component (C5)

x€ current vertical vorticity (7.1)

W vertically rotational component of v (13.1)

v combined current and Stokes-drift (12.5)
transport streamfunction

®° current vorticity 4.1)

o' long-wave vorticity 4.1)

" wave vorticity 4.1)

2 total 3D vorticity before (2.1)

\ 3D spatial derivative before (2.1)

V. wave-scale horizontal derivative before (2.1)

Vx slow horizontal derivative after (4.1)

(), (*) averages before (4.2)

(-), () fluctuations 4.2)

TABLE 1. Continued
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