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The Stokes drift and wave induced-mass flux in the North Pacific
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[1] Stokes drift and wave induced-mass flux in realistic wavefields and ocean currents in
the North Pacific Ocean are studied using a third generation wave model with ambient
geostrophic currents estimated from satellite altimetry data to directly estimate the Stokes
drift for random directional waves. Comparison with in situ buoy data shows that the
model performed well in representing the Stokes drift field and total wave momentum.

In the North Pacific, the annual mean surface Stokes drift ranges from 2 to 10 cm/s and the
mean Stokes e-folding depth is 1 to 2 m. The Stokes drift fields estimated using bulk
wave parameters compare poorly against buoy data, and are shown to overestimate
(underestimate) the Stokes e-folding depth (the surface Stokes drift) computed directly
from wave spectra by as much as 5-20 times larger (210 times smaller). The spatial
distributions of mean wave height and mass transport approximately follow the synoptic
scale associated with atmospheric forcing, and the divergence of wave induced-mass flux is
significantly modified by local fetch, the coast and ocean currents. Due to strong wave
refraction along the Kuroshio extension, surface vertical velocity induced by Stokes
divergence is comparable to the Ekman velocity, and may alter the meso-scale dynamics

of the front.
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1. Introduction

2] The Stokes drift is one of the manifestations of ocean
surface waves, and impacts mass and momentum transports
near the surface. An accurate evaluation of the Stokes drift
and the inclusion of related processes may lead to improved
representation of surface physics in ocean general circu-
lation model (OGCM) [e.g., McWilliams and Restrepo,
1999]. In addition, the Stokes drift and associated vortex
force have been considered to be the mechanisms responsible
for the Langmuir circulation (LC) |e.g., Leibovich, 1983;
McWilliams et al., 1997). The additional turbulence kinetic
energy (TKE) due to Stokes velocity shear production is also
crucial for vertical mixing in the upper ocean [e.g., Kantha
and Clayson, 2004].

[3] The exact representation of wave effect on mean cur-
rent field is still being debated in terms of wave-averaging
techniques (Generalized Lagrangian mean, Eulerian mean),
how momentum variables are separated (total momentum,
quasi-Eulerian mean flow), and the underlying assumptions
of wave-current coupling theorics |e.g., Mellor, 2003, 2008;
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MeWilliams et al., 2004; Ardhuin et al., 2008; Aiki and
Greatbatch, 2012]. In the Eulerian framework in which
mean flow and wave momenta are separated, the Stokes drift
appears as additional divergence of mass and external forces
such as the vortex force and the Stokes-Coriolis force in con-
tinuity and momentum equations |McWilliams and Restrepo,
1999: MeWilliams et al., 2004; Weber et al., 2006: Smith,
2006; Newberger and Allen, 2007; Uchiyama et al., 2010].
Therefore, temporal and spatial structure of the Stokes drift
field can provide useful information on the significance of
wave effect on mean flow field.

|4] MeWilliams and Resirepo [1999] argued that the Stokes
drift could influence the ocean general circulation through the
rearrangement of the surface layer dynamics due to the
Stokes transport. Their result was based on an empirical
estimate of the Stokes drift using the wind data; effects of
currents on wave field were neglected. Recent advances in
third generation wave models make it possible to accurately
reproduce wave spectra |e.g., Ardhuin et al., 2009, 2010] and
to directly cstimate the Stokes drift for random directional
waves in realistic wave conditions |Rascle et al., 2008; Kantha
et al., 2009; Ardhuin et al., 2009; Webb and Fox-Kemper,
2011]. The present study was motivated by a desire to better
understand the Stokes drift in the Pacific Ocean. We are par-
ticularly interested in estimating wave induced-mass transport
near Japan in the presence of strong currents and vorticity due
to the Kuroshio and Kuroshio Extension. To address these
issues, we use the third generation wave model to conduct
wave hindcasts and analyze the Stokes drift and wave induced-
mass transport in the Pacific Ocean.
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[5] The paper is organized as follows. Section 2 describes
the theoretical aspect of the Stokes drift and wave-induced
mass flux. Ocean wave hindcasts are also described. In
section 3, we first validate the model Stokes drift field
against that estimated from in situ wave spectra. Then we
investigate the Stokes drift and wave induced-mass flux in
the Pacific. Finally, summary and discussions are given in
section 4.

2. The Stokes Drift and Model Experiments
2.1. The Stokes Drift and Wave Momentum

[6] We assume deep water conditions. The vertical profile
of the wave-induced velocity is given by either the pseudo-
momentum of Andrews and Mcintyre [1978] or the Stokes
drift velocity | Longuer-Higgins, 1953 ]. For wave motions that
are horizontally homogeneous and irrotational in the vertical
plane, analytical expressions for the pseudo-momentum and
the Stokes drift velocity are the same and may be written as

w"(z) = Us - exp(z/Dy) (1)

where z is the vertical axis, Us is the Stokes drift velocity
at the surface (=oka®), Dy is the stoke depth scale (=1/2k),
k = k(cos0, sinfl) is wave number vector, o is angular
frequency, k is wave number, ¢ is wave direction and a is
wave amplitude. The Stokes drift velocity for random direc-
tional waves is derived by extending equation (1) for wave
spectrum (o, (/) assuming a statistically stationary and hor-
izontally homogeneous wavefield |Kenyon, 1969]:

w'(z) 22 / @ F(a, 0)k/k - exp(2kz)dodld (2)
g

where g is gravitational acceleration, and F(o, 0)dod = 0.54>.

[7] Equation (2) is cumbersome for evaluating the Stokes
drift in a realistic ocean wavefield since it requires the wave
spectral shape. Additionally the integrand includes an expo-
nential function which decays according to the wave number
k, so that vertical profiles of Stokes drift also depend on the
spectral shape. The concept of “the Stokes e-folding depth”
|Li and Garrett, 1993; Harcourt and D Asaro, 2008] is
uscful for representing the penetration depth of Stokes drift
for random directional waveficld, because equation (2) can
then be parameterized to the same form as equation (1) using
thg surface Stokes drift Ug and the Stokes e-folding depth
Dy

¥ (z) = Us - exp(z/Dy) (3)

where, Ug = 2! f f > F(o, 0)(cos 0, sin O)dodd, D¥ is

defined as the depth where @%(z = —D¥)/Us = e '. The
surface Stokes drift Ug in equation (3) is an exact
expression which is evaluated using the third moment of
frequency spectrum. On the other hand, the Stokes e-
folding depth D¥ is not directly estimated from wave
parameters; to evaluate it one needs to know the exact
vertical profile of the Stokes drift for random directional
wavefields which i1s expressed by equation (2).
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|#] It is also possible to define the wave induced-mass
transport in Eulerian coordinate where mean wave momen-
tum is distributed between the wave crests and the troughs.
The total mass transport due to ocean waves M" (or total
wave momentum) is evaluated at the mean surface by
applying the Taylor expansion with second order accuracy,

CIC' " o
M"’—pf (@ +u')dz = pu'(
¢

2=t (4)

where, p is water density, ¢ and @ are wave-averaged com-
ponents of surface elevation and velocity vector, (" and o’
are wave components. By substituting the first-order solu-
tion of surface wave to equation (4), we get

M” =%{u2rrkfk = pff(r -Flo,0) - k/k-dodf) (5)

In linear wave theory, the wave induced-mass transport in
Eulerian coordinate (equation (5)) is cqual to the Stokes
transport (depth integral of the Stokes drift wvelocity,
equation (2)) [e.g., Phillips, 1977];

M¥ = pfc .r?“(z)dz?:pl:ir“(z)dz (6)

s

Again, the e-folding depth D¥ is an indication of the signifi-
cant penetration depth of the Stokes drift. Three-dimensional
wave-averaged equations of mean current required vertical
profile of the Stokes drift [e.g., McWilliams et al., 2004;
Uchiyama et al., 2010], whereas formulation based on the
depth integrated equations (2D) utilize total wave momen-
tum as the boundary condition at the mean surface [e.g.,
Hasselmann, 1971; Garrett, 1976; Ardhuin et al., 2004;
Smith, 2006]. In this study, we investigate the structure of
the Stokes drift and the Stokes transport as the total wave
induced-mass flux estimated using wave spectra obtained
from ocean wave hindcasts.

2.2. Ocean Wave Hindcasts

lo] Wave hindcast is conducted based on WAVEWATCH-
HI™ version 3.14 (WW3) [Tolman, 2009] to provide esti-
mates of the Stokes drift and wave-induced mass flux. We
used a nested model domain for grid resolution of 1 degree
(nestl) and 0.25 degree (nest2). The outer nest (nestl) covers
the Pacific Ocean excluding the polar regions (667S—66°N
latitude and 100°E-290°E longitude). The inner nest (nest2)
is used to investigate the effect of the mean surface current on
waves fields and associated modulation of wave-induced
mass transport in the Northwestern Pacific (20°S-50°N lati-
tude and 117°E-180°E longitude). Tolman and Chalikov's
[1996] source terms are used, and the surface wind speed at
10 m elevation (U}) is modified to account for the instability
of the atmospheric boundary layer (the “effective” wind
speed |Tolman, 2002]). We also employ the discrete inter-
action approximation (DIA) method as the nonlinear transfer
function Snl |Hasselmann et al., 1985]. The spectral space 1s
discretized using 35 frequencies ranging from 0.041 Hz to
1.05 Hz (relative frequency of 10%, fi+1 = 1.1fm, where m
is a discrete grid counter) with 36 directions (A0 = 10°).
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