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Abstract. An improved understanding of the ocean boundary layer will
require measurements of the properties of turbulence in the boundary layer
and comparison of these properties with the predictions of theory, probably
with numerical models as the primary intercomparison tool. Vertical turbulent
velocities in the ocean boundary layer can now be easily measured from the
motion of neutrally buoyant floats. These naturally and accurately average
the much larger surface wave velocities. Data from five different wind-forced
boundary layers are presented. The mean square vertical velocity in the
boundary layer σ2

w scales with the friction velocity u2
∗ estimated using bulk

formulas. Their ratio A = σ2
w/u2

∗ typically reaches 2 in the middle of the
boundary layer. This is roughly twice that measured in laboratory and
oceanic solid-wall turbulent boundary layers driven by shear alone. Oceanic
boundary layers must be driven differently than solid wall boundary layers,
probably through the action of surface waves. This may occur either through
the action of the Stokes drift via the “vortex force” or through wave breaking.
Preliminary simulations using large-eddy simulation models suggest that the
vortex force is more effective in raising the overall kinetic energy, while wave
breaking acts primarily to increase the near-surface dissipation.

Introduction

Measurements of turbulence properties in the ocean
boundary layer are limited. Accordingly, present mod-
els of the ocean boundary layer are constructed primar-
ily by analogy with atmospheric boundary layers over
land. Over land, the fluid velocity must be zero at the
surface but is finite at altitude. Turbulence is gener-
ated by instabilities of this sheared flow and carries a
vertical flux of horizontal momentum, a stress. In the
oceanic analog, the wind stress τ acts to accelerate the
ocean surface downwind, thereby setting up an unsta-
ble sheared flow in the upper ocean. Instabilities in this
flow produce turbulent velocity fluctuations whose av-
erage amplitude is proportional to the friction velocity
u∗ =

√
τ/ρ, and thus depend on the stress τ . If this

is the only source of turbulence, the vertical velocity
variance σ2

w at depth z is given by

σ2
w = A(z)u2

∗, (1)

and the vertical velocity variance in the mixed layer is
given by

σ2
w = Au2

∗, (2)

where the overbar denotes the vertical averaging oper-
ation.

Surface gravity waves make the ocean surface dif-
ferent from the land surface. Gravity waves contain
most of the energy in the boundary layer and thus
play a large role in the physics of the boundary layer
turbulence (Melville, 1994). The waves may break,
thereby transferring some of their energy and momen-
tum to turbulence and injecting clouds of buoyant bub-
bles into the ocean. Waves may also be refracted by
the nonwave velocities thereby transferring momentum
from the waves to the turbulence. This process, the
Craik-Leibovich (Leibovich, 1983), or CL, interaction,
is thought to generate downwind-aligned, counterrotat-
ing vortices known as Langmuir cells. The Stokes drift
(Phillips, 1997) is often used as the key wave parameter
in this interaction. Finally, the periodic straining of the
turbulence by the surface waves may increase turbulent
dissipation (Thais and Magnaudet, 1996). It therefore
seems sensible that the properties of the oceanic bound-
ary layer should be sensitive to the properties of the sur-
face gravity wave field and thus exhibit a more complex
dependence than hypothesized by (1) and (2).
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Unravelling the relative importance of wind and
waves will require measurements of the turbulent prop-
erties of the ocean boundary layer and comparison of
these data with theory. Our approach uses large-eddy
simulation models, following Skyllingstad and Denbo
(1995) and McWilliams et al. (1997), to compare with
data. The models are driven so as to simulate both
solid-wall boundary layers and to test a variety of wave
parameterizations starting with the CL model. Many
of the uncertainties and details of the measurement pro-
cess can be incorporated into the simulations, thus lead-
ing to relatively clean intercomparisons between theory
and data.

Measurements

Instrumentation

Turbulent velocity fluctuations in the oceanic bound-
ary layer are typically a few centimeters per second,
much smaller than the one meter per second typical ve-
locities of surface waves. This presents a formidable
measurement challenge. This can be overcome by mea-
suring the motion of neutrally buoyant “Lagrangian
floats”. Details of the floats are described in D’Asaro
et al. (1996) and D’Asaro (2003a). The floats are de-
signed to follow the three-dimensional motion of water
parcels within the boundary layer by maintaining a neu-
tral buoyancy and by having a large drag. The depth of
the float is measured using an onboard pressure sensor;
its vertical velocity is measured from the rate of change
of pressure. Many other parameters can be measured
by the floats; these are ignored here.

The floats are imperfectly Lagrangian. There are two
major sources of error in the float’s measurement of ver-
tical velocity. First, the floats may be slightly buoyant
(about 0.5-3 g) a feature sometimes imposed to ensure
that they do not sink out of the mixed layer. As we
have gotten better at matching the float’s density to
that of the mixed layer, the buoyancy has decreased. A
drogue with a frontal area of about 1 m2, acted upon
by this buoyancy, results in an upward motion of 3-5
mm s−1 of the floats relative to the water. This causes
the floats to spend more time near the surface than at
depth and thus imperfectly sample the boundary layer
(D’Asaro, 2003b). Second, the approximately 1-m size
of the float reduces its response to velocity fluctuations
smaller than itself (Lien et al., 1998). This has only
a minor effect on the measured velocity variance, since
most of the velocity variance is at scales larger than the
float size. Surface waves are not an important source of
noise in these measurements. Pressure fluctuations are
zero along particle paths for linear surface waves, thus
greatly attenuating the surface wave pressure fluctua-
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Figure 1. Depth-time trajectories of floats during one typ-
ical day of data. Portions of four float deployments occur
during this day as indicated by the red, black and blue lines.
Colors indicate stratification relative to the shallowest good
CTD data. The mixed layer depth, computed as 0.003 kg m3

of stratification, is shown in black. Times of individual den-
sity profiles are shown by pluses (+).

tions measured by the float. Internal waves produce
velocities within the boundary layer even in the ab-
sence of turbulence. This is a major problem for the
measurement of horizontal turbulent velocities. How-
ever, internal wave vertical velocities go to zero at the
surface and are thus generally smaller than turbulent
velocities within the the boundary layer.

Data from three varieties of Lagrangian floats taken
at five different locations are described below:

Wecoma 1995

Three Lagrangian floats (Model MLF, D’Asaro et
al., 1995) were deployed from the research vessel We-
coma for two weeks in deep water off the coast of Van-
couver Island in January 1995 as described by D’Asaro
(2001). Each float was deployed for approximately 24
hours, recovered, and redeployed with its density ad-
justed to compensate for the slowly changing density
of the mixed layer. Frequent vertical profiles of tem-
perature and salinity were made using a SeaBird 9/11
CTD from the ship. Air-sea fluxes were computed from
sensors on the ship. Mixed layer depths H, defined
as the shallowest depth at which the CTD density devi-
ated from the shallowest good value by more than 0.003
kg m3, slowly increased from about 72 m to about 80
m during the 2 weeks of measurement.

Figure 1 shows typical data from this cruise, which
are also typical of float behavior in the upper ocean
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Figure 2. Mean square vertical velocity σ2
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∗. Gray lines are 95% confidence limits.
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Figure 3. Root mean square vertical velocity σw as a func-
tion of friction velocity u∗. Line is σw =

√
1.35 u∗.

boundary layer. Individual floats cycle between the
surface and a “mixing depth”, which coincides approxi-
mately with the mixed layer depth H computed above.
The mixing layer only intermittently descends to the
more conventional mixed layer depth, defined by a den-
sity deviation of 0.1 kg m3.

Vertical velocity was computed from the rate of
change of float pressure. The vertical velocity variance
σ2

w was averaged over all floats and smoothed using a
3.6-hour running mean. Since each float traverses the
mixed layer several times during the averaging period,
σ2

w corresponds approximately to the mixed layer av-
erage of w2. Comparison of the time series of u2

∗ and
σ2

w (Fig. 2) shows a close correspondence. Further av-
eraging of σ2

w to reduce the sampling error shows that
almost all the variation in σ2

w is due to u2
∗ (Fig. 3).
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Figure 4. Scaled vertical kinetic energy A(z) = σ2
w/u2

∗ as
a function of scaled depth z/H (curve). Error bars are 95%
confidence limits. Circles (o) represent σ2

w/u2
∗ for a smooth

wall zero-pressure-gradient turbulent boundary layer; stars
(*) represent the same for a rough wall boundary layer
(Hinze, 1975). Bars indicate probability distribution of float
data on an arbitrary scale.

Figure 4 shows A(z). Depth is scaled with H in order
to minimize the effect of the large variations in H. The
profile of A(z) reaches a maximum value of between 1.9
and 2 in the upper mixed layer. Turbulent boundary
layers driven by shear alone (red stars and circles in
Fig. 4 show maximum values of σ2

w/u2
∗ of approximately

1 for both smooth and rough-walled boundary layers
(McPhee and Smith, 1976; Hinze, 1975).

These results suggest that the vertical velocity vari-
ance in the oceanic boundary layer is roughly twice
that which would be found in a shear-driven, solid wall
boundary layer. However, these data are imperfect.
The distribution of floats with depth (grey bars, Fig.
4) is not uniform as it should be if the floats exactly
followed water parcels. Instead, it is surface-intensified,
presumably owing to the slight buoyancy of the floats.
Similarly, A(z) does not go to zero at the base of the
mixed layer, perhaps owing to internal wave contami-
nation. It is thus wise to check these results with other
data.

North Pacific, 2000

Two Lagrangian floats were deployed in open North
Pacific (approximately 45.4N, 147W) from 27 Septem-
ber to 6 November 2000. The float model (MLFII,
D’Asaro, 2003a), was significantly heavier (50 kg) than
the MLF (20 kg) More importantly, each MLFII carried
a CTD on each end (1.4 m apart), which allowed much
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Figure 5. Scaled vertical velocity as in Fig. 4, but for all
five data sets.

more accurate matching of the float density to that of
the water (, D’Asaro, 2003b) and thus minimized the
relative velocity of the float and the water. A Doppler
sonar on float 6 measured an average along-float (nearly
vertical) velocity of 0.5 mm s−1. This could be an over-
estimate due to biases in the sonar.

Vertical velocity was obtained by central differences
of the successive 100-second pressure measurements
throughout each 4-hour-long Lagrangian drift period.
Between these drifts, the float profiled and thus ob-
tained an estimate of the mixed layer depth as done
above. Vertical velocity variance was computed only for
drift periods for which the float spent all time within
the mixed layer and averaged over 3.7 hrs. Wind speed
was computed from the QUICKSCAT satellite data
archived at the University of Washington Atmospheric
Sciences department. Since the satellite passed over the
floats only twice a day, this limited the number of co-
incident wind and float data pairs to 75. Wind stress
was computed as in Large and Pond (1981). Figure 5
(green) shows A(z) for this data.

Hurricane Isidore, 2002

The profile A(z) from two MLFII deployed on the
fringes of Hurricane Isidore is shown in Figure 5 (black).
Winds, obtained from the HWINDS operational hurri-
cane wind system, were approximately 15 m/s during
the 1 day of data used. Wind stress was computed as
in Large and Pond (1981). Mixed layer depths were
estimated from the depth of penetration of the float
motions and float profiles before and after the drift pe-
riod.

Hurricane Dennis, 1999

Three DLF floats were deployed in Hurricane Den-
nis in 1999 (D’Asaro, 2003a). These floats are smaller

(15L) than MLF or MLFII and measured only pres-
sure and temperature. Winds were estimated from the
HWINDS product. However, the position of the floats
was not known well, which added considerable uncer-
tainty to the wind estimates. Winds were approxi-
mately twice as large (30 m/s) as in the other data.
Wind stress was computed as in Large and Pond (1981).
The profile A(z) from the float which passed closest to
the eye is shown in Figure 5 (cyan).

Georgia Strait, 1991

MLF measurements in Georgia Strait, British Colum-
bia, are reported by D’Asaro and Dairiki (1997). Winds
were relatively weak, about 10 m/s, and the fetch was
short compared to the other data. Wind stress was
computed using Smith et al. (1992). The value of A is
2.3 with 95% confidence limits of of 1.5 to 3.0. These
are plotted in Fig. 5 (orange).

Data Results

Figure 5 confirms the results shown in Fig. 4; the
vertical kinetic energy of the wind forced mixed layer
is roughly twice that in a solid-wall, boundary layer
forced by the same stress. This is true for a wide range
of conditions. There is a hint that the kinetic energy
is larger for the short-fetch, steep wave environments
such as Hurricane Dennis and Georgia Strait, than for
the more mature seas.

Discussion

Surface waves are likely responsible for the difference
between the ocean boundary layer and more traditional
turbulent boundary layers either through the action of
wave breaking or Langmuir circulation. Large-eddy
simulations (LES) by Skyllingstad and Denbo (1995)
and McWilliams et al. (1997) clearly show that the
vortex force, i.e., Langmuir circulation, can increase the
kinetic energy in the mixed layer by amounts compara-
ble to those found here. Wave breaking, on the other
hand, leads to greatly enhanced kinetic energy dissi-
pation near the surface (Terray et al., 1996), but not
increased kinetic energy in the bulk of the mixed layer
(Craig and Banner, 1994). We hope to produce inter-
comparisons between similar LES results and the above
data soon with the goal of making a quantitative test of
our current models of the wind-forced boundary layer.
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