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Abstract. Thefirst theory of wind-driven flow isthat of Ekman, who assumed a
uniform eddy viscosity and derived the velocity spird that bears his name. Over the
years, observations of wind stress and current have improved to the point that fric-
tiona momentum transfer in the upper ocean can be quantified. Observations of
velocity spiras are reviewed to address such issues as the vertical structure and
penetration of wind-driven momentum and the frequency dependence of momen-
tum transfer. Observed response is more dab-like than the theoretical Ekman spiral.
The penetration depth does not vary with frequency as Ekman theory predicts, sug-
gesting regulation by the mixed layer. Wind-driven momentum penetrates beneath

the mixed-layer base, into astratified region dominated by inertid shear.

I ntroduction

The first theory of the wind driven circulation is that
of Ekman (1905), who assumed negligible horizontal
gradients and a constant eddy viscosity to derive his
famous spiral. Observational confirmation of the spira
was difficult to attain until the lagt twenty years when
sgnificant measurement problems and signal-to-noise
issues were overcome. The purpose of this paper is to
review ssimple Ekman theory and relevant observations.
Of particular interest is the depth of penetration of mo-
mentum into the upper ocean.

Spiral theory

A darting point is the linear horizontal momentum
equation, neglecting horizontal gradients, and assuming
aconstant eddy viscosity:

Al .
—+ifu=v—.
0‘{ 2

(1)

Here, u is complex, with its red part being eastward
velocity and imaginary part northward velocity, f is the
Coridlis parameter, and v is the eddy viscosity. If the
geocentric acceleration A is defined as the lhs of (1),

and a solution of theform
A(zt)=A(zt)e” 2)

isassumed for rotary frequency w, the solutionis
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A(z)=Aexp [(1J_r i )(%} z] )

The surface geocentric acceleration A, is determined by
the stress boundary condition to be
Jll 2

|

The familiar Ekman spira (Fig. 1) decays with depth
and rotates, with a length scale (Ekman depth) of

J2vI|f +a| . Asthe solution is complex, it rotates cyc-

lonicaly with depth for w>—f, and anticyclonicaly
for w<—f . At the inertial frequency, w=—f, A van-
ishes and resonant inertiadl motions are explicitly fil-
tered.

The Ekman spird is a standard item in textbooks on
physical oceanography, so is quite well known. It is, a
leadt, entertaining to point out a few facts that may be
less trite. As reported by Ekman (1905), Nansen sug-
gested the problem, having observed ice-drift. At the
time, Ekman was a graduate student working under
Bjerknes. Remarkably, Ekman “produced the theory of
the Ekman spird that very evening.” (Munk, 2002).
Ekman developed a current meter specifically to ob-
serve the spird, but was never successful. One of the
most common criticisms of the Ekman spiral, that it
relies on an assumption of a uniform eddy viscosty,

|f+a)|

T
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was anticipated: “It is obvious that [V] cannot generally
be regarded as a congtant when the density of water is
not uniform within the region considered” (Ekman,
1905). Findly, Ekman considered an eddy viscosity
dependent on shear in his 1905 work, and found insig-
nificant differences from the constant eddy viscosity
solution.
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Figure 1. The steady Ekman spiral of geocentric accelera-
tion. Arrows are plotted at increments of one-fourth the
Ekman depth.

Early observations of the spiral

The difficulty of measuring currents in the surface
layer of the ocean limited early observations of wind-
driven flow. A notable exception is Hunkins (1966),
who observed current by lowering a drogue from an ice
floe and measuring the wire angle. As a harbinger of
methods to follow, Hunkins averaged over periods of
ratively steedy wind velocity to produce an average
spird (Fig. 2). Fitting the steady Ekman solution re-
sulted in an Ekman depth of 18 m and an eddy viscosity
of 2.4x10° m? s. Hunkins claim that this was “appar-
ently the first detailed confirmation of the Ekman spiral
in deep waters’ seemsvalid.
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Figure 2. From Hunkins (1966), the wind-driven velocity
spiral as measured using a drogue lowered from an ice
floe. Numbers give depth in meters. The current is aver-
aged over severa measurement periods of 10-20 minute
duration.

Moder n observations of the spiral

Verification of Ekman dynamics was made possible
starting around 1980 with the development of robust
surface moorings and improved current meters. The
surface mooring provided a platform for simultaneous
measurement of wind and current, though the platform
was far from stable in an upper ocean dominated by
surface waves. The Vector Measuring Current Meter
(VMCM) was specifically designed to measure currents
on a surface mooring subject to high-frequency oscilla-
tions, as by surface waves (Weller and Davis, 1980).
The Acougtic Doppler Current Profiler (ADCP) has
seen increasing use to measure profiles of current. The
ADCP provides perhaps the best measure of shear from
amooring.

Given accurate measurements of velocity, the obser-
vationa challenge is the signal-to-noise problem. The
desired signal, wind-driven veocity, is often less ener-
getic than noise from a number of sources. Noise at low
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frequencies is due to geostrophic flow. At higher fre-
guencies, internal waves are a dominant source of vari-
ability. Free inertial motions contribute to the noise if
the god isto find the directly wind-forced flow. Finally,
mooring motion can contaminate otherwise accurate
measurements of velocity. These signd-to-noise issues
have been largely addressed through appropriate data
anaysis.

The first modern observation of the Ekman spiral was
obtained during MILE (Davis et al., 1981ab). A trans-
fer function between geocentric acceleration and wind
stress was used to identify the wind-driven flow. The
linear statistical moddl was

A(a), z)=a(w, z)#, (5)
where A was the geocentric acceleration coherent with
the wind stress 7, and a was the transfer function in
units of inverse meters. The transfer function was found
by minimizing the mean-square difference between the
modeled and the measured geocentric accel eration,
(%4)

0 (6)
(%)
where the angle brackets were an average over fre-
guency bands, and the asterisk signifies a complex con-
jugate. For this analysis to be successful at isolating the
frictional wind-driven flow, all other driving forces,
such as those due to pressure gradients or mooring mo-
tion, must be incoherent with the wind stress. An advan-
tage of anayzing geocentric acceleration rather than
velocity isthat free inertial motions are suppressed.

Davis et al. (1981b) estimated the transfer function a
using 19-day records and averaging over neighboring
moorings and depths. Redl and imaginary parts of a
were shown in five frequency bands as a function of
depth (Fig. 3). The presentation was flawed in the sense
that it was difficult to identify a spiral. However, the
combination of a real part decaying with depth, and an
imaginary part growing, did produce a spird (as for the
rightmost four panelsin the figure). The observed spiral
turned less than the theoretica spira, thus the response
was more dab-like. The depth of the response did not
vary with frequency, again consistent with dab mixed-
layer dynamics. A smple dab-mixed-layer mode
(Niiler, 1975) did a reasonable job of reproducing the
observed spiral.
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Figure 3. From Davis et al. (1981b), the transfer function
a between wind stress and geocentric acceleration in five
frequency bands. The solid lines are the real part of a, and
the dashed lines are the imaginary part. Horizontal bars
represent a one-standard-deviation error.

The ability of the anayss to isolate the wind-driven
flow was tested by evaluating the Ekman transport rela-
tion, written as

0

I adz=1, (7

-H
where H is a depth at which stress vanishes. Before
making this test, the average a deeper than 40 m was
subtracted from the shalow a. This subtraction was
necessary because pressure gradient driven flow was
not filtered by the statistical analysis. The test (7) was
carried out for each of the frequency bands of Fig. 3;
observed transport agreed with theoretical transport to
better than about 40% in magnitude and 25° in angle.
That the comparison with theoretical Ekman transport
was less than perfect for the MILE data was likely due
to the relative shortness of the 19-day time series.

An influential demonstration of wind-driven flow in
substantial agreement with the Ekman transport relation
used 160-day time series from LOTUS (Price et al.,
1987). To isolate wind-driven flow, a clever technique
termed “coherent ensemble averaging” was used
wherein daily-average currents were rotated into a co-
ordinate system in which the wind was in a constant
direction before averaging. This procedure is equivalent
to performing a regression between the current and a
unit vector pointing in the direction of the wind stress,

G=b'o 6)

where b is the regression coefficient. The results again
suggested a flattened spird, indicative of a dab mixed
layer (Fig. 4). The remarkable comparison with theo-
retical transport was taken to be a triumph of observa
tiona and analytica techniques rather than a confirma-
tion of the Ekman transport relation. Because the Ek-
man trangport relation does not rely on any particular
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Figure 4. From Price et al. (1987), (A) the response
produced through “coherent ensemble averaging,” or
regressing current against wind direction. (B) Simula-
tions from a one-dimensional mixed-layer model driven
by the observed air-sea fluxes. (C) A comparison of ob-
served and theoretical transport.
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form for turbulent stress, only that it disappear a suffi-
cient depth, it was regarded as unassailable. Even with
160-day records, a deep reference flow was again sub-
tracted from shalower measurements to separate pres-
sure-gradient-driven flow. A favorable comparison with
a one-dimensiona mixed-layer model (Price et al.,
1986) was another significant result of this important
work.

The mystery of the deep flow coherent with wind
stress was solved using observations from FASINEX
(Weller et al., 1991). The transfer function a was calcu-
lated in three subinertial frequency bands using 102-day
records from five moorings (Fig. 5). Response coherent
with the wind stress was found as deegp as 1000 m at the
lowest resolved frequencies. This response was attrib-
uted to pressure-gradient-driven flow caused by Ekman
pumping. The evanescent response (Philander, 1978)
had a vertical scale consstent with local forcing by
westher systems of horizontal scale 700 km. As this
geostrophic flow was coherent with loca wind, no
amount of averaging could have removed it, explaining
the need to subtract a deep reference velocity. After
subtraction of the geostrophic flow, the good agreement
with theoretical transport mirrored that in previous
works.
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Figure5. From Weller et al. (1991) the transfer function a between geocentric acceleration and wind stress in three bands:
rotary periods between —1.5 and —10 days (a), between —10 and 10 days (b), and between 10 and 1.5 days. Comparisons

with theoretical transport are also shown.
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Figure 6. From Rudnick and Weller (1993), the transfer function between geocentric acceleration and wind stress, corrected
for mooring motion (bottom row), and integrated (top row), in four frequency bands (columns). Circles indicate one-

standard-deviation errors.

The Ekman spira at superinertial frequencies was
investigated using LOTUS and FASINEX data (Rud-
nick and Weller, 1993). Internd waves resided at
these frequencies, contributing to the signal-to-noise
problem. Because free internal waves were incoherent
with local wind, sufficient averaging brought out the
wind-driven flow. However, mooring motion was
found to be a serious source of noise at high frequen-
cies, as wind pushed the surface buoy. Wind-driven
response on FASINEX surface moorings was identi-
fied down to 1000 m, and was strongest at the highest
resolved frequencies (Nyquist 0.5 cph). However,
subsurface moorings from LOTUS had no such re-
sponse, thus implicating the mooring line as the
mechanism of momentum transfer.

After correcting for the mooring motion, again by
subtraction of the deep response, superinertia and
near-inertial spirals were identified (Fig. 6). In agree-
ment with theory, the spirals turned to the left for
w<—f,andtotheright for w>—f . Agreement with
theory was apparent despite the poor signal-to-noise
ratios. Long time series were essentia to provide ade-
guate degrees of freedom at these high frequencies.

To this point, al of the observations of Ekman spi-
rals occurred in regions where the forcing was domi-
nated by weather systems of several-day time scales.
Spirds had been identified at awide range of frequen-
cies from lower than 1/10 cycles per day to 1/2 cycles
per hour. However, a spiral at zero frequency had
never been observed because the ratio of wind mean
to fluctuating energy was always small. Off of North-
ern Cdifornia, in contrast, winds after the spring tran-
dtion are notably steady, allowing Chereskin (1995)
to observe a steady spiral (Fig. 7). After subtraction of

a deep reference flow at 48 m, the transport agreed
with theory to within 3% in magnitude and 4° in di-
rection. Constant eddy viscosities of the order 0.01 m?
s yielded the best fit with the theoretical spiral.
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Figure 7. From Chereskin (1995), a progressive vector
diagram using daily averaged currents relative to 48 m.
Wind velacity is plotted along the shallowest displace-
ment curve.

The SW Arabian Sea monsoon is famoudy steady.
Observations from the Arabian Sea Experiment
(Weller et al., 2002) offer another redization of the
steady transfer function. The current relative to 80 m
averaged over thefirst 2.5 months of the SW monsoon
shows the familiar, flattened spiral (Fig. 8). Integrating
this spird yidds a transport within 1% in magnitude
and 6° in direction of the theoretical value. A fit of the
Ekman spiral solution produces an Ekman depth of 50
m and an eddy viscosity of 0.05 m?s™.

Moored observations have proven unambiguousy
that awind-forced velocity spiral exists. The spiral has
been observed at time scales short enough to be in the
internal wave frequency band, and as long as a few
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months. The observed spird turns less, and is thus
more dab-like, than the theoretical Ekman spiral. The
penetration depth of the observed spiral does not vary
with frequency as does the theoretical spiral, suggest-
ing the primacy of sratification in controlling the
eddy viscosity. The idea of a dtratified velocity spiral
influenced by the mixed layer seemsvdid.
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Figure 8. The velocity spiral averaged over May 1 —July
15, 1995 during the SW Arabian Sea monsoon. The solid
line is average velocity relative to 80 m, at a resolution
of 4 m (from a moored ADCP). The shallowest velocity,
indicated with a circle, is at 8 m. Velocities at depths of
28, 48, and 68 m are marked with asterisks. The arrow is
the mean wind stress over the same period.

Effects of sratification

As anticipated by Ekman, dtratification indeed af-
fects the wind-driven velocity spird. In fact, the mod-
els that have reproduced the observed spira have had
gratification as a fundamental component, primarily
through a dab mixed layer. Hidden in many of these
models is some sort of mixing in the dratified region
beneath the mixed layer. Asthe dab mixed layer isthe
common feature of the models, this sub-mixed-layer
mixing may be the key difference between models.

Observations suggest that wind-driven momentum
penetrates below the mixed layer. For example,
Chereskin and Roemmich (1991) used shipboard
ADCP and hydrographic measurements to determine
that wind-driven momentum penetrated as deep as
twice the mixed-layer depth. Open questions are what
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determines the depth of penetration, and what is an
appropriate parameterization for this sub-mixed-layer
turbulent momentum flux. Besides mixed-layer depth,
relevant parameters include stratification and shear in
the region benesth the mixed layer.

The penetration depth of wind-driven flow is exam-
ined using moored ADCP data from the Arabian Sea.
Low-passed (168-hour) currents are integrated from
the surface to the depth where the agreement with
theoretica wind-driven transport is best. Consistent
with previous studies, geostrophic flow is removed by
subtracting the flow at this best depth. The observed
trangport is normalized by the Ekman transport so that
perfect agreement would be indicated by a normalized
trangport of 1 at angle 0°. The result of this calculation
is shown for the SW monsoon (Fig 9). Agreement
with theory is reasonably good, except when the

Figure 9. Penetration of wind-driven momentum during
the SW Arabian Sea monsoon. As described in the text,
currents are integrated to the depth at which observed
transport is in best agreement with theoretica Ekman
transport. (top) Magnitude (blue curve) and angle (red
dashed curve) of observed transport relative to theory.
(bottom) Penetration depth of observed wind-driven flow
(blue curve) and mixed-layer depth (green curve) defined
by a0.1°C difference from the surface.
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mixed layer shoals. Good agreement should be taken
not as atest of the theory, but rather as proof that ob-
servations have resolved the wind-driven flow. The
penetration depth of the wind-driven flow is correl ated
with, but consistently exceeds, the mixed-layer depth
(measured by a 0.1°C difference from the surface).
The penetration depth, while noisy, tends to be
roughly 20 m deeper than the mixed-layer depth. The
thickness of the sub-mixed-layer zone of turbulent
momentum transfer seems not to be proportiona to
mixed-layer depth. Variations of the thickness of the
sub-mixed-layer zone are perhaps weakly correlated
with local dratification. In summary, the mixed layer
is relevant to momentum transfer, but is not the whole
story, as turbulence and dtratification benesth the
mixed layer matter.

Figure 10. Near-inertial shear variability during the SW
Arabian Sea monsoon. The black curve indicates the
mixed layer depth. The mixed layer is relatively un-
sheared relative to the region beneath.

Perdstent shear is a distinguishing feature of the
turbulent region just beneath the mixed layer, and the
frequency content of this shear is dominantly near-
inertial. The vertical distribution of near-inertia shear
variability was calculated using wavelets for the Ara-
bian seadata (Fig. 10). A region of high inertial shear
lay beneath the mixed layer while it degpened during
the SW monsoon. Shear was notably absent within
the mixed layer, consistent with adab. The monsoon
in 1995 was remarkable for having a double onset
(Flateau et al., 2001); the monsoon turned on in early
May, only to weakedn in mid-May before moving on
for good in early June. The weakening of the wind in
mid-May was accompanied by redtratification and
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mixed-layer shoaling. However, the zone of high iner-
tia shear was left behind. A later period of mixed-
layer shoaling in late July was associated with an ad-
vective event, and further shoaling in September oc-
curred when the monsoon ceased.  Throughout these
undulations the mixed layer remained relaively un-
sheared, whileinertial shear was energetic below.

The mixed-layer base is an important boundary,
separating the dab-like mixed layer from the highly
sheared region beneath. While turbulence does decay
with depth, it does not disappear at the mixed-layer
base, contrary to the traditiona notion of the mixed-
layer base as a boundary between quiescent and turbu-
lent regions. In an effort to focus on this boundary,
Weller and Plueddemann (1996) used a coordinate
system fixed to the mixed-layer base (Fig. 11). They
found inertial shear throughout the sub-mixed-layer
ocean while subinertid shear was concentrated in a
region just beneath the mixed layer. Analyses in a
fixed coordinate system would smear this structure as
the mixed layer shoals and deepens. Fixing the coor-
dinate system to the mixed-layer base may be worth-
while in theoretical and modeling efforts, aswell.

Figure 11. From Weller and Plueddemann (1996), the
rotary autospectrum of shear plotted as a function of
depth and frequency. The depth coordinate system fol-
lows the mixed-layer base denoted as “MLD” in the fig-
ure. Note the trapping of subinertial shear at the mixed-
layer base.

Conclusion

Ekman was correct in that there does exist a wind-
forced velocity spiral. This spiral has been observed
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over a wide range of time scales. Agreement with
theoretical Ekman transport has indicated that obser-
vations and andyses have been successful at isolating
the wind-driven flow. As Ekman predicted, stratifica-
tion matters, as the observed spird isflatter, and more
dab-like than the theoretical spird. Wind-driven mo-
mentum penetrates beneath the mixed-layer base into
a turbulent region dominated by inertial shear. This
sub-mixed-layer region is poorly understood, but criti-
cad to an accurate parameterization of momentum
transfer in the upper ocean. An important topic for
continued research is thus the sratified region just
beneath the mixed layer.
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