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The momentum balance of large spatial scale, time-mean near-surface circulation
of the ocean is between the Coriolis force, pressure gradient, and the vertical
convergence of the turbulent stress due to the winds. Because this balance is linear
and when the local pressure gradient is not statistically or dynamically related to the
local wind (Niiler et al. 1993; Luther et al. 1990), it isin principle possible to
compute local wind-driven currents from the balance of Coriolis force and the
vertical convergence of the wind-produced turbulent stress, that is, the Ekman balance. The current strength depends upon
the processes by which turbulence transports momentum vertically on timescales shorter than the timescale at which the
Ekman balance ensues. In theories of turbulent fluid mechanics this has been a problem of considerable interest since the
time of Ekman (1905). However, observations that can be used to test these theories are difficult to obtain in the open ocean
because of the ubiquitous surface and internal waves. In addition, near inertial and mesoscale motions are of considerable




strength and persistence and tend to destroy the Ekman balance.

Direct measurements of vertical profiles of upper-ocean currents at single point moorings have been used to describe this
Ekman balance in several important ways. Davis et al. (1981a) found that over a several week period near OWS-P, the
subinertial period currents, relative to the current below the mixed layer, were statistically well correlated to the local winds.
With increasing depth, the wind coherent currents rotated farther to the right of the wind. Davis et al. (1981b) were able to
model the observed, vertical profile of the time-average Ekman currents in a realistic fashion with a mixed layer model in
which, on near inertial and daily timescales, momentum was uniformly distributed within the mixed layer. The mixed layer
deepened and became shallower according to specific partitions of turbulent energy within the mixed layer (Niiler 1975).
Price et al. (1986, 1987) analyzed the structure of the daily thermocline observed near Bermuda over the summer season and
demonstrated that the apparently smooth vertical spiral of velocity within this daily thermocline (again relative to a deeper
current) could be modeled by a shear instability process in which, on an hourly timescale, the momentum was distributed in
a uniform fashion within the mixed layer. These observations demonstrated that time-averaged Ekman spirals exist and these
spirals conserve the momentum directly imparted by the wind over daily to weekly timescales, but the processes that lead to
these spirals occur in the mixed layer on hourly and shorter timescales.

On longer timescales and larger space scales, measurements of the Ekman momentum balance in the upper ocean show
that significant momentum is also stored beneath the equivalent time- or space-averaged mixed layer. Chereskin and
Roemmich (1991) and Wijffels et al. (1994), using upper-ocean ADCP measurements averaged spatially along basinwide
hydrographic sections, found that the ageostrophic, wind-driven, spiraling currents penetrated well below the spatially
averaged” mixed layer,” or weakly stratified layer. Chereskin (1995) found that during 90 days of persistent unidirectional
summer winds over the California Current a clockwise rotating mean current relative to the 60-m current existed well below
the time-average mixed layer; the Ekman balance indicated that the momentum flux from the wind was stored locally in this
rotating current system. These measurements show that the mean mixed layer is not the Ekman layer and the short timescale
processes that transport wind momentum vertically in the ocean can penetrate a distance comparable to the mixed layer into
the well-stratified water column of the upper ocean (D’ Asaro et a. 1995). Thus, the depth to which momentum is stored in
the upper ocean is just as an important parameter in inferring local currents from winds as is the air—sea interaction that
imparts this momentum.

The goa of this present study is to examine the relationship between the time and space ensemble-averaged 15-m depth
ageostrophic currents and wind stress in the tropical Pacific. The source of the directly measured velocity is the extensive
World Ocean Circulation Experiment/Tropical Oceans Global Atmosphere Surface Velocity Programme (SVP) Lagrangian
drifter data (Niiler et al. 1995). The ageostrophic velocity components are computed by subtracting the historical mean 15-m
geostrophic velocities from the direct measurements. The objective is also to test theories of the short time- and space-scale
processes that lead to large space- and time-averaged wind-driven Ekman currents of the upper ocean. Because different
theoretical assumptions about the processes that transport momentum vertically lead to different dependencies of the space—
time mean current and Ekman depth on wind stress, upper-layer stratification, and Coriolis parameter, the SVP dataset that
spans wide bands of latitude and air—sea interaction offers a potential for elucidation that is unique. The 15-m level current
measurements cover arange of different levels of an Ekman spiral. Therefore, it is possible to resolve the spiral and fit a
model of Ekman rotation and decay to the data.

2. Data

The horizontal velocities were determined from 1503 ARGOS tracked drifters deployed in the tropical Pacific between
March 1987 and December 1994. A variety of different drifter configurations were used: the information on each is available
from the MEDS, Canada. The great majority of the drifters were drogued to 15-m depth, and these were designed to follow

water to within 1.5cm s *in 10 m s L winds (Niiler et al. 1995). The raw ARGOS position data were processed and
interpolated by krieging to 6-hourly locations at the Drifter Data Assembly Center at the Atlantic Oceanographic and
Meteorological Laboratory. A five-day average velocity was computed from this data and located at the average position of
the drifter during the five days. Drogues dlip through the water in the direction of the wind, and the slip velocity, as
determined from current meters attached to the top and the bottom of the drogue of test drifters (Niiler et al. 1995), was
subtracted from the drifter velocity.

The surface wind velocity was computed from two operational products. the 6-hourly surface winds from the European
Centre for Medium-Range Weather Forecasts (ECMWF) and the 6-hourly data that use the SSM/I to enhance the National
Meteorological Center (NMC) products (Atlas et al. 1996). The 6-hourly wind stresses were calculated from the surface

winds using a constant neutral drag coefficient of 1.2 x 103, This stress and the wind were linearly interpolated spatially
onto the 6-h drifter position, the dlip velocity was subtracted, and both the corrected velocity and the wind stress were then
averaged over 5 days, resulting in 54 600 five-day observations. These were binned into 2° latitude x 5° longitude ensembles
according to the 5-day average locations and ensemble averaged. To ensure adequate sampling, boxes with less than 25 five-
day measurements were eliminated from this study.




In the present study, boxes that bordered the western and eastern boundaries were eliminated. In addition, boxes within 3°
of the equator were eliminated because the Ekman balance breaks down at such low latitudes (Bi 1995). We have aso

neglected boxes where the wind speed was less than 3 m s 1 because it is difficult to accurately determine the angle of the
wind stress at such low wind speeds.

M cPhaden et al. (1998) described the 15-m mean horizontal circulation and its variability using the drifter dataset. The
time period when the greater portion of these data was acquired spans three typical seasona cycles, the 1988 La Nifia and
the 1991-92-93 ENSO. Because more data was gathered during the period of persistent warming of the central tropical
Pacific, the drifters’ 6-yr climatology is biased toward the conditions during this warming.

In order to compute the ageostrophic 15-m velocity the surface geostrophic velocity, estimated from two hydrographic
climatologies, was subtracted from the mean 15-m drifter velocities. Levitus (1982) hydrographic climatology with 1°
resolution of mean temperature and mean salinity was used to compute a surface dynamic height relative to 2000 dbar. Its
horizontal gradient, multiplied by g and divided by the Coriolis parameter, was used to estimate the geostrophic velocity. For
comparison, Kessler (1990) provided a surface, dynamic height climatology relative to 450 m, which was enhanced by the
upper-ocean XBT data and CTD data collected after 1972 and it was used to calculate the geostrophic surface currents. Taft
and Kessler (1991) present a detailed comparison of geostrophic zona currents calculated from the Kessler climatology and
the Levitus climatology. These geostrophic velocities were spatially averaged into the same boxes as the drifter velocities,
and the difference between the drifter velocities and the surface geostrophic velocities forms the database of the
ageostrophic velocities, which are discussed here relative to the surface wind forcing. Because the dynamic topography has
been smoothed to a 2° x 5° grid, the zonal geostrophic flow may be inaccurately estimated in the region of the North
Equatorial Counter Current. Therefore, in this area, bounded by 10°N and 180°, all boxes with mean eastward velocity were
also eliminated from the present study.

Under the fair-weather conditions that typically dominate the tropical Pacific, upper-ocean stratification is expected to play
arole in the determination of the thickness and structure of the wind-driven Ekman layer. An estimate of the depth of the top
of the thermocline was made from the NODC XBT dataset that spans the period from 1950 to 1990. For each cast, the
distance to the top of the thermocline, D, was estimated as the shallowest depth at which the temperature is less than or

equal to 1°C of the surface temperature. The D were averaged within the 2° x 5° geographical boxes. A measure of the
upper-ocean stratification was taken as

N? = g aAT/(Dyp,).(1)

where o is the coefficient of thermal expansion. The mean depth D and the corresponding stratification are relevant

parameters for estimating how deep wind mixing can penetrate without encountering a significant thermocline. However, if
wind effects penetrate to this level, it is a depth from which significant amounts of heavy water must be mixed into the
upper ocean. The potential energy of the water column increases at the expense of the work done by the wind or the shear
ofthe currents generated by the wind in the upper ocean. The effects of rainfall in forming barrier layers (Sprintall and
Tomczak 1992) and daily (or seasonal) heating (Price et a. 1986) add such important short-term constraints, and, asis
demonstrated later, the scale depth of the Ekman layer determined from ageostrophic momentum balance considerations is
not well correlated with D+ The top of the thermocline D is also used to provide a constraint on the dataset. If D is less

than 15 m within a 2° x 5° box, then drifters are drogued below the mixed layer and these regions must be eliminated. Five
boxes in the eastern tropical Pacific were eliminated using this criterion.

3. Ageostrophic velocity

The horizontal distribution of the ageostrophic velocity relative to the wind stress shows a pattern of deflection to the right
(Ieft) of the wind stress in the Northern Hemisphere (Southern Hemisphere) (Fig. 1 ©=), asis expected on a rotating earth
where the Coriolis parameter changes sign across the equator. The relative strength of the ageostrophic velocity at 15-m
depth compared to the wind stress is variable, as is the rotation angle. This variability of the midocean current strength and
rotation will now be examined in more detail by considering a variety of models of the vertical gradient of the turbulent
stress in the Ekman balance.

First, consider a model in which there is alayer H in which the turbulent stressis alinear function of depth, vanishing at
its base. Thisis amodel of Ekman balance suggested by Pollard and Millard (1970) in a study of wind-driven inertial
motions in the mixed layer. A representation is sought in which the rotation angle 9 relative to the wind and H are parameters
to be determined by a best least square fit to the global data

u, = [9/H]z Jpf.(2)



It was found that H = 26 + 3 m and 6 = 55° + 5°. (The complex conjugates of the velocities in the Southern Hemisphere
were used to fit an angle of one sign to the data.) This basin-scale rotation of the velocity relative to the wind and the depth
H were independent of the climatologies of the winds and the geostrophic currents used. This model accounts for 34% of
the variance in the dataset.

This slab model suggests that the stress gradient at 15-m depth is so strong that if it were uniform with depth as
presumed in the strict interpretation of (2), the stress would vanish at the depth H, which is a considerable distance above
the top of the main thermocline, D (the mean D = 44 + 1 m). As discussed in the introduction, observations show that the

ageostrophic current penetrates to D. Thus, if H isinterpreted as the 15-m level depth scale (Niiler and Paduan 1995), then

the stress gradient must decrease significantly with increasing depth in order that the ageostrophic velocity penetrate to the
top of the thermocline. In addition to the decrease of the stress-gradient, rotation of the ageostrophic current in the
anticyclonic sense is expected as the depth increases from the 15-m level.

The datain Fig. 1 ©= shows that there is considerable spatial variability around this simple two parameter model, so it
might not be the optimal model to explain the spatial variability. Consider, now, a hierarchy of models in which the depth
scale for the turbulent stress, termed H:, can also be a function of the Coriolis parameter, wind stress, and the depth to the
top of the thermocline. To examine this parameter dependence further, the amplitude of the ageostrophic current is
considered first. Let

— 2
ju | = U2, /fH%,(3)

2

where u”, = [z l/p, the square of the friction velocity due to the surface stress. The goal of this paper is to determine Hz

(and u,) as afunction of uz, f, and D with aminimal least square it of the data to the model.

The ageostrophic velocity amplitude is modeled as
— p@ fbC
lu,| = pu” f°D"1.(4)

The coefficient # and the exponents (a, b, c) were determined by an unbiased linear regression (Sprent 1969), which
required knowledge of the errors in the estimates of the ageostrophic velocity and the model function. The errorsin the
model fields were estimated as the standard error of the ensemble average of measurements within each grid box; the
instrumental errors were usually much smaller. The errors in the model functions were estimated by propagating the errors
(using standard techniques) in u, f, and D The optimal values of (a, b, c) were found by determining the global

minimum of the sum of the mean square differences between measured and the modeled values of the ageostrophic speed
over al values of (a, b, ¢). The uncertainties in the exponents were found by Monte Carlo simulations. The optimal model is

|ua| — (0.19)u1'16$f0'58 D—O.23T’(5)

and it accounts for 53% of the variance. The large uncertainty in ¢ (Table 1 ©@=) suggests that the role of the mean depth
of the thermocline on the ageostrophic speed was difficult to determine from this data. If ¢ were set equal to zero in the
model (4), then that optimal model, which accounts for 50% of the variance, had exponentsa and b of 1.12 and —0.56,
respectively, which were indistinguishable, within their uncertainties (see Table 1 ©@=), from the full model (5).

An examination of the percent of variance accounted for by the model R? as a function of (a, b, 0) suggests that the
dependence on the Coriolis parameter was better determined than the dependence on us (Fig. 2 ©=). This result was again

independent of the dynamic topography or the wind product used. The 48% curve for R (95% of optimal) lies between
0.79 <a<1.62 and—0.46 <b <-0.76.

We next examined a series of dynamically constrained models that were based on physical insights of the short timescale
processes that cause the vertical mixing and, thereby, set up and statistically maintain the mean Ekman layer. First, consider
the model expressed in (3) in which Hs = (1/8)D5 and the amplitude coefficient # was determined from the least square fit

to the data. In this model, R% = 36% and 5 = 2.0 £ 0.1. Because 8 was greater than unity, the depth scale for stress was
smaller than the distance to the top of the thermocline, a result which is consistent with the vector regression results
discussed after Eq. (2).

The second model stems from the physical arguments of the vertical scale that is found in a nonstratified, turbulent
Ekman layer, that is, H= = us=/f (Caldwell et al. 1972). This scaling implies that near-surface currents are proportional to u
#. This model accounted for 14% of the variance (Table 1 ©=) in the ageostrophic speed; physically it does not represent




the parameter dependence of phenomena of daily formation and mixing of the stratified water column.

Model 3 is suggested by the austausch coefficient A, , alarge and constant turbulent viscosity coefficient parameterization

)1/2

of the vertical mixing. The Ekman layer depth, in this case (A, /2f)~ the amplitude of the surface current, is u? = (2TA) 172,

If the measurement is made at some depth z, (i.e., 15 m), then the scaling of the current’s amplitude is a more complicated
function of the parameters [in the steady Ekman solution it is u? L (2TA) 12 exp(—z,(2t/A,) v 2] and a single power law does

not apply. When the Ekman scaling for the surface current was applied, the best fit determines A, = 2.3 x 102 m?s 1, and

the model accounted for 37% of the variance (Table 1 ©=). However, the residuals between the ageostrophic velocity were
negatively correlated with uz (the correlation coefficient was—0.5). This suggested that an eddy viscosity cannot be
regarded as a constant, but must be a function of uz as well.

Ekman (1905) suggested that the “depth of frictional influence’ was proportional to usfl2 and, according to the
momentum balance, the amplitude of near-surface currents was proportional to usfY2 aswell. This implies that the
austausch coefficient A, was proportional to u .- His conclusion was based upon the reports that currents near the surface

were proportional to the wind speed as reported in Mohn (1887) for the Tropics (mean latitude 9.5°) and based on the
1893-96 drift of the Fram (mean latitude 82°). Ekman noted that the ratio of the wind forced currents in these two reports
was proportional the square root of the Coriolis parameter. His model accounted for 49% of the variance (Table 1 ©=) in our
dataset of over 400 locations. When the results of all of the model speeds are plotted against the observed speed (Fig. 3 ©=)
it is clear that an improvement of the scaling suggested by Ekman is evident. Ekman derived the scaling coefficient f = 0.13
compared to # = 0.065 £ 0.002 found here based on the least squares regression across the latitute range 3° to 30°.

The steady-state scaling suggested by Ekman has a more modern interpretation in terms of the turbulent processes that
transport wind momentum vertically in a weakly stratified upper ocean. Pollard et al.(1973) proposed that mixing in the
upper ocean is primarily caused by the shear of near inertial motions that are caused by shifting winds and that it occurs

only during those times when the Richardson number of the entire mixed layer (Ri = N?H2_/|u,[?) falls below acritica

value. This constraint is equivalent to the premise that the rate of production of potential energy by entrainment at the base
of the deegpening mixed layer is balance by the production of turbulent mechanical energy due to the entrainment stress
acting on the shear zone of the inertial motions within the mixing layer or at the base of the mixed layer. This concept, when
applied to mixing of a weakly stratified column, either in bulk mixed layer models (Niiler and Krauss 1977) or in second-

order closure models (Martin 1986), leads to an Ekman current scaling after the onset of awind event of u-e:N]sz*l/z,
where N is the initial stratification of the upper ocean before the event. The austausch coefficient is proportiona to u? &N,

and the scale depth of the Ekman layer is proportional to ua:/(fN)ﬂz. This scale depth, due to Pollard et al.(1973), implies
that the Richardson number is ﬁ_4(gaAT/po) using (1) and (4) in the definition of the Richardson number.

When N was computed from (1) and used in the regression, 51% of the variance was accounted for (Table 1 ©=). This
small increase compared to Ekman’s model was not surprising because NY2 s proportiona to D1/4T, and the latter quantity

has very small variance within the dataset. The coefficient  was equal to 0.17, which implied that the critical Richardson
number for mixed layer models should be 0.77, a value consistent with what was used by Price et al.(1986) and Martin
(1986) to best replicate the datasets garnered from point moorings. It is quite remarkable that the best-fit parameters for (a,

b, ¢) in(5) were of the same sign and within the 90% confidence intervals of the physical model values of (1.0, —0.5,
—-0.25).

4. The Ekman spiral

The most remarkable result of the ageostrophic velocity computation was that, at every location, it was directed to the
right of the wind stress in the Northern Hemisphere and to the left in the Southern Hemisphere (Fig. 1 ©=). This direction is
clearly consistent with Ekman dynamics; however, there is a great deal of variability in the amount of rotation, which varies
between 30° and 110°. The result of Ekman’s model for steady currents or time integration of bulk mixed layers under
varying winds (Davis et al. 1981b) was that the time-mean rotation within the wind-mixed layer had the same vertical scale
as the vertical scale of the decrease of time mean currents with depth. It is evident from Fig. 4 ©= that the derived depth

scale, Hz = usf ZIﬂ, varies by more than a factor of 3 over the observing domain and thus the measurements at 15-m
depth should have occurred in different levels within a rotating Ekman spiral. Thus the rotation, as well as the amplitude
relative to the wind, should be scaled with respect to physical scales.

There are two, possibly large, sources of uncertainties in the determination of the angle between the ageostrophic current



and the wind stress. The first was due to the uncertainty in the direction of the geostrophic currents used, which was a
historical mean rather than the dynamic topography during the measurements and was spatially smoothed to fixed grids
rather than to the actual scale of the phenomena. In addition there were uncertainties in the angle due to the wind products
from operational products. These uncertainties, if random over the measurement domain, should average out in an ensemble
that scales the amplitude and the depth scale simultaneously with respect to the scale developed in the last section.

The ageostrophic velocity data was divided into four depth bins according to the scaled vertical coordinate z,/H=; each

bin spans a change of 0.25 in the depth scale z,/H . The magnitude of each velocity in the bin was scaled by ﬂuﬂ_ﬂz. The

rotation for vectors in the Southern Hemisphere was multiplied by —1 in order to include these measurements in the
averages. It was found (Fig. 5 ©=) that the mean ageostrophic scaled velocity in the near-surface bin (0.5 < ZyfH= < 0.75)

lay 0.85+ 0.05 rad to the right of the wind. Aszy/H: increases, the rotation with depth increases and the scaled amplitude
decreases. Each 0.2 increase in zolH # corresponds to an additional rotation of approximately 0.2 rad. The net change in the

angle between the shallowest bin and the deepest bin, or through the wind driven layer, was 0.87 rad. The estimates of
standard error for the bins do not overlap, indicating a statistically meaningful description of the velocity spiral has been
achieved.

5. Summary and discussion

Using an ensemble-mean 15-m velocity field derived from the motion of a large number of drifting buoys in the tropical
Pacific between 1988 and 1995 and removing a climatological mean geostrophic velocity, afield of ageostrophic velocity
was derived. A comparison of the ageostrophic velocity with the local mean wind stress shows deflection to the right (left)
in the Northern Hemisphere (Southern Hemisphere). The ageostrophic current was clearly recognizable as a current derived
from almost any dynamical model of Ekman balance in which the turbulent stress decayed with depth. A series of dynamical
models were fit to this data in the least square sense with the intention of identifying the physical process that leads to the
development of the turbulent mixing in the subtropical Pacific.

The results of the analysis showed that the wind-driven layer on the long-term mean does not move as a uniform slab
within the layer of uniform temperature. The vertical stress gradient must decrease by over 50% below the 15-m depth in
order to vanish at the top of the main thermocline.

The data supports, in general, that the strongest ageostrophic currents occur in regions of strongest winds, closest to the
equator. The optimum statistical model for the strength of the current as a function of wind speed, Coriolis parameter, and
the mean depth of the thermocline accounted for 53% of the variance of the data and has a dependency on these parameters,
which is not easily physically interpretable but does suggest a model of Richardson number limited mixing. A mode of the
turbulent, nonstratified Ekman layer (Caldwell et al. 1972) accounted for 14% of the variance.

A model in which the wind creates as strong a current as possible so that the Richardson number of a mixing layer in a
weakly stratified upper ocean remains marginally below unity, as proposed by Pollard et al.(1973), accounts for 51% of the

variance of the ageostrophic current speed. In this model, the wind-driven current strength is proportional to usf Y 2 and
being linear in wind speed, the average current strength is also obtained from the average wind speed even though the
processes that cause the vertical distribution of momentum are time-dependent and nonlinear. This scaling of the current

strength implies a depth scale us= (N/f)fl/ 2 that is poorly correlated (correlation coefficient 0.14) with the top of the
thermocline D. The austausch coefficient A, & u? /N is consistent with the findings by Halpern (1974) in the upwelling
zone off Oregon and Santiago-Mandijano and Firing (1990) in the central equatoria Pacific.

Further support for the relationship, A, & u? /N, comes from the turbulent energy balances of the upper ocean, which

have been useful in applying microstructure measurements to momentum “diffusion” in the upper ocean. The vertical
turbulent viscosity in aweakly stratified water columnis A, = u=l. If | isthe size of atypical eddy that has a velocity scale

of u=, then dissipation & is proportional to u3$/I. The viscosity is related to the dissipation by A, & £/N?. In a stratified
environment the length scale | may be regarded as the buoyancy length scalel 5 u:=/N, which all together imply that A | &

2
u $/N.

In Ekman layer theories, the vertical scale of the decay of the current strength with depth is the same as the vertical scale

of the rotation of the vector with depth. Using the scale H= proportional to usf Y2 for the Ekman layer depth, the
ageostrophic velocity data at 15 m were binned according to its level within the scaled depth. We found a posteriori that the

amplitude of the currents depends on u? [(fH =) there was no exponential decay with depth. A statistically significant



rar

Ekman spiral shows there is a rotation of a slablike velocity field throughout the upper ocean. This picture is consistent with

the measurements of ageostrophic velocity in the 10°N section in the Pacific (Wijffels et a. 1994). This model of the
ageostrophic velocity vector accounted for 40% of the variance in the data.

This examination of the locally wind-driven flow relied on the assumption that the near-surface velocity field can be

decomposed into a geostrophic component and a wind-driven component. For the 15-m total mean current as measured by
the driftersin the tropical Pacific, 63% of the variance is accounted for by the climatological geostrophic field and 15% may

be accounted for by the model of wind-driven currents in the presence of stratification. That 78% of the variance is

accounted for by such a simple balance is quite heartening, considering the disparity of the datasets in time, the relatively
poor sampling afforded by the hydrographic field, and the low number of drifter measurements within each box. Further
work that relies of the use of the satellite sea-level variations for estimating time-dependent geostrophic currents would be

valuable in understanding time-dependent models of the surface currents.
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Tables

Table 1. The constants found for the linear regression models [Eq. (4)] of the magnitude of the ageostrophic velocity. The set
(a,b,c) represents the exponents for the friction vel ocity, the Coriolis parameter, and the depth of the thermocline. The coefficient
B isthe amplitude coefficient of the model. See the text for a description of the seven different models.
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Fig. 1. The mean wind stress and ageostrophic force as measured by the drifters and binned into 2° x 5° boxes.
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Fig. 2. A comparison of R2, percent of variance accounted for as afunction of a and b, the exponentsin the model gu? =&fb of
the ageostrophic velocity.

Click on thumbnail for full-sized image.

Fig. 3. Ageostrophic velocity magnitude (ordinate) vs modeled velocity (absicca). (a) Model 1: u? $/(fD (b) model 2: u; (c)

);
A
model 3: u2$f_1/2; (d) moddl 4: usf Y2 and (e) modd 5: u:a/(N/f)l/Z.
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Fig. 4. The modeled Ekman depth based upon the scaling, H& % u wf 12,
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Fig. 5. Each arrow is the mean velocity vector within adepth range of z,/H:#, where H % usf Y2 The amplitudes have been

scaled by pus= Y2 Therotation to theri ght increases as ZO/ H:= deepens. The dashed boxes around the arrowheads indicate the
confidence intervals in the magnitude and rotation.
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