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Wind-Driven Ocean Currents 
and Ekman Transport 

Oceanographers have long sought to verify the theoretical 
Ekman transport relation, which predicts that a steady 
wind stress acting together with the Coriolis force will 
produce a transport of water to the right of the wind. In 
situ measurements of wind and ocean currents provide a 
detailed view of this phenomenon. By separating the 
wind-driven current from the measured total current and 
by averaging over a long record, it is found that the 
observed transport is consistent with theoretical Ekman 
transport to within about 10 percent. In this case the 
wind-driven transport is strongly surface trapped, with 
95 percent occurring in the upper 25 meters as a result of 
fair summer weather. 

T HE STARTING POINT FOR MODERN THEORIES OF WIND- 
driven ocean circulation can be traced to Ekman's (1) 
theoretical study on the direct effect of wind stress on ocean 

currents. Ekman's theory was the first to acknowledge that vertical 
mixing in the upper ocean is caused by turbulence. H e  proposed 
that turbulent mixing could be modeled as a difision process, 
exactly analogous to molecular difision, but with an effective 
(kinematic) viscosity, A,  many orders of magnitude larger than 
molecular viscosity. The value o fA  appropriate to the upper ocean 
was left to be determined from obsenrations. By assuming that the 
momentum balance of a steady wind-driven current was between 
the turbulent stress caused by the wind and the Coriolis force caused 
by the earth's rotation, Ekman derived the archetypal solution for 
the vertical structure of a wind-driven current 

- 
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where [u, v] are, respectively, east and north current components; 
wind stress is assumed northward [O, TI; Vo = T / ~ ( A ~ ) " ~  is the 
surface amplitude; D = (2.4if)"' is the e-folding scale depth; z is 
depth taken positive downward; and p is the density of seawater that 
can be assumed constant. The Coriolis parameter f is equal to twice 
the vertical component of the earth's rotation vector, and in the 
Northern Hemisphere (assumed throughout), f > 0. 

There are two noteworthv results from Ea. 1. The first is that the 
current profile from Ekman's theory has a spiral structure, called an 
Ekman spiral, in which current amplitude decays by one e-folding 
over a depth D as the current vector rotates to the right through 1 
radian. Observations of ocean currents have often been fitted to this 
form in order to infer A,  as Ekman suggested. Typical values are 
D = 30 m andA = 500 x m2 sec-'. However, the range of 
inferred A covers more than an order of magnitude (2, 3)  so-that 
neitherA nor D can be regarded as well known. The detailed specific 
structure of the spiral depends on A being constant in depth and 
time, which now seems unlikely to hold in the upper ocean (2). So- 
called turbulent Ekman theories have been developed to model the 
possible depth and time dependence of A (4). These theories yield 
somewhat different s~ i r a l  siructures. but there is no consensus on. 
for example, the sense of the depth dependence ofA. The structure 
of the mean wind-driven current thus remains an open theoretical 
auestion. 

A second and fundamental result from Eq. 1 is that the vertically 
integrated current, or volume transport per unit width, is given by 
the Ekman transport relation 

where z, is the depth below which the wind-driven current vanishes. 
If the Ekman spiral solution were applicable, then z, = 3 0  would be 
an excellent approximation. But just as D is not known beforehand 
with confidence, neither is z,. However, the magnitude and direc- 
tion of the transport follow directly from the presumed momentum 
balance between wind stress and the Coriolis force and are indepen- 
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dent of A or any other aspect of vertical mixing (5). Equation 2 
shows that in the Northern Hemisphere the wind-driven transport 
is expected to be 90" to the right of the wind stress vector. This has 
profound consequences for the general circulation and climate of the 
ocean. For example, the persistent easterly trade winds in the lower 
subtropics are expected to drive a northward Ekman transport of 
warm water toward the pole. Westerly winds at mid-latitudes are 
expected to drive a southward Ekman transport so that a conver- 
gence should occur in the subtropical oceans. The result should be a 
thick warm water layer above the main thermocline and, through 
conservation of potential vorticity, a clockwise general circulation in 
a subtropical gyre. These are major, observed features of the 
subtropical oceans and are strong but indirect evidence that some 
process like Ekman transport must play a crucial role in shaping the 
ocean's response to wind-forcing. 

There have been repeated, but inconclusive, attempts to verify the 
Ekman transport relation directly by using in situ measurement of 
winds and currents. Although wind-driven transport more or less to 
the right of the wind is commonly observed, its magnitude has 
seldom been found to be consistent with Ekman transport comput- 
ed from estimated wind stress to closer than a factor of about 2 (6, 
7) .  This has not been interpreted to mean that Eq. 2 is wrong in 
principle; there are significant technical difficulties in making accu- 
rate in situ current and wind measurements, some of which have 
only recently been appreciated and overcome (8). There are also 
analysis and interpretation problems in trying to separate the wind- 
driven current from the measured current (5). 

In this article we report our efforts to understand the structure of 
wind-driven currents and transport by analysis and numerical simu- 
lation of a set of in situ field measurements. By separating the wind- 
driven current from the measured current and by constructing a 
coherent average over a long record, we find that the Ekman 
transport relation is consistent to within experimental error. The 
mean current has a spiral structure qualitatively similar to an Ekman 
spiral. In this case, however, the scale depth depends on the 
stratification, and in general the dynamics of the spiral appear to be 
much richer than implied by the original Ekman theory. 

LOTUS Field Measurements and Analysis 
Our field measurements were acquired from a surface mooring set 

in the western Sargasso Sea (34"N, 70°W) as part of the Long Term 
Upper Ocean Study (LOTUS) (9). This deployment was termed 
LOTUS 3, and it spanned 160 days during the summer of 1982. In 
situ current and temperature measurements were made by Vector 
Measuring Current Meters (VMCMs) that were designed to mea- 
sure relatively weak mean currents in the presence of surface gravity 
wave motion (8). These instruments were fixed into the mooring 
line at depths of 5, 10, 15, 25, 50, 75, and 100 m to provide fairly 
high vertical resolution of currents in the upper ocean (10). LOTUS 
3 was the first such long-term deployment of VMCMs. 

The surface buov was a 3-m discus that carried meteorolop.ica1 " 
instruments, including a solar pyranometer. The heat flux at the sea 
surface was estimated from the measured variables by means of 
conventional bulk transfer formulas ( l l ) ,  and it is thdught to be 
accurate to about 50 W m-* over a long-term average. Wind stress 
was estimated from measured wind and air-sea temperature differ- 
ences by using the wind speed and stability-dependent bulk transfer 
formulas developed by Large and Pond (12). Estimated wind stress 
is thought to be accurate to about 20% over a long-term average. 
Fair, summer weather typical of the subtropics prevailed durhg 
much of this period. Strong solar heating combined with light 
winds caused the formation of a seasonal thermocline during 

LOTUS 3 and caused significant diurnal warming of the sea surface 
on many days (13, 14). The upper four VMCMs were crucial for 
observing the wind-driven current under these conditions, and an 
even shallower current measurement would have been desirable (4, 
15). 

Given these measurements, the remaining hurdle to overcome 
before testing Eq. 2 was a poor signal-to-noise ratio. The "signal," 
the mean wind-driven current, has an amplitude of about 0.05 m 
sec-'. This is small compared to the pressure-driven current "noise" 
from tides, inertial motions and nearly geostrophic eddies that 
together have a root mean square value about five times larger (9). 
An analysis is thus required to separate the wind-driven current from 
the measured total current. 

Because the wind-driven current is likely to be much more 
strongly surface trapped than the pressure-driven current, the first 
analysis step is to subtract the current at a deep reference level from 
the upper ocean current (7). The reference depth and lower 
integration limit for computing transport was taken to be z, = 50 
m. This was within the seasonal thermocline for all but the last few 
weeks of the LOTUS 3 record, and we see no evidence of any 
important direct wind-driving at that level or deeper. 

Our second analysis step is to average the current in a way that is 
coherent with respect to the wind direction. Wind stress and ocean 
current are first vector-averaged over each day, then the daily 
averages are rotated into a coordinate system in which the wind 
stress is arbitrarily "north," and finally the 160 daily averages are 
ensemble-averaged to form the mean (16). The choice of a daily 
averaging interval for the first averaging step is not crucial for this 
purpose, and essentially the same result derives from averaging over 
portions of 2 days, or one or two inertial periods. In effect, this 
coordinate system follows the low-frequency variations of wind 
direction. The resulting mean can be thought of as a sum over all 
frequencies less than about 0.2 cycle per day and is considerably 
larger than the usual time average over the full record. For example, 
the mean wind stress estimated in this way has an amplitude of 
0.068 Pa, whereas the simple time average of the vector wind stress 
has an amplitude of 0.015 Pa. Coherent ensemble averaging thus 
serves to enhance considerably the signal-to-noise ratio in this data 
set. 

Fig. 1. (A) Mean current A 
spiral from the LOTUS 3 

B 

data set. The mean has ' 1 Stress (Pa); 
Velocity (m sec-') 

been estimated by an en- 0.00 0.02 0.04 0.06 

semble average over daily 
averages rotated to a com- 
mon wind direction (arbi- 
trarily "north" in this and 
all subsequent figures), 
and a reference current at a 
deoth of 50 m has been 
subtracted away. Uncer- 
tainties are listed in Table 

C 
Volume transport 

1. (8) Mean current spiral (m2 sec-1) 

simulated by the numeri- 0.0 0.4 0.8 

cal model. The vectors 
correspond to the depths 
sampled by LOTUS 3, 
and the dots are at 1-m 
intervals. The simulated Ekma;+ 

spiral has some shear LOTUS 3 

above a depth of 5 m since on many days the simulated mixed layer was less 
than 5 m thick during early afternoon. (C) Volume transport per unit width 
computed from the left side of Eq. 1 by using the observed mean currents 
(solid arrowhead, labeled LOTUS 3) and from the right side of Eq. 1 by 
using the mean wind stress (open arrowhead, Ekman). Uncertainties are 
given in Table 1 legend. 
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Fig. 3. The diurnal cycle A B 
of current at 5 m from ' f LOTUS 3 'I' Simulated 

the LOTUS 3 data set 
(A) and as simulated $800 ,,1200 ,1200 

(B). Numbers at the vec- ~ O~~G',,,, , ,', 
tor tips are hours (in 1 z,,,, Mean ' //6400,,' LST), and the heavy cen- -_____, 6,' -Mean 

tral vector is the mean as 9:r0000 1600 (,---------- ------- -. -. **+ 1600 in Fig. 1. The 5-m cur- *- 
~ ' ‘ ~ 2 0 0 0  ooop 

rent makes a stress (pa): ~ e o c i t y  (m sec-') 
rotation during the day, 0 00 0.02 0 04 0 06 0.08 0.70 

'=zoo0 

much like an inertial os- 
cillation, and the peak-to-peak amplitude of the diurnal cycle is roughly twice 
the mean value. 

Fig. 2. The ensemble-av- 
eraged current during the 

' f 
nighttime (2000 to 0800 1 
LST) (left) and during the 1 daytime (0800 to 2000 

Transport and the Mean Current Spiral 

Stress (Pa) 
~ e o c i t ~  (m sec-1) I f  ' 

0.00 0 02 0 ?4 0,06 

Nighttime I Daytime 

Mean current estimated by the coherent ensemble-averaging 
procedure described above is shown in Fig. 1A for the four VMCM 
depths above 50 m; deeper values and standard errors are in Table 1 
(17). The mean values at 15 m and above are several times larger 
than their standard error and in this regard are fairly well defined; 
the mean value at 25 m is comparable to its standard error and not 

LST) (right). The upper 1 '  5 m 

set of current vectors is r5 LOTUSI 
from LOTUS 3. The wind 25 '5  10 25 15 lo 

stress for the correspond- 
ing time of day is plotted 
as a vector with the mean 25 
value shown as a line only. 
There is very little diurnal variability of wind stress. The lower sets of current 
vectors (omitting the wind stress vector) are from the numerical model. 
Numbers at vector tips are the depth in meters. 

clearly distinguishable from zerb. Transport was calculated from the 
mean current by a trapezoidal rule integration from z, = 50 m to the 
surface and by assuming linear extrapolation from 5 m to the sea 
surface bv m e k s  of the i0 -  to 5-m giadient. The standard error on " 
the mean transport was computed from daily estimates of transport 
and is given in Table 1 (1 8 ) .  

An im~ortant  result of this studv is that the Ekman transport 
computed from the mean wind stress (Table 1) is found to be 
consistent with the observed transport to within about 10% in 
magnitude and about 5" in direction (Fig. 1C). This is within the 
statistical uncertainty on the observed transport, about 20%, and the 
uncertainty on Ekman transport arising from uncertainty of the 
mean stress, also roughly 20%. It could be argued that the physical 
basis of the ~kman-transport relation is s o  compelling that the 
apparent success in verifying the Ekman relation represents not so 
much a test of a momentum balance, as it does a milestone for upper 
ocean observation methods. 

The scale depth of the mean current and transport depends on 
turbulent mixing and cannot be presumed to be known the way a 
momentum balance might be. In this case we find that the wind- 
driven transport is strongly surface trapped, with roughly 95% of 
the transport occurring within the upper 25 m of the water column 
and roughly 60% within the upper 10 m. This strong surface 
trapping of transport is a surprising result considered further in the 
next section. 

The current vector decays and turns to the right with increasing 
depth, so that mean current has a spiral-shaped vertical structure 
somewhat like an Ekman spiral. There are some differences in detail, 
however. Between 5 and 25 m the e-folding scale of amplitude is 

only about 12 m. From this scale and from Eq. 1 we can infer an 
effective viscosity A = 60 x m2 sec-', which is in the low 
range of values reported from the upper ocean (2, 3). The rate of 
rightward turning with depth gives a different and inconsistent 
estimate ofA. The current vector at a depth of 5 m is about 80" to 
the right of the wind, and the further rightward rotation with depth 
is only about 20" over an e-folding scale, or roughly one-third of the 
rotation expected in an Ekman spiral [suggested also in (6) and 
(19)]. The A inferred from the rotation with depth is about 
540 x m2 sec- ' or almost an order of magnitude larger than A 
inferred from the e-folding scale of amplitude. From this it appears 
that the classical Ekman spiral, and by inference the simple diffusion 
process of the Ekman model, is not appropriate for the conditions of 
this data set. We suspect that the main shortcoming of the Ekman 
and the turbulent Ekman models is that they attempt to model the 
current profile alone and neglect the often crucial effects of stable 
density stratification. 

Surface Trapping and Stratification 
Recent field studies (6) have shown that even the rather small 

stratification that occurs as part of the upper ocean's diurnal cycle 
(20, 21) can be sufficient to greatly reduce the depth over which 
turbulent mixing distributes the momentum flux supplied by wind 
stress and can thus lead to a surface-trapped current profile. To test 
whether stratification may cause the surface trapping of mean 
current seen here we can attempt to model the current profile from 
the observed wind stress and thermal stratification (density varia- 
tions are dominated by temperature variations in this case). Upper 
ocean temperature profiles commonly show a vertically homoge- 
nous surface layer, or mixed layer, of depth h. We assume that 
temperature and current are mixed in a similar way and that the 
stratification at the base of the temperature mixed layer marks the 
depth of vertical turbulent mixing of momentum that is supplied at 
the surface by wind stress [a more refined view is given in (6)]. Thus 
the mixed layer feels a wind-driven acceleration dph,  while the 
acceleration below the mixed layer is zero. The depth of the mixed 
layer is highly time dependent and is estimated at hourly intervals 
from VMCM-measured temperatures as the depth over which 
temperature is uniform to within 0.05"C of the value measured just 
below the buoy hull at a depth of 0.2 m. The wind-driven 
acceleration was computed for each VMCM depth over the full 
record of LOTUS 3 and the mean acceleration was computed by the 
same coherent ensemble-averaging procedure used on measured 
current. Finally, the mean current is presumed to be in an Ekman 
momentum balance, so that the mean acceleration is divided by f to 
estimate the current amplitude (direction, presumably, is to the 
right of the wind). At depths of 5, 10, 15, and 25 m, where the 
observed current amplitude is 0.047, 0.028, 0.020, and 0.004 m 
sec-', respectively, the inferred current amplitude is 0.041, 0.027, 
0.018, and 0.006 m sec-', respectively, or very similar. These 
amplitudes provide hrther evidence that the mean current is in an 
Ekman momentum balance and also suggest that it will generally be 
necessary to understand the variation of upper ocean stratification in 
order to understand and model the structure of the current profile. 

In the LOTUS 3 data set the upper ocean stratification and depth 
of the mixed layer varied on two important time scales. The seasonal 
variation in heat flw caused a seasonal cycle in upper ocean 
stratification that had a surface amplitude, or range, of about 10°C 
(14). On most days the diurnal cycle of solar heating caused a 
diurnal cycle in the upper ocean stratification that had a surface 
amplitude of typically 0.3"C, but occasionally exceeded 2°C (13,14). 
Depth of the mixed layer went through a diurnal cycle having a 
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midday minimum of typically 2 to 10 m, depending on the strength 
of the wind stress and solar heating, and a nighttime maximum of 
typically 10 to 30 m, depending on wind stress and heat loss, and 
often limited by the depth of seasonal stratification. During some 
weeks in midsummer the seasonal stratification was as shallow as 10 
to 15 m and thus contributed significantly to the stratification effect 
on the current profile. The diurnal cycle also had an important and 
somewhat disproportionate effect because the depth of the surface 
mixed layer is determined by the shallowest stratification, even if 
only a few hundredths of a degree Celsius, which was often part of 
the. diurnal cvcle. 

The diurnal cycle of current that accompanies the diurnal cycle of 
stratification can be seen by splitting the daily averages into a 
nighttime piece [2000 "local solar time" (LST) to 0800 LST], and a 
daytime piece (0800 LST to 2000 LST), and then ensemble- 
averaging each separately as before by using the daily average wind 
stress to define "north" (Fig. 2). The sum of the nighttime and 
daytime pieces gives the mean of Fig. 1. In a similar way, the 5-m 
current is shown in Fig. 3 at 4-hour intervals through the (ensem- 
ble-averaged) day. 

During midday when the mixed layer is shallowest, the current at 
a depth of 5 m accelerates downwind and simultaneously is turned 
to the right by the Coriolis force. At this latitude the diurnal 
frequency and inertial frequency f are nearly equal, and hence the 
diurnal cycle of current has the character of an inertial oscillation. 
The 5-m current reaches a maximum of about 0.09 m sec-' at 
around 1600 LST, just as it turns 90" to the right of the wind stress. 
Heat loss and wind stress during the night often erase much of the 
diurnal stratification and shear, and the 5-m current reaches a 
minimum of about 0.01 m sec-' at around 0400 LST. Figures 2 and 
3 show that much of the surface trapping of the mean current spiral 
comes from the daytime half of the diurnal cycle. 

Numerical Simulations and Experiments 
A consistent picture of the diurnal variability and the mean 

current spiral emerges from simulations made with a numerical 
model of the ocean surface mixed layer (6). For this model and other 
models of the mixed layer, it is assumed that temperature and 
current are mixed in a similar way and that wind stress is absorbed 
by the m,ixed layer exactly as described above. The issue for these 

Velocity (m sec-') 
0.00 0.02 0.04 0.06 0.08 

I , ,  , , , I  

models is then to calculate the depth of the mixed layer (22). In this 
model, the depth is determined by a stability condition on a 
Richardson number that depends on the current shear and stratifica- 
tion at the base of the mixed laver. When current shear becomes 
large enough compared to the stratification to violate the stability 
condition, the mixed layer is presumed to deepen by turbulent 
mixing in order to relieve the instability. 

Integration was carried out as in (13) by using the 160-day record 
of estimated wind stress and surface heat fluxes; the simulated 
current was then analvzed as described for the LOTUS 3 data 
although with no need to subtract a reference current. Model 
simulations of transport always satisfy the Ekman transport relation 
since only wind stress and Coriolis forces act on the water column. 
The mork interesting model results are the overall shape and scale 
depth of the mean current spiral (Fig. lB), the night-to-day 
variation of current (Fig. 2), and the diurnal cycle of 5-m current 
(Fig. 3B). 

The simulated 5-m current has an amplitude and phase over the 
diurnal cycle very similar to the one observed, suggesting that the 
model gives a reasonably good account of the hour-by-hour effect of 
wind stress and solar heating on the depth of the surface mixed layer 
and on the vertical structure of the wind-driven current. Not 
surprisingly then, the simulated mean current spiral is also fairly 
similar to the observed mean spiral, e-folding over a depth of about 
12 m (Fig. 1B). We know of nothing that makes this result unique 
to this specific model and expect that other upper ocean models (20, 
21,23,24) would perform as well as this one if driven with the same 
wind stress and the same diurnally varying heat flux (25). 

A series of numerical experiments have been run to see how the 
simulated mean current spiral depends on external parameters when 
the stable stratification is produced by the diurnal cycle (no seasonal 
variations). A standard case is defined to have a heat flux made up of 
solar insolation with a magnitude of 650 W m-', a half-period of 12 
hours, and a steady heat loss of 150 W me2, so that the net surface 
heat flux Q = 500 W m-2 at the daily maximum. Wind stress is 
assumed steady with magnitude T = 0.1 Pa, and the Coriolis 
parameter f = 6.15 x sec-' (corresponding to 25"N). The 
standard values ofQ, T, and fwere each multiplied in turn by factors 
of 0.5 and 2. Figure 4 shows the resulting mean current spirals from 
each of the seven experiments. The central spiral is the standard case. 

In all cases the Ekman transport relation is satisfied exactly, and 
some of the variations of the spiral follow directly from the  if 

Table 1. Statistics on the mean current and transport are given for 
components in the crosswind direction (positive to the right of the wind) 
and the downwind direction. Uncertainties on the in situ data are statistical 
standard errors (16, 17); 90% confidence limits are larger by a factor of 1.7, 
and 95% confidence limits are larger by a factor of 2.0. The transport values 
(in square meters per second) were as follows: The observed crosswind 
transport was 0.76 i- 0.19; the downwind transport, -0.02 +. 0.14. The 
Ekman crosswind transport was 0.82 + 20%; downwind transport, 0. The 
Ekman transport was computed by using the estimated mean stress magni- 
tude 0.068 Pa, which is presumed to be uncertain to 20% because of 
uncertainty inherent in the bulk aerodynamic method. 

Depth Crosswind current Downwind current 
(m) (m sec- ') (m sec-') 

5 0.046 ? 0.012 0.010 ? 0.007 
10 0.028 r 0.007 -0.003 ? 0.004 
15 0.020 2 0.007 -0.002 ? 0.005 
25 0.004 + 0.004 -0.005 ? 0.004 

Flg. 4. Mean current spirals produced by numerical experiments. The 50x 
standard case (central spiral) has Q = 500 W m-*, T = 0.1 Pa, and f 75 0.006 ? 0.003 -0.002 i: 0.004 
corresponding to 25"N. Each ofQ, T, and f have been multiplied by a factor 100 0.011 ? 0.006 -0.007 +. 0.006 
of 0.5 (left column) or 2 (right column). For example, the upper left spiral 
has Q = 250 W m-2, and 7 andf the Same as the standard case. Numbers at *The 50-m depth was chosen as the reference level, where the simple time-mean velocity 
the tips of the vectors are the depth in meters. was 0.181 m sec-' westward and 0.007 m sec-' northward. 
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dependence of Ekman transport (Eq. 2). For example, either 
doubling T (middle row, right column, Fig. 4) or halving f (lower 
row, left column, Fig. 4) causes the Ekman transport to double and 
produces a similar change in the spiral (the angle between the wind 
and surface current decreases slightly with decreasing A. Looking 
from left to right across the middle row, one sees that although the 
transport increases by a factor of 4 along with 7, there is very little 
increase in the amplitude of the surface current, V,. The increase in 
transport is taken up primarily by an increase in the e-folding scale of 
the spiral, rather than by an increase in the current amplitude. From 
Fig. 4 (middle row) it appears that the e-folding scale is proportion- 
al to T and that Vs is nearly independent of T. When Q is increased 
(left to right across the top row, Fig. 4), the spiral is more strongly 
surface trapped and Vs increases roughly as Q1I2 even though the 
transport is unchanged. This tendency for Vs to increase with Q 
while being nearly independent of T is a property of the Richardson 
number closure of this model described in (6). 

Discussion 
The principal results of this analysis are that (i) the Ekman 

transport relation was found to give an estimate of wind-driven 
transbort consistent with the t r k s ~ o r t  estimated from in situ 
current measurements, and (ii) mean current was found to have a 
spiral-like structure that is strongly surface trapped on account of 
solar heating and the resulting stable stratification. A simple numeri- 
cal model that takes account of the important effect of stratification 
was successful in simulating the diurnal variability of current and the 
mean current s~iral .  

We suggest &at the current profiles described here be termed 
"stratified" Ekman spirals, both to credit Ekman for the insight he 
gave to the problem of wind-driven ocean currents and to emphasize 
that the me& current spiral in the upper ocean is very closely linked 
to the stratification. Numerical experiments have given some indica- 
tion of how the spiral might vary when solar heating during the 
diurnal cvcle controls the stratification. But there are common 
circumstances in which solar heating will not be controlling, for 
example, during mid-latitude winter when sustained cooling of the 
ocean can produce very deep mixed layers. The classical or turbulent 
Ekman models may be moie appropriate for those conditions, but 
the observations that might tell this have not been made. Modern 
measurement systems like the LOTUS surface buoy and VMCM 
instnimcnts ard able to ~rovide the observational basis needed to 
build and test models for these and other regimes of the upper 
ocean. 
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