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ABSTRACT

Analysis is presented of the time-dependent motion of 47 surface drifters in the northeast Pacific during fall
1987 and 16 drifters in fall and winter 1989/90. The drifters were drogued at 15-m depth and were designed to
have wind-produced slips less than 2 cm s ™' for wind speeds up to 20 m s~'. The coherence of velocity and
local wind is presented for motions with periods between 1 day and 40 days. For periods between 5 and 20
days, drogue motion at 15-m depth is found to be highly coherent with local wind with an average phase of 70°
to the right of the rotating wind vector. These results differ from analyses of FGGE-type drifters as reported by
McNally et al. and Niiler in the same area. A model of wind-produced slip as a function of drifter design is used
to provide a possible explanation of the differences. A linear regression, which accounts for 20%—-40% of the
current variance, gives water motion at 0.5% of wind speed and 68° to the right of the wind vector. Assuming
an Ekman-type balance, this regression with 15-m currents yields an apparent mixing depth of 34—38 m, which
is much less than the observed 60-m depth of the mixed layer. New three-parameter models for turbulent stress
are presented based on these observed depth scales and regression coefficients. The model stresses rotate from
downwind to crosswind at the base of the mixed layer. The model currents rotate from approximately 60° to the
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right of the wind vector at the surface to 180° to the right of the wind vector at the mixed layer base.

1. Introduction

In the northeast Pacific, two very different pictures
have emerged of the relationship of mixed layer cur-
rents to surface winds from current meter measure-
ments and drifting buoys. Davis et al. (1981) describe
measurements from strings of current meters moored
beneath surface buoys and show that wind-coherent,
subinertial currents below 5-m depth are 60°—100° to
the right of the surface wind stress for periods of 1-4
days. In contrast, McNally (1981), Niiler (1986), and
McNally et al. (1989), who analyzed motion of FGGE-
type drifters, show that mixed layer currents with pe-
riods of 3--30 days, as determined by these drifters, are
less than 30° to the right of the surface wind stress. A
FGGE-type (or McNally-type) drifter typically has a
2-m long, 10-cm diameter metal or fiberglass surface
float with a mass between 100 and 250 kg, to which a
window-shade or parachute drogue is attached at 30-m
depth. Because several observers (Kirwan et al. 1978;
McNally and White 1985) found no difference in
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FGGE drifter motion with the drogue indicator show-
ing attached drogue or showing lost drogue, the anal-
ysis has been done with the firm belief that the FGGE
surface float motion actually represents the motion of
water. These differences in wind-driven current direc-
tion and amplitude between current meter data and
FGGE-type drifters are significant, especially when
studying the effects of circulation on the horizontal
transport of heat, salt, and other constituents. In this
paper we present a possible resolution of the discrep-
ancy by analyzing motion of a set of newly designed
Lagrangian drifters in the northeast Pacific.

The water-following capability of any mixed layer
drifter depends critically upon the drag area ratio R,
which is the ratio of the product of the drag coefficient
of the drogue and its frontal area to the sum of the
products of the drag coefficients and frontal areas of
the fully submerged floats and tether. The drag area
ratio for our instruments ranged from 50 to 70. FGGE
drifters with window shade drogues have a drag area
ratio of 10—12. McNally’s drifters, with a fully flooded
parachute, would have a drag area ratio comparable to
the drifters that we use here. However, the moment that
a parachute closely follows the water it may be ex-
pected to collapse and not open again. McNally’s drift-
ers, therefore, may have had operational drag area ra-
tios even smaller than FGGE-type drifters with win-
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dow-shade drogues. It is impossible to verify the
behavior of these instruments without extensive in-wa-
ter calibration studies. We note, however, that results
based on undrogued FGGE-type surface floats (e.g.,
Niiler 1986) are similar to those based on McNally-
. type instruments with drogues of unknown effective-
ness. Our objective here in comparing our results with
those of earlier drifter studies is simply to point out that
observed differences in wind-driven currents may rea-
sonably be described by differences in the water-fol-
lowing capabilities of the different instruments without
invoking any differences in ocean physics or conditions
between the various study years.

As part of the OCEAN STORMS Experiment in Oc-
tober 1987, we deployed 47 mixed layer drifters in the
vicinity of 47°N, 140°W. In October 1989, we deployed
16 additional mixed layer drifters as part of the WOCE
Heavy Weather Test. Each drifter had a three-dimen-
sional, rigid-frame cloth drogue tethered at 15-m depth
and a surface float consisting of a 30-cm diameter fi-
berglass sphere (Niiler et al. 1987; Sybrandy and Niiler
1991). The drifters we used have also been subjected
to in situ calibrations of the effect of winds on drifter
motion by attaching VMCMs directly to their drogues
(Niiler et al. 1987; Niiler et al. 1995). Our general
result is that, while wind-driven motions are very dif-
ficult to measure in the presence of mesoscale activ-
ity—even in this supposed ‘‘eddy desert’’ —the anal-
ysis we present shows that the drogue motion is be-
tween 65° and 85° to the right of surface wind (or wind
stress ). This result is consistent with moored measure-
ments and further indicates that FGGE-type drifters
have a significant slip in the direction of wind. Using
the statistical model of drogue slippage as a function
of wind speed and drag area ratio developed by Niiler
etal. (1995), we show that drifters with drag area ratios
in the range of FGGE drifters are expected to travel at
less than 30° to the right of the surface wind (the ap-
pendix) and, therefore, they are not good markers of
ocean surface currents.

Finally, our analysis suggests that there is significant
rotation of the vertical turbulent stress gradient (i.e.,
currents) through the mixed layer. In a mixed layer
model where the velocity is independent of depth, the
stress gradient is always 90° to the right of the surface
velocity. We present two simple alternative models for
turbulent stress profiles in a mixed layer and discuss
the rotating velocity field associated with them as a
function of the depth scales of the mixed layer and the
turbulent convergence measured at the drogue depth of
15 m. The implied rotation of the mixed layer velocity
is presented for the parameters determined by our ob-
servations. These indicate that the surface current is
approximately 60° to the right of the surface stress and
the current at the base of the mixed layer is approxi-
mately 180° to the right of the surface stress.

This paper is organized as follows. In section 2 we
describe the surface drifter and wind datasets. In sec-
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tion 3 we present the statistical results of comparing
vector winds and currents, including sample quadratic
and exponential formulations for stress in the upper
ocean. A simple theoretical model that shows the cur-
rent response of a mixed layer drifter to be a predictable
function of its drag area ratio is presented in the ap-
pendix, and all results are summarized in section 4.

2. The data

The first velocity database for this work derives from
ARGOS position returns from 47 TRISTAR-II drifters
deployed during the OCEAN STORMS Experiment in
the northeast Pacific in October of 1987. This dataset
has been described by Paduan and Niiler (1993) in
terms of its subinertial velocity statistics and heat ad-
vection implications for the three-month, fall period of
October—December 1987. The trajectories from all
drifters are shown in Fig. 1a, where the individual po-
sition time series have been low-passed filtered to re-
move inertial currents using a cosine filter with a half-
power point of 96 hours. The instruments themselves
have been described by Niiler et al. (1987) and consist
of a large three-axis symmetric drogue in the shape of
a radar reflector centered at 15 m. Most importantly,
the instruments have been calibrated for slippage as a
function of wind speed, drag area ratio, and velocity
shear across the drogue (Niiler et al. 1987; Niiler et al.
1995). The drogue is supported by small, spherical sur-
face and subsurface floats containing an ARGOS trans-
mitter, batteries, and antenna. These instruments have
drag area ratios of approximately 70, for which the slip
of the drogue through the water is less than 2 cm s~
for wind speeds less than 20 m s~'. All of the OCEAN
STORMS drifter data used in this study come from
observations where the drogues were firmly attached as
evidenced by subsurface temperature data from along
the tether line (Paduan and Niiler 1993).

The second velocity database derives from the AR-
GOS position returns from 8 Holey-sock drifters and 8
MINISTAR (a smaller version of the TRISTAR) drift-
ers deployed during the WOCE Heavy Weather Drifter
Test in the northeast Pacific from October 1989 through
April 1990. These data were low-pass filtered using a
butterworth filter with a half-power point of four iner-
tial periods, or about 65 hours. The trajectories of all
16 drifters are shown on Fig. 1b. The Holey-sock in-
struments themselves have been described by Sybrandy
and Niiler (1991) and consist of 1-m diameter by 6.5-
m long Holey-sock drogue and spherical flotations. The
drag area ratio of the Heavy Weather drifters was 50.

The wind data used to compare with drifter-derived
currents from the 1987 and 1989/90 datasets came
from 6-hourly surface winds derived from the opera-
tional weather product of the European Centre for Me-
dium-Range Weather Forecasts (ECMWF), which
were interpolated onto 6-hourly filtered drifter posi-
tions. In cases where wind stresses were used in the
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FiG. 1. Trajectories of TRISTAR-II drifters in the (a) OCEAN STORMS Experiment for the
period Oct—Dec 1987 and (b) MINISTAR and Holey-Sock drifters in the WOCE Heavy Weather
Test for the period Oct 1989—Apr 1990. Deployment locations are denoted by the square symbols.

analyses, they were computed using a constant, neutral
drag coefficient of 1.2 X 107°, The basic data used in
these analyses was, therefore, wind (or wind stress)
and drifter-derived currents at the location of each drift-
ing buoy as a function of time. Based on analysis of
drogue slippage as a function of wind speed, the drifters

used in 1987 are known to exhibit a downwind slip of
0.05 cm s~ per m s' of wind speed. The drifters used
in 1989/90 exhibit a downwind slip closer to 0.07
cms™' per ms™' of wind speed. These corrections
have been applied to all the velocity data used in these
analyses. We chose ECMWEF winds after we compared
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that product with buoy, mooring, and ship wind mea-
surements in the OCEAN STORMS area for the period
of October—December 1987. We found no biases in
wind direction between the standard ECMWF product
and the local wind observations.

3. Relationship of drifter motion to wind stress
a. Surface current and wind coherence

A cross-spectral analysis between drifter-derived
currents and wind stress can be used to test the coher-
ence and phase relationships of the two time series as
a function of frequency. In particular, the phase results
within the low-frequency band can be compared with
the value of —90°, which indicates water motion at 90°
to the right of the rotating wind vector, given an ide-
alized mixed layer where velocity is independent of
depth. McNally et al. (1989) employed this statistical
analysis on their FGGE-type drifter data and winds de-
rived from the Fleet Numerical Oceanographic Center
(FNOC) analyses. They found subinertial current mo-
tions at less than 30° to the right of the wind vector.
They used FNOC wind products because independent
measurements with moored buoys during NORPAX
showed that to be an excellent product for the northeast
Pacific Ocean (Pazan and Frieche 1978). At that time,
ECMWEF winds had not been as extensively verified in
this region.

In this study, the complex rotary spectrum and cross
spectrum were computed for each drifter time series
longer than 40 days. Each 40-day drifter segment and
its accompanying wind stress segment were used to
produce rotary spectral estimates of drifter-derived ve-
locity and wind stress. The combined vector current
and wind stress segments were used to produce esti-
mates of coherence squared and phase in the 1 to 40
day band. The 1987 OCEAN STORMS drifter and
wind stress data provided 66 ensembles of 40-day
length. The 1989/90 Heavy Weather data provided 67
ensembles of 40-day length. The rotary spectra and
cross-spectra were ensemble averaged and then band
averaged for each of the 1987 and 1989/90 datasets.
The average rotary spectra for drifter-derived velocity
and wind- stress during the OCEAN STORMS and
Heavy Weather Experiment periods are presented in
Figs. 2a and 2b. In both datasets, the wind stress spectra
are relatively flat across the frequency range compared
with the velocity spectra. There is evidence for slightly
higher clockwise energy than counterclockwise energy
in both velocity and wind stress in both datasets. The
Heavy Weather drifter velocity data show a strong roll-
off for periods shorter than 3 days in the velocity spec-
tra, which reflects the different filtering applied to that
dataset compared with the OCEAN STORMS drifter
data rather than real differences in the current proper-
ties at higher frequencies. Finally, an unexplained but
significant difference in the counterclockwise energy at
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FiG. 2. Rotary spectra for the clockwise-rotating (solid) and coun-
terclockwise-rotating (dashed) velocity (upper pair, right axis) and
wind stress (lower pair, left axis) from the OCEAN STORMS (a) and
Heavy Weather Experiment (b) drifter velocity and ECMWF wind
stress data. Velocity data was corrected for wind slip prior to com-
putation of the spectral estimates. Forty-day segments were ensemble
averaged and then band averaged to obtain the averaged spectra. The
95% confidence limits for the equivalent one-sided autospectra are
presented for reference.

10-day periods exists between the ECMWEF data for the
OCEAN STORMS period and the Heavy Weather pe-
riod. The former contains a relative peak at that fre-
quency, whereas the latter contains a relative trough at
that frequency. This slightly anomalous behavior at the
10-day period for counterclockwise wind motions is
reflected in the cross-spectral results presented below
but, otherwise, the spectral results are fairly uniform
across the band of frequencies with periods from 5 to
20 days.

The average coherence and phase information is pre-
sented in Fig. 3 for each of the datasets in this study.
For comparison, the results from McNally et al. (1989,
Fig. 6) are plotted using the same scales and phase
convention. (The computation is done in such a way
that a phase of —90° indicates rotating current motion
to the right of the rotating wind vector.) It is apparent



NOVEMBER 1995

(@)
0.5 A N T TSR B TP ST
o cw | ccw
o
9 .
<]
o
4
o
ps
3 95% L C.L.
+
] . L
%]
9 + + + + F
$ +++++++++ ++ + +++
M —90 — -
af +|
o
[=] 1 L
180 e 0 vl i
~-10° -10~" 1072 107! 10°
Frequency (cpd)
/ (c)
05 i | 1YY A A vl L1
« J cw | ccw L
[
3]
=] . L
o
b
8 d L L
o
S 4 95% LC.L. L
R L R
0 - . — .
] 4ty F | okt
+ 4
) + ta
L -90 - - k
o *4
2 J L L
180 e e T BT
-10° ~107! £1072 10°! 100

Frequency (cpd)

from Figs. 3a and 3b that, in both analyses, coherences
above the 95% confidence level occur for periods be-
tween 5 and 20 days. The drop in coherence for periods
longer than 20 days is due, we believe, to the presence
of mesoscale eddies as sampled by the drifters. Paduan
and Niiler (1993) have shown that it takes between 13
and 48 days for drifters in this area to circumscribe
mesoscale features with speeds of 10~20 cm s~'. Thus
we focus on the 5 to 20 day period band for making a
model of the relationship of winds to currents. It is our
firm belief that the same model would also apply to the
lower-frequency motions except for the fact that the
mesoscale eddies introduce a large, incoherent signal
into our analysis. The reason for filtering high frequen-
cies out of our simple regression model is that phase is
a function of frequency for periods shorter than 5 days.
Thus a simple regression model, independent of time
lag, would not apply to these motions.

The results in Figs. 3a and 3b show that, for the
coherent 5 to 20 day band, the phases are consistently
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FiG. 3. Coherence squared and phase as a function of fre-
quency for the ensemble-averaged and band-averaged cross
spectra between drifter-derived current and local wind. The
95% confidence limits are derived assuming each drifter seg-
ment is independent. Negative phase values denote current to
the right of the rotating wind vector for both clockwise (cw)
and counterclockwise (ccw) frequencies. Results are pre-
sented for OCEAN STORMS drifter-derived currents vs
ECMWF-derived wind stress (a), Heavy Weather Test drifter-
derived currents vs ECMWF-derived wind stress (b), and
FGGE-style drifter-derived currents vs FNOC-derived wind
stress adapted from McNally et al. (1989) (c).

between —60° and —100° indicating motion to the
right of the rotating wind stress vector. These values
are close to the phase of —90° expected for currents in
a wind-driven mixed layer in which velocity is inde-
pendent of depth. In these results we have used the full
October—April Heavy Weather Test dataset, which ex-
tends further into the winter season than does the
OCEAN STORMS dataset. The statistical results are
similar for either the fall period only or the winter pe-
riod only, however.

In contrast to the cross-spectral results obtained from
our drifter data, the results from the FGGE-type
buoys—reproduced in Fig. 3c using our sign conven-
tion—show phases consistently greater than —30° (less
than 30° to the right of the rotating wind stress vector).
The differences in the phase relationship for FGGE-
type drifters and our modern drifters is explained by
the differences in water-following capabilities between
the two classes of instruments. This can be shown using
a wind-driven mixed layer model and a model for
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downwind slippage as a function of drag area ratio R
(see the appendix).

We note that the phase as a function of frequency is
quite constant in the 5 to 20 day band. Thus it makes
sense to consider linear regression models, which are,
in effect, broadband-averaged pictures of the motions.
We look at regression results in the next sections in
connection with a new model for vertical stress distri-
bution in a wind-driven mixed layer.

b. Regression models

Based on the observation of high coherence and con-
stant phase in the cross-spectral results, we bandpassed
filtered all winds, wind stress, and drifter-derived ve-
locities in the period band between 5 and 20 days. A
series of regression models were then made based on
the following complex vectors: U = u + iv, W = W*
+ iW?,and T = 7 + ir?, where (u, v) are the com-
ponents of drifter velocity, (W*, W”) the components
of wind velocity, and (7%, 77) the components of stress
in the x and y directions, respectively.

The first regression that we present is between the
drifter and wind velocity and is of the form

U=aW, (3.1)

where the complex number a is determined by a least
squares fit over the entire current and wind dataset after
currents were corrected for downwind slip and all time
series were bandpass filtered in the 5 to 20 day band.
The ensemble-averaged regression for the 1987 data
gives |a] = 4.8 X 107 and direction — a = —61°.
This regression accounts for 20% of the variance. The
ensemble-averaged regression for the 1989/90 data
gives |a] = 5.3 X 107* and direction — a = —76°.
This regression, which assumes that all of the motions
in the 5 to 20 day band are wind driven, accounts for
34% of the variance. The regressions describe the av-
erage state of the time-dependent drifter velocities. For
comparison with previous studies, the results suggest
that wind-driven currents at 15-m depth can be esti-
mated as 0.5% of wind speed and about 68° to the right
of the wind direction (based on the average of regres-
sion results for the 1987 and 1989/90 data). Of course,
such a rule of thumb result deriving from a steady-state
or low-frequency model is of limited usefulness given
instantaneous wind observations.

The second regression model is between drifter ve-
locity and wind stress:

U = b7y, (3.2)

where 7, is the wind stress at the ocean surface. In this
case, the ensemble-averaged regression for the 1987
data gives |b| = 0.25 m s~'/Pa and direction — b
= —62°. The ensemble-averaged regression for the
1989 data gives |b| = 0.28 m s~'/Paand direction — b
= —77°. This regression model accounts for 20% of
the variance in drifter velocities in 1987 and 35% of
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the variance in 1989/90. The model (3.2) and the par-
ticular results obtained for these datasets can be cou-
pled with various simple models to develop approxi-
mations of stress through an upper-ocean mixed layer
that represent improvements over the most commonly
used slab-layer profile.

c. Stress models for an ocean mixed layer

The physical models we envisage for the upper
ocean are based on the Ekman balance:
101
ify=—.
Po;
If the stress divergence in the upper ocean were con-
stant, the results of the regression model (3.2) and the
Ekman model imply a complex-valued mixing depth,

1

ipfb’

The regression model yields |h] = 37.4 m and direc-
tion — h = —28° for the 1987 data and |k| = 33.7m
and direction — h = —13° for the 1989 data. [We do
not provide confidence limits on &. The fact that 20%—
35% of the variance is explained by the regression
model (3.2) is a statement that there is a lot of geo-
strophic noise and that those limits can be expected to
be large.]

The apparent mixing depth scale | 4] is smaller than
the observed mixed layer depth of, approximately, H
= 60 m in the OCEAN STORMS area during the fall
period (Tabata et al. 1988), which implies that our
basal assumption of constant stress divergence over the
mixed layer cannot be correct. If the turbulent stress is
to vanish at the mixed layer base, the rate of change of
turbulent stress with depth would have to be less below
the drogue depth than it is at the drogue depth of h,
= 15 m. This result shows that the commonly used
slab-layer approximation of a linear stress profile
within the mixed layer is not appropriate. Our obser-
vations can be used to constrain higher-order stress pro-
files. We note, however, that this is still an underdeter-
mined inverse problem given our observations at one
depth. Many assumed forms of stress as a function of
depth could be fit to our observations.

We present two possible models for the distribution
of stress in an upper-ocean mixed layer based on simple
quadratic and exponential functions. This is useful in
order to highlight the differences between these distri-
butions and the commonly used linear distribution. Al-
though we believe these formulations represent im-
provements over the linear formulation, differences be-
tween them show that some aspects of the results are
still sensitive to the assumed form of stress profile. We
propose the quadratic formulation:

(3.3)

T =70 + az + Bz, (3.4)
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where a and f are complex constants. Using the for-
mulation (3.4) and the Ekman balance (3.3), these
constants can be determined assuming the following
constraints at the drogue depth and the mixed layer
base:
To
U (z = ~ho) iofh’

T(z=-H)=0. (3.6)

Evaluation of a and f gives the following upper-layer
stress:

(3.5)

oy 2 (L1 (Htoz
7—70[1+H+(h H)(H—Zho)]‘ (3.7)

This result, when combined with the Ekman balance
(3.3), yields upper-layer currents of the form

Tyl (1 L\ (H+22)
U= [H+(h H) (H—-ZhO)]' 38)

The model mixed layer stress and currents in Eqgs. (3.7)
and (3.8), respectively, contain some familiar proper-
ties, such as rotation of the current vector with depth
and net transport at 90° to the right of the wind stress
vector. Other properties, such as constant velocity
shear, are less familiar, particularly when compared
with typical slab-layer approximations. The details of
these model solutions depend on the ratios of the var-
ious observed depth scales, that is, total mixed layer
depth, H = 60 m, drogue depth, 2, = 15 m, and the
apparent mixing depth, || = 34 m to 37 m, and on
the rotation of h, which is obtained from results of the
regression model (3.2). Note that, if 4 is real and equal
to the mixed layer depth H, the model simplifies to the
commonly used slab-layer approximation.

In order to provide a measure of the sensitivity of
these resuits to the shape of the stress profile, we pro-
pose the alternative exponential formulation:

T=70+ y(e®—1), (3.9)

where y and \ are complex constants. These constants
can also be evaluated under the constraints (3.5) and
(3.6), although an explicit solution in terms of the
depth scales is not available. The mixed layer condition
(3.6) requires ¥y = —7¢/(e ™ — 1). Constraints at the

drogue depth require that
1 — he Mo
;l- = m , (3.10)

which can be solved iteratively for \ given a particular
set of depth scales. For the scales in our observations,
we find A\ = (0.060, 0.036) m™'.

The distributions of the model mixed layer stresses
and currents are presented in Fig. 4 for an eastward
wind stress, 7o = (1.0, 0.0) Pa, and the average re-
gression parameter b. Results are presented for both
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the quadratic and exponential stress formulations. In
each case, the downwind stress is maximum at the sur-
face and decays monotonically toward the mixed layer
base. The divergence of this stress drives flow to the
right of the wind. The stress component to the left of
the wind stress is zero at the surface and at the mixed
layer depth and has a middepth minimum. The diver-
gence of this stress drives downwind flow. In the quad-
ratic stress model, the curvature in the stress field is
constant with depth and, therefore, the shear of the cur-
rent is constant. In the exponential case, the current
shear is concentrated toward the top of the layer. In-
terestingly, the downwind current changes sign at mid-
depth in both model mixed layers and the flow at the
mixed layer base is predominantly upwind. The current
direction is 61° (60°) to the right of the wind vector at
the surface and 178° (184°) to the right of the wind
vector at the mixed layer base in the solution for the
quadratic (exponential ) stress formulation. The chang-
ing direction of the model current with depth is illus-
trated in Fig. 5, which shows the hodograph of model
currents for both stress formulations. The magnitude of
the shear across the mixed layer base is significantly
different between the two model simulations. In the
quadratic formulation, this shear is similar to that in a
slab-layer model but the direction is nearly opposite for
the depth scales we observed in the northeast Pacific.
In the exponential formulation, the direction of the
shear across the mixed layer base is also opposite to
the slab-layer model but the magnitude is much re-
duced.

4. Summary

This study has compared near-surface velocity mea-
surements from a large number of drifters with local
wind velocity and stress. The measurements were made
in the northeast Pacific Ocean in the fall of 1987 as part
of the OCEAN STORMS Experiment and in the fall
and winter of 1989/90 as part of the WOCE Heavy
Weather Experiment. The drifters used in the study
were of a modern TRISTAR or Holey-Sock design. (In
this context, modern refers to the fact that the drifters
have large drogues and large drag area ratios as well
as to the fact that the drifters have been calibrated for
downwind slip as a function of wind speed and drag
area ratio.) We have been able to resolve the apparent
contradiction in the literature in which subinertial pe-
riod, near-surface currents were found to be nearly 90°
to the right of the wind stress direction for moored cur-
rent meter observations (e.g., Davis et al. 1981) but
less than 30° to the right of the wind stress direction
for FGGE-style drifter observations in the same region
(e.g., McNally et al. 1989). Our results using heavily
drogued drifters show subinertial period currents mov-
ing at approximately 70° to the right of the wind stress
direction. The differences can be accounted for by pos-
sible differences in water-following capabilities of the
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and exponential (b) stress functions.
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different drifter designs: the earlier results from FGGE- area ratios up to seven times greater than the FGGE-
style drifters may have been dominated by large down- style drifters and, although they are still not perfect
wind slips due to the insufficient drag area ratio of those =~ water-following devices, they follow the water motions
instruments. By contrast, the modern drifters have drag  with much less downwind slip.
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Using the calibration data for the modern drifters
published by Niiler et al. (1995) and a simple slab-
layer model of the upper ocean, it is possible to repro-
duce the observed phase differences between wind and
current vectors as a function of drag area ratio. This is
done in the appendix. The model phase results depend
on the slab-layer thickness and, to a lesser extent, on
the subinertial frequency. For observed ranges of these
parameters, the expected phase difference between
wind and current vectors are between 60° and 85° for
drifters with drag area ratios of 70, such as those used
in this study. The same model predicts phase differ-
ences of 20°-60° for drifters with drag area ratios of
10, such as the FGGE-type drifters. In all cases, the
model phase predictions as a function of drag area ratio
tend to flatten for ratios above 40, which suggests that
this may be a reasonable minimum value for future
surface drifter designs.

The coherence and phase information obtained for
the current and wind vector comparisons showed high
coherence and nearly constant phase in the period band
between 5 and 20 days. We believe that the same results
would also hold for longer periods if it were not for the
contamination of the wind-driven statistics by currents
associated with mesoscale eddies. Given these results,
we formed various regression models using current and
wind data that had been bandpass filtered in the 5 to
20 day band. The regression results with vector currents
modeled as a complex constant times wind predict av-
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eraged currents of about 0.5% of the wind speed di-
rected 60° to the right of the wind vector. This angle is
slightly less than the typical phase difference for the
cross-spectral analysis because, presumably, the mean
results are less able to isolate wind-driven processes.

The measurements of Niiler et al. (1993) at these
latitudes show that there are high coherences between
local wind stress curl V X 7, and deep currents that
can account for current speeds of several centimeters
per second. These pressure-gradient-driven currents are
about the same magnitude as the presumed wind-driven
currents we observed in this study. However, a calcu-
lation using deep currents and local wind stress 7,
shows no significant coherence, which is understand-
able because wind stress and wind curl are 90° out of
phase at these frequencies. [ See Niiler et al. (1993) for
a review of published results on deep current relation-
ship to wind and wind curl. ] We therefore believe that,
even though there are pressure-gradient-driven currents
related to distant winds, there are not significant pres-
sure-gradient-driven currents related to local winds in
this open-ocean setting. Hence, it is appropriate to at-
tribute the wind-coherent motions we observed to di-
rect wind forcing.

A regression model with vector current equal to a
complex constant times wind stress yielded a constant
with magnitude 0.27 m s~'/Pa directed 70° to the right
of the wind stress vector. If this result is interpreted in
the framework of a slab-layer Ekman balance, it im-
plies an apparent mixing depth of 36 m, which is less
than the observed mixed layer depth of, approximately,
60 m. This observed discrepancy in depth scales sug-
gests a rotating, nonlinear turbulent stress distribution
in the mixed layer. We presented solutions for both
quadratic and exponential forms of turbulent stress,
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Fig. 6. Observed downwind slip as a function of wind speed
squared over drag area ratio from the field measurements of Niiler et
al. (1995). Best-fit lines for all observations (solid) and omitting the
open symbol outliers (dashed) are also shown.



2828

PR S VR S S NS R S I

JOURNAL OF PHYSICAL OCEANOGRAPHY

=30

Model Phase

-90

Drag Area Ratio, R

Fic. 7. Predicted phase difference between drifter-derived vector
currents and wind stress for a wind-driven slab as a function of drag
area ratio. Negative values denote flow to the right of the rotating
wind vector. Results are for two values of slab-layer thickness (A
= 10 m and & = 40 m) and for periods between 2 and 40 days. Both
positive (solid) and negative (dashed) frequencies are shown with
results of longer period motions making up the more central traces.

which for the depth scales observed in the northeast
Pacific imply current rotations from 60° to the right of
the wind stress vector at the surface to 180° to the right
of the wind stress vector at the mixed layer base. Cross-
wind current magnitudes based on the stress divergence
have subsurface maxima in the middle of the mixed
layer. This maximum is centered in the mixed layer for
the quadratic stress profile but is concentrated nearer
the surface in the exponential case. Shear across the
mixed layer base is predicted to be of similar magni-
tude, but opposite direction, to that used in more com-
mon, nonrotating slab-layer approximations in the
quadratic case. In the exponential case, shear across the
mixed layer base is also directed upwind but the mag-
nitude is smaller than that of the nonrotating slab-layer
approximation.

Other simple stress models are possible given the
depth scales and regression coefficients observable
using combined drifter and wind data. The robust re-
sult of our measurements is that stress must rotate
with depth if it is to vanish at the mixed layer base
and still fit with our observations at 15 m. Evidence
for rotating stress divergence of the type suggested
here is found in the mooring resuits of Davis et al.
(1981). Future analyses of vertically instrumented,
upper-ocean current and wind time series may pro-
vide insights as to the best shape for models of mixed
layer stress distribution. As it is, the models we pres-
ent may be useful in further correcting drifter-de-
rived current observations. Niiler et al. (1995) pro-
vide best-fit slip corrections as a function of wind
speed, drag area ratio, and shear across a drifter’s
drogue element. The stress models presented in this
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study predict downwind shear on the order of 0.2
cm s~ '/m for winds on the order of 10 m s~'. With
these parameters, the Niiler et al. (1995) field data
shows downwind slips attributable to shear that are
fully 80% as large as those slips attributable to wind
at the surface. Of course, beyond the goal of enabling
more accurate drifter-derived current estimates, the
discovery of a more representative model for stress
divergence in the upper ocean will benefit all upper-
ocean and air—sea interaction models.
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APPENDIX
Expected Response of a Wind-Driven Slab

The major features of the wind-driven response of
surface drifters—including sensitivity to drogue per-
formance—can be exposed with a simple model. In
particular, a possible explanation for the differences in
downwind slippage between FGGE-type drifters and
those used in this study is provided. We begin with the
horizontal momentum equation for wind-driven cur-
rents:

. 1

U,+th=;TZ, (A.1)
where, U =u +ivand T = 7" + i7” are the complex
representations of horizontal velocity and wind
stress, respectively. To relate these motions to
drifter-derived currents near the ocean surface, note
that observed currents are, in general, composed of
both wind-driven and non-wind-driven currents. The
latter are likely in geostrophic balance, although they
are considered as noise to the wind-driven system.
There is also error in the measurement of currents
from drifter displacement, which has, itself, been
measured and modeled.

In general,

U™ = U+ U% +N. (A2)

Here U is the wind-driven current that satisfies (A.1),
Us'? is the error in the drifter-derived current, N is non-
wind-driven noise, and each term is a function of time
t. The work of Niiler et al. (1995) describes field ob-
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servations of U™ for different drogue configurations
under varying wind conditions. They show how the slip
past a drogue increases as a function of wind speed and
shear across the drogue itself. The slip is also inversely
proportional to the drag area ratio R. In most situations,
we do not have information about shear but we do have
information about winds in the vicinity of the mea-
surements.

A downwind slip model proportional to wind speed
over R is capable of explaining 45% of the variance in
the Niiler et al. (1995) field data. This model, which
does not explicitly account for shear across the drogue,
has the following, simple form:

|Usie] = A W. (A3)
R

For U and Win ms™', A = 0.07. The direction of
the error vector is downwind. In our wind-driven
model, it will be convenient to have an error model
based on wind stress, not wind speed. Although the
correlation of slip and wind stress over R is not pre-
sented in Niiler et al. (1995), it can be derived from
their data with only a small decrease in the goodness
of fit. We use their data to obtain the best fit to the
alternate error model:

juse) = 2wz, (Ada)
R

Using all of the field data, we derive a best-fit slope of
B =8.12 X 107*s m™', which explains only 8% of the
variance. This fit is shown by the solid line in Fig. 6.
A better fit is obtained without the anomalous obser-
vations of relatively large slip at low |W|?/R (denoted
by the open symbols in Fig. 6). For that subset, we
obtain a best-fit slope of B = 7.05 X 10™*s m™', which
explains 22% of the variance and is shown by the
dashed line on the figure. Wind stress is related to
wind speed through a constant drag coefficient: T
= p.Cp|W|W. Hence our final error model is

i B’
|UsHP| = —T, (A.4b)
R
where B’ is 5.90 m” s kg ™' based on the better of the
two fits to the data.

The frequency-dependent coherence between drifter-
derived currents and wind stress can be derived by tak-
ing the Fourier transform of equation (A.2), which
gives

o B

u° =U+—R—T+N. (AS5)
The tilde symbol is used to denote the Fourier trans-
form, and each of the terms in (A.5) is a function of
frequency w. We employ a slab-layer approximation

for the wind-driven currents where i denotes the layer
thickness. If U(w) is obtained from the Fourier trans-
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form of (A.1) and (A.5) is multiplied by T*, we obtain

the current—wind stress cross-coherence
o [ Bl L
R iph(w + f)

B L g
_[R+me+ﬁ]”h

where the second equation is true if the noise and wind
stress are not coherent.

Equation (A.6) can be used to understand the role
of the drifter effectiveness (i.e., the drag area ratio R)
in the interpretation of current and wind stress obser-
vations. The magnitude of the wind stress spectrum acts
to scale the magnitude of the current—wind stress co-
herence but it does not affect the phase information.
Phase is controlled by the relative sizes of the slip and
inertial terms. For a perfectly water-following drifter,
R is infinite and the phase of the coherence between
currents and wind stress is —90°, as it is in the idealized
case of a wind-driven slab on the rotating Earth. At the
other extreme where R is zero, the drogue is completely
ineffective and the observed current and wind stress are
in phase. This implies downwind motion of the drifter
with no regard to the currents.

Although some of the assumptions involved in
(A.6), such as the slab-layer approximation, could be
criticized, the dependence of the phase on R is robust.

Figure 7 shows the phase of U°T* as a function of R
for two choices of slab-layer thickness and for an in-
ertial period of 16 h. The phase solutions are also
shown for a range of frequencies for each choice of
layer thickness. The innermost curves in both families
are for periods of +40 days and the outermost curves
are for periods of +2 days with positive frequencies
denoted by solid lines. Note that in all cases the phase
predicted for poorly drogued drifters with R < 10 is
within 30° of the downwind value. This is consistent
with the results from earlier generation drifters such as
those described by McNally et al. (1989) if, in fact, the
operational value of R for those instruments was low.
For the drifters used in this study, R is between 50 and
70 and the predicted phase is between 55° and 85° to
the right of the wind vector. This is also consistent with
our observations in section 3.

The phase results are not sensitive to the frequency
for frequencies less than the inertial frequency. For
thicker slab layers, the observed currents are more
downwind for all values of R, but in each case the
curves tend to flatten for R in the range 30 to 40. This
indicates a reduction in performance enhancement with
increasing R above these values. (Note that a better
performing drifter is one for which the phase ap-
proaches the theoretically perfect value of —90°.) This
suggests that a natural compromise design between
larger or more complicated drifters and smaller, less
expensive drifters is obtained at R values around 40.

]|T|2+NT*

(A.6)
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