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ABSTRACT

Direct measurements of the relative water flow near the top and bottom of Coastal Ocean Dynamics
Experiment (CODE) drifters were made in the northeast Pacific Ocean and the Mediterranean Sea in wind
speeds as large as 15ms~'. These measurements confirmed that the CODE drifter is a good Lagrangian
drifter with a mean downwind slip of about 0.1% of the wind speed. Substantial mean vertical shears across
the drifter (top 1 m below the surface) were observed, reaching an amplitude of 12 cms ™' and corresponding
to strong stratification (due to the proximity of river runoff) and strong winds.

1. Introduction

Satellite-tracked drifters have been used since the
1980s to measure currents and water properties near the
sea surface. They have been deployed in the global ocean
basins and marine coastal areas as part of the Global
Drifter Program (GDP; Niiler 2001; Lumpkin and Pazos
2007; Lumpkin et al. 2017) and various scientific projects.
Their trajectory data have been exploited to study the
kinematics and dynamics of the surface currents, from
the large basin scale to inertial/tidal motions, including
the mapping of the mean ocean circulation and seasonal/
mesoscale variability (Maximenko et al. 2013; Lumpkin
and Johnson 2013) and the study of surface tidal
currents (Poulain 2013; Poulain and Centurioni
2015; Poulain et al. 2018). Drifter programs in coastal
environments and in marginal seas have also been con-
ducted in various regions, such as the Gulf of Mexico
(Ohlmann and Niiler 2005) and the Mediterranean Sea
(Poulain et al. 2012, 2013). In addition, surface drifters
have been used to calibrate and validate the surface
currents measured by coastal high-frequency (Ohlmann
et al. 2007; Molcard et al. 2009; Kalampokis et al. 2016)
and X-band (Lund et al. 2018) radars and simu-
lated by numerical ocean circulation models (Thoppil
et al. 2011). Besides their use in oceanographic and
climate research, drifters are also routinely used for
search-and-rescue and oil spill tracking operations

Corresponding author: Dr. Pierre-Marie Poulain, ppoulain@
inogs.it

DOI: 10.1175/JTECH-D-18-0097.1

(Breivik et al. 2013) and to improve weather fore-
casting (Centurioni et al. 2017).

Surface drifters do not exactly follow the surface or
near-surface horizontal currents at time scales longer
than the surface gravity wave periods (e.g., longer than
1 min) because 1) their relative motion with respect to
the 3D flow associated with waves might be rectified
into a net force, 2) the existence of strong shear of the
horizontal currents near the surface, and 3) they must be
partially in the air for tracking and data telemetry to the
satellites; hence, they are inevitably directly affected by
surface winds. As a result, drifters are not perfect La-
grangian instruments, and their ability to measure the
currents is a major concern. Since the pioneering work
of Kirwan et al. (1975), the effects of winds, waves, and
surface currents on drifter systems have been studied
extensively. For instance, the detailed behavior of La-
grangian drifters was studied experimentally (Niiler et al.
1987, 1995; Geyer 1989; Mackas et al. 1989) and numer-
ically (Chereskin et al. 1989) for the Surface Velocity
Program (SVP) drifter, a design commonly used to
measure the surface mixed layer currents (at a nominal
depth of 15m) in the open ocean. Using mechanical
current meters attached to the SVP drifter Niiler et al.
(1987, 1995) measured a relative flow ranging from 0.5
to 3.5cms ™ '. The most important parameters related to
this slip were the ratio of the drag area of the drogue to
the sum of the drag areas of the tether and surface floats
(R), the wind speed and direction, and the velocity dif-
ference between the top and bottom of the drogue (re-
lated to vertical shear). It was shown that for R = 40, the
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relative slip of the SVP drifter is about 0.1% of the wind
speed. More recently, the water-following characteristics
of a new drifter design, the Consortium for Advanced
Research on Transport of Hydrocarbon in the Environ-
ment (CARTHE) drifter were assessed both in the lab-
oratory and at sea under a wide range of wave and wind
conditions (Novelli et al. 2017). It was found that this
drifter measures the currents in the top 60 cm below the
sea surface with a wind-induced slip less than 0.5% of the
wind speed and with minimum wave rectification effects.

The Coastal Ocean Dynamics Experiment (CODE)
drifter was developed by Davis (1985) to measure the
currents in the top meter of the water column in
coastal areas. It consists of a vertical, 1-m-long nega-
tively buoyant tube with four drag-producing vanes
extending radially from the tube over its entire length
and four small spherical surface floats attached to the
upper extremities of the vanes to provide buoyancy
(Poulain 1999). The water-following characteristics of
the CODE were originally studied by Davis (1985). A
test in a wave tank revealed that slippage due to sur-
face wave rectification is less than 1.5cms ™', with a typical
shear over the depth of the drag vanes of 2-5cms™'. The
CODE slippage was roughly estimated at sea by com-
paring its velocity with those of nearby moored current
meters. Davis (1985) concluded that CODE drifters are
accurate to about 3cms ™', even under strong wind con-
ditions. More recently, the response of wave and wind
forcing on CODE drifters was studied by Rohrs et al. (2012)
and Rohrs and Christensen (2015) but the slip of the drifter
with respect to the currents was not specifically addressed.

Since the original work of Davis (1985) no detailed
study of the water-following capabilities of the CODE
drifter has been performed, despite the conspicuous and
continuous use of this drifter design for scientific and
operational applications. This motivated new experi-
mental studies to assess the slippage of the CODE
drifters by measuring directly the relative flow around
the instrument while drifting at sea. The experiments
were conducted between 2000 and 2002 in the northeast
Pacific Ocean and in the Mediterranean Sea, in various
wind and wave conditions, involving direct measure-
ments of relative flow by means of acoustic Doppler
velocimeters mounted on a prototype CODE drifter.
The main goal of this paper is to report the results of
these experiments. It is organized as follows. A brief
background on the effects of wind and waves on surface
drifters is given in section 2. The technical specifications
of the CODE drifter equipped with current meters are
described in section 3. The measurements of relative
flows and the ancillary data of wind and waves are also
described. The results of the linear regression models
applied to the data to estimate the wind-induced slippage
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of CODE drifters in various wind conditions are reported
in section 4. These results are discussed and conclusions
are made in the last section.

2. Theoretical background

Four principal physical aspects determine the effects
of wind and waves on the motion of surface drifters at
scales longer than the wave periods. First, there is the
drag by the near-surface currents, including the wind-
driven Ekman currents (Ekman 1905) that rotate and
decrease exponentially in the water column over the ver-
tical extent of the drifter (roughly the top meter for the
CODE). Second, being a quasi-Lagrangian instrument, the
drifter is advected horizontally by the wave-induced Stokes
drift, which decreases exponentially with depth (Stokes
1847; Breivik et al. 2014, 2016; Clarke and Van Gorder
2018). Both Ekman and Stokes drift currents create a ver-
tical shear over the drifter vertical extent. Third, the high-
frequency motion of the surface waves can be rectified into a
net force on the drifter. Fourth, there is the direct drag ac-
tion of the wind on the top elements of the drifters. All these
elements produce a relative motion of the drifter with re-
spect to the water at depth z called “slip” S(z) defined as

8(z) =U, — Ug(z) — Uy(2), 1)

where Ug(z), Us(z), and Up are 2D vectors represent-
ing the near-surface Eulerian currents, the Stokes drift
velocities, and the drifter horizontal velocity, respec-
tively. The near-surface Eulerian velocity, that is, the
velocity measured by current meters or ADCPs on
moorings or those simulated by Eulerian numerical
models, includes the wind-driven Ekman currents.

Let us assume that the winds, waves, and currents are
steady and that the quadratic drag law can be applied with
constant drag coefficients. In this case, Up, is also steady.
For the scales of motion and typical speeds of the drifter,
we can also assume that the Coriolis force acting on it is
negligible. Assuming no vertical dependence of the wind
velocity over the vertical extent of the drifter element in
the air, negligible stratification over the vertical length of
the drifter Z, a drag coefficient independent of depth and
no wave rectification effects, the equilibrium of forces
acting on the drifter reduces to the balance between the
underwater current drag and the wind drag on the drifter:

1

2P ALCSQISE) = 30,4,C,IW = Up[(W=U,,).
@

where W is the surface wind velocity vector, p,, and p, are
the water and air densities, A,, and A, are the effective
areas exposed to water and air, and C,, and C, are the
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respective drags. The symbol () = (1/Z) [dz represents
the vertical average over the drifter vertical length Z.
If the drifter motion can be assumed negligible with
respect to the wind speed, (2) becomes

2PALCSQISE) = 5p,ACIWW. ()

Projecting this equation in the downwind and crosswind
(by definition to the right of the wind) directions and
using the definition of drag area ratio (R = A,,C,,/A,C,)
we obtain

<|S|Sd0wnwind> = (pu/Rpw)Wz > (4)
and

<|S|Scrosswind> = 0’ (5)
where W is the wind speed.

Equations (4) and (5) are complicated due to the ex-
istence of vertical shear of horizontal currents near the
surface, the veering of the currents with depth, and be-
cause they are intrinsically nonlinear.

As described in the next section, direct measurements
of relative flow around the CODE drifters were made
near its top and bottom extremities. From these mea-
surements, we can define the proxy slip as follows:

1
{S} = —E(relative flow top + relative flow bottom).
(6)

Note that for weak Ekman and Stokes drift currents,
which both decrease exponentially with depth, we can
assume that relative flows vary linearly with depth
across the drifter. In this case, the proxy slip is identical
to the mean of S(z) over the drifter vertical extension.
In the same way, the vertical shear of horizontal cur-
rents across the drogue is defined as

{SH} = relative flow top — relative flow bottom. (7)

Following Niiler et al. (1987, 1995) and Ralph and Niiler
(1999) the following simple regression models, inspired
from (4), can be used to relate drifter slippage to wind
speed in the downwind direction:

{S}downwind = a/RW’ (8)
and
{SH{S} gowning = P/RW?, )

where a and b are unknown constants. Niiler et al. (1995)
also included the shear in their regression model. In our
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FIG. 1. (left) Prototype and (right) standard CODE drifters. The
two Aquadopp velocimeters mounted at the top and bottom of the
prototype drifter are clearly seen. The inset is an enlarged photo-
graph of an Aquadopp velocimeter with transducers.

study, however, the inclusion of the shear did not yield
significant and useful results (mostly likely due to large
variability not related to the wind) and only the model
with wind speed is considered in this paper for the sake
of simplicity.

3. Data and methods
a. The CODE drifter equipped with velocimeters

The CODE drifter design used in this study was
manufactured by Technocean and Data Buoy In-
strumentation (DBI; model Argodrifter; https://www.
facebook.com/DBILLC). It was fitted with Nortek
Aquadopp acoustic velocimeters (www.nortekusa.com)
and Motorola GPS receivers to measure the horizontal
relative flow around and below the drifters and their
positions, respectively. The integration of these in-
struments was made without significantly changing the
hydrodynamical characteristics (e.g., size, buoyancy,
and drag area) of the drifters. However, the prototype
drifter has a larger weight compared to the regular CODE
due to the Aquadopps and batteries (10 vs 8.2-8.6kg). A
photograph of the standard CODE drifters and the
drifter fitted with velocimeters is depicted in Fig. 1. The
nominal depth below the sea surface of the top and
bottom velocimeters are 0.27 and 1.27 m, respectively.
The ratio of the drag areas of the submerged elements
and the in-air parts (R) is about 60 for both CODE with
and without velocimeters. This value is larger than for
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the SVP design (40). The CODE drifter with velocim-
eters is referred to as the CODE prototype drifter. A
schematic representation of this drifter, including di-
mensions, is shown in Fig. 2.

The Aquadopp velocimeters measure the relative
water flow near the tubular body of the drifter with an
accuracy of about 1 cms ™' and with sampling frequency
as large as 1 Hz. They use the Doppler effect to measure
current velocity by transmitting a short pulse of sound,
listening to its echo, and measuring the change in fre-
quency. These measurements are made with three
custom-made transducer heads pointing in directions
separated by 120° and perpendicular to the main body
of the drifter. Acoustic signals (at 2 MHz) in beams of
1.7° width emitted by the three transducers are re-
flected by particles suspended in the water in the
measurement cell centered at 1.1m from the trans-
ducer head (the measurement cell is 1.5m long and
shaped like a triangle). The radial velocities obtained
from each beam are combined by the Aquadopp soft-
ware to produce the two components of the rela-
tive flow velocity perpendicular to the drifter. The
Aquadopp velocimeters include ancillary sensors such
as a tilt meter to measure its pitch and roll, a compass to
record its orientation, a pressure sensor to measure the
depth of the instrument, and a thermistor to measure
sea surface temperature. The GPS receivers provided
high-accuracy (~1m) position data at 1Hz. All the
data were recorded on a datalogger and memory board
inside the drifter.

b. Direct measurements of flow relative to the
CODE drifter

CODE prototype drifters fitted with Aquadopp in-
struments were deployed for periods ranging from
~20min to about 10 h in various geographical locations,
under a variety of wind and sea conditions (Table 1).
Local wind and surface wave conditions were obtained
from measurements made with research vessels, fixed
platforms, and buoys near the CODE prototype drifters.

1) MONTEREY BAY EXPERIMENTS

The first deployments were carried out in Monterey
Bay in the northeast Pacific Ocean on 5, 6, 8, 11, and
12 December 2000 with R/V Martin of the Moss Landing
Marine Laboratories. The CODE prototype drifter was
deployed for as long as ~5h and moved to the east or
north with typical speeds of 20-40cms~'. Wind data at a
nominal height of 7.2m above mean sea level were
collected at 2-min intervals on R/V Martin. Surface
wave data were obtained from a Datawell Waverider
buoy maintained by the Naval Postgraduate School in
Monterey Bay with 30-min sampling period.
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FIG. 2. Schematic diagram of the CODE prototype drifter. Di-
mensions are in millimeters. Submerged parts are shown in a shade
of light gray.

Winds were low to moderate (vector averaged over
10min, <8ms~ ') and predominantly easterly in the
morning, turning to westerly in the afternoon. The sea
state was dominated by a swell coming from the NW,
with peak period (Tp) ranging between 10 and 15s and
significant wave height (Hs) of about 1m on 5-11
December 2000, increasing to 2.5m for the last ex-
periment on 12 December 2000.

2) GRADO EXPERIMENTS

The same prototype drifter was operated off Grado in
the northeastern Adriatic Sea outside the Gulf of Trieste
on 12, 14, and 20 March 2001 with R/V Mirto. A mete-
orological station was installed on the boat to measure
wind speed and direction at about 7m above mean
sea level. The true wind data were available at 2-min
intervals. Wave data were available from a nearby
Datawell Waverider buoy maintained by the Istituto
Nazionale di Oceanografia e di Geofisica Sperimentale
(OGS). Wave data were sampled every hour. On 20 March
2001, the Aquadopp velocimeters were erroneously pro-
grammed to average the currents over 10 min instead of 1s.

Wind speed was low (<1ms~ ') and waves quite in-
significant (~0.1 m from the south) on the first day. On
14 March, the wind increased to reach 2ms ™' shifting
from north-northwest to south-southwest. The Hs
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TABLE 1. Locations, dates, durations, and ranges in wind speed, currents speed, wave height (Hs), and period (Tp) for all the experiments
with the CODE prototype drifter.

Location Deployment date Duration (h:min) Wind (ms™!) Currents (cms 1) Hs (m) Tp (s)
Monterey Bay 5 Dec 2000 1:58 1.3-5.0 20-30 1.1-1.3 10-12
Monterey Bay 6 Dec 2000 3:19 0.5-7.8 40 1.0-1.2 13-14
Monterey Bay 8 Dec 2000 4:58 0.5-4.5 30 1.3-15 12-13
Monterey Bay 11 Dec 2000 4:49 0.1-33 20-30 0.8-1.0 10-12
Monterey Bay 12 Dec 2000 3:50 0.6-5.9 30-40 2.0-2.5 13-15
N. Adriatic (Grado) 12 Mar 2001 3:25 0.1-1.0 10-30 0.1 5-6
N. Adriatic (Grado) 14 Mar 2001 0:55 0.1-1.9 10 0.1-0.2 5-6
N. Adriatic (Grado) 20 Mar 2001 3:27 1.7-3.7 10 0.3-04 34
N. Adriatic (Venice) 28 Mar 2001 1:42 2.7-3.5 20-30 — —
N. Adriatic (Venice) 29 Mar 2001 3:03 0.2-3.5 20 0.4-0.5 4
N. Adriatic (Venice) 6 Nov 2001 2:45 0.3-3.7 30 — —
N. Adriatic (Venice) 8 Nov 2001 4:24 0.5-4.4 20 0.3 4
N. Adriatic (Venice) 2 Apr 2002 0:44 1.7-2.5 <10 0.1 3
N. Adriatic (Venice) 2 Apr 2002 0:56 1.7-2.5 <10 0.1 3
N. Adriatic (Venice) 3 Apr 2002 6:03 1.2-5.9 20-30 0.1-0.3 3
N. Adriatic (Venice) 3 Apr 2002 6:41 1.2-5.9 10-20 0.1-0.3 3
N. Adriatic (Venice) 4 Apr 2002 7:25 6.4-14.9 20-30 0.5-14 2-4
N. Adriatic (Venice) 5 Apr 2002 5:10 42-7.9 10-20 0.4-0.8 2-4
N. Adriatic (Alliance) 28 Sep 2002 0:20 0.4-4.8 10-20 —

N. Adriatic (Alliance) 1 Oct 2002 7:52 0.7-4.5 20-40 — —
N. Adriatic (Alliance) 3 Oct 2002 8:42 0.1-32 10-20 — —
N. Adriatic (Alliance) 5 Oct 2002 9:40 0.1-9.6 10-30 — —

increased to about 0.2 m with a swell from the south with
Tp of 5-6s. On 20 March 20, the wind was as strong as
3.6ms~! from the north and north-northeast, and waves
coming from the south-southeast reached 0.3m. Note
that this location is influenced by the outflow of the
Isonzo River, which can produce a strong stratification
and strong shear in the top meter below the surface. The
drifter moved to the southwest or northeast directions

with speeds of 10-30cms ™.

3) VENICE EXPERIMENTS

Two CODE prototype drifters were deployed in the
vicinity of the Italian Consiglio Nazionale delle Ricerche
(CNR) Acqua Alta Tower (located about 16 km to the
southeast of Venice Lido Island) in the northwestern
Adriatic Sea on 28 and 29 March and 6 and 8 November
2001 and 2-5 April 2002. Deployment and recovery
operations were carried onboard R/V Litus on which a
meteorological station was mounted to collect wind data
at about 7m above mean sea level. The waves were di-
rectionally recorded by three pressure transducers lo-
cated on three legs of the tower (Cavaleri 2000). Wave
data were obtained at 3-h intervals. On 4-5 April 2002,
weather conditions precluded operations with R/V Litus
and one CODE prototype drifter attached with a long
line was deployed several times from the tower to collect
data over short intervals (5-14 min). The line, which was
kept loose while the drifter moved away, was used to
fetch it back. The data of the first period with the line

loose were only considered here (practically half of the
deployment period, that is, as little as 2.5min). These
data might be affected by the drag on the line, and
possibly the wake of the tower, and therefore are less
accurate. Nevertheless we considered them in this work
because they correspond to the only cases with strong
winds (>10ms1).

On 28-29 March 2001, winds were moderate (<3.6ms ')
from the southeast on 28 March and northeast on
29 March. On 6-8 November 2001, wind speed varied at
0.3—4.4ms ' and wind direction was from the southeast
(on 6 November) and southwest (on 8 November). On
29 March, there was some swell with Hs reaching 0.5 m,
Tp of 4s, coming from the southeast. On 8 November
2001, waves had an Hs near 0.3m, a Tp of about 4s,
coming again from the southeast. No wave data were
available on 28 March and 6 November. The drifters moved
to the southwest or northwest with speeds of 20-30cms .

On 2-5 April 2002, winds were stronger, reaching a
maximum on the morning of 4 April with speeds of
~15ms~ ! and northeast direction (bora). Strong winds
were associated with waves of Hs reaching 1.4 m, with
Tp ~3s, coming from the east. The drifters moved with
typical speeds of 10-30cm s~ ' mainly toward the west.

4) NORTHERN ADRIATIC EXPERIMENTS

The last experiments with one CODE prototype drifter
were carried onboard NATO R/V Alliance in several
places in the northern Adriatic during the ADRIAO02
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FIG. 3. Unfiltered data of relative speed, pressure, heading, pitch, and roll for the CODE
prototype drifter deployed in Monterey Bay on 6 Dec 2000.

cruise (Boldrin et al. 2009) on 28 September and 1, 3, and
5 October 2002. Wind data at about 10 m above mean sea
level were obtained at 5-min intervals. Wind speeds were
in the range 0-5ms™'. Sea state (waves) conditions were
not recorded. The drifter moved with speeds of 10-40cms ™!
in several directions (northwest, northeast, southeast).

c¢. Drifter data processing

The Aquadopp relative currents were projected hor-
izontally using the tilt meter data and were converted to

the zonal and meridional components using the compass
information. The horizontal relative flow data were
vector averaged using 50% overlapping 10-min windows
and sampled at 5-min intervals. For the experiments of
4-5 April 2002, the time windows were reduced to as
little as 2.5min because of the repeated short de-
ployments with a rope. The pressure measured by the
Aquadopp was corrected for a mean offset of less than
1 dbar. The measured wind speed was converted to the
neutral wind speed at 10-m height using a power law
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FIG. 4. Relative velocity components in the downwind direction measured by the top and
bottom Aquadopp velocimeters: Monterey (*), Grado (0), Venice (+), and northern Adriatic
(x). Velocities were averaged over 2.5-10-min intervals.

with exponent equal to 1/7. The converted wind data
were vector averaged in the same way as the Aquadopp
measurements. The low-pass filtered relative flow data
were subsequently projected in the down- and crosswind
(positive to the right) directions.

4. Results

a. High-frequency motion

Figure 3 shows an example of the unfiltered data
measured by the Aquadopp velocimeters mounted on

the CODE drifter prototype deployed in Monterey Bay
on 6 December 2000. The high-frequency motion of the
drifter induced by the waves is evident in all the pa-
rameters displayed, especially for the top velocimeter,
which measured speeds reaching a maximum of about
50cms™ !, with a mean of 8cms ™! and standard deviation
of 5cms L. For the bottom velocimeter, the maximal
speed is only about 20cms ™', and the mean and stan-
dard deviation are reduced to 5 and 3cms”!, re-
spectively. The level of the bottom velocimeter shows
fluctuations bounded by *0.15dbar corresponding to
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FIG. 5. Asin Fig. 4, but for the crosswind direction. The crosswind component is positive to the
right of the wind.

the heave motion. The pressure has a mean of 1.3 dbar with a
standard deviation of 0.04 dbar, The drifter inclination
(pitch and roll) is bounded by 15°, but the standard de-
viation is only about 2°. The compass data (heading) show
that the drifter is slowly turning on itself initially with a
period of about 20 min, but stabilizes after 1930 UTC.

b. Low-frequency relative flow

The low-pass filtered downwind and crosswind com-
ponents of velocity measured by the top and bottom
velocimeters are displayed in Figs. 4 and 5 for all the 22
experiments in Monterey Bay and the northern Adriatic
Sea. The low-frequency relative flow components can be as

large as ~6cms ™!, even under weak winds for the Grado

experiments. Visual inspection of Fig. 4 reveals that the top
(bottom) relative flow tends to decrease (increase) in the
downwind direction, with increasing wind speed. Exclud-
ing the Grado experiments, the relative flow components
are essentially bounded by 2cms ™! for wind speed less
than 10ms ™' and they are typically an order of magnitude
smaller than the drifter speeds (see Table 1).

c. Proxy slip and shear

The proxy slip and shear, defined in (6) and (7) and
derived from the top and bottom Aquadopp velocimeter
data averaged over 2.5-10-min intervals, were projected
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FIG. 6. Proxy slip and shear in the downwind direction derived from the top and bottom
Aquadopp velocimeter data averaged over 2.5-10-min intervals: Monterey (*), Grado (0),

Venice (+), and northern Adriatic (x).

in the down- and crosswind directions (Figs. 6 and 7).
Slips can be larger than 4cms ! in the downwind di-
rection for wind speeds of 10-15ms™'. For smaller wind
speeds, they are essentially bounded by +3cms ™. In the
crosswind direction, they are bounded by +3cms ™!, ex-
cept for some values of the Grado experiments reaching
~4cms . Visual inspection reveals a general increase of
the downwind slip with increasing wind speed. In contrast
for the crosswind direction there is no apparent trend.
Shear components are generally larger than the slips
with values in excess of 9cms ™! in the upwind (Fig. 6) and
crosswind (to the right of the wind; Fig. 7) directions.
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In the downwind direction, the shears tend to become
more negative for large wind speeds. The Grado ex-
periments are characterized by large shears in upwind
and crosswind directions, under weak wind conditions. In
absolute values, the shear can reach 12cms ! (not shown).

d. Drifter slippage versus wind speed

To seek relationships similar to (8) and (9), we aver-
aged the proxy slips in 0.5ms ™! wind speed intervals and
calculated regression lines forced through the origin.
For the downwind slip versus wind speed (Fig. 8, top)
the slope of the regression line is a/R = 0.08 = 0.04.
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FIG. 7. Asin Fig. 6, but for the crosswind direction. The crosswind component is positive to the
right of the wind.

The coefficient of determination is 46%. If we consider
the product of the slip speed times its downwind
component and plot it versus the square of the wind
speed (Fig. 8, bottom), the slope of the regression line is
b/R = 0.02 = 0.01 (coefficient of determination of
33%). Thus, both regressions support the conclusion
that the drifter slip is downwind and amounts to about
0.1% of the wind speed.

5. Discussion and conclusions

Direct measurements of relative flow near the top
and bottom of CODE drifters were made in various

geographical and wind conditions to assess the water-
following capabilities of these quasi-Lagrangian
instruments. The observations were obtained in
Monterey Bay and in the northern Adriatic Sea in winds
as large as 15ms~! and waves up to 2-3m. The rel-
ative flow measurements and wind data were low-pass
filtered, and the down- and crosswind components of
relative flow, proxy slip, and shear were calculated.
Relative flow was as large as ~6cms ™! in the downwind
direction (Fig. 4). The downwind slip was bounded by
4cms™! in absolute value, with a tendency to increase
with increasing wind speed. Excluding the measure-
ments made off Grado in the vicinity of a river outflow,
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represent the linear regression lines forced through the origin.

the downwind shear was bounded by 6cms™' with a
tendency to decrease with wind speed. In the cross-
wind direction, there was no apparent trend with wind
speed for the slip and shear (Fig. 7). Regression lines
inspired by (8) and (9) were calculated after further
averaging in 0.5ms ! wind speed intervals. The results
support the main conclusion that the slip is essentially
downwind and increases with wind speed with a slope
of 0.1%. Quantitative analysis of the effect of waves of
the CODE water-following capabilities was not per-
formed due to the small range of Hs, the missing data for

some experiments, and because waves were generally
highly correlated with the local wind forcing. Likewise,
the shear across the drifter was not included in the re-
gression model since its addition did not result in
significant conclusions. Despite the relatively large
values (6-10cms™ ') for the measured relative flow,
proxy slip, and shear averaged over 2.5-10 min, we can
conclude that the CODE drifter is a good Lagrangian
drifter, which follows the near-surface currents
(about 0.5 m below the sea surface) with downwind slip
of about 0.1% of the wind speed in wind (and related
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local wind-generated waves) conditions ranging over
0-15ms™'. This confirms, and expands, the original re-
sults of Davis (1985) and the linear regression could be
used to correct past and future near-surface current
measurements with CODE drifters using wind mea-
surements or products.

The downwind slip of the CODE drifter is similar to
the value obtained for the SVP drifter with a drogue
attached at 15m depth (Niiler et al. 1995) so these two
standard drifters measure the near-surface currents with
about the same accuracy, but obviously at different
depths. It is interesting to note that the drifter slip is an
order of magnitude smaller than the wind-driven cur-
rents (Ekman + slip + Stokes) estimated for CODE
drifters in the Mediterranean (Poulain et al. 2009),
which are about 1% of the wind speed. The CARTHE
drifter appears to have slightly better accuracy (slip-
page of 0.5% of wind speed; Novelli et al. 2017) but
relative currents around this new drifter design have
not been measured directly yet.

As demonstrated in this paper, drifters fitted with
acoustic velocimeters (or profilers) are effective La-
grangian instruments to measure currents and shear
close to the sea surface. Hence, they can be combined
with other mobile (e.g., gliders) or fixed platforms
(e.g., moorings) to explore the dynamics at the air—
sea interface. These measurements are crucial to
study air—sea interaction processes and, in particu-
lar, to improve the parameterization of the wind
stress flux in numerical models of ocean circulation.
Measuring the relative flow with acoustic velocimeters is
essential in order to accurately measure the horizontal
and vertical structure of the near-surface currents with a
large number of low-cost drifters, as part of specific sci-
entific studies and for operational uses such as oil spill
mitigation and search-and-rescue operations.
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