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Abstract. Global Navigation Satellite Systems (GNSS) and modern motion-sensor packages allow the measurement of ocean
surface waves with low-cost drifters. Drifting along or across current gradients provides unique measurements of wave-current
interactions. In this study, we investigate the response of several combinations of GNSS receiver, motion-sensor package
and hull design in order to define a prototype “surface kinematic buoy” (SKIB) that is particularly optimized for measuring
wave-current interactions, including relatively short wave components that are important for air-sea interactions and remote
sensing applications. The comparison with existing Datawell Directional Waverider and SWIFT buoys, as well as stereo-
video imagery demonstrates the performance of SKIB. The use of low-cost accelerometers and a spherical ribbed and skirted
hull design provides acceptable heave spectra E(f) from 0.09 to 1 Hz with an acceleration noise level (27 f)*E(f) close
to 0.023 m?s~3. Velocity estimates from GNSS receivers yield a mean direction and directional spread. Using a low-power
acquisition board allows autonomous deployments over several months with data transmitted by satellite. The capability to

measure current-induced wave variations is illustrated with data acquired in a macro-tidal coastal environment.
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1 Introduction

Many devices have been developed to measure ocean waves, from in situ moored or drifting sensors, to remote sensing systems
using optical or radar devices (COST Action 714 Working Group 3, 2005). Each measurement system has a specific range of
applications defined by the required space and time resolution and coverage, water depth and current speed. They have been
very useful in studying upper ocean processes or monitoring sea states for various applications. Among all these, surface buoys
such as the Datawell Directional Waverider have been reference instruments for the estimation of the sea surface elevation
frequency spectra from measurements of buoy acceleration. The combined horizontal and vertical accelerations give the first
five angular moments of the directional spectrum that can be used to estimate the directional wave spectrum (e.g. Benoit et al.,
1997). In conditions with strong currents, e.g. more than 1 m/s, it is usually impossible to measure waves with a moored surface
buoy, due to the tension on the mooring line. This problem is avoided with drifting buoys, but the nature of the measurement
is different. Drifting buoys will not measure long time series at the same location, but they can provide a unique along-section
measurement of waves following the current (Pearman et al., 2014). Several devices such drifting buoys have been developed
recently for different applications (Herbers et al., 2012; Thomson, 2012; Reverdin et al., 2013). With our focus on relatively
short gravity waves, with wavelength between 1 and 30 m, there is a trade-off between the size of the device and its response
to the waves. In practice, the buoy cannot be too small so that it is easily found and recovered, nor too large so that it follows
the motion of these short gravity waves. Besides waves, the time-evolution of the buoy position can also be used to estimate
surface currents in cases where the wind force on the buoy is negligible.

Herbers et al. (2012) proposed a compact and low-cost 45-cm diameter GPS-Tracked drifting buoy. This buoy uses a GPS re-
ceiver for absolute position tracking. Compared with Datawell these authors find that the horizontal wave orbital displacements
are accurately resolved, although, the vertical sea surface displacements were not well resolved by standard GPS measurements,
requiring to attach an external high precision antenna to the drifter.

Thomson (2012) developed the Surface Wave Instrument Float with Tracking (SWIFT), a multi-sensor drifter buoy. This
instrumented spar buoy has a 0.3 m diameter and 2.15-m height, and has been designed to measure wind, waves, whitecap
properties and underwater turbulence and current profiles. Wave measurements are derived from the phase-resolving GPS, that
contain the wave orbital motions relative to the earth reference frame. The relatively large size of the buoy is needed for the
other measurements, however, the size and shape result in a very weak response for wave frequencies above 0.4 Hz. Obviously,
the SWIFT buoy design has other benefits, such as the use of an acoustic Doppler current profiler that allows to investigate the
effect of the vertical current shear on the waves (Zippel and Thomson, 2017).

Reverdin et al. (2013) developed a surface wave rider (called “Surpact") to measure sea state and atmospheric sea level
pressure as well as temperature and salinity at a small fixed depth from the surface. Surpacts use a floating annular ring (28 cm
diameter) with a rotating axis across it to which the instrumented tag is attached and uses the vertical acceleration to obtain the
power spectrum between 0.2 Hz and 2.2 Hz.

Our goal is to measure the response of surface gravity waves to horizontal current gradients, in order to better interpret

airborne and satellite imagery of waves and current features (e.g. Kudryavtsev, 2005; Rascle et al., 2014, 2017). Further, away
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from the coasts, it is now understood that surface currents are the main cause of the variability of wave properties at small spatial
scales (Ardhuin et al., 2017; Quilfen et al., 2018) and more measurements are required to better understand the processes at
play, and improve on the parameterizations of numerical wave models (e.g. Ardhuin et al., 2009; van der Westhuysen et al.,
2012).

In this context, most of the existing wave buoys are generally too large to properly respond to short gravity waves. We have
thus developed a low cost drifting buoy, the "surface kinematics buoy" (SKIB), specially developed for wave-current interaction
studies. Its design, tests and validations are presented here. This paper is organized as follows. Section 2 presents the relations
between parameters recorded by the various devices used in our study and the wave spectrum. Section 3 explains the design of
SKIB and validation in the laboratory and in situ. Section 4 describes an example application to measurements of waves and

currents, and conclusions follow in section 5.

2 Measurable parameters and processing

For random wind waves, the variance of the sea surface elevation field can be described using variance density spectrum
E(fr,0), or the action density spectrum N (k,0), where N (k,0) = E(fr,0)/o, fr = c/(2x) is the intrinsic (relative) wave
frequency, 6 is the wave direction.

For linear waves, the wavenumber £ is related to the intrinsic wave frequency, the frequency measured by a drifting buoy

following the current,
0? = gktanh(kD). ey

where D is the water depth, and g the acceleration of the gravitational force.
In the presence of a horizontal current vector U that is vertically uniform, the intrinsic frequency differs from the absolute

frequency fa = w/(27) observed in a reference frame attached to the solid Earth,
w=oc+k U. )

A near-surface shear would lead to an effective current that varies with the wavenumber (Stewart and Joy, 1974).

When drifting with the surface current vector (u,v), a surface buoy can measure the three components of the acceleration
vector (ax, @y, az), the GPS horizontal Doppler velocities (u,v) and positions (z, v, z). In practice the accelerations and hori-
zontal velocities have relatively low noise and can be used to measure waves. In our SKIB acquisition system, the GPS data is
sampled at 1 Hz while the accelerometer is sampled at 25 Hz and they are independent systems.

The spectra and co-spectra of these time series can provide the first five Fourier coefficients of the angular distribution, also
known as angular moments, ao(fr), a1(fr), b1(fr), a2(fr) and b (fr) (Longuet-Higgins et al., 1963; Kuik et al., 1988b). From
that it is possible to obtain the directional distribution of the spectrum F( fr,6) (Longuet-Higgins et al., 1963).
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For completeness, here are how the spectra and co-spectra Cxy of two quantities « and y, with = or y replaced by h for

heave, and u or v for the horizontal velocity components, are linked to the angular moments,

o) 1 o 1 o) 1
al(fr) cost Cuh/ Chh(Cuu + va
bif) & 2B sino 2 Cun/* Con(Cou £ 0]
Dt B(fe0)it) B(feo)in=f O oGt Co) 3)
as(fr) cos 20 o (Cuu Cw)/(Cuu+Cw)
ba(fr) sin26 2Cuv/(Cuu + Cwy)

From the first moments it is customary (Kuik et al., 1988a) to define a mean direction 6 (f) and directional spread s 1 (f),

01(fr) = rtan_l(bl/a1)7 “)
sif= 21 Parm. 5)

When only velocity measurement are available, one can only access E(fr), az(fr), b2(fr), which give the two following

parameters,
ag(fr) e - %tanfl (bg/ag) s (6)
P———
ol fr) = 0.5 1 a% —‘rb% . @)

We estimated the auto- and cross-spectra following Welch (1967), using Fourier transforms over time series of 5000 samples,
with a 50% overlap, and using a Hann window. The resulting spectra have a frequency resolution of 0.005 Hz and 24 degrees
of freedom (12 independent windows and 11 overlapped windows).

Because the GPS and accelerometer have different sampling frequencies, the buoy displacements are linearly interpolated
on the accelerometer sampling time steps. This is only required for the co-spectrum of the horizontal displacements Cyy (f),
and quadrature-spectra of horizontal and vertical displacements Cyn(f), Cyn(f).

Here we will focus on frequencies between 0.06 to 0.80 Hz for our investigation of current gradients. We will also discuss

the full frequency range for a validation of the buoy behavior.

3 Buoy design and validation
3.1 Hull shape and constraints of deployment at sea

The hull shape is clearly important when resolving short wave components. The main drivers are the stability of the buoy, we
typically want to have the top of the buoy stay above the water surface, in particular for GPS acquisitions and radio transmission,
we also wish to avoid rotation of the buoy relative to the water around it, and finally the buoy has to be big enough to be visible
for recovery and small enough to be easily handled and to follow the motion of short waves. One final driver is the overall
cost of the buoy. Because they also measure whitecaps with a camera and turbulence in the water, the SWIFT buoys use a spar
shape that is 1.8 m tall. Such a shape is not ideal for short wave measurements because it is resonant for heave excitation at a

frequency around 0.8 Hz.
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With all these constraints in mind we found that a nearly spherical shape with ribs and an additional skirt provided a good
water-following behavior, whereas spherical shapes performed more poorly. Three-dimensional printing was tested without
much success due to the porosity of the printed material. For the small number of buoys that we needed we finally settled on
glass spheres, for which we had other oceanographic uses for buoyancy in deep water moorings. The standard ribbed cage for
these spheres (figures 1 and 2) was augmented by a 3 cm wide skirt, as shown in figure 2, providing a nice water-following

capability.
3.2 SKIB Electronics

The accelerometer and the GPS system are directly integrated in a general-purpose oceanographic "Advanced Low Energy
Electronic System" (ALEES) board developed by Ifremer/RDT especially for autonomous applications that need very low
power consumption. This generic board uses a 32 bits micro-controllerworking at 48MHz, 1Mb flash memory and 128Kb
RAM. The data is stored in a standard Micro Secure Digital High Capacity (SDHC) memory card. The GPS and the ac-
celerometer acquisitions are not synchronized and the acquisition rates are 1 Hz and 25 Hz respectively.

The integrated accelerometer is a STMicroelectronics model LIS3DH (this is the SKIB STM buoy version), already incor-
porated in the ALEES board for other uses, namely the detection of strong motions for under-water sensors. This low-cost (less
than 2 USD) component was chosen for its very low power use, between 2 and 6 yA at 2.5 V.

A specific board was designed to control the GPS acquisition and send the buoy position via the IRIDIUM board. We
typically programed the buoy to send position messages every 10 min, in order to be able to find the instruments at sea in
highly variable currents. The ALEES and GPS boards can be controlled by a Zigbee wireless link.This wireless link also allow
the user to setup the buoy and to recover the data without opening the glass spheres, allowing to powering on and off the
system.

All the system, including the electronic boards, battery pack and antennas (Zigbee, GPS, Iridium) are mounted inside a 10-
inch diameter glass sphere, which is vacuum-sealed (see fig.1). Standard prices for all the parts in the year 2015 was about 1100
euros for all electronics, half of which is for the Iridium and GPS equipment, and another 1100 euros for the hull and mounts
inside of the hull. That expensive choice of the hull was, in our case, justified by a possible re-use for other oceanographic
applications.

For a detailed validation we have also integrated a more accurate sensor in two of the SKIB buoys (this is the SKIB SBG
buoy version). In those buoys an Inertial Measurement Unit (IMU) SBG Ellipse were used, set to an acquisition rate of 50 Hz.
However, this sensor significantly increases the equipment cost and power consumption, with a unit price typically above 4000
USD.

3.3 Laboratory tests and in situ validation

Buoy testing started with verification of expected acceleration accuracy in a wave tank, followed by a comparison with in situ

measurements with a reference wave buoy.
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Figure 1. Surface kinematic buoy (SKIB) a) main electronics components: Micro-controller board (EFM32 cortex M3), with data storage
and wireless link; GPS board; Iridium board; STM accelerometer or SBG IMU Elipse N. b) SKIBs with top cover removed, showing the

10-inch diameter glass spheres used to seal all the electronic components.

The laboratory tests were very useful for testing various hull shapes, from spheres to short cylinders. These led to the addition
of the plastic skirt that effectively removes rotations around the horizontal axes, with a limited impact on the water-following
capacity for short wave components. This nal design has a heave transfer function close to 1 up to 0.8 Hz, decreasing to 0.6
at 1 Hz, as established in wave basin tests (Thomas, 2015). This extends to high frequency the useful range of buoys suct
as Datawell Waveriders or SWIFTs. For in situ validation, the SKIB buoy was deployed drifting within 200 m of a Mark I
Datawell Directional Waverider of 70 cm diameter, moored in a region of weak currents with a mean water depth of 60 m,
at 48.2857N, and 4.9684W. This Waverider buoy is part of the permanent CEREMA wave buoy network, with the World
Meteorological Organization number 62069 (Ardhuin et al., 2012). This buoy provides measurements of the rst ve moments
for frequencies 0.025 to 0.580 Hz, based on accelerometer data.

Contrary to Herbers et al. (2012) who strapped their new acquisition system on a Waverider buoy, we wanted to validate
the full system, including the hull response. As a result the different sensors do not measure the same waves (with the same
phases) but should be measuring the same sea state, i.e. the same spectrum, moments, and derived parameters.

The test presented here was performed on 21 September 2016, from 10:44 to 11:56 UTC, following a similar test in 2015
with only a SKIB and a with a different GPS receiver but the same hull, and a Datawell Waverider. The results were very
similar. In the 2016 experiment, we also deployed a SWIFT buoy (Thomson, 2012) and a ship-mounted stereo video wave
system (Benetazzo et al., 2016). Pictures of all these systems are shown in gure 2, as used during the experiment.



Figure 2. Sensors using during oceanographic campaigns for in situ validation. a) SKIB deployment; b) SKIB buoy; c) SWIFT buoy; d)
Stereo video system



