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a b s t r a c t

The determination of non-directional and directional sea wave spectra is attempted by analyzing the
dynamical response of a surfaced Slocum glider. The method makes use of the glider heave motion to
infer non-directional properties of the wave spectra. In addition, surge and sway motions are considered
to derive wave directionality. The transfer functions for heave, surge and sway for a surfaced Slocum
glider has been computed to determine the impact of the body geometry/inertia and the angle of
incidence on the response of the surfaced platform when excited by regular waves. Numerical results
show that for wave periods longer than 6 s, motions measured at the glider platform can be assumed
equivalent to motions experimented by the water parcels at the sea surface. Spectral information about
sea state conditions can then be directly derived from the measurement of glider responses. Results also
reveal a natural period of the surfaced glider at around 5 s. A series of field experiments were conducted
during March 7th, May 17th and May 27th of 2013 in a marine region off-shore La Spezia, to validate the
methodology. Specifically, the wave spectra derived from a Slocum glider equipped with a set of
accelerometers was compared against the values provided by a Datawell Waverider Mk3 moored in the
vicinity of the glider deployment. Agreement has been found between the non-directional estimates
from the glider and the values measured by the waverider. Regarding wave directionality, glider
estimates of peak direction agree well with those reported by the waverider. More significant differences
are found between the directional spread estimates.

& 2015 NATO/CMRE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Surface wave processes are mainly generated at the ocean’s
surface due to the interaction with the atmosphere immediately
above it. These are usually characterized by wavelengths and
amplitudes ranging from centimeters up to hundreds of meters
and from millimeters up to tens of meters, respectively. Ocean
waves have an enormous impact on ocean physical processes and
human related activities. They significantly influence air–sea
fluxes by determining the drag at sea surface (Sullivan and
McWilliams, 2010), increase turbulent mixing in ocean’s upper
layer (Sutherland et al., 2013; D’Asaro et al., 2013), modify the
bottom friction coefficient for ocean currents (Wolf and Prandle,
1999), generate rip currents (Yu, 2006) and modify the sediment
transport conditions and erosion in nearshore regions (Komar,
1998; Hsu et al., 2006). Sea state conditions are of central
importance for maritime structures (Goda, 2010), maritime

transport (Vanem and Bitner-Gregersen, 2012) and search and
rescue (Bezgodov and Esin, 2014) among others.

Despite the different technologies developed to monitor sea
state conditions, wave observations still remain sparse relative to
the size of oceans. These are predominantly provided by waverider
buoys and remote sensing. The former is a buoy moored to the sea
bottom by means of an elastic mooring in order to follow the sea
surface (Tucker and Pitt, 2001). The buoy is instrumented with an
accelerometer that registers the rate at which the buoy is rising or
falling as it follows the wave pattern. Vertical displacements are
then derived from the sampled vertical accelerations (Earle, 1996;
Niclasen and Simonsen, 2007). A limited number of waverider
buoys also record pitch, roll and accelerations in the horizontal
axes to derive directional properties of the incident wave field.

Remote sensing offers alternative procedures to complement
in situ observations. High frequency (HF) radars have been exten-
sively used to extract information about ocean waves from the sea
echo spectrum. This is achieved by inversion techniques based on
empirical or physically-based models relating the radar back-
scatter spectrum to the ocean wave spectrum (Graber and
Heron, 1997). Information about wave height is also obtained by
radar altimeters (Queffeulou, 1987) and synthetic aperture radars
(SAR) aboard low-orbiting satellites (Swift and Wilson, 1979;
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Heimbach et al., 1998; Alpers, 2003). The former infers the
roughness of the ocean surface from the shape of the return pulse
while the latter make use of the modulation that ocean waves
generate in the backscatter of microwaves from the sea surface.
The SAR sensor is able to provide images from the sea surface with
sufficient resolution to detect surface wave processes (Kanevsky,
2009). Ocean wave fields have been measured remotely by Hwang
et al. (2000), Reineman et al. (2009) and Romero and Melville
(2010) using light detection and ranging (lidar) systems onboard
airplanes. Airborne lidar provides spatiotemporal measurements
of waves accurate enough to allow in situ calibration of marine-
radar-based measurements of sea state.

Other procedures to measure sea state conditions exist, but
their application is less extended. Shipborne wave recorders are
among them (Tucker and Pitt, 2001). These are constituted by a set
of accelerometers and pressure sensors distributed at different
ship locations. Accelerometers measure vertical movements
induced by the waves while pressure records are used to correct
the effects of ship geometry and inertia (in general, ships do not
accurately follow the sea surface). Shipborne sensors provide
in situ observations in open seas where the coverage of waverider
buoys or HF radars is very limited or non-existent.

Recent technological developments on autonomous vehicles may
expand the capabilities to provide sea state observations as an added
value. For example, an unmanned surface vehicle (wave glider) was
recently used by Lenain and Melville (2014) to record different
oceanographic (including sea state) and atmospheric variables as
the platform passed near the category 3 Tropical Cyclone Freda.
Goodman et al. (2010) estimated surface wave displacements from
motion and pressure sensors onboard a moving autonomous under-
water vehicle-AUV. Underwater gliders are other unmanned plat-
forms that are becoming popular in oceanography. These are
autonomous vehicles designed to observe vast areas of the interior
ocean (Stommel, 1989). For this reason, there is a significant growing
interest in glider technology by oceanographers (Testor et al., 2009).
Making use of buoyancy changes, their hydrodynamic shape and
small wings, gliders carry out undulatory motions between the
surface and a pre-determined depth, with a net horizontal displace-
ment with a speed of about 1 km/h. Gliders have an endurance of
one to several months, covering distances of thousand kilometers
(recently, a glider crossed the Atlantic Ocean (�5300 km) in a
7 month mission; Shapiro, 2010). During a mission, a glider periodi-
cally surfaces to re-position and establish communications with the
base station. The time at surface is programmable and it usually
ranges from few minutes up to an hour depending on the amount of
information to be transmitted. This working procedure suggests the
possibility to expand the sensing capabilities of the glider platform to
provide also information about present sea state conditions.

Non-directional wave spectrum refers to the vertical fluctua-
tions of the water surface at a fixed location and thus, only the
raise and fall motion of the water surface is needed for its
estimation. As it was previously mentioned, a popular and widely
used method to derive non-directional waves is measuring the
heave motion of a body (i.e. a buoy), and then converting the
body’s heave into wave vertical motion by means of the body’s
heave response function (Chen-Tung, 2009; Holthuijsen, 2010). By
using this approach, non-directional wave parameters have been
obtained by Pereira and Sukhatme (2010) from glider vertical
motions measured by an on-board accelerometer and assuming
that the glider follows the sea surface (hereinafter referred as the
waverider buoy analogy). Their scope was to predict glider com-
munication quality. Although sharing similar trends, discrepancies
were found between the sea surface height derived from the glider
and a reference waverider buoy. These differences were justified in
terms of the large distance (25 km) between the locations of the
glider surfaces and the waverider buoy. This prevented a clear

assessment of the methodology and, up to author’s knowledge, the
validation of the waverider buoy analogy for a surfaced glider is
still an open issue. Mathematically, the assumption holds if the
complex valued transfer function, that relates the measured glider
response to the wave energy spectrum, equals to one for the
frequency range of typical sea waves. Otherwise, the transfer
function must be taken into account in order to correct the effects
in the dynamical response of the body geometry and inertia as
well as the wave angle of incidence.

The directional sea spectrum provides the energy distribution
in terms of frequencies and directions of incidence of waves. In
addition to the heave motion, other motions are required to derive
information about wave directionality from the motion of a
floating body. For example, the so called particle-following tech-
nique makes use of body’s heave, surge and sway motions to
estimate wave directionality (Young, 1999). Again, response func-
tions of these motions are used to convert body’s to wave motions.
Directional wave information is then obtained from a cross-
spectral analysis among the heave motion and the other two
orthogonal motions. Similarly to the non-directional case, body’s
motions are equivalent to wave motions if the waverider buoy
analogy holds.

This study further investigates, in general, the capability of
underwater glider technology to provide non-directional and
directional properties of sea state conditions and, in particular,
the validity of the waverider buoy analogy for a surfaced glider.
This is done first by the numerical determination and analysis of
the transfer function for heave, surge and sway motions of a
surfaced glider excited by regular waves and second, by experi-
mental comparison of the non-directional and directional wave
spectrum provided by a waverider buoy with the spectrum
estimated from a surfaced glider assuming the waverider buoy
analogy. The study has been done using a Slocum glider (Webb
Res. Co.-Teledyne, Falmouth-MA; Webb et al., 2001) which is
operated by many users worldwide, including CMRE. This facil-
itates direct exploitation by other users of the results derived from
this study. On the other hand, the application of the described
methodology to other gliders would be straightforward. The
article is organized as follows: Section 2 describes the methodol-
ogy followed to numerically compute the transfer function for
heave of a surfaced glider as well as the experimental set up done
to assess the non-directional and directional sea spectra from a
surfaced glider. Numerical and experimental results are presented
in Section 3. Finally, Section 4 discusses and concludes the work.

2. Model and data

2.1. Model of the transfer functions of a Slocum glider excited by
regular waves

The main objective of this subsection is to determine the
frequency characteristics of the responses of a surfaced glider
when excited by waves. This is because for small glider motions,
the statistics of the responses obtained from measuring glider
motions can be converted to wave energy spectra if the response
spectra of the glider are known. To do that, a free-floating Slocum
glider is assumed at the sea surface (Fig. 1). The glider has a hull
length of 1.79 m and a diameter of 0.213 m. This hull is formed by
a frontal ellipsoidal section of 0.21 m length, a central cylindrical
part of 1.21 m and second ellipsoidal portion of 0.37 m at the rear
part of the body. At the sea surface, the platform gets a pitch of 101
to position antennae (located at the rear part of the vehicle) out of
water. The wings, located at 0.76 m from the nose, have a total
surface of 0.0972 m2, a wing span of 0.99 m and a thickness of
0.002 m. Their tip and hull chords are 0.145 and 0.11 m,



respectively. The wing has swept angles of 0.77 rad and 0.72 rad at
the leading and trailing edges.

The surfaced glider interacts with a regular wave field consist-
ing of a prescribed incident wave system plus outgoing waves
associated with the radiation and scattering. Hydrodynamic pres-
sures are generated on the surface of the glider as a result of the
interaction with the wave field. Integration of these pressures
provides the hydrodynamic forces and moments acting on the
body. If the wave steepness (i.e. ratio between the wave height and
the wavelength) is small, the free surface and body boundary
conditions can be linearized around their mean positions to
determine these pressure fields. A time-harmonic dependence in
the oscillatory motions of the floating body is also assumed. Under
this linearization and time dependence, the resulting motion of a
body in waves can be seen as a superposition of the motion of the
body in still water and the forces on the restrained body in waves
(Newman, 1977). The former defines the so-called hydromechani-
cal forces and moments which described the bulk effect of
pressure forces on the body exerted by its oscillating motion in
the undisturbed surface of the fluid. The latter are the so-called
wave exciting forces and moments which are the forces generated
by the incident and scattered waves on the restrained body.
Physically, hydromechanical loads are expressed in terms of a
potential mass and damping of the body’s motion, while exciting
forces are represented by an external forcing of the body’s
oscillation. Thus, the small body motions on the different degrees
of freedom are dynamically described by a system of damped and
coupled harmonic oscillators subjected to external forcing
(Newman, 1977):

MijþAij
� �

€ηjþBij _ηjþCijηj ¼ Fie
iωt ð1Þ

where ηi, i¼1…3 represent the amplitudes of translation displa-
cements in the x, y and z directions (surge, sway and heave,
respectively) while ηi, i¼4…6 are the amplitudes of rotational
displacements about the same axis (roll, pitch and yaw, respec-
tively). These displacements are represented on a right handed
Cartesian coordinate system, fixed with respect to the mean
position of the body and with the origin in the plane of the
undisturbed free surface. The terms Mij, Aij, Bij and Cij are the mass-
inertia matrix of the body, the matrix of added mass coefficients,
the damping coefficient matrix and the hydrostatic restoring
terms, respectively. Finally, Fi represents the complex amplitude
of the exciting force in the ith direction. The responses of a
surfaced glider when excited by a given regular wave field can
be determined once these terms are known. Coefficients in
matrices Mij and Cij can be computed knowing the shape and
internal mass distribution of the floating body, whereas, matrices

Aij and Bij describe the hydromechanical loads. Their coefficients
are usually estimated considering that the fluid is homogeneous,
inviscid and incompressible and the fluid motion is irrotational.
These assumptions on the physical nature of the fluid define the
framework of potential flow solvers, which are used almost
exclusively in seakeeping calculations and have been successfully
employed to investigate the hydrodynamics of underwater gliders
(Alvarez, 2010). Potential flow methods are fast and simple in
terms of grid generation as they need only to discretize the
boundaries of the domain instead the whole fluid space
(Bertram, 2011). The validity and implications of considering a
potential flow in the present study will be discussed in Section 4.

Hydromechanical loads, Aij and Bij, and exciting forces, Fi, are
computed in the potential flow framework by assuming that the
flow velocity is given in terms of a velocity potential:

Φ x; y; z; tð Þ ¼ Re φ x; y; zð Þeiωt
� �

ð2Þ

The time independent velocity potential can be decomposed as
(Newman, 1977):

φ x; y; zð Þ ¼ iω
X6
j ¼ 1

ηjφj x; y; zð ÞþA φIþφS

� � ð3Þ

where ϕj (jth radiation potential) is the time independent velocity
potential corresponding to an oscillation of the body with unit
amplitude and in the jth direction, φI ¼ igωe

kz

e� ik x cos θð Þþy sin θð Þð Þþ iωt is the velocity potential of the incident
wave with unit amplitude, k is the wave-number, g is the
acceleration of gravity, θ is the angle of incidence of the wave,
ϕs is the scattered potential and A is the amplitude of the incident
wave. The complex spatial part of the velocity potentials must
satisfy (Newman, 1977):

∇2ϕj;S ¼ 0; continuity condition of the velocity field;
∂ϕj;S

∂z �Kϕj;S ¼ 0 for z¼ 0; free surface boundary condition;
∂ϕj;S

∂z -0 as z - �∞; sea bottom boundary condition;
∂
∂n ϕIþϕS
� �¼ 0; kinematic boundary condition on body surface;

∂
∂nϕj ¼ nj; j¼ 1…6; kinematic boundary condition on body surface; andffiffiffi
R

p
∂
∂R� iK

� �
ϕj;S-0 when R -∞; zr0; and R¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2

p
; radiation condition

ð4Þ
where K¼ω2⧸g, (n1, n2, n3)¼(nx, ny, nz) are the components of a
unit vector normal to the body surface (outward of the fluid) and
(n4, n5, n6)¼(x, y, z)� (nx, ny, nz). The boundary value problem Eq.
(4) is solved by using the Green’s theorem to derive integral
equations for the different velocity potentials on the body bound-
ary. The integral equation satisfied by the radiation velocity
potentials ϕj on the body boundary is:

2πφj x!
� �

þ∬Sφj ξ
!	 
∂G x!; ξ

!	 


∂nξ
dS

¼∬SnjG x!; ξ
!	 


dS ; x!; ξ
!� �

A body surface ð5Þ

where S denotes the body wetted surface at calm water and

G x!; ξ
!	 


is the Green function or influence function of a pulsat-

ing source located at ξ
!
� ξx; ξy; ξz

h i
on the potential ϕj at location

x!� x; y; z½ �. The Green function satisfies the Laplace equation, the
linearized boundary conditions at the sea surface and the radiation
condition at infinity. Its mathematical expression is given by
(Wehausen and Laitone, 1960):

G x; y; z; ξx; ξy;ξz
� �

¼ 1
rþ 1

r0 þ2KðP:V :Þ R10 1
k�Ke

k zþξzð ÞJ0 kRð Þdk

�2πiKeK zþξzð ÞJ0 KRð Þ;

Fig. 1. A surfaced Slocum glider.



r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x�ξx

� �2þ y�ξy
� �2

þ z�ξz
� �2r

;

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x�ξx
� �2þ y�ξy

� �2
þ zþξz
� �2r

;

R¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x�ξx
� �2þ y�ξy

� �2
r

; ð6Þ

where P.V. and J0(.) refer to the Principal Value of the integral and
the Bessel function of zero order. For finite water depth D, Eq. (6) is
valid as long as tanh(kD)�1 (deep water waves). The coefficients
of matrix Aij and Bij are then derived from the radiation potentials
ϕj by solving the equation (Newman, 1977):

Aij�
i
ω
Bij ¼ ρ∬SniϕjdS; ð7Þ

with ρ being the density of the fluid. Instead, the exciting forces
can be computed using the Haskind relations (Newman, 1977):

Fi ¼ � iωρ∬S niϕI�ϕi
∂φI

∂n

	 

dS; ð8Þ

Resolution of Eq. (5) must be done numerically in most cases. In
this work, the boundary integral equation method (BIEM)
described in Lee and Newman (2004) was programmed in Matlab
for this purpose (Alvarez, 2012). Specifically, the body surface is
segmented into N small triangular or quadrilateral panels {Sk}. Eq.
(5) is then discretized by collocation on the coordinates of each
panel centroid {xk}, k¼1…N. The integral is carried out by the
summation over the corresponding integrals over each panel,
evaluated using a fourth order Gaussian quadrature. Discretization
of Eq. (5) takes then the form of a system of N equations with N
unknowns:

2πϕj x!n

� �
þ

XN
k ¼ 1

Mnkϕj x!k

� �
¼

XN
k ¼ 1

Gnknj x!k

� �
; n¼ 1…N

Mnk ¼∬Sk

∂G x!n; ξ
!	 


∂nξ
dSk;

Gnk ¼∬SkG x!n; ξ
!	 


dSk; ξ
!

Ak th panel Sk ð9Þ

For each collocation and field point, the Green function Eq. (6)
is computed using a recursive adaptive Simpson quadrature and
isolating the singularity of the integrand. Notice that faster
algorithms can be implemented to compute the Green function
(Teslen and Noblesse, 1986). The numerical approach has been
completed by using the extended boundary condition method
(EBCM) (Lee and Scalvounonos, 1989) to prevent solutions to suffer
from the effect of irregular frequencies that may appear due to the
ill-condition of the resulting linear system of equations at some
discrete frequencies (usually this effect appears at frequencies
higher than the frequency range of typical sea spectra). The matrix
of added mass coefficients, the damping coefficient matrix and the
exciting forces are derived from the discretized radiation poten-
tials obtained from Eq. (9). Validation of the numerical approach is
provided in Alvarez (2012).

Once the termsMij, Aij, Bij, Cij and Fi are computed, Eq. (1) can be
used to determine the frequency characteristics of the responses of
a floating body (in the present case a glider) when excited by
regular waves at different frequencies and incident directions.
Specifically, Eq. (1) is written in the frequency domain like:

�ω2 MijþAij
� �þ iωBijþCij

 � _η j ¼ Fi ; ηj ¼_η jeiωt ; ð10Þ

The solutions of the system of equations are the transfer
functions for the responses, Hj ω;θ

� �¼ ð_η j ω;θ� �
=AÞ, and the

response amplitude operator (RAO) is the magnitude of the
transfer function. Transfer functions represent a linear

approximation of the frequency response of the body motion in
regular waves. Notice that if the scale of the body is small relative
to the wave length (as it generally occurs for glider platforms),
Hj(ω,θ) is expected to be close to one for the displacements
orthogonal to the wave front. Non-directional and directional
spectral information about sea state conditions can then be
directly derived from measurements of the response of the body
in suitable degrees of freedom (Chen-Tung, 2009; Holthuijsen,
2010).

2.2. Data

A shallow water Slocum glider was modified to host on board a
sensor package, associated data logger, batteries and control unit,
to record the platform motions when she is at the surface. The
sensor package PhidgetSpatial 3/3/3 comprises a 6-axis inertial
measurement unit (IMU) that measures accelerations up to 75g
with a resolution of 976 μg and a precision of 2.8 mg (the
resolution and precision are enhanced to 76.3 μg and 280 μg,
respectively, when measuring less than 72g), and angular rota-
tions up to 74001 per second in 3-axis with a resolution of 0.071
per second and a precision of 0.591 per second. The sensor package
also includes a compass that measures magnetic fields up to 74
Gauss in the same axes, with a resolution of 3 mG and a precision
of 1.2 mG. The body-fixed axes defined by the IMU sensor were
given with the positive x, y and z axes in the bow, starboard and
downward directions, respectively. A clock was also included to
provide an approximate absolute time reference (month/day/hour/
minute/seconds) to the samples. The package was located close to
the center of gravity of the platform.

An experiment named Marine Environmental Radar and Glider
Experiment 2013 (MERGE 13) was conducted with the modified
Slocum glider on March 7th, May 17th and May 27th in the
Ligurian Sea off the island Isola Palmaria, Fig. 2. Specifically, the
glider was deployed in the vicinity of a Datawell Waverider Mk3
(Datawell, 2006) moored at 9.8161 longitude and 44.0331 latitude
in a 29 m water depth. Data from the waverider provided the
ground truth conditions to compare with the glider. Glider
deployments were done under rough seas and never farther than
900 m from the waverider (although this distance was later

Fig. 2. Glider deployments during March 7th (gray circle), March 17th (gray
triangle) and March 27th (gray square) of 2013. Grey lines represent the drifting
trajectories during the data collection period. The location of the Datawell
Waverider Mk3 is respresented by the black star.



exceeded in some cases due to the drift of the glider at the sea
surface). The water depth at the glider deployment location was
between 20 and 40 m verifying that 0.97otanh(kD)o1. This
justifies the use of Eq. (6) for the sea state conditions found in
the three deployments (Table 1). The glider remained at the sea
surface recording information for an hour during each deploy-
ment. Accelerations, angular rotations and magnetic fluxes from
the PhidgetSpatial 3/3/3 were acquired every 16 ms. Records were
segmented into 30 min portions during an hour sampling period
to match the 30-min measurement cycles of the Datawell Waver-
ider Mk3 (Datawell, 2006).

3. Results

3.1. Numerical transfer functions of a surfaced Slocum glider

The heave, surge and sway response functions of a surfaced
Slocum glider were computed using the theoretical framework
reported in Section 2. As it was previously mentioned, heave was
selected because it is the variable mostly used by in situ wave
measurement systems to infer non-directional sea wave spectra. It
also shows the advantage that, as it is shown below, its response
function for the glider geometry does not depend on the direction
of incidence of long waves. Surge and sway motions were
considered to apply the particle-following principle used by the
Datawell Waverider Mk3 to estimate directional wave properties
(Datawell, 2006).

To proceed with the numerical computation, the hull of a
Slocum glider was segmented into 742 panels, Fig. 3. Notice that
only the submerged portion of the hull in its mean position at the
sea surface is considered in the computations. This is because only
the wetted surface of the body is subjected to fluid pressures, and
because boundary conditions at the sea surface and body hull are

linearized around their mean positions. Wings have been mod-
elled by plates of 0.002 m thickness.

Fig. 4 show the RAO for heave, surge and sway motions for
different wave periods and sea directions. Regarding heave, results
show the existence of a resonance marked in the diagrams by a
local maximum in the RAO (Fig. 4a). Analytical approximations of a
coupled heave-pitch dynamical model of the case under study,
corroborates the existence of resonance phenomena at 4.8 s which
corresponds to the natural frequency of the surfaced platform. The
RAO decreases for small wave periods while it is close to 1 for
wave periods longer than 6 s. For wave periods equal or longer
than 6 s the glider behaves as a small body, following the wave
surface. In this case, vertical accelerations measured at the glider
platform can be assumed equivalent to the vertical accelerations
experimented by the water parcels at the sea surface.

Unlike for heave motion, RAOs for surge and sway strongly
depend on the direction of incidence of the wave, Fig. 4b and c.
The RAO is zero for a displacement along the wave front, and close
to one when it is perpendicular and for wave periods longer than
6 s. This agrees with the horizontal displacement of water parcels
which motions are in a plane determined by the wave vector and
the vertical direction. No wave signal is found in the horizontal
direction orthogonal to that plane. Thus, the waverider buoy
analogy is also expected to be a good approximation to determine
directional wave spectrum for wave periods longer than 6 s. Notice
that no resonance is found for sway motions because this mode is
uncoupled with heave and pitch for the glider geometry. This is
not the case for surge motions.

3.2. Validation of non-directional spectra derived from surfaced
glider responses

Based on the wave conditions found during the field trials
(Table 1) and the numerical results of the previous sub-section, a
data processing sequence along the lines described by Earle (1996)
was implemented post deployment to assess the variance spec-
trum from the recorded glider vertical accelerations. Specifically,
data were resampled at 4 Hz which corresponds to the rounded
value of the sampling frequency of the Datawell Waverider Mk3
(3.84 Hz; Datawell, 2006) and the 30 min record was further

Table 1
Sea state conditions obtained from the waverider during the three deployments.

Date Peak
period (s)

Mean
period (s)

Wavelength
(m)

Depth (m) at
deployment location

Tanh
(kD)

May
7th

8.33 6.04 106.4 40 0.982

May
17th

6.17 5.2 58 20 0.974

May
27th

6.57 5.06 67 37 0.997

Fig. 3. Semi-submerged glider configuration and definition of sea directions used
in the numerical computation of response functions. Point O is the origin of the
coordinate system.

Fig. 4. RAO for heave (a), surge (b) and sway (c) for sea directions of 01 (o), 901 (þ)
and 1801 (*). T is the wave period in seconds.



subdivided into segments of 300 s. This segment length was
selected because, for the mean periods of around 6 s found during
the trials (see Table 1), a total number of 50 wave cycles was
expected on each segment. According to the 17th International
Towing Tank Conference –ITTC84 (ITTC, 1984), this is the lower
limit of cycles suggested to obtain proper spectral shapes and
statistical values from irregular wave measurements. Next, the
mean value was removed from each segment. A spectral leakage
reduction was done for each segment using a Hanning window:

W nΔt
� �¼ 1

2
1� cos

2πn
L

	 
	 

; 0rnrL�1 ð11Þ

where L is the length of each data segment. The Power Spectral
Density (PSD) of vertical acceleration was then computed using a
Fast Fourier Transform. At the low frequency end, accelerations
become very small and disappear in the sensor noise. This low
frequency noise is due to drifts in the accelerometer’s zero stability
and due to lower frequency tilts of the platformwhich changes the
component of gravitational acceleration. A digital high-pass filter
with cut offs at 16 s for March 7th and 12 s for May 17th and May
27th were applied when computing the PSD. The cut offs were
fixed by determining the frequency at the low frequency end,
where the unfiltered PSD starts to rise by the prevailing low
frequency variance. The final PSD is obtained as the average of the
spectral densities obtained for the different segments. During half
an hour, a total of 12 spectra of 300 s data interval are averaged.
This is comparable to the number of spectra realizations, eight,
employed by the Datawell (2006) Waverider.

The PSD of vertical acceleration is transformed into a PSD of
vertical motion in the frequency space by the transformation:

Ez ωð Þ ¼
Eaz ωð Þ
ω4 ð12Þ

where ω is the angular frequency and Eaz (.) and Ez(.) are the PSD
of vertical accelerations and displacements, respectively. Standard
parameters like the significant wave height (Hs), mean period (T1)
and zero up-cross periods (T2) are computed from the nth-order
moments of the area under the spectrum defined in Eq. (12) with
respect to the vertical axis at zero frequency (Earle, 1996):

mn ¼
Z 1

0
ωnEz ωð Þdω ð13Þ

where mn is the nth moment. Parameters Hs, T1, T2 and Tp (period
of the component with highest spectral density) derived from
glider records were selected for validation against the values
provided by the Datawell Waverider Mk3.

Results obtained from the processing of vertical accelerations
during the different tests are summarized in Figs. 5–7. Specifically,
they display the PSD of vertical displacements (heave motion)
computed from the history of vertical accelerations following the
procedure described previously. The PSD derived from glider
measurements is compared in each figure with the PSD obtained
from the Datawell Waverider Mk3 (Datawell, 2006) for the same
period of time. In general, the figures qualitatively show a good
agreement between the PSD derived from both platforms at the
frequency band of interest. Certain discrepancies are observed
between both PSDs near the low-frequency cut-off. These dis-
crepancies are likely induced by differences in the signal proces-
sing methodology to filter out low-frequencies with poor signal to
noise ratio. Table 2 compares the value of the parameters Hs, T1, T2
and Tp derived from the glider motion at sea surface with those
values obtained from the Datawell Waverider Mk3 for the three
deployments. For all parameters and deployments, the differences
are within 15% of the estimated value. These results confirm the
initial hypothesis that non-directional sea state parameters could
also be provided by glider platforms.

Fig. 5. Power spectral density of the wave field computed from the glider response
(black solid line) and from the waverider (gray solid line) during March 7th. Dashed
solid lines indicate the frequency cut-offs. T1 is the mean period provided by the
waverider.

Fig. 6. Same as in Fig. 5 but for May 17th.

Fig. 7. Same as in Fig. 5 but for May 27th.



3.3. Validation of directional spectra derived from surfaced glider
responses

Although the scope of the present study was focused on non-
directional properties of the sea state, accelerations collected by
the sensor package PhidgetSpatial 3/3/3 and magnetic fluxes
measured by the glider compass were employed to investigate
the directional wave spectrum. Magnetic fluxes from the Phidget-
Spatial 3/3/3 were discarded as no calibration procedure of its
compass chips was followed. The directional wave spectrum
S f ;θ
� �

(f being the frequency and θ the direction of propagation)
determines the way the energy of surface waves is distributed in
frequencies and direction of propagation. In the framework of
linear wave theory and by assuming a random phase distribution
among the various components, the following mathematical
relationship is obtained between S f ;θ

� �
and the cross-spectra

Gαβ fð Þ of two signals α and β recorded simultaneously at the same
location (Benoit et al., 1997):

Gαβ fð Þ ¼
Z 2π

0
Hα f ;θ

� �
Hn

β f ;θ
� �

S f ;θ
� �

dθ ð14Þ

where Hα(f,θ) is now the transfer function between the surface
elevation and any other wave signal α and the superscript n stands
for the complex conjugate. The directional spectrum could be
determined uniquely from the cross-spectra of an infinite number
of wave signals. This is not the case in reality as the number of
wave signals recorded by measuring devices is finite, therefore,
additional assumptions need to be considered to compute the
directional spectrum. Different methods have been proposed in
the literature to accomplish the inversion of Eq. (14). Among them,
this work makes use of the Extended Maximum Entropy Principle
(EMEP), proposed by Hashimoto (1997) and implemented in
Matlab in the DIWASP (2012), to determine S f ;θ

� �
from Eq. (14).

Heave, surge and sway glider motions were used as wave signals.
A whole set of informative directional parameters are easily
derived once the directional wave spectrum is estimated. The
present work is limited to the analysis of the direction and
directional spread at the peak period, because these were the
only directional information collected from the Datawell Waver-
ider Mk3 during the glider deployments. Table 3 displays the
compass bearings and directional spreads of the peak period
estimated from the glider accelerations and the waverider. Direc-
tional information is provided in nautical convention, i.e., the
direction the waves are coming from. Unfortunately, no compass
information from the glider was recorded during March 7th,
preventing the reference of the directional wave spectra to an
Earth coordinate system in this deployment.

Results show an agreement between the directions of the peak
period derived from the glider and the waverider. More significant

deviations are found for the directional spread of the wave
direction at the peak period. While limited by an experimental
design focused on the estimation of non-directional wave para-
meters from glider motions, these results provide robust indica-
tions that the directional wave spectrum can also be estimated
from the motions of a surfaced glider. Further field tests would be
required to reinforce the results presented in this sub-section.

4. Discussion and conclusion

Underwater gliders provide the possibility to sample wide
ocean areas in a sustained way. Presently, temperature and salinity
are the ocean variables most commonly gathered from glider
platforms. However, it is envisioned that these platforms could
provide information about a wider range of environmental para-
meters. Sea state condition is among them. This could be achieved
by expanding glider sensing capabilities to include an acceler-
ometer package to determine the platform motions when excited
by ocean waves.

Determination of the response of a surfaced Slocum glider
platform to regular wave is a requirement to infer sea state
conditions from the platform motions. This can be achieved by
direct measurements or by numerical computations. In this study,
the transfer functions of a glider at sea surface have been
determined assuming small departures from the equilibrium
position at the sea surface of an homogeneous, irrotational and
inviscid fluid. The effects of viscosity are significant in seakeeping
for roll and yaw motions due to periodic boundary layer separa-
tion (Bertram, 2011). However, they are expected to be negligible
for heave, surge and sway motions when a body closely follows
the sea surface. This is hypothesized on the basis of the small
velocities of the body relative to the fluid. The assumption of
irrotational flow naturally derives from the inviscid situation,
because rotational components of the velocity field are usually
generated at the hull as a consequence of the existence of viscosity
(viscous resistence). Dynamical nonlinearities need to be consid-
ered when the wave phenomena is inherently nonlinear (shallow
water waves, tanh(kD)o0.3) or under extreme motions (e.g.,
capsizing). Experimental determination is probably required to
infer the dynamical response of the glider under these conditions.

Numerical results indicate that the heave response function of a
Slocum glider is a real number close to one for wave periods
longer than 6 s. Then, the effects by the geometry and inertia of
the body and the incidence of the wave on the platform response
in heave can be neglected. The surfaced glider follows the sea
surface and the waverider buoy analogy holds, making the
estimation procedure relatively inexpensive in terms of computing
demand. This would facilitate the processing on board the glider
platform with an adequate modification of the protocols activated
when the platform surfaces.

Resonances in heave are expected to occur in a surfaced Slocum
glider. In the present case, a resonant peak was found at about 5 s,
which has been identified as the natural period of the buoyant
body. Notice that the natural resonance period depends on the
hydrostatic restoring terms of the glider. The stern of Slocum

Table 2
SSignificant wave height (Hs), mean period (T1), zero up-cross periods (T2) and peak
period (Tp) measured from glider and the Datawell Waverider Mk3.

Date Parameter Glider Waverider Difference (%)

March 7th Hs (m) 1.02 1.19 14.2
T1 (s) 6.03 6.04 0.16
T2 (s) 5.38 5.37 0.18
Tp (s) 9.37 8.33 12.5

May 17th Hs (m) 1.67 1.8 7.2
T1 (s) 5.17 5.2 0.6
T2 (s) 4.8 4.85 1.0
Tp (s) 6.06 6.17 1.8

May 27th Hs (m) 1.81 1.6 13.1
T1 (s) 5.52 5.06 9.0
T2 (s) 5.20 4.72 8.0
Tp (s) 6.8 6.57 3.5

Table 3
Direction (Dp) and directional spread (σp) at peak period measured from glider and
the Datawell Waverider Mk3.

Date Parameter Glider Waverider Difference (%)

May 17th Dp (1) 259 232 11.6
σp (1) 50 40 25

May 27th Dp (1) 236 234 0.8
σp (1) 55 45 22.2



gliders is an open hull and buoyancy is provided by the inflation of
a bladder. This could require a more accurate determination of the
heave restoring term than determined here, which modelled the
glider hull as a unit without open portions.

Response functions of surge and sway were also numerically
computed. These are required to analyse the validity of the
waverider buoy analogy when estimating directional wave proper-
ties. Unlike heave, response functions for surge and sway show a
dependence on the direction of incidence of the wave field. This
fact justifies the use of the heave, instead surge and sway, to
estimate non-directional wave spectra. The lack (presence) of a
resonant behaviour in sway response function of sway (surge) is
another interesting feature derived from the results. This can be
understood in terms of the dynamics of the surfaced glider. In
essence, Eq. (1) encodes the dynamics of a damped and forced
harmonic oscillator which restoring term is different from zero
only for heave and pitch. These restoring coefficients are related to
the force and torque generated by buoyancy and gravity. Conse-
quently, natural frequency and resonance are mostly associated to
heave and pitch oscillations. Resonant behaviour propagates to
surge due to its inertial coupling with the pitch mode. Instead,
glider natural frequency does not affect sway as this mode is
dynamically uncoupled from heave and pitch.

An experimental program was conducted to determine the
extend to which sea state conditions could be derived from the
responses of a surfaced Slocum glider under the waverider buoy
analogy. The experimental work was not exempted of difficulties
due to the need to harmonize experimental needs with navigation
safety conditions (glider deployments were done from a rubber
boat). This limited the range of sea height conditions explored
during the experiments.

Regarding non-directional parameters, experimental condi-
tions justified the use of the waverider buoy analogy as deter-
mined from the analysis of the response function. Results show an
excellent agreement between the estimates obtained from glider
vertical accelerations and the ground truth values provided by a
waverider. Agreement between glider estimates and waverider
records, has also been found when estimating the wave direction
from the glider motions and assuming the waverider buoy
analogy. However, the directional spread obtained from gliders is
significantly larger than that reported from the waverider. The
origin of such discrepancy still remains unknown, but it is
hypothesized that could be related to the impact of the glider
geometry which substantially differs from the optimal one for this
purpose (spherical geometry). While results are encouraging,
further field experimentation would be required to confirm the
findings regarding directional wave properties.

These results complement and extend the findings reported by
Pereira and Sukhatme (2010), reinforcing the hypothesis that
parameters of the sea state conditions could also be achieved
from glider platforms when they are at surface. Gliders have not
been specifically designed to monitor sea state conditions, but for
other observational purposes. Still, they could offer, as an added
value of their missions, a nice complement to observations of sea
state conditions. Characterizing surface waves with gliders is not
exempted of limitations. During a regular glider mission, the
temporal coverage of the sea state estimates is coarser than for
waverider buoys, as it is limited by the surfacing time pro-
grammed to satisfy the requirements of their main observational
scope (monitoring the ocean’s interior). However, gliders could
offer a chance to enhance the spatial resolution of in situ sea state
observations due to their manoeuvrability and facility to relocate
in marine regions. Besides, glider observations are rapidly transi-
tioning from platform-based to networks increasing the spatial
coverage of ocean observations (Alvarez and Mourre, 2012;
Alvarez et al., 2013).

To conclude, this work has investigated the applicability of the
waverider buoy analogy to estimate non-directional and direc-
tional wave spectra from surfaced Slocum gliders. While the
results are platform dependent, the approach developed can be
easily generalized to other vehicles. This implies to determine, by
numerical and/or experimental means, the response functions of
the vehicle for different wave frequencies and directionalities. The
long wave limit is then identified as that range of frequencies
where the response functions are close to one. Platform signals are
then trivially connected to wave signals and standard processing
for wave spectra is applied.

For the particular case of surfaced Slocum gliders, the waver-
ider buoy analogy is expected to work satisfactorily in most cases
for wave periods bigger than 6 s for the Slocum glider. Deviations
from reality are expected when the glider surfaces in wave
patterns with a shorter time period due to the existence of a
natural period of resonance. An accurate characterization of the
glider response function for the different dynamical degrees of
freedom would then be needed in order to relate the surfaced
glider response to the sea wave spectrum. Nevertheless it is
important to highlight that the particular glider geometry may
degrade the estimation of some directional properties.
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