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Abstract

Ocean gliders play an increasingly important role in the Global Ocean Observing System.

They are now routinely used to monitor the ocean, along repeated transect lines from the

coast to the open ocean, in remote locations and during severe weather events. They of-

fer persistent presence at sea, collecting high-resolution scientific measurements during

months- to year-long missions and over thousands of kilometres. The ocean glider com-

munity continuously develops new sensors, new navigation capabilities and new usage for

underwater gliders, increasing their observation range.

This thesis investigates the opportunity offered by addition of passive acoustic moni-

toring (PAM) capability on ocean gliders and the associated technical challenges. Ocean

gliders’ specificities, such as quiet propulsion, low speed and vertical profiling make them

highly suitable for PAM applications. Ocean gliders were equipped with PAM systems

during 12 missions in different conditions, in polar regions, in open ocean remote lo-

cations and along routine coastal transect lines. This thesis reviews the currently avail-

able PAM glider solutions, identifies technical challenges and desirable developments and

presents pathways to improved scientific PAM glider observations. Intense ocean glider

presence in the northwestern Mediterranean basin provided an experimental framework

to demonstrate the ability to collect valuable scientific information from PAM glider sur-

veys. Wind speed measurements obtained from glider-borne acoustic recordings, up to 20

m s−1, colocated with collection of oceanographic profiles, can improve air-sea interac-

tion studies. Sperm whale acoustic activity detected on PAM glider recordings provides

information on population distribution and behaviour along the glider tracks. Wide ad-

dition of PAM systems on the ocean glider fleet would benefit for its global time and

space coverage, enabling long-term observations in key areas, critical for conservation,

monitoring of anthropogenic pressure and assessment of ecosystems health.
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Chapter 1

Introduction

1.1 Ocean monitoring

Oceans are a key component of the global earth system, playing a central role in many

aspects of our society. They regulate the climate and weather systems, absorbing heat

and CO2 from the atmosphere, and provide resources critical to many industrial activi-

ties such as shipping, energy, mineral extraction and aquaculture (Hoegh-Guldberg et al.,

0014). They host complex ecosystems and a large biodiversity, supporting fisheries and

tourism (Hoegh-Guldberg et al., 0014). Oceans are also under threat from permanent

and global anthropogenic pressure (e.g. carbon emissions, global warming, pollution,

fisheries, shipping, noise) (Hoegh-Guldberg et al., 0014; Van der Graaf et al., 2012). Sus-

tainable management of the oceanic environment is considered critical to address some of

the most pressing global challenges, such as climate change, poverty and food accessibil-

ity (Van der Graaf et al., 2012). Accurate and timely information about marine resources

and ecosystems is needed, to achieve good environmental status (Van der Graaf et al.,

2012).

The Global Ocean Observing System (www.goosocean.org) was established in 1991

to develop and coordinate ocean observations for effective and sustainable management

of the oceans (IOC, 2019), providing an operational framework with global coverage

combining in-situ observations carried out from ships, fixed point observing systems and

autonomous platforms (Fig. 1.1). In the first decades, it was targeted at supporting cli-

mate science and operational forecast systems, providing observations of oceanographic

parameters describing ocean circulation, heat and carbon transfer and primary production.



2 Introduction

!.

!. !.

!.

!.

!.
!.!.

!.
!.!.

!.
!.

!.

!.
!.

!.
!.

!.

!.

!. !.
!.

!.

!.!.

!.
!.

!.

!.
!.

!. !.

!.

!.
!.

!.
!.

!. !.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.
!.
!.

!.

!.

!. !. !.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!. !.

!.!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.
!. !.

!.

!.

!.
!.

!.

!.

!.
!.

!.!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.!.

!.

!.

!.

!.

!. !.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.!.!.

!.

!.

!.

!.

!.

!.

!.!.!.
!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.!.
!.

!.

!.!.!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.
!.

!.

!. !.

!.

!.

!.
!. !.!.

!.
!.

!.
!.

!.!.

!.

!.!.
!. !.

!.
!.

!.!.
!.

!.!. !.
!.

!.

!. !.

!.
!. !.

!. !.
!.

!. !.
!.

!. !. !.
!.

!.

!. !. !.!.

!.
!.!. !.

!. !.
!. !. !.

!.
!.

!.!.

!.

!.!.

!. !. !. !.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.!.

!.

!. !.
!. !.!.

!.
!.

!.
!.

!.
!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.
!. !.

!. !.
!.

!.

!.

!.!.

!.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.
!.

!.

!.

!.
!.

!.!.

!.

!.
!.

!.

!.

!.
!.
!.

!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.

!.
!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.
!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.
!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.!.
!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.
!.

!.

!.
!.

!. !.

!.
!.

!.
!.

!.
!.!.

!.
!.

!.

!.
!.

!.
!.

!.
!.!. !.

!.!.
!.

!.
!.

!.

!.
!. !.

!.

!. !.

!.

!.

!.
!. !.

!.!. !.

!.
!.!.

!.

!. !.

!.

!.
!.!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!. !. !.
!. !.

!.

!.!. !.
!.

!.
!.

!.

!.
!. !.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!. !.
!.!.

!.

!.
!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.

!.

!.

!. !.

!.

!.

!. !.

!.

!.

!.

!.

!.
!.

!.

!.
!.

!.

!.!.
!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.
!.!.

!.

!.
!.

!.

!.

!.

!.

!.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.
!.!.
!.

!.

!.

!.

!.

!.
!.
!.

!.!.

!.

!.

!.
!.
!.

!.
!.

!.

!.

!.

!.
!.

!.

!.!.

!.

!.
!.

!.

!.

!.

!.!.
!.

!.

!.

!.

!.

!.

!.!.
!.

!.

!.

!.

!.!.

!. !.

!.

!.!.

!. !.

!.

!. !.
!.

!.!.
!.

!.

!.

!. !. !. !.

!.

!.

!. !.
!.

!.

!. !.

!. !.
!.

!.
!.!. !.

!.
!.!. !. !.

!.

!.

!.

!.

!.

!. !.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!. !. !. !.
!.

!.

!.

!.

!.!.!.
!. !.

!.

!. !.
!.

!.

!.

!.

!.

!.
!.

!.

!.
!.
!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.

!. !.

!.

!.!.

!. !.

!.
!.

!.

!. !. !.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!. !.

!.

!.

!.

!.
!. !.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.
!.
!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.
!.
!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.
!.

!.

!.

!.!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.!.!.

!.
!.

!.!.

!.
!.
!.

!.
!.

!.!.

!.

!.
!.!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.!. !.

!.

!.

!.

!.!.

!.

!.
!.

!. !.
!.!.

!.

!. !.

!. !.

!. !.

!. !.

!.

!. !.
!.

!.
!.

!. !.!. !.
!.!.!. !. !.

!.
!.

!. !.

!.

!.

!.

!.

!.!.
!.

!.

!.
!.

!.

!. !. !.
!.

!.

!.

!.

!. !.

!.

!.

!.

!.
!.

!.
!.

!.
!. !.!.

!.

!.!.

!.

!.
!.

!.

!. !.
!.

!.

!. !.

!.

!.

!. !.
!.

!.

!.

!. !.

!.

!.

!.

!.
!.
!.

!.

!.
!.

!.!.

!.

!.

!. !.

!.

!.

!.
!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.!.

!.
!.
!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.!.
!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.
!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.
!.

!.!.

!.!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.
!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.
!.!.

!.

!.

!.

!.

!.

!.

!. !.!.
!.

!.

!.
!.

!. !.

!.!.

!.

!.

!.!.

!. !.

!.

!.
!.

!.
!. !.

!.
!.

!.!.
!.!.

!.
!. !.

!.

!.

!.
!.!.!.

!.
!. !. !. !.

!. !.
!.

!.

!.!.

!.

!.!.

!.

!. !.

!.

!.
!. !.

!.!.!.
!.

!. !.
!. !.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.!.

!.

!. !.

!.
!.

!.

!.
!.

!.

!.

!.!. !. !.
!.

!.

!. !.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!. !.

!.!.

!.

!.
!.!.

!.

!.

!.

!.
!. !.

!.

!.!.!.

!.

!.

!. !. !.

!.

!.

!.

!. !.

!.

!.

!.

!.
!.
!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!. !.

!. !.

!.!. !.

!.

!. !.
!.

!.

!.

!.

!.

!.

!.
!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.
!. !.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.
!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.
!.
!.!.

!.
!.

!.!.

!.

!.

!.

!.

!.

!.!.!.

!. !.

!.

!.
!.
!.!. !.

!.

!.

!. !.

!.

!. !.

!.

!.

!. !. !.

!.!.
!.

!.

!.!.
!.

!.

!.

!. !.

!.

!.

!.
!. !. !. !.

!.!. !. !.

!.
!.

!.

!.

!. !.
!. !.

!.

!.!.

!.

!.!. !.

!.

!. !.

!.
!. !.

!.!.

!. !.

!.

!.

!.!.

!.

!.

!.

!.
!.

!.

!.!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.
!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.
!.

!. !.
!. !.

!.

!.!.
!.

!.
!.
!.

!. !. !.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.!. !.

!.
!.

!.
!.

!. !.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.!.!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.
!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.!.!.

!.

!.

!.

!.

!.!.

!.!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.
!.!.

!.!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.!.

!.
!. !.

!.

!.

!.
!.

!.

!.
!.

!. !. !.

!.

!. !.

!.

!.!.
!.

!. !.
!. !.

!.
!.
!.

!.
!. !.

!.!.!. !.
!. !.

!.
!.

!.

!.
!.

!. !.
!. !.!. !. !.

!.!.!.!. !.
!.

!.

!.

!.

!.

!.
!.

!.

!. !. !.

!.!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!. !.

!.

!.
!.

!.

!.
!.

!.

!. !.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!. !.

!.
!.

!.
!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!. !.

!.

!.

!.

!.

!.

!.

!.
!.

!.
!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.!.

!.

!.
!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.!.

!.

!.
!.!.

!.

!.

!.

!.

!.

!.

!.
!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!. !.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.
!.!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.
!.

!.!.

!.

!.

!.
!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.!.
!.

!.!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.
!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.
!.!.

!.

!.
!.!.

!.

!.
!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.
!.

!. !. !.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!. !.

!.

!.!.

!.

!.

!.

!.
!.

!.
!.

!.

!.!.

!.

!.

!.

!.
!.

!. !.

!.!. !. !.

!.
!.!.

!. !. !.

!. !.

!.

!.

!. !.
!.

!.

!.

!.
!.

!.!.
!. !.

!.

!.

!.!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.
!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.!.

!. !. !.!.!. !.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.
!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.
!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.

!.
!.

!.

!.
!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!. !.

!.

!.

!.

!.
!.!.

!.

!. !.

!.!. !.
!.

!.
!.

!.

!.
!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!. !.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.!.
!.

!.!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.!.
!.

!.

!.

!.

!. !.

!.

!.!.

!.!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!. !.

!.
!.

!. !.
!.

!.

!.

!.

!.

!.

!. !.

!.

!.

!.

!.

!.
!.

!.
!.

!.!.
!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.
!.

!.
!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

"/"/
"/

"/"/

"/

"/

"/

"/
"/"/

"/

"/

"/
"/

"/

"/

"/

"/

"/

"/"/

"/ "/
"/

"/
"/

"/
"/"/

"/

"/

"/

"/"/

"/

"/

"/

"/
"/

"/

"/

"/
"/ "/

"/

"/

"/

"/

"/

"/
"/"/"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/

"/

"/
"/

"/

"/

"/

"/
"/

"/

"/ "/

"/

"/

"/

"/"/

"/

"/

"/
"/

"/
"/

"/

"/
"/

"/ "/"/

"/"/"/

"/

"/ "/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/

"/

"/"/

"/

"/
"/

"/

"/"/

"/

"/

"/

"/
"/ "/

"/"/
"/
"/

"/"/ "/
"/"/"/

"/

"/

"/

"/"/

"/

"/"/

"/

"/

"/
"/
"/

"/

"/

"/

"/

"/

"/

"/ "/ "/

"/

"/"/

"/

"/

"/ "/"/

"/
"/"/

"/

"/

"/ "/

"/"/ "/

"/

"/

"/

"/

"/
"/

"/

"/

"/

"/

"/
"/

"/

"/ "/

"/

"/

"/ "/

"/
"/

"/
"/

"/

"/"/"/

"/ "/

"/"/

"/

"/

"/ "/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/"/

"/

"/

"/ "/

"/"/

"/

"/

"/

"/
"/ "/

"/"/

"/ "/

"/

"/

"/

"/"/

"/ "/
"/

"/"/"/

"/

"/
"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/
"/"/"/ "/

"/
"/

"/ "/ "/

"/"/"/"/

"/

"/

"/
"/

"/

"/

"/

"/

"/

"/
"/"/

"/

"/"/
"/"/

"/

"/
"/

"/

"/ "/

"/

"/

"/

"/ "/

"/

"/

"/

"/

"/

"/

"/

"/
"/

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

"/"/"/"/
"/"/"/

"/"/"/"/

"/

"/
"/"/

"/"/"/"/"/

"/

"/

"/"/

"/

"/"/
"/

"/"/"/

"/
"/
"/

"/"/"/

"/"/"/"/

"/

"/
"/

"/"/
"/"/"/

"/

"/
"/"/

"/"/

"/"/"/
"/
"/
"/
"/
"/

"/

"/
"/

"/
"/"/"/"/

"/"/"/"/
"/
"/"/"/"/"/

"/"/

"/
"/"/

"/
"/"/

"/
"/"/"/"/

!(

!(

!(
!(

!(

!(
!(

!(
!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(
!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(
!(!(

!(

!( !(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(
!(

!(

!(!(

!(

!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(!(
!(

!(

!(

!(

!(

!(

!(

!(!(

!(
!(

!(

!(

!(

!(

!(
!(

!(

!(

!(!(

!(!(

!(

!(

!(
!(

!(

!(

!(

!(!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(
!(

!(
!(

!(

!(!( !( !(

!( !( !( !( !(
!(

!(!( !(

!(

!(

!(
!(

!(
!(!(!( !(!( !(

!(!(
!(

!(

!(

!(
!(
!(

!(

!(

!(
!(

!(

!(

!(!(

!(

!(

!(

!(

!(
!(

!(

!(
!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(
!( !(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(!(
!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(!(
!(

!(

!(

!( !(
!(

!( !(

!(!(

!(
!(
!(

!(

!(

!(
!(
!(

!(

!(
!(

!( !(
!(

!(

!(

!(

!(

!(

!(

!(!(!(!(

!(

!(

!(

!(
!( !(

!(

!(
!( !(

!(

!( !(

!(

!(

!(
!(

!(

!( !(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(
!(
!(
!(

!(

!(

!(

!(

!(

!(

!(
!(

!(!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(
!(

!(!(

!(!(
!(

!(

!(
!(!(
!(

!(

!(

!(!(

!(!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(

!(!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(
!(

!(!( !(

!(

!(

!(

!(

!(
!(

!(

!(
!(
!(!(

!(

!( !( !(
!(

!(

!( !(

!(
!(

!(!(

!(

!(
!(

!(

!( !( !(
!(

!(!(

!(

!( !( !(
!(!(

!(

!(

!(
!(

!(

!(

!(
!(

!(
!(

!(

!(

!(!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(
!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(
!(

!(

!(
!(

!( !(
!(

!(!(

!(
!(
!(

!(
!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(
!(
!(!(

!(

!(

!(
!(

!(

!(!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!( !( !(

!(!(

!( !(
!( !(

!(
!(

!(

!(

!(

!(

!(

!(!(
!(

!(

!(

!(
!(

!(

!(
!(

!(
!(

!(
!(

!(

!( !( !(

!(

!(

!(

!(
!(

!(
!(

!(

!(!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(
!(

!(!(

!(

!(

!(

!(!(

!(

!(
!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(!(
!(

!(

!(

!(
!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(
!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(
!(

!(

!(

!( !(

!(
!(

!(

!(

!(

!(

!( !(
!(

!(

!(

!(

!(

!(!(

!( !(
!(

!(

!(

!( !(!(

!(

!( !(!( !(

!(

!(

!(
!(

!(!(

!(

!(
!(

!(
!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(
!(
!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(!(

!(

!(

!(!( !(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(
!(

!(
!(

!(

!(
!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !( !(

!(
!( !(

!( !(!(
!(

!(
!(

!(!(
!(

!( !(

!(
!(

!(
!(!(

!(
!( !(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(
!(

!( !(
!(

!( !(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(
!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(
!(

!(

!(!(

!(

!(

!(!(

!(

!(

!(

!(

!(
!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(!(

!(

!(
!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(
!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(
!(
!(

!(
!(

!(

!(!(
!(

!(
!(
!( !(!( !(

!( !(!( !(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!( !(!(!(

!(

!(

!(

!( !(
!(

!(

!(
!(

!(

!(

!(

!(
!(

!(
!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(!(

!(

!(

!(

!(

!(

!( !(

!(
!(

!(

!( !(
!( !(

!(
!(

#0

#0

#0

#0#0

#0

#0

#0

#0

#0

#0
#0

#0

#0

#0

#0

#0

#0

#0

#0#0

#0#0

#0

#0

#0

#0

#0

#0

"/"/"/
"/

"/

"/

"/

"/"/

"/"/
"/"/

"/

"/ "/

"/

"/"/

"/
"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/"/"/"/
"/"/"/

"/

"/

"/
"/

"/

"/

"/"/"/

"/

"/

"/

"/"/

"/"/

"/

"/

"/

"/

"/

"/

"/"/

"/

"/
"/

"/

"/

"/"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/"/"/"/
"/"/"/

"/

"/

"/
"/

"/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/

"/

"/"/

"/
"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/
"/

"/
"/"/"/"/

"/

"/

"/

"/"/"/"/"/"/"/"/

"/

"/

"/
"/

"/"/

"/

"/

"/

"/

"/"/"/

"/
"/

"/

"/

"/"/"/

"/

"/

"/ "/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/"/"/"/"/"/"/
"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/
"/ "/

"/

"/

"/

"/

"/

"/ "/
"/

"/ "/

"/

"/

"/

"/
"/"/"/

"/"/"/"/"/

"/
"/

"/
"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/

"/"/

"/ "/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/
"/

"/

"/

"/
"/

"/

"/

"/

"/"/"/"/"/ "/

"/

"/"/"/

"/

"/

"/
"/

"/

"/

"/

"/

"/

"/

"/"/"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/

"/"/

"/

"/

"/

"/

"/

"/"/"/"/"/"/

"/

"/"/

"/

"/"/

"/"/

"/
"/

"/

"/

"/

"/

"/

"/

"/
"/

"/

"/

"/
"/

"/"/ "/

"/

"/

")

")

")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")

")

")

")

")")

") ") ")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

") ")

")

")

")

")

")

")

")
")

")

")

")

")

")")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

") ")

")

")

")

")

")

") ")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")

")

")

")

")

")

")

")

")
")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")

") ")

")

")

")

"/"/

"/

"/

"/

"/
"/

"/

"/

"/

"/"/

"/

"/
"/

"/

"/

"/

"/

"/ "/

"/

"/"/

"/

"/

"/ "/

"/

"/

"/

"/

"/

"/

"/
"/

"/"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/"/
"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/

"/

"/

"/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/
"/

"/

"/

"/

"/

"/
"/

"/

"/

"/

"/

"/

"/

"/
"/

"/

"/

"/

"/

"/
"/

"/

"/

"/

"/

"/

"/"/

"/

"/

"/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/ "/

"/

"/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/ "/

"/

"/"/

"/

"/"/"/

"/
"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/"/"/

"/

"/"/ "/

"/
"/ "/

"/

"/

"/

"/

"/

"/

"/

"/ "/

"/

"/

"/"/

"/

"/
"/"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/ "/ "/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/

"/
"/

"/

"/

"/

"/"/"/

"/

"/

"/

"/

"/"/"/

"/
"/

"/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

"/"/

"/

"/"/ "/"/

"/

"/"/

"/

"/

"/

"/

"/

"/

"/

"/

!.

!.

!.

!.

!.
!.

!.

!. !.
!.

!.

!.

!.!.

!.

!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.
!.

!.

!.

!.

!.

!.

!.!.

!.

!.
!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

!.

0° 30°N

60°N

30°S

0°

30°N

30°N
60°N

90°W

120°W

150°E

150°W

180°

150°W

90°W

150°E180°

March 2020

Main in-situ Elements of the
Global Ocean Observing System

Generated by www.jcommops.org, 09/04/2020
Projection: WGS 1984 Spilhaus Ocean Map in Square

Argo

!. Argo (4056)

!. Deep-Argo (138)

!. BGC-Argo (399)

DBCP

!( Surface Drifters (1473)

"/ Fixed Platforms (94)

!( Ice Buoys (28)

"/ Moored Buoys (325)

#0 Tsunameter (29)

OceanSITES

"/ Platforms (357)

GO-SHIP

GO-SHIP (63)

GLOSS

") Tide Gauges (290)

SOT

VOSClim-Automated (100)

VOSClim-Manned (349)

VOS-Automated (154)

VOS-Manned (927)

ASAP Radiosondes (11)

SOOP XBTs (32)

Other Networks

"/ HF Radars (270)

!. Animal Borne Sensors (53)

Figure 1.1: Spatial coverage of the Global Ocean Observing System (GOOS) in March 2020.
WGS 1984 Spilhaus projection. From www.jcommops.org, accessed 9th Apr 2020.

In the past decade, growing concerns about the health of the oceans have led to widening

of the observation efforts to better monitor ecosystems, biodiversity and anthropogenic

pressures (IOC, 2019), now including the use of passive acoustic monitoring techniques

(Van der Graaf et al., 2012).

1.2 Underwater acoustics

1.2.1 Physics of underwater sounds

1.2.1.1 Sonar equation

Propagation of a signal emitted from a source at source level SL and received at level RL

can be simply summarised using the sonar equation (all units are in dB):

RL = SL− TL, (1.1)
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where TL is the transmission loss during the sound travel, from the source to the receiver.

TL is the sum of multiple effects contributing to sound attenuation:

TL = LGS + LV A + LR. (1.2)

LGS represents the loss due to geometrical spreading of the signal. The most common

example of geometrical spreading in the ocean is spherical spreading, a sound propagat-

ing uniformly in all directions away from a point source. The sound level received in

one specific direction decreases by 20log(r) with distance r. Volume attenuation, LV A,

represents the loss when travelling through the medium. It depends on the physical prop-

erties of the medium and the distance travelled from the source to the receiver. If the path

from the source to the receiver includes reflections, LR accounts for the reflexion loss by

scattering or attenuation, dependent respectively on the roughness and reflectivity of the

interface.

The opportunity to detect a sound depends on the signal to noise ratio, SNR, the

difference between the received level, RL, and the noise level N :

SNR = RL−N, (1.3)

where N is the combination of the instrument noise Ni and the ambient noise at the

receiver’s location Na:

N = 10log(10
Ni
10 + 10

Na
10 ). (1.4)

A signal is considered detectable when its SNR is greater than a detection threshold.

Loud sounds in low background noise have a high SNR and are easy to detect. Presence

of sources of noise can introduce a masking effect by increasing Na, reducing SNR and

the detectability of the targeted signal. For detection of low SNR signal, using an array

of hydrophones allows enhancement of the SNR through a beamforming process, using

the directivity of the array to enhance sounds received from the direction of the source.

This array gain, AG is added to the SNR:

SNRArray = RL−N +AG. (1.5)
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The performance (e.g. sensitivity, directivity, gain, resolution) of such arrays are depen-

dent on the size of the array and the geometrical arrangement of the hydrophones. Best

results are obtained using complex arrays of controlled shape and large dimensions, with

a large number of closely spaced hydrophones (Butler and Sherman, 2016).

1.2.1.2 Absorption

Volume attenuation in the ocean depends on the length of the path r (in m) and the absorp-

tion of seawater, α (in dB km−1). The absorption of sound in seawater is the combined

effects of pure water viscosity and chemical relaxation of boric acid and magnesium sul-

fate (Francois and Garrison, 1982):

α =
A1f1f

2

f21 + f2
+
A2f2f

2

f22 + f2
+A3f3f

2, (1.6)

where A1 and A2 (in dB km−1 kHz−1) are the relaxation coefficients and f1 and f2 (in

kHz) the relaxation frequencies of boric acid and magnesium sulfate respectively and

A3 (in dB km−1 kHz−2) the absorption coefficient of pure water. The coefficients A1,

A2 and A3, dependent on temperature, salinity, pH and pressure, have been empirically

determined (Francois and Garrison, 1982). The absorption of sound in seawater increases

with frequency, as shown in Fig. 1.2, letting low frequency sounds travel on far greater

distances than high frequency sounds. As a consequence, sperm whale echolocation clicks

(∼5 kHz, ∼180 dB re 1 µPa @1 m) cannot be detected further than 20 km away, whereas

blue whale calls (∼20 Hz, ∼180 dB re 1 µPa @1 m) have been shown to propagate over

hundreds of kilometres.

1.2.1.3 Refraction

Sound velocity in the ocean varies from 1450 to 1550 m s-1, affected by pressure, temper-

ature and salinity (Kuperman, 2001):

c = 14449.2+4.6T −0.055T 2 +0.00029T 3 +(1.34−0.01T )(S−35)+0.016z, (1.7)

where c (in m s-1) is the sound velocity, T (in ◦C) the temperature, S the salinity and z (in

m) the depth. The vertical gradient of sound velocity, called sound velocity profile, varies
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Figure 1.2: Seawater absorption for frequencies from 100 Hz to 1 MHz, at S = 35 psu, T = 0, 10
and 20 ◦C and pH = 8. Adapted from (Francois and Garrison, 1982)

with location and seasons, due to variations of the water column properties (Fig. 1.3).

Sounds travelling through such sound velocity gradients are refracted, following Snell’s

Law, causing sounds to propagate along complex paths (Fig. 1.4). Sounds emitted at the

surface in A radiate at depth following divergent trajectories. Sounds emitted in B are

focused along the mid-water column sound velocity minimum acting as a waveguide,

called SOFAR channel. They propagate without reflections and with reduced loss due to

geometrical spreading, enhancing the sound propagation range (Northrop and Colborn,

1975).

1.2.2 Applications

Underwater acoustic technologies have been developed from World War I, with the in-

creasing importance of submarine warfare. Active sonar technology analyses propagation

and reflections of an emitted sound to detect and identify targets (e.g. submarine, mine).

Active acoustic technologies are now commonly used for ocean monitoring applications.

Echo-sounders are used for seabed imaging, fish and plankton detection and biomass es-

timation (Benoit-Bird and Lawson, 2016). Acoustic doppler current profilers are used for

currents (Visbeck, 2002) and turbidity profiling (Many et al., 2018). Acoustic tomography
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Atlantic Ocean

60 °S

45 °N

Equator

SummerWinter

W Mediterranean

Figure 1.3: Usual sound velocity profiles at 60 ◦S, equator and 45 ◦N in the Atlantic and during
winter and summer in the western Mediterranean Sea. Adapted from (Munk et al., 1995; Salon
et al., 2003)
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B

Sound speed

D
ep

th

Figure 1.4: Sound propagation paths, radiating from the surface (A) and emitted near the deep
sound velocity minimum (B).

provides measurements of the ocean heat content on a very large scale (Malanotte-Rizzoli,

1985). Acoustic modems are used for underwater communication and acoustic networks

are used for underwater positioning (Milne, 1983).

Passive sonar technology detects and identifies submarines and ships by simply record-

ing and analysing their own engine and propeller noise. The strategic advantage of pas-

sive acoustic technology for military applications is that it is impossible to detect. Passive

acoustic monitoring (hereafter PAM), as simply recording and analysing soundscapes to
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Marine life

Ice cracking Wind
Rain

Seismic activity

Drilling

Shipping

Figure 1.5: Schematic summarising sound sources contributing to the underwater soundscape.
Sources contributing to anthropophony, biophony and geophony are respectively represented in
red, blue and green.

collect information about sound sources, is a powerful and non-invasive way to mon-

itor the ocean. Analysis of the underwater soundscape allows detection, identification

and localisation of a wide variety of sound sources, therefore observation and monitoring

of the associated activities summarised in Figure 1.5. Whether they purposefully emit

sounds or not, most marine anthropic and biological activities, as well as some natural

processes, generate sounds (Fig. 1.5), respectively classified as anthropophony, biophony

and geophony (Krause, 2008).

1.2.3 Sources of sounds

1.2.3.1 Anthropophony

Anthrophony is composed of sound contributions from industrial, military and leisure

activities such as shipping (Merchant et al., 2012), seismic surveys (Guan et al., 2015;

Guerra et al., 2011; Nowacek et al., 2015), pile driving (Bailey et al., 2010; Thompson

et al., 2013), anti-submarine warfare (Ricks et al., 2012), seabed characterisation (Harri-

son and Simons, 2002; Quijano et al., 2012), active sonar (Dolman et al., 2011) and whale

watching (Erbe, 2002), causing anthropogenic underwater noise pollution (Williams et al.,

2015; Haver et al., 2017; Merchant et al., 2018). Most marine animals rely on acous-

tics for navigation, foraging, mating and communicating (Simmonds et al., 2014). An-

thropogenic noise is now identified as a source of pressure of anthropic activities on the
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oceanic environment (Van der Graaf et al., 2012), widely affecting marine life. Two de-

scriptors have been defined in the European Marine Strategy Framework Directive Good

Environmental Status (MSFD-GES), to monitor anthropic pressure on the oceans through

noise. Descriptor 11.1.1 focuses on impulsive noise, identified as short and intense sounds

and likely to cause serious adverse impacts on the marine environment, ranging from

avoidance to death. Potentially lethal effects of impulsive noise on cetacean populations,

such as seismic prospection airguns and military sonars causing stranding events, are

publicly known (Weilgart, 2007). Descriptor 11.2.1 focuses on ambient noise, mostly

due to shipping and likely to cause physiological and behavioural stress. Anthropogenic

noise pollution affects all types of animals, reducing their ability to communicate and

hunt or avoid predators, modifying soundscapes they rely on for habitat selection and

inducing stress. Marine mammals show vigilance, escaping and avoidance behaviours

(Tyack, 2008). Fish show behaviour change, such as habitat avoidance and spawning and

migration disruption (Hawkins et al., 2014). Knowledge gaps remain regarding our un-

derstanding of the effects of noise on invertebrates (Hawkins et al., 2014), but multiple

studies have shown effects on marine invertebrates, from scallop larvae to giant squid

(Aguilar de Soto, 2016).

1.2.3.2 Biophony

Biophony is composed of various sounds emitted by marine life. Toothed whales produce

echolocation clicks at high frequency (5 – 150 kHz) to sense their surroundings and find

and track prey (Jensen et al., 2018). The most powerful, from sperm whales, can be

detected as far as 20 km away (Miller and Miller, 2018). Sperm whales (Weilgart and

Whitehead, 1993) and porpoises (Clausen et al., 2011) communicate using sequences of

clicks, other toothed whales using whistles (Weilgart and Whitehead, 1990; Riesch et al.,

2008). Baleen whales communicate using calls and songs (Watkins et al., 2000; Širović

et al., 2004). Blue whale low frequency calls (∼20 Hz) can be detected several hundreds

of kilometres away (Stafford et al., 1998). Seals communicate using calls (Cleator et al.,

1989; Moors and Terhune, 2004; Rossong and Terhune, 2009). Some species of fish

produce sounds using their swim bladder or rubbing skeletal elements (Parmentier and

Fine, 2016; Bolgan et al., 2020). Invertebrates mainly produce sounds from rubbing,
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tapping or clacking together calcareous parts (Coquereau et al., 2016). Many species

are not purposefully acoustically active, but make noise when foraging, such as snapping

shrimp, spider crab and sea urchin or moving, such as sea urchin and scallops (Di Iorio

et al., 2012; Coquereau et al., 2016).

PAM techniques allow estimation of whale population density (Marques et al., 2013),

population abundance (Lewis et al., 2018), seasonality (Stafford et al., 2007) and be-

haviour (Wahlberg, 2002; Miller and Miller, 2018). Seal calls present individual signa-

tures enabling individual identification (Charrier et al., 2017). Analysis of sounds from

fish (Bolgan et al., 2018; Di Iorio et al., 2018), shrimps (Everest, 1947; Johnson et al.,

1947) and sea urchins (Radford et al., 2008a) provides valuable information about habitats

and ecosystems health (Radford et al., 2008b; Harris et al., 2016).

1.2.3.3 Geophony

Geophony is composed of sounds generated by physical processes occurring naturally.

Wind, rainfall and breaking waves generate surface noise that radiates as deep as 6000 m

in the ocean (Barclay and Buckingham, 2013) and dominates underwater ambient noise in

the 500 Hz – 50 kHz frequency range (Wenz, 1962; Vagle et al., 1990; Black et al., 1997).

Wind noise during storms significantly raises the background noise, affecting animal com-

munication (Ladich, 2013) and sonar performance (Ainslie, 2010). Analysis of the under-

water ambient noise provides information about sea surface wind speed and rainfall rate

(Vagle et al., 1990; Nystuen, 1996). Seismic activity generates low frequency sounds that

can be detected over thousands of kilometres away (McGuire et al., 2005) and can disturb

marine life (Gallo-Reynoso et al., 2011). Submarine volcanoes (Matsumoto et al., 2011),

large ice shelf calving events (Dziak et al., 2019) and turbidity currents (Hatcher, 2017)

can be monitored through their contribution to the underwater soundscape.

1.3 Ocean observing platforms

1.3.1 Oceanographic research vessels

Oceanographic research vessels offer high spatial resolution observations. They can carry

unrestricted range of instruments without weight, size or energy constraints. Human
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presence onboard allows for real-time adaptation of the mission to the conditions (e.g.

weather, ice conditions, scientific observations) and operation of non-automated instru-

ments (e.g. collection of water, biological and litter samples, filtration, chemical reactions,

visual surveys). For obvious economic and logistical reasons, ship-based observations are

mainly limited to large scale hydrographic sections, with a yearly to decadal repeat rate,

such as the Global Ocean Ship-based Hydrographic Investigations Program (GO-SHIP),

or smaller scale process studies, such as the yearly snapshot of the NW Mediterranean

Sea provided by the MOOSE oceanographic cruise (www.moose-network.fr).

PAM techniques are commonly used from ships, using PAM systems towed behind the

ship to limit engine, propeller and hull-radiated noise (Lasky et al., 2004). Towed systems

are powered from the ship and provide a real-time data stream that can be analysed on-

board by acoustic experts. Multiple sensors can be used to enable source localisation

and tracking (Thode, 2004) and complex hydrophone arrays can be used, up to 1000 m

long, forming high-sensitivity antennas to detect weak signals and collect robust source

localisation information (Lemon, 2004).

Towed PAM systems are routinely used for military application, such as anti-submarine

warfare (Lemon, 2004), and for monitoring of cetacean population. The example of the

ACCOBAMS Survey Initiative (www.accobams.org) illustrates the use of towed PAM

surveys for cetacean population abundance, density and distribution estimation. Com-

bined towed PAM surveys and air- and ship-borne visual surveys, provided a snapshot of

the cetacean population in June – July 2018 over the Mediterranean Sea. Such large-scale

survey effort is the result of unprecedented international collaboration and funding. At the

time of writing, funding for future repetition of this survey is not yet secured (Accobams,

2019).

1.3.2 Fixed-point observatories

Fixed-point observatories are composed of collections of sensors mounted on a bottom

lander on the seabed, on a mooring line at various depths in the water column or on

an instrumented buoy at the surface. They offer oceanographic measurements at a high

temporal resolution over long periods. Arrays of moorings, such as the Global Tropical

Moored Buoy Array monitoring the tropical oceans around the globe for about 30 years
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(McPhaden et al., 2010), provide sustained real-time observations allowing for monitor-

ing, understanding and prediction of the impacts of ocean variability on weather events.

Sophisticated fixed-point observatories are costly and require complicated maintenance

operations that limit the number of components available in an array. Therefore, such

arrays of moorings are limited to a very coarse spatial resolution. Moored systems can

be damaged by storms, vandalism and fishing activities, with possible loss of instruments

and data.

A wide range of autonomous recorders is commercially available, for moored PAM

applications, offering long-term (months to years) observation capability. Moored PAM

systems are commonly used for underwater noise monitoring (Merchant et al., 2016) and

observation of cetacean presence (Miller and Miller, 2018). They are particularly adapted

to monitor evolutions of the soundscape (Erbe et al., 2015). Multiple PAM systems can

be deployed to allow source localisation and tracking, critical for monitoring animal be-

haviour (e.g. diving dynamics, foraging behaviour, swimming) (Wiggins et al., 2012).

Data from autonomous recorders are only accessed at the end of the deployment, when

the PAM system is recovered. There are examples of cabled observatories, usually devel-

oped for unique applications such as the deep sea neutrino telescope at ANTARES in the

northwestern Mediterranean Sea (Ageron et al., 2011) and the NEPTUNE observatory,

built from decommissioned submarine telecommunication cables, to monitor a critical

seismic activity hotspot, off the west coast of Canada (Barnes et al., 2010). Cabled PAM

systems provide sustained, continuous, real-time observations with high temporal resolu-

tion, enabling inter-seasonal and annual trends and daily patterns in cetacean populations

and anthropogenic noise to be studied (André et al., 2011, 2017) and to explore acoustic

activity of deep sea marine life (Wall et al., 2014). Such observatories are unfortunately

very complex and expensive to maintain, therefore remain very rare. Interaction with

waves and currents can generate noise, through vibration and movement of the mooring’s

components (e.g. rope, chain). For PAM applications, specific mooring design can be

used to significantly reduce such mooring noise. In strong currents, flow noise can be

observed, affecting measurements in the 1 – 100 Hz frequency band (Erbe et al., 2015).
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1.3.3 Profiling floats

Profiling floats were developed in the 1950s (Davis et al., 1992, 2001), to carry out ocean

observations during long autonomous missions. They consist of a 1 – 2 m long cylindri-

cal body containing batteries, sensors and a buoyancy engine. The buoyancy engine, by

pumping air or oil into and out of an external swim bladder, allows variations of the float’s

average density from negative to positive values inducing vertical motion through the wa-

ter column, from the surface to a predefined depth (Fig. 1.6). They follow subsurface cur-

rents at their predefined parking depth and collect recurrent temperature and salinity mea-

surement along vertical profiles (Davis et al., 2001). Observations from profiling floats

are coordinated by the Argo Program, implemented in 1999, and now a significant part

of the Global Ocean Observing System. As defined by the Argo Program specifications,

profiling floats drift at a parking depth of 1000 m and collect hydrographic temperature

and salinity profiles every 10 days, with an expected lifetime of 4 years (Roemmich et al.,

2019). The Argo Program has been providing sustained ocean observation for 20 years,

from currently (March 2020) ∼4000 floats transmitting temperature and salinity profile

in real time. The Argo Program is now developing its observation capabilities, extending

to full ocean depth (∼6000 m) and expanding the sensor suite (e.g. biogeochemistry, op-

tical sensors, passive acoustics) (Roemmich et al., 2019). Location of drifting platforms

is dependent on the currents only, resulting in inhomogeneous coverage and too sparse

observation in some areas (e.g. western boundary currents, shelf-open ocean interface).

PAM systems have been integrated on profiling floats for monitoring of seismic ac-

tivity (Sukhovich et al., 2015), observing the effects of monsoon in the Bay of Bengal

through wind and rain measurements (Riser et al., 2008) and beaked whale tracking (Mat-

sumoto et al., 2013). At the time of writing, there is one commercially available system,

PABLO (www.metocean.com) not mentioned in the peer reviewed literature. Profiling

floats are particularly adapted to PAM applications, emitting no engine nor flow noise.

However, profiling floats are usually not recovered at the end of their life, due to having

drifted to remote locations, which prevents access to raw acoustic data.
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Figure 1.6: ARGO float cycle, reproduced from (Roemmich et al., 2019)

1.3.4 Ocean gliders

Ocean gliders have similar profiling ability to that of profiling floats, with additional nav-

igation capabilities. They use a buoyancy engine to move vertically through the water

column, from the surface to 1000 m deep. Fixed wings, fins and a specifically profiled

body convert their vertical velocity (∼0.1 m s−1) into horizontal velocity (∼0.2 m s−1),

following V-shape pseudo-vertical profiles (Fig. 1.7). Internal battery displacements con-

trol pitch and roll changes. Roll adjustments or a rudder are used for steering and a

compass for underwater navigation. They perform successive dives along a predefined

trajectory, using satellite positioning and communication when at surface to transfer data

back to shore and update their mission plan (Fig. 1.7). At the time of writing, three types

of ocean gliders are commercially available: Seaglider is developed by the University of

Washington and commercialised by Hydroid, Slocum is developed by Teledyne and Sea-

Explorer is developed by Alseamar. Scripps Institution for Oceanography develops and

operates its own glider Spray, that is no longer commercially available. They share sim-

ilar shape and dimensions, 1.5 – 2 m long, 0.5 – 1 m wingspan, 50 – 60 kg in air (Fig.
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Figure 1.7: Schematic diagram of an ocean glider dive cycle.

1.8). They are easily handheld, deployed and recovered by two people and from small

boats. Their unique propulsion system, necessitating engine effort during short periods

at the beginning and end of long effortless profiles, allows ocean gliders to reach great

endurance (Rudnick et al., 2004). When performing 1000 m dives, each gliding profile

lasts for approximately 2 hours and the glider can reach an overall autonomy of up to

a year, covering thousands of kilometres. They collect high resolution profiles (∼2 km,

∼2 h) and can carry a wide range of sensors measuring physical, chemical and biological

properties of the water column. Ocean gliders have the demonstrated capacity to fill gaps

in the global ocean observing systems (Testor et al., 2019). They can navigate along a pre-

defined trajectory to target identified geographical areas where coverage from Argo floats

is insufficient (e.g. coastal regions, boundary currents). They provide high-resolution

measurements that allow observation of mesoscale (10 – 100 km) processes, difficult to

resolve with traditional observing platforms. They are unaffected by storms and are used

to provide prediction and observation of tropical storms (Glenn et al., 2016). They can

travel near and under ice (Lee et al., 2017).

Ocean gliders are highly suitable for PAM applications. They glide quietly through

water, without any propulsion noise; they collect hydrographic profiles, from which sound

velocity profiles can be calculated; raw acoustic data can be accessed after recovery of the

glider; they can carry one or several hydrophones, offering multiple acoustic monitoring

possibilities. Flow noise, generated by turbulent water flow around the glider’s hull, is
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Figure 1.8: From left to right, Slocum glider (taken from www.auvac.org), Seaglider (UEA pic-
ture) and SeaExplorer (picture courtesy ALSEAMAR).

of similar magnitude to flow noise observed on moored PAM systems (Dos Santos et al.,

2016; Erbe et al., 2015). Ocean gliders have been equipped with custom-built PAM sys-

tems and on-board processing capability for near real-time detection of beaked whales

(Klinck et al., 2012) and baleen whales (Baumgartner et al., 2013), demonstrating the

opportunity to use PAM gliders as a component of operational whale monitoring obser-

vatories. Multi-channel systems have been used to demonstrate the ability to track sperm

whales (Kusel et al., 2017) and perform tactical maritime surveillance operations (Tesei

et al., 2015). Autonomous PAM systems have been successfully attached on gliders, to

observe soundscape variability along the glider’s track (Wall et al., 2017) and map fish

activity along cross-shelf transects in the Gulf of Mexico (Wall et al., 2012). Sensor in-

tegration on ocean gliders is challenging, due to drastic limitations in size, weight and

power consumption. At the time of writing, glider manufacturers have recently started to

provide integrated PAM systems, expensive and with high power consumption, shorten-

ing the glider’s autonomy. Most PAM glider experiments to date have been carried out

with custom-built sensors or externally attached third-party autonomous PAM systems.

1.3.5 Other marine autonomous systems

In the last decade, many marine autonomous systems have been developed to improve un-

manned ocean observation. They enable ocean monitoring with reduced costs, manpower

and pollution, allowing for improved mission safety and increased repeatability. They are

not limited by crew safety issues and can therefore operate in remote and dangerous lo-

cations (e.g. storms, polar regions, near or under ice). Most of them have not shown any

particular advantage for PAM applications, due to reduced autonomy (hours to days) and

constant engine and propeller noise. However, new surface vehicles, wind (Saildrone,
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Sailbuoy) or wave (Autonaut, Waveglider) propelled, are highly suited for PAM appli-

cations. They offer long-range observations similar to ocean gliders and profiling floats

(months to years) and reduced platform-generated noise. They benefit from access to solar

energy and large payload capacity. Towed PAM systems have been developed specifically

to be used on such autonomous surface vehicles. PAM applications from such vehicles are

still in their infancy, but highly promising. Some challenges, such as onboard processing

and real-time communication of summarised observations, are similar to PAM gliders and

PAM profiling floats.

1.4 Aim of the thesis

This PhD project: Sounds in the sea: How can we listen from ocean gliders? was part of

the Next-Generation Unmanned System Science (NEXUSS) Centre for Doctoral Train-

ing, which aims at training doctoral students in the development and application of Smart

and Autonomous Observation Systems (SAOS) for Environmental Sciences. From the

first developments of ocean gliders in the 1990s to their technological maturation in the

2000s, ocean gliders were only used by glider enthusiasts, mostly physical oceanogra-

phers, demonstrating their ocean observing capabilities. In the last decade, the reliabil-

ity and ease of use of ocean gliders as a platform increased. They can now be used as

a data collection tool in operational observing systems and by non-specialist scientists,

like ships, buoys, moorings and satellites. Ocean gliders also offer the opportunity to

host experimental sensors, to develop new usage and ocean monitoring solutions. Acous-

tic recording from ocean gliders is a recent development, already very promising. This

project aimed at investigating and demonstrating new ways of observing the oceanic en-

vironment, using PAM gliders. I considered the multidisciplinary aspect of PAM sensors,

well known to marine biologists and fairly new to physical oceanographers, as a vector of

promotion of glider observations to new scientific communities and a way to broaden the

spectrum of glider users and usage.

In Chapter 2, I investigate the opportunity to adapt the WOTAN (Weather observation

through ambient noise) technique (Vagle et al., 1990) to vertically profiling ocean gliders.

The relationship between wind speed and underwater noise has been known for decades

(Vagle et al., 1990) and the ability to infer wind speed from underwater ambient noise
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Table 1.1: Details of the PAM glider missions, geographic area, type of glider and PAM system
used and application of the acoustic data to WOTAN, whale monitoring, soundscape analysis or
hardware trial.

Name Location / Date Glider PAM system Application
MOOSE NW Mediterranean Slocum Acousonde WOTAN

4 missions 12/2012 – 04/2013 +alkaline pack Whale
MED-REP14 NW Mediterranean Seaglider Integrated PAM Whale

06/2014
MASSMO4 N Atlantic Seaglider Integrated PAM Trial

06/2017
Orchestra Southern Ocean Seaglider Acousonde WOTAN

12/2017 – 01/2018
MASSMO5 N Atlantic Seaglider Acousonde Trial

10/2018
ELO Indian Ocean Seaglider Acousonde WOTAN

2 missions 01/2019 – 04/2019 Integrated PAM
PERLE E Mediterranean Seaglider Acousonde WOTAN

01/2020 – 03/2020 +lithium pack
PROVOCCAR Southern Ocean Seaglider Acousonde Soundscape

02/2020

has been demonstrated (Nystuen and Ma, 2002). Adapting this technique to glider-borne

recordings widens the scope of ocean glider observations. The collection of wind speed

measurements, collocated with the usual glider oceanographic profiles, has the potential

to significantly improve observation of air-sea interaction processes. In Chapter 3, I in-

vestigate the benefits of PAM glider observations for marine biology applications. Sperm

whale echolocation clicks can be detected on glider-born recordings, enabling observation

of sperm whale presence and behaviour along the track of the glider. Such observation

has the potential to improve monitoring of cetacean populations, increasing the observa-

tion effort and providing high spatial-temporal resolution along their track. Many PAM

glider experiments were involved in this project, mapped in Figure 1.9 and listed in Table

1.1, generating large amounts of data recorded using different PAM systems, gliders and

setups. I review in Chapter 4 the commercially available PAM systems and their desirable

future developments, I discuss piloting, sampling and data processing good practices.

Chapter 5 summarises the lessons learnt from this project, presents the main challenge

identified, pathways to improvement, and tools for successful PAM glider deployments.
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Figure 1.9: Areas covered by the glider missions mentioned in this thesis. (a) North Atlantic, (b)
Northwestern Mediterranean Sea, (c) Eastern Mediterranean Sea, (d) Tropical Indian Ocean and
(e) Southern Ocean – Spilhaus map.
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2.1 Abstract

Wind speed measurements are needed to understand ocean – atmosphere coupling pro-

cesses and their effects on climate. Satellite observations provide some spatial and tem-

poral coverage but are lacking adequate calibration, while ship- and mooring-based obser-

vations are spatially limited and have technical shortcomings. However, wind-generated
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underwater noise can be used to measure wind speed, a method known as Weather Obser-

vations Through Ambient Noise (WOTAN). Here, we adapt the WOTAN technique for

application to ocean gliders, enabling calibrated wind speed measurements to be com-

bined with contemporaneous oceanographic profiles over extended spatial and temporal

scales. We demonstrate the methodology in three glider surveys in the Mediterranean Sea

during winter 2012/13. Wind speeds ranged from 2 to 21.5 m s−1, and the relationship

to underwater ambient noise measured from the glider was quantified. A two-regime lin-

ear model is proposed, which validates a previous linear model for light winds (below

12 m s−1) and identifies a regime change in the noise generation mechanism at higher

wind speeds. This proposed model improves on previous work by extending the validated

model range to strong winds of up to 21.5 m s−1. The acquisition, data processing, and

calibration steps are described. Future applications for glider-based wind speed observa-

tions and the development of a global wind speed estimation model are discussed.

2.2 Introduction

Quantifying air-sea fluxes is critical in understanding the weather – ocean – climate sys-

tem. Numerical models need forcing by in situ measurements at an increasingly higher

spatial and temporal resolution (Zhang et al., 2006). Sea surface wind speed is a key pa-

rameter in forcing numerical models, as well as in quantifying turbulent air-sea fluxes and

gas exchanges (Wanninkhof, 2014).

Observations made from satellites can provide wind speed data with near-global cov-

erage over the ice-free oceans with a spatial and temporal resolution of about 0.25 ◦ and

24 h (e.g. QuickScat, ASCAT), respectively. However, there is a lack of calibration of in

situ observations outside the tropics and away from coasts, or in high wind speed (>18 m

s−1) conditions (Bourassa et al., 2010). In situ monitoring of weather conditions over the

ocean is difficult to achieve. Ship-based observations are affected by airflow distortion

(Moat et al., 2005) and are sparse (Kent, 1998). Making observations from moored mete-

orological buoys in the long term (years to decades) presents difficulties, such as damage

or loss caused by the roughness of the sea surface environment (storms, ice, fishing ac-

tivity, vandalism, etc.). The spatial coverage offered by moored meteorological buoys

and ship-based observations remains limited, as is their ability to provide observations of
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Figure 2.1: Spectra of the typical contributions to underwater ambient noise in the open ocean,
from anthropogenic (dashed), biotic (dotted), and abiotic (continuous) sources (adapted from
(Wenz, 1962)). In the absence of heavy rain events or nearby biotic activity, wind-generated noise
is predominant in the 500 Hz – 20 kHz frequency range.

extreme wind events, because of sensor and platform limitations (Weller et al., 2008).

The Weather Observations Through Ambient Noise (WOTAN) technique (Vagle et al.,

1990) enables monitoring of the sea surface weather conditions from underwater, away

from the rough sea-air interface, with no difficulties induced by extreme weather events.

This approach relies on the analysis of underwater ambient noise, generated by the ex-

citation of the sea surface by the weather conditions. Surface-generated noise can be

recorded up to at least 6 km deep (Barclay and Buckingham, 2013).The unique character-

istics of the main underwater sound sources (e.g., spectrum shape, time variability) allow

wind-generated noise to be isolated and quantified (Fig. 2.1).

Underwater noise generated by surface weather conditions was first studied in the

mid-twentieth century, because of its effect on the performance of submarine detection

systems (Urick and Kuperman, 1989). In the open ocean, and in the absence of sound

from marine life or nearby ships, the main source contributing to underwater sound in the

frequency band from 500 Hz to 50 kHz is the sound produced by surface weather con-

ditions (Black et al., 1997; Vagle et al., 1990; Wenz, 1962). The action of the wind on
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the surface of the ocean induces air bubbles, spray, splash, and turbulence noise, which

contribute to underwater ambient noise (Carey et al., 1993). These complex surface pro-

cesses are influenced by multiple parameters, such as wind speed, wind duration, fetch,

and marine atmospheric boundary layer (MABL) stability. In this study, we will focus on

the instantaneous wind speed only, as a first-order approximation. A linear relationship

between the logarithm of the surface wind speed and the sound pressure level (decibels)

was first reported in shallow water (∼40 m) (Piggott, 1964), and then extended to deep

water (5000 m) in the 1 – 10 kHz frequency range (Crouch, 1972; Shaw et al., 1978).

An empirical linear relationship between the surface wind speed and the sound pressure

(µPa) was then proposed in the 4 – 15 m s−1 wind speed range (Vagle et al., 1990), which

is now widely used (Nystuen and Ma, 2002; Riser et al., 2008; Vakkayil et al., 1996).

The wind speed measured using this technique is relative to the sea surface, so it

is applicable to estimation of heat and moisture fluxes and wind stress (Bourassa et al.,

2010). The WOTAN technique spatially averages over an area dependent on the frequency

used, the depth of the measurement, and the sound speed profile at the measurement

site. At 3 kHz, it varies from 0.1 km2 for a measurement depth of 100 m to 10 km2

for a measurement depth of 1000 m (Vagle et al., 1990). For increasing frequencies, the

sound absorption coefficient increases, thus the listening area decreases. This spatial scale

corresponds to the scales considered in interaction studies (Bourassa et al., 2010). The

linear relationship

p = b+ sU (2.1)

between the sound pressure p (µPa) and the surface wind speed U (m s−1), where b (µPa)

and s (µPa m−1 s) are respectively the offset and slope of the linear regression, is widely

used in most recent studies (Nystuen and Ma, 2002; Riser et al., 2008; Vakkayil et al.,

1996). These studies agree on a low wind speed limit of around 2 m s−1, below which

the wind-generated sound is below the background noise level. They also agree on a

high wind speed limit around 15 m s−1, above which measurements are scattered and the

correlations are poor, and propose an explanation based on the hypothesis of bubble-layer

attenuation of surf noise (Black et al., 1997; Farmer and Lemon, 1984). It is worth noting

that these previous studies contained few observations of high wind speeds.

Ocean gliders are autonomous underwater vehicles, carrying sensors to monitor the
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ocean. They perform long autonomous missions (several months to a year, and several

thousand kilometres) and provide high-resolution (∼2 h, ∼2 km) hydrographic profiles

(Testor et al., 2010; Rudnick, 2016). Glider measurements are not affected by extreme

weather events. Their unique way of moving through the water column (buoyancy driven

with no propellers) makes them extremely quiet and therefore very suitable for passive

acoustic monitoring. Gliders also measure temperature and salinity profiles, from which

sound velocity profiles can be derived. This collocated information on the acoustical

properties of the water column is of considerable value for soundscape studies. Passive

acoustic monitoring (PAM) sensors have been successfully deployed on ocean gliders for

cetacean monitoring purposes (Baumgartner and Fratantoni, 2008; Baumgartner et al.,

2013; Klinck et al., 2012; Moore et al., 2007). The combination of hydrographic profiles

with surface weather measurements on submesoscales (i.e., kilometre scale), tracking a

weather event or monitoring a selected area for many months, would be highly valuable

for interaction studies.

This paper presents a novel method for measuring surface wind speed using glider-

borne underwater ambient noise measurements, from the subsurface to 1 km deep. We

deployed gliders equipped with PAM sensors in the Mediterranean Sea during winter

2012/13 in the framework of the Deep Water formation Experiment (DEWEX) experi-

ment (Testor et al., 2018). The gliders recorded 4 months of acoustic data, with recurring

opportunities to compare our wind speed estimates with Météo-France meteorological

buoys in the area. Focusing on the sound pressure level in the 3 kHz third octave band,

which shows the most dynamic response to wind speed, we estimate the surface wind

speed around the glider’s position (0.1 – 10 km2) throughout the 2 – 21.5 m s−1 wind

speed range. Section 2.3 describes the experiment and the associated datasets. Section

2.4 presents the data acquisition and processing methods, and the results. Section 2.5

presents the wind speed derivation model and its performance. In section 2.6, we con-

sider the broader application of the model to different experiments or regions, and we

discuss future improvements and the contribution to wider monitoring activities.
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2.3 Instrumentation and field measurements

Passive acoustic measurements were made using an Acousonde B003A-HF datalogger

(Fig. 2.2), developed by Greeneridge Sciences, Inc. The Acousonde is a self-contained

underwater acoustic recorder comprising two hydrophones, sensors for attitude, orienta-

tion, depth, and temperature, a digital recorder, and a field-replaceable battery (Burgess,

2010). The core of the sensor consists of a high-frequency hydrophone (capable of sam-

pling up to 232 kHz), with a sensitivity of -204 dB re 1V µPa−1. A 6-pole linear-phase

anti-aliasing filter is used, with -3 dB passband (12.5 kHz – 42 kHz) and -22 dB at 100

kHz (Fig. A.2a). Data are stored on a 128 GB flash memory, with a 16-bit sampling

resolution. An external three-D-cell tethered battery pack allows up to 200 h of record-

ing. The Acousonde operates autonomously, and has its own battery, memory, and pro-

grammed mission. Data processing is undertaken after the sensor is recovered. Initially

developed to be attached to marine mammals (Cazau et al., 2017), it has also been used

on ocean gliders (Nott, 2015). Details of the sampling method used in this study are given

in Section 2.4.

The platform we used in this study is the Slocum glider, developed by Teledyne Webb

Research. It is driven by buoyancy changes, controlled by 500 cm3 of oil pumped into or

out of a swim bladder, inducing a vertical motion in the water column, from the surface

down to 1000 m depth. Fixed wings convert the vertical velocity into forward velocity,

internal battery displacements enable pitch and roll management, and a moving rudder

enables direction changes. This novel way of propulsion makes it a very quiet platform

between the oil pumping phases that occur at the apogee and perigee of each dive (∼2 h

for 1000 m dives). Water turbulence around the sensor induces flow noise, proportional

to the glider’s speed in the 5 – 50 Hz frequency band (Dos Santos et al. 2016; Erbe et

al. 2015), with no effects regarding the wind generated sound levels over 1 kHz. The

version of the Slocum gliders we used can complete autonomous missions up to 3 months

and 1000 km long. Along with the external PAM sensor, the gliders were equipped with

integrated temperature, salinity, and pressure sensors.

The experiment took place within the Mediterranean Ocean Observing System for
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Figure 2.2: Model B003A Acousonde (reproduced with permission of Greeneridge Sciences, Inc.)
(top) layout and (bottom) assembled with a B003-XHD external three-D-cell alkaline battery (4.5
V, 15 Ah) housing mounted on a Slocum glider.

Figure 2.3: Map of the Gulf of Lion (Lambert projection), tracks of the four glider missions, and
location of the two Météo-France meteorological buoys, Lion and Azur.

the Environment (MOOSE) framework, which aims to monitor the oceanographic vari-

ability of the northwestern Mediterranean Basin over a continuum of spatial and tem-

poral scales (http://www.moose-network.fr), and the DEWEX experiment (Testor et al.,

2018). From December 2012 to May 2013, PAM equipped gliders were deployed along

the MOOSET00 [Nice, France – Calvi (Ligurian Sea), France] and MOOSET02 [Mar-

seille, France – Menorca, Spain (Gulf of Lion)] glider endurance lines (Fig. 2.3). These

lines closely pass the two Météo-France meteorological buoys Azur and Lion respectively,

defining two distinct experiment sites in which continuous in situ surface wind measure-

ments are available, thus allowing recurring calibration and validation of the glider mea-

surements.
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These two experiment sites present different geographical characteristics, hence dif-

ferent spatial variability scales in their wind fields. The Lion buoy (42.06 °N, 4.64 °E) is

in the middle of the Gulf of Lion, 100 km from the nearest shore, in waters 2300 m deep,

in an open sea area affected by the mistral and tramontane winds, and away from the main

shipping lanes. The Azur buoy (43.38 °N, 7.83 °E) is 50 km from the shore, in waters 2300

m deep, in an area affected by cyclogenesis in the Gulf of Genoa (Rainaud et al., 2016),

and close to the alongshore shipping lanes. Each buoy measurement is considered to rep-

resent the conditions for an area around the buoy’s position, whose size depends on the

spatial variability of the measured parameters and the geographical position of the buoy.

To better estimate the area represented by each buoy wind speed measurement, we used

output from the atmospheric model Application of Research to Operations at Mesoscale

– Western Mediterranean (AROME-WMED; (Nuret and Fourrié, 2011)) to compare the

wind speed at the buoy position with the wind speed for the rest of the Gulf of Lion, for

the two sites, Lion and Azur (Fig. 2.4). Around the Lion buoy, the correlation (0.93),

root-mean-square (RMS) difference (2.1 m s−1), and mean difference (0.2 m s−1) with

the wind speed at the buoy position are good within 80 km of the buoy, with a rapid de-

terioration outside. We define this as the Lion confidence area, in which we use the buoy

1-min average measurements of wind speed at 10 m as ground truth. Around the Azur

buoy, this radius decreases to 40 km. We defined the Azur confidence area as a 40-km

radius around the Azur buoy that provides hourly average measurements of wind speed at

10 m, with mean correlation, RMS difference, and difference of 0.86, 2.5 m s−1, and 0.2

m s−1, respectively (Fig. 2.4).

We undertook four PAM glider deployments around the two sites, Lion (missions

Asicsmed and MistralsT02 01) and Azur (missions MooseT00 23 and Moose T00 25).

These cover 138 days of data, 37 of which are within the confidence area of one of the

buoys and can be used to derive a relationship between sound pressure and surface wind

speed (Table 2.1). Multiple factors can induce differences between our measurements

in the different experiments: the two buoys have different measurement sampling fre-

quencies; shipping activity, and therefore its generated noise, is different at the two sites;

and our PAM sensors have different sensitivities per experiment, because of the varying

mounting position on the glider, and the difficulty of using Acousonde to produce absolute
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Figure 2.4: Maps (Lambert projection) of the (a), (b) correlation, (c), (d) RMS difference, and
(e), (f) mean difference (Ubuoy = U) of the wind speed at the sites (a), (c), (e) Lion and (b) ,(d), (e)
Azur with the wind speed on the Gulf of Lion. The maps are computed using hourly averages of
wind speed at 10 m, from the atmospheric model AROME WMED analysis, over the time of the
glider deployments, November 2012 – March 2013. The dashed circles of radius 80 km around
the Lion buoy and 40 km around the Azur buoy represent the confidence areas in which we use
the buoy measurements as ground truth. The mean values in the confidence areas are (R = 0.93,
RMSE = 2.1 m s−1, error = -0.2 m s−1), and (R = 0.86, RMSE = 2.5 m s−1, error = -0.2 m s−1)
around the sites Lion and Azur, respectively.
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Table 2.1: Amount of PAM sensor data at each step of the preprocessing, for the three datasets
(GB, days, and 1-min samples).

Dataset Lion MooseT00 23 MooseT00 25
Raw data 45 GB 48 GB 33 GB

51 days 54 days 38 days
7371 samples 7802 samples 5444 samples

Quiet gliding phase 40 days 50 days 14 days
4021 samples 4938 samples 1553 samples

Within the confidence area 15 days 17 days 5 days
2081 samples 2365 samples 707 samples

sound level measurements (Wiggins 2013). For these reasons, we decided to process each

experiment separately. We merged the two Lion datasets, Asicsmed and MistralsT02 01

(referred to as Lion dataset), as both deployments used the same setup in the same area

without any maintenance operations in between.

2.4 Acoustic data sampling and pre-processing procedures

We designed the data acquisition protocol to evenly distribute the 200 h of recording time

over the 3-month glider mission. The shortest sample allowed by the PAM sensor, 1 min,

is sufficient for analysis of wind-generated noise (Nystuen and Ma, 2002). The PAM

sensor recorded 1 min every 10 min, to allow a mission duration of 80 days. The sam-

pling rate was set at 50 kHz, constrained by the PAM sensor’s onboard memory capacity.

This sampling method produces 27 GB of data every month. We adapted the WOTAN

technique (Vagle et al., 1990). We processed each 1-min sample individually, extract-

ing the sound level on third octave frequency bands [third octave level (TOL)], according

to the standards [American National Standards Institute (ANSI) S1.11–2004] and using

the software PAMGuide (Merchant et al., 2015) on 1-s-long non overlapping Hanning

windows. To focus on the wind contribution to the underwater ambient noise, any other

sound sources have to be detected and removed from the dataset. The noise generated by

the glider’s oil pump is a loud broadband signal, lasting for several minutes. Slocum glid-

ers generally activate their pump only during the apogee (surfacing) and perigee (bottom

inflexion) phases of a dive. As we programmed only 1000-m-deep dives, we removed

data acquired during apogee (depth <20 m) and perigee (depth >950 m) to focus on the



2.4 Acoustic data sampling and pre-processing procedures 29

Figure 2.5: (a) Raw spectrogram of the sound recorded during the Lion–Asicsmed mission and
(b) after removal of the main-glider-generated noises during the apogee (depth<20 m) and perigee
(depth >950 m) phases.

quiet gliding phase of each dive (Fig. 2.5). The Lion dataset contains 4021 remaining

1-min samples, the equivalent of 40 days (Table 2.1).

To eliminate transient sounds (e.g., clicks, whistles, and glider’s motors), we assumed

that wind speed is constant over a 1-min sample and kept only the minimum TOL values.

We therefore condense a 1-min sample spectrogram to a single spectrum in which remains

no signal of the transient sounds (Fig. 2.6). The pitch of the glider varies significantly

between ascending (approximately 26 °) and descending (approximately -26 °) phases.

To assess the effects of this variation on the measurements, we compared the estimated

wind speed during climbing and diving profiles. There is an average overestimation from

the ascending profiles of 0.3 m s−1. An ANOVA test on these time series gives a p value

of 0.3. Therefore, we neglected the effect of the variation of the pitch in this study.

The glider profiling behaviour implies significant variations in the depth of the mea-

surements, which affect the received sound level. The effects of refraction, attenuation,

spreading loss, and directionality of the sound sources are accounted for, for each depth

and frequency, depending on the sound attenuation and velocity profile (Vagle et al.,

1990). Therefore, TOL(h, f), measured at depth h and frequency f, can be corrected

to an equivalent TOL0(f) at the surface:

TOL0(f) = TOL(h, f) + β(h, f), (2.2)
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Table 2.2: Depth, frequency, and wind speed ranges of previous studies.

Reference Depth (m) Frequency range Wind speed range (m s−1)
(Piggott, 1964) 40 8.4 Hz–3.1 kHz 1–20
(Wenz, 1962) 500 Hz–5 kHz 1.2–20
(Crouch, 1972) 800–5000 10 Hz–3 kHz 2.5–25
(Shaw et al., 1978) 5000 1–10 kHz 2.5–12.5
(Vagle et al., 1990) 100–300 3–25 kHz 4–15
(Vakkayil et al., 1996) 500–2600 3–25 kHz 4–16
(Black et al., 1997) 1.8–46 10–30 kHz 1.3–13.9
(Nystuen and Ma, 2002) 38 100 Hz–50 kHz 2–12
(Riser et al., 2008) 600 8 kHz 2.3–10

Figure 2.6: (b) Spectrogram with examples of transient noises, such as 2: biological echoloca-
tion clicks, 1 and 3: whistles, and 4: glider’s fin movement noise. (a) The associated extracted
minimum spectrum shows no remaining signal of any of the identified transient sounds. The
Acousonde self noise, at 2 and 18 kHz, is not removed but the affected frequencies are not used in
our analysis.

where

β(h, f) = −10log

(
2

∫ ∞
0

rsin2θh,fe
−αf lh,f

l2h,f
dr

)
, (2.3)

where r is the horizontal distance from the source to the point directly above a hydrophone

at h; l is the path length from the source to the receiver, including refraction effects; θ is

the angle between the surface and the path to the receiver; α is the frequency-dependent

attenuation coefficient for bubble-free water. For each deployment, we calculated the β

profile using the average sound velocity profile, and attenuation, obtained from the glider’s

temperature and salinity measurements. The average sound velocity and β profiles are

shown in Fig. A.1 in the online supplement.

The applied correction for a depth of 1000 m is 1.3 dB, which means that the received

sound pressure (µPa) is 14 % lower that the sound pressure at the surface. The associated
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wind speed estimation correction varies from 0 to 2.5 m s−1 with the sound speed in the

0–25 m s−1 range. The nonlinearity observed at 9–10 m s−1 is due to the regime change.

Because of the change of the derivation slope, a similar sound pressure correction will

lead to a wind speed correction divided by 4 in the high wind speed regime than in the

low wind speed regime.

2.5 Wind speed derivation

2.5.1 Wind speed derivation model

Previous studies (Lemon et al., 1984; Nystuen and Ma, 2002; Vagle et al., 1990; Vakkayil

et al., 1996) were conducted on wind speeds limited to the 3–15 m s −1 range (Table

2.2). These studies found a linear relationship [eq. 2.1] between sound pressure at 8 kHz

(p8kHz , µPa) and 10-m wind speed (U10, m s−1). They discussed limitations at high wind

speeds (Vagle et al., 1990). In this study, we use

pfc = 10
TOL0(fc)

20 − pmin(fc), (2.4)

where pfc is the sound pressure for the third octave band of central frequency fc, relative to

the minimal pressure pmin(fc) observed on the deployment. The correlation between pfc

measured by the glider andU10 measured by the buoy depends on fc. The best correlations

are in the 2–10 kHz frequency band, where the wind-generated sound is predominant (Fig.

2.7). The poor correlations in frequency bands below 1 kHz is due to the predominance

of non-wind-dependent sound sources (e.g., distant shipping). The poor correlations in

frequency bands above 10 kHz can be explained by the attenuation of sound in the high-

frequency bands observed during high wind speed events (>15 m s−1) (Fig. 2.7). We

chose to use the relative pressure in the 3 kHz third octave band, which shows the most

dynamic response to wind speed and shows no attenuation effect during high wind speed

events (Fig. 2.7). Similar results are obtained if other frequency bands (within 2–10 kHz

range) are used.

To train our wind speed derivation model, we consider the median values of the acous-

tic parameter and the measured wind speed over each glider profile. As a result, contami-

nating sounds of duration of several 1-min samples (e.g., nearby ship) will be filtered out,
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Figure 2.7: (a) Correlation of the surface wind speed measurements at the Lion buoy (U10) with
the relative pressure in third octave frequency bands recorded by the glider within 80 km from the
site Lion. (b) Relative pressure spectrum for each 2 m s−1 wind speed bin. The black dotted line
marks the 3 kHz frequency band.

Table 2.3: Distribution of buoy wind speed measurements in each 2 m s−1 wind speed bin for the
Lion dataset.

U10 (m s−1) No. of 1-min samples No. of profiles
2–4 105 20
4–6 90 15
6–8 120 17
8–10 197 20

10–12 317 39
12–14 257 36
14–16 147 16
16–18 93 9
18–20 52 7
20–22 12 0
22–24 0 0

and the time and length scales are the usual glider profiling scales (∼2h, 2km for a 1000-

m vertical profile). The number of observations is unevenly distributed over the wind

speed range (Table 2.3). Therefore, to give an equal weight to each wind speed during the

regressions between pfc and U10, we calculated the median sound pressure in each 2 m

s−1 wind speed bin.

During our experiment, we observed several high wind speed events of 6–48 h of wind

speed above 15 m s−1, with the glider in the confidence area around the buoy. Our dataset
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Table 2.4: Distribution of buoy wind speed measurements in each 2 m s−1 wind speed bin for the
Lion dataset.

Single linear model Two-regime linear model
Low wind speed bsingle = −1.0 × 104 (µPa) blow = −0.2 × 104 (µPa)
U10 < 11 m s−1 ssingle = 0.6 × 104 (µPa m−1 s) slow = 0.4 × 104 (µPa m−1 s)

R2 = 0.86 R2 = 0.88
High wind speed bhigh = −12.5 × 104 (µPa)
U10 > 9 m s−1 shigh = 1.6 × 104 (µPa m−1 s)

R2 = 0.95

Figure 2.8: (a) Variation of relative pressure at 3 kHz with surface wind speed. The historical
single linear model [(1); dark line] is obtained by regression on the wind speed data below 15 m
s−1. The two wind speed regimes considered in this study are marked by blue arrows. (b) The
two-regime linear model (red line) is obtained by regression on the median values in 2 m s−1 wind
speed bins of the median pressure for each glider profile for the low wind speed and high wind
speed subsets.

covers a broader wind range (2–21.5 m s−1) than previous studies, allowing us to inves-

tigate the relationship between pfc and U10 for wind speed regimes above 15 m s−1. To

assess the validity of the historical single linear model [eq. 2.1] for our observations, we

fitted a linear model, of parameters bsingle and ssingle (Table 2.4), to the wind speed range

below 15 m s−1, simulating the wind speed range of the previous studies. Its coefficient

of determination R2 = 0.86 indicates a good fit for the 2–15 m s−1 range. We extrapo-

lated this to the high wind speed range and tested it against the data available in the Lion

dataset, revealing a tendency of the single linear model to overestimate wind speed in the

higher wind speed range (15–21.5 m s−1) (Fig. 2.8).
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To improve the agreement at high wind speed we investigated the hypothesis of two

distinct sound production regimes, related to the physical processes of wind-generated

underwater noise (bubbles, spray, and splash). Whitecaps can be observed on sea surface

images at wind speeds as low as 3.7 m s−1 (Callaghan et al., 2008), with this threshold

varying with air and sea temperature (Monahan and O’Muircheartaigh, 1986). Previous

studies using ambient noise show a low wind speed detection threshold at 1.5–4 m s−1

(Table 2.2). A wind speed threshold in the range of 9–11 m s−1 is commonly used in the

description of physical sea surface processes, such as the generation of spume drops, torn

off wave crests by high winds (Monahan et al., 1983, 2017), spray generation function

(Large and Pond, 1981), and drag coefficient (Foreman and Emeis, 2010). As these pro-

cesses all impact wind noise production, it is likely we will observe regime change in the

underwater noise production at wind speeds above this threshold. We therefore defined

a low wind speed range (U10 < 11 m s−1), where whitecaps are solely for the sound

production, and a high wind speed range (U10 > 9 m s−1), where additional physical pro-

cesses contribute to the sound production. We fitted two linear regressions for low wind

speed parameters blow and slow, and for high wind speed parameters bhigh and shigh (Ta-

ble 2.4). The low wind speed model is very close to the single linear model, despite being

fitted on a dataset of narrower wind speed range. The two-regime linear model allows a

good description of the observations for the complete measured wind speed range (Fig.

2.8). As an alternative to the two-regime linear model, we investigated the possibility of

fitting a power-law (p = a + U b) relation. We obtained good results with the quadratic

model — p = 459.6U2 — but with a tendency to overestimate low wind speeds. We

elected to use a two-regime model instead, as the fit was better and can be explained by a

change in physical processes at elevated wind speeds.

The physical processes explaining the regime change appear in a continuous and

smooth way, around a wind speed limit that is believed to depend on multiple parame-

ters (sea state, current, fetch, temperature,...). To better describe this smooth transition

between two different linear relationships on both sides of an undetermined joint point,

we can use a hyperbola as a transition model (Watts and Bacon, 1974). Therefore, we
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Figure 2.9: Wind speed U10 measured at the buoy vs U3kHz derived from acoustic measurements
using the two-regime linear model with hyperbolic transition [2.3]. The RMSE is calculated on the
low and high wind speed regimes. Corrupted data points, excluded from the analysis, are shown
in red.

estimate U3kHz , the wind speed derived from the sound pressure p3kHz , as

U3kHz = Ulim+
slow × shigh

2(shigh + slow)
(p3kHz−plim)+

slow × shigh
2(shigh − slow)

√
(p3kHz − plim)2 +

δ2

4
,

(2.5)

where δ = 10000 is the radius of curvature at the joint point (plim = 4.5 × 104 µPa;

Ulim = 10.4 m s−1) between the low (slow, blow) and high (shigh, bhigh) wind speed

linear models.

2.5.2 Performance of the wind speed derivation model

Prior to the estimation of the performance of the wind speed derivation model, we detected

and removed some data points from the analysis that we suspected to be corrupted by an

anemometer failure. They all occur during the 23–28 January 2013 period, during which

the buoy measurements are sparse, and disagree with both the glider estimation and the

model output (Figs. 2.9, 2.10). A comparison between the wind speed derived from the

sound pressure using [eq. 2.5], U3kHz , and surface wind speed measured by the buoy,

U10, shows a good agreement for the 2–20 m s−1 range. The root-mean-square of the

error (U10 − U3kHz) between the estimation and the observation is 2 and 1.4 m s−1 for

the low and high wind speed regimes, respectively (Fig. 2.9).

Because the glider traveled repeatedly toward and away from the buoy, the wind speed
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Figure 2.10: Wind speed (a), (d) U10 measured by the buoy coloured by distance to the glider
position, (b), (e) U3kHz derived from the glider acoustic measurements, and (c), (f) UAROME

from AROME WMED model at the glider position. The data displayed are from the (a)–(c)
MistralsT02 01 and (d)–(f) Asicsmed experiments that were merged into the Lion dataset. The
red box shows the period where the measurements from the buoy have been discarded.

derivation model, calibrated against U10 using the data collected within the buoy’s con-

fidence area, can be used when the glider is away from the buoy, extending the spatial

coverage of the wind speed measurements. The time series of U10 measured at the

buoy position, U3kHz derived from the glider measurements, and UAROME from the

AROME WMED model output collocated with the glider position show a good fit be-

tween U3kHz and UAROME when the glider is away from the buoy confidence area (light

blue colour coding) and when the buoy’s anemometer failed to provide data (Fig. 2.10).

2.6 Application to other glider campaigns and implications

The same technique was applied to the MooseT00 23 and MooseT00 25 campaigns,

around the Azur meteorological buoy. For the MooseT00 23 experiment, the wind speed

U3kHz derived using the associated hyperbolic transition model [eq. 2.3] fits U10 mea-

sured by the buoy throughout the 2–20 m s−1 wind speed range, with a root-mean-square
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Figure 2.11: (a) Two-regime linear model relationship between p3kHz and U10; (b) compari-
son between measured U10 and estimated U3kHz; and time series of (c) U10, (d) U3kHz and (e)
UAROME for the Azur MooseT00 23 experiment.

error of about 2.2 m s−1 in the low wind speed regime and 1.6 m s−1 in the high wind

speed regime (Fig. 2.11). This long experiment (7 weeks), with eight occurrences of the

glider surveying the Azur buoy area, illustrates the opportunity of repeated calibrations

using the buoy measurements to estimate the surface wind speed along the glider path

(Fig. 2.11).
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Figure 2.12: (a) Two-regime linear model relationship between p3kHz and U10; (b) compari-
son between measured U10 and estimated U3kHz; and time series of (c) U10, (d) U3kHz and (e)
UAROME for the Azur MooseT00 25 experiment. (e),(f) Expanded time series for 1 Apr reveal
a dubious U10 plateau. No output from the AROME WMED model are available for this experi-
ment, which took place after the end of the Hydrological Cycle in the Mediterranean Experiment
(HyMeX) exercise.

For the MooseT00 25 experiment, the wind speed U3kHz derived using the associated

hyperbolic transition model [eq. 2.3] fits U10 measured by the buoy throughout the 2–17

m s−1 wind speed range, with a root-mean-square error of about 1.6 m s−1 (Fig. 2.12).

The poor results in the 16–18 m s−1 wind speed bin can be explained by the low amount

of data (six dives), all of which were recorded during one single event on 1 April. The

buoy measurements during this event show a 6-h-long plateau at 17.0 m s−1 exactly that

could suggest an anemometer failure (Fig. 2.12).
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Table 2.5: Parameters of the wind speed derivation two-regime linear models for the Lion,
MooseT00 23, and MooseT00 25 datasets.

Lion MooseT00 23 MooseT00 25
For U10 < 11 m s−1

blow (µPa) −0.2 × 104 0.2 × 104 −0.5 × 104

slow (µPa m−1 s) 0.4 × 104 0.3 × 104 0.4 × 104

R2 0.88 0.85 0.88
For U10 > 9 m s−1

bhigh (µPa) −12.5 × 104 −4.4 × 104 −13.1 × 104

shigh (µPa m−1 s) 1.6 × 104 0.8 × 104 1.4 × 104

R2 0.95 0.96 0.97
Ulim (m s−1) 10.4 10.3 11.7
plim (µPa) 4.5 × 104 3.6 × 104 3.7 × 104

The noticeable differences in the absolute values of the parameters (Table 2.5) can be

explained by differences between the two Acousonde sensors used, and by the unavoid-

able variation in sound level with the orientation of the recorder in each deployment. The

internal layout of the Acousonde makes it asymmetrical, with the electronic board likely

to affect the measurements of the sounds coming from one side. Its cylindrical shape

makes it difficult to accurately position the electronic board between the transducer and

the glider’s hull. This inter-deployment sensitivity variability is believed to be responsible

for the quantitative differences between our three experiments. Despite this variability in

absolute sound level, these results show that once calibrated with buoy data, a relative

sound level can be used and produces consistent results.

The recent availability of PAM sensors integrated into ocean gliders should reduce

this inter-deployment sensitivity variability. Being able to calibrate the whole PAM/glider

system in situ once, knowing that the sensitivity will be the same for each following

deployment, will allow using the PAM glider for wind speed estimation in areas where in

situ calibration data are not available.

The method we propose here is based on relative sound pressure levels. Building a

similar model using absolute sound pressure levels would improve the method, since it

would negate the need for a specific in situ calibration, although the consistency of these

absolute measurements (e.g., for different sensor orientations) would need to be tested.
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2.7 Discussion

The adaptation of the WOTAN technique (Vagle et al., 1990) to recordings from ocean

gliders provides wind speed measurements with long endurance, large spatial coverage,

and resilience to severe weather conditions. During this study, we were able to collect

data without maintaining ship presence during several high wind speed events. Previous

studies were mostly limited to wind speeds below 15 m s−1 (Table 2.2), so they were

unable to successfully characterise higher wind speeds. The significant amount of high

wind speed conditions encountered during this experiment allows us to propose a model

extending the WOTAN technique measurement range to strong wind conditions, up to

21.5 m s−1. No evidence of an upper limit of our model, where the sound at 3 kHz

would be attenuated, has been found here. Further experiments are necessary to determine

whether this critical wind speed exists. The positions of the meteorological buoys relative

to the coast and the direction of the main winds limits the fetch to 100 km at the Lion

buoy, and 50 km at the Azur buoy. This does not allow a fully developed sea at wind speed

higher than 10 and 7 m s−1 at the sites Lion and Azur, respectively. Future experiments

in the open ocean (e.g., Southern Ocean) will provide more data at high wind speed and

with unlimited fetch, which will allow studying the impact of sea state on the wind noise

and assessing the validity of our model at high wind speed.

The use of sound pressure level at 3 kHz in this study was driven by the instrument

self noise at ∼2 kHz and the possible contamination by traffic noise at lower frequencies

on one side, and the limitations observed for the high frequencies at high wind speeds

on the other side. It is however not necessary to focus on this specific third octave band.

Moreover, monitoring higher wind speed conditions than the ones presented here may

necessitate the use of multiple frequencies. At high wind speeds, lower frequencies main-

tain a linear response to wind speed, while higher frequencies show decreasing ampli-

tude/intensity/power with increasing wind speed. Further work is required to constrain

the relation between higher frequencies and high wind speeds in relation to sea surface

physical parameters (sea state, wave age, energy flux...). In the particular case of surface

wind speed estimation, the use of p3kHz for wind speeds up to 25 m s−1, and p500Hz for

higher wind speeds, when wind-generated noise is loud enough to prevent masking by

shipping noise, could be considered, allowing a wide wind speed range to be monitored.
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This paper focuses on providing submesoscale measurements of surface wind speed

combined with oceanographic profiles. We recorded 1 min every 10 min, and considered

the median of the acoustic measurements to provide a robust wind speed estimation for

the duration of each glider profile — in this case measured every 2 h and 2 km. This

method allows the acquisition of high-resolution in situ forcing data, in weather conditions

or locations of interest (e.g., storms, remote regions) for numerical models and satellite

calibration (Schmidt et al., 2017). Recent progresses in the integration of PAM sensors

into ocean gliders now enables continuous recording during a monthlong glider campaign

(limited by the glider’s battery). The variation of the listening area with the depth of

measurement (Vagle et al., 1990) can be used to choose to measure wind speed over

different spatial scales. For example, limiting the glider measurements to the upper 100–

200 m would enable monitoring of a sea surface area of 0.1–0.5 km2, hence studying

of smaller-scale processes than with typical 1000 m glider dives (e.g., land sea breezes,

transient events). Continuous sampling throughout the glider dive, combined with sound

speed and attenuation profiles measured by the glider, will allow better evaluation of the

vertical distribution of ambient noise.

The combination of surface wind speed measurements with glider oceanographic pro-

files allows better observation and quantification of air–sea interaction processes, and

monitoring of the associated processes in the ocean. Surface wind speed measurements

allow correction of the bulk SST to obtain skin SST values, which are fundamental for the

quantification of air–sea interaction processes (Alappattu et al., 2017). Heat and freshwa-

ter transport can be monitored from the air–sea interface to the water column, linking heat

content changes in the ocean to meteorological events (Grist et al., 2016).

Wind noise is caused by complex physical processes, such as wave breaking and bub-

ble inclusion (Wenz, 1962), driven by weather, sea surface conditions, and history. As

a first approximation, we estimate the instantaneous surface wind speed from measure-

ment of wind noise. We believe that further experiments (e.g., glider campaigns together

with surface processes monitoring) could improve the wind speed estimation, by account-

ing for more contributing parameters (wind duration, MABL stability, sea state, fetch...).

Also, we could evaluate the ability to directly monitor physical parameters (whitecap cov-

erage, bubble creation rate, airflow separation, spume drop production...) through analysis
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of ambient noise recorded by gliders. Such direct measurements would significantly im-

prove the quantification of air-sea gas exchanges (Garbe et al., 2014), bubble-mediated

carbon exchange (Monahan and Dam, 2001), heat and moisture fluxes (Andreas et al.,

2015), and sea salt aerosol production fluxes (Lewis and Schwartz, 2004).

Onboard processing (e.g., TOL extraction, event detection) and real-time transmis-

sion of the data via Iridium connection will make it possible to detect targeted events

(e.g., storm, rainfall) and trigger an adaptation of the sampling behaviour to improve the

observations. For example, fast and shallow dives during a storm or a rainfall event would

increase the sampling resolution (Lee et al., 2012) of its effects on the water column (e.g.,

internal waves, mixing, freshwater input). The route of the glider can also be adapted

to better sample a targeted event (e.g., along-track or cross-track sampling). For future

deployments, we suggest that in situ calibration of the PAM glider should be performed

at the beginning of each deployment. Deploying the PAM glider at the surface from a

small boat, next to a calibrated hydrophone, in various noise conditions (e.g., engine on

/ off) should be sufficient to allow the acquisition of absolute sound levels. Also, the

use of an integrated PAM sensor will reduce the inter deployment variability in the posi-

tioning of the sensor, and therefore allow use of the same in situ calibration for multiple

deployments.

2.8 Conclusion

Surface wind speed can be measured remotely, derived from underwater acoustic mea-

surements. The proposed two-regime linear model yields improved results in high wind

speed conditions, extending the wind speed range to 2–21.5 m s−1. The PAM sensor can

be mounted on an ocean glider, diving from the surface to 1000 m deep, thus allowing the

surface wind speed measurements to be combined with the oceanographic profiles (e.g.,

temperature, salinity). These PAM glider observations provide high-resolution, frequent,

and localised in situ data for forcing numerical models and improving the understanding

of the air–sea–climate system.
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3.1 Abstract

Habitat use of the endangered Mediterranean sperm whale subpopulation remains poorly

understood, especially in winter. The sustained presence of oceanographic autonomous

underwater vehicles in the area presents an opportunity to improve observation effort, en-

abling collection of valuable sperm whale distribution data, which may be crucial to their

conservation. Passive acoustic monitoring loggers were deployed on vertically-profiling

oceanographic gliders surveying the north-western Mediterranean Sea during winter 2012
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– 2013 and June 2014. Sperm whale echolocation usual click trains, characteristic of for-

aging activity, were detected and classified in the recordings, providing information about

presence of sperm whale along the glider tracks. Widespread presence of sperm whales in

the north-western Mediterranean Sea was confirmed. Winter observations suggest differ-

ent foraging strategies between the Ligurian Sea, where mobile and scattered individuals

forage at all times of day, and the Gulf of Lion, where larger aggregations target intense

oceanographic features in the open ocean such as fronts and mixing events, with reduced

acoustic presence at dawn. This study demonstrates the ability to successfully observe

sperm whale behaviour from passive acoustic monitoring gliders. We identify possible

mission design improvements that would lead to benefit from passive acoustic monitoring

glider surveys to significantly improve sperm whale population monitoring and habitat

use.

3.2 Introduction

Sperm whales (Physeter macrocephalus) are widespread across the Mediterranean Sea

(Gannier et al., 2002; Drouot et al., 2004c; Frantzis et al., 2011; Notarbartolo-Di-Sciara,

2014; Carpinelli et al., 2014; Lewis et al., 2018) and constitute an isolated subpopula-

tion, genetically distinct from the Atlantic population (Drouot et al., 2004a; Engelhaupt

et al., 2009). The Mediterranean sperm whale subpopulation contains fewer than 2500

mature individuals (Notarbartolo-Di-Sciara, 2014) and is considered as ’Endangered’ by

the International Union for Conservation of Nature (IUCN) (Notarbartolo-di Sciara et al.,

2012). Anthropogenic pressures on this subpopulation include bycatch in fishing gear

(Notarbartolo-di Sciara, 1990; Notarbartolo-di Sciara et al., 2004), ship strike (Carrillo

and Ritter, 2010; Frantzis et al., 2019), ingestion of marine debris (de Stephanis et al.,

2013) and disturbance by anthropogenic noise (Frantzis et al., 2003; Weir, 2008) and

whale watching activities (Gordon et al., 1992; Notarbartolo-di Sciara et al., 2008). Sperm

whale distribution in the Mediterranean Sea is non-uniform (Gannier et al., 2002; Bois-

seau et al., 2010) and influenced by oceanographic (e.g. fronts, upwellings, primary pro-

duction) and topographic features (e.g. steep slopes, sea mounts) (Cañadas et al., 2002;

Gannier et al., 2002; Gannier and Praca, 2007; Praca and Gannier, 2008; Praca et al.,

2009; Pirotta et al., 2011, 2019; Frantzis et al., 2014; Virgili et al., 2019). Information on
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the ecology of the Mediterranean sperm whale subpopulation remains sparse and does not

meet the needs of conservation managers and policy makers (Pace et al., 2014). Broader

surveys are needed, increasing observation effort in non-summer months in particular

(Mannocci et al., 2018) to better understand the seasonality in habitat use, and identifying

key seasonal habitats to allow appropriate management of shipping and fishing activities

(Rendell and Frantzis, 2016).

Sperm whales are highly vocal, producing four distinct types of clicks both for echolo-

cation and social interaction purposes. When socializing at the surface, they use short

stereotyped sequences of clicks, called codas, to maintain cohesion in a group (Weilgart

and Whitehead, 1993) and mature male sperm whales produce slow clicks of lower fre-

quency and longer inter-click interval (Weilgart and Whitehead, 1988). When foraging,

they produce extremely powerful and highly directional usual clicks (Møhl et al., 2000;

Wahlberg, 2002; Zimmer et al., 2005) punctuated by lower intensity and shorter inter-

click interval creak clicks during prey capture (Madsen et al., 2002; Miller et al., 2004).

Sperm whales spend a substantial amount of their time foraging. When in a foraging cy-

cle, they produce usual clicks during 60 % of the time (Watwood et al., 2006; André et al.,

2017), starting at a depth of 100 to 200 m at the beginning of the dive, until the beginning

of the ascent phase (Madsen et al., 2002; Watwood et al., 2006). Usual clicks are emitted

in series of tens to hundreds (Wahlberg, 2002), in a 10 Hz – 30 kHz frequency band with

an inter-click interval varying from 0.5 to 2 seconds (Madsen et al., 2002; Møhl et al.,

2003). Usual clicks provide a reliable indicator of sperm whale presence and foraging

activity (Whitehead, 2003; Stanistreet et al., 2018) and their specific features allow them

to be identified and detected up to a distance of 4 to 20 km (Gannier et al., 2002; Barlow

and Taylor, 2005; André et al., 2017; Miller and Miller, 2018).

Passive acoustic survey methods have significantly improved over recent decades and

are now commonly used in cetacean observation (Pavan et al., 2008; Van Parijs et al.,

2009; Samaran et al., 2010; Au et al., 2014; Caruso et al., 2015; André et al., 2017;

Miller and Miller, 2018). Unlike more traditional visual survey methods, passive acoustic

techniques offer sustained observations during nighttime and adverse weather conditions

(Barlow and Taylor, 2005; Mellinger, 2007; Van Parijs et al., 2009) and when the whales

are sub surface. In the specific case of sperm whale detection, highly vocal and deep
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divers, combined visual and acoustic surveys found that acoustic techniques are much

more efficient than visual techniques, as sperm whales were always first detected acousti-

cally (Boisseau et al., 2010).

Ocean gliders are autonomous underwater vehicles, carrying various payloads to mon-

itor the ocean. They provide high resolution (∼2 h, ∼2 km) hydrographic profiles (Testor

et al., 2010; Rudnick, 2016), performing long autonomous missions (several months

to a year, and several thousand km) unaffected by extreme weather events. They are

highly suitable for passive acoustic monitoring (hereafter PAM), quietly gliding unpro-

pelled through the water column and collecting information on the acoustic properties of

the water column. PAM sensors have been successfully deployed on ocean gliders for

weather observation (Cazau et al., 2019; Cauchy et al., 2018) and for cetacean monitor-

ing purposes (Moore et al., 2007; Baumgartner and Fratantoni, 2008; Klinck et al., 2012;

Baumgartner et al., 2013).

This paper presents a case study on the ability to use PAM glider observations as a

tool to study sperm whale habitat use. We added PAM sensors to oceanographic glid-

ers deployed in the north-western Mediterranean Sea during winter 2012 – 2013 in the

framework of the DEWEX experiment (Testor et al., 2018) and summer 2014 within the

REP14-MED experiment (Onken et al., 2018), recording a total of five months of acous-

tic data along 3200 km of glider tracks. We focused on the detection of sperm whale

usual clicks to monitor their presence along the glider tracks. We identified 39 distinct

encounter events with one or more sperm whales, along the slopes and in the open ocean,

in the Ligurian Sea, the Sea of Sardinia, and the Gulf of Lion.

3.3 Materials and Methods

3.3.1 Instrumentation and field operations

The platforms we used in this study are the Slocum glider, developed by Teledyne Webb

Research, and the Seaglider, developed by the University of Washington and distributed

by Kongsberg. They are autonomous underwater vehicles driven by buoyancy changes,

controlled by pumping oil into and out of a swim bladder, inducing a vertical motion

in the water column, from the surface down to 1000 m depth. Fixed wings convert the
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vertical velocity into forward velocity. Internal battery displacements enable pitch and roll

management for direction changes. This novel way of propulsion, performing successive

V-shape dives along a pre-defined trajectory, makes it a very quiet platform between the

oil pumping phases that occur at the apogee and perigee of each dive (every ∼2 h for

1000 m dives), able to cover ∼20 km per day for up to 6 months. Along with the PAM

sensor, the gliders were typically equipped with integrated temperature, salinity, pressure,

oxygen, turbidity and chlorophyll fluorescence sensors.

The Slocum gliders were equipped with an externally mounted Acousonde B003A-

HF data logger, developed by Greenridge Sciences Inc (Fig. 3.1). The Acousonde is

a self-contained underwater acoustic recorder comprising two hydrophones, sensors for

attitude, orientation, depth and temperature, a digital recorder, and a field-replaceable

battery (Burgess, 2010). The core of the sensor consists of a high frequency hydrophone

(capable of sampling up to 232 kHz), with a sensitivity of -204 dB re 1 V µPa−1. A 6-pole

linear-phase anti-aliasing filter is used, with -3 dB passband (12.5 kHz – 42 kHz) and -22

dB at 100 kHz (Fig. A.2a). Data are stored on a 128 GB flash memory, with a 16-bit

sampling resolution. An external 3-D-cell tethered battery pack allows up to 200 hours

of recording. The Acousonde operates autonomously and has its own battery, memory

and programmed mission. Data processing is undertaken after the sensor is recovered.

Initially developed to be attached to marine mammals (Cazau et al., 2017), it has also

been used on ocean gliders (Nott, 2015; Cauchy et al., 2018).

The Seaglider was equipped with an integrated Seaglider PAM system (Fig. 3.1).

This acoustic data logger is made of an HTI-92-WB hydrophone, developed by High

Tech Inc., with a sensitivity of -165 dB re 1 V µPa−1, associated with a WISPR v1.1

digital signal processing board with Analog Devices BF537E Blackfin CPU and HM1

digital preamplifier developed by Embedded Ocean Systems. The frequency response

of the preamplifier board is designed to be approximately equal to the inverse of typical

deep-water ambient noise (Matsumoto et al., 2015) (Fig. A.2b). The sampling frequency

is fixed at 125 kHz, and the data are stored on a 512 GB flash memory, with a 24-bit

maximum sampling resolution.

The glider missions took place in the north-western Mediterranean basin. The PAM

equipped Slocum gliders were deployed within the frameworks of Mediterranean Ocean
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Figure 3.1: (a) Internal layout of the Acousonde and (b) experimental setup, externally attached
on a Slocum glider in the ballasting tank. (c) Seaglider integrated PAM unit. Only the sensor can
be seen outside the hull, the electronics is integrated in the glider’s pressure housing.

Observing System for the Environment (MOOSE, http://www.moose-network.fr) and the

Deep Water Experiment (DEWEX) (Testor et al., 2018). MOOSE offers year-long cover-

age of repeated sections to monitor oceanographic variability of the north-western Mediter-

ranean basin over a continuum of spatial and temporal scales to assess the evolution of the

oceanic circulation and the anthropogenic impacts. DEWEX was targeted at better under-

standing the dynamics of the vernal bloom that occurs in this region after deep convection

events in winter. Slocum glider ”Tintin” was deployed twice in the middle of the Pelagos

Sanctuary, a Marine Protected Area created to protect marine mammals (Notarbartolo-di

Sciara et al., 2008). It followed a predefined transect crossing the Ligurian Sea, (Fig. 3.2,

Fig. 3.3). Slocum glider ”Hannon” was deployed twice along a predefined transect cover-

ing the open ocean across the Gulf of Lion and the westernmost slopes of the basin (Fig.

3.2, Fig. 3.3). Each of these transects includes a mooring site, DYFAMED/Azur (43.39

◦N, 7.84 ◦E) and LION (42.06 ◦N, 4.64 ◦E) respectively, with permanent presence of a

meteorological buoy and a mooring line equipped with oceanographic sensors at several

depths. For consistency, these transects will be called Gulf of Lion (glider missions GoL1

and GoL2) and Ligurian Sea (glider missions LS1 and LS2), and the associated mooring

sites Lion and Azur. Seaglider SG524 ”Kong” was deployed within the REP14-MED

experiment, aiming to demonstrate methods for the rapid characterisation of the marine
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Figure 3.2: Time coverage of the glider missions in the Gulf of Lion (blue), Ligurian Sea (green)
and Sea of Sardinia (orange).

Figure 3.3: Map of the glider tracks. Glider missions GoL1 and GoL2 follow a predefined transect
across the Gulf of Lion; Glider missions LS1 and LS2 follow a predefined transect across the
Ligurian Sea; Glider mission SoS is in the Sea of Sardinia, off the Sardinian coast.

environment using a fleet of gliders (Onken et al., 2018). It followed a repeated cross

shelf zonal transect at latitude 39 ◦ 51’ N, off the western coast of Sardinia in June 2014

(Fig. 3.2, Fig. 3.3), hereafter called Sea of Sardinia (glider mission SoS).

3.3.2 Acoustic data sampling and processing procedure

The four MOOSE PAM glider missions (GoL1, GoL2, LS1 and LS2) were designed for

Weather Observation Through Ambient Noise (WOTAN) purposes and to optimise the
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battery and memory usage (Cauchy et al., 2018). The Acousonde loggers were config-

ured to record one minute every ten minutes, at a sampling frequency of 50 kHz. This

setup saved battery, enabling a tenfold increase in the monitoring duration (compared to

continuous recording) to match the duration of the glider mission, and produced 27 GB

of data every month. The PAM equipped Seaglider of the SoS mission was configured

to record continuously throughout the glider deployment, at a sampling frequency of 125

kHz, collecting 250 GB of data in 14 days.

The recordings made when the glider is sitting at the surface are contaminated by

splash sounds coming from the interaction of the glider hull with the sea surface, and

the sensor oscillating between air and water. Water turbulence around the sensor induces

flow noise at low frequencies, related to the glider’s speed (Erbe et al., 2015; Dos San-

tos et al., 2016), with no discernible effects at the sound level and frequency range of

sperm whale click trains. In addition, self-noise generated by the glider comes from four

identified behaviours: adjustment of the battery position for attitude (pitch and roll) man-

agement, rudder movements for heading adjustment (Slocum glider only), modification of

the bladder volume for buoyancy management, and use of the altimeter. Using the meta-

data provided in the glider log files, we extracted the information about noise-generating

behaviours of the glider and removed the contaminated samples from the recorded acous-

tic data. During the missions described here, the glider spent on average 13.1 % of the

time at the surface (depth <5 m). When underwater (depth >5 m), the glider was quiet

96.7 % of the time (Table 3.1). The amount of usable data, when the glider was in a quiet

gliding phase, represents 84 % of the total deployment time. It is worth noting that the

SoS dataset, collected using a Seaglider, presents a lower rate of quiet gliding time (74.8

%). The frequent battery movements performed during each dive for heading adjustment

are the source of this increased self-noise generation. The frequency of such manoeuvres

can be modified by the pilot, whether the focus is on accurate navigation or low noise

emission or power consumption.

The recordings were processed manually to identify sperm whale usual click trains

using a graphical user interface developed in Matlab (Fig. 3.4). This tool provides two

visual representations of the acoustic signal, spectrogram (40 ms Hann window, 4 ms

overlap, 100 Hz frequency bands) and waveform, on which to detect sperm whale usual
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Table 3.1: Deployment area, platform and PAM sensor used, duration, time spent underwater and
free from self-noise for glider missions GoL1, GoL2, LS1, LS2 and SoS.

Glider mission GoL1 GoL2 LS1 LS2 SoS
Deployment area Gulf of Lion Ligurian Sea Sea of Sardinia
Platform Slocum Seaglider
Sensor Acousonde Integrated
Days deployed 15.9 29.8 51.0 33.9 13.9
Days underwater (>5 m) 13.8 25.9 45.2 28.7 11.9
Days quiet 13.5 25.5 44.1 27.8 10.4
Days quiet (%) 84.9 85.6 86.5 82.0 74.8

Figure 3.4: Graphical user interface used for visual 2 annotation of the acoustic files. Top panel
shows the acoustic signal recorded as a waveform, the bottom panel as a spectrogram (40 ms Hann
window, 4 ms overlap, 100 Hz frequency bands). The operator is given the opportunity to zoom
in on both panels, select and play a 5 s audio sample if needed. On this example, the wide-band
high-intensity sperm whale clicks trains, at ∼0.5 s click interval, are easily identified even in the
presence of dolphin sounds (narrower frequency band, higher frequency and click rate, higher time
variability).

click trains. Usual click trains are wide-band, high-intensity with a regular ∼0.5 s click

interval, easily identified even in the presence of other cetacean clicks (e.g. dolphin)

(Fig. 3.4). The opportunity to listen to the audio was also given to the operator to dispel

doubt when necessary. Each file was annotated with information of presence or absence

of sperm whale clicks, and a flag added in case of identified anthropogenic noise (ship

sonar, acoustic communication, acoustic trial). The whole dataset has been processed by

the same operator. For quality control purposes, a second operator processed a randomly

selected subset of each dataset, representing 20 % of the glider dives, using the same tool.

The classifications from the two operators agreed for 95 % of the files (Table A.1).
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Figure 3.5: Schematic of footprint estimation, using as an example the first encounter with sperm
whales during glider mission SoS. Glider dive locations are represented by orange dots when a
sperm whale was detected, dark otherwise. The estimated footprint of the encounter is the diameter
of the dashed circle, 39 km.

The files recorded between two successive glider surfacing phases were then regrouped

as a single glider dive, annotated as containing sperm whale clicks if a dive contained at

least one file with identified presence of sperm whale clicks. Finally, we defined as an

encounter an uninterrupted succession of glider dives with identified sperm whale pres-

ence. For each encounter, the duration (in hours) of the event was noted, the footprint of

the encounter was estimated as the largest distance between two glider positions during

the encounter (Fig. 3.5), and a categorisation as an aggregation or single individual was

made. As it is not possible to get bearing information from a single hydrophone, it is dif-

ficult to differentiate sounds from several animals. We decided to limit our analysis to the

identification of a single whale or an aggregation of multiple individuals. We defined as

an aggregation the simultaneous detection of multiple individuals, acoustically identified

as the overlap of two or more distinct sperm whale usual click trains.

The detection range of sperm whale echolocation clicks has been estimated to be 4 to

20 km, from moored hydrophones or towed hydrophones (Gannier et al., 2002; Barlow

and Taylor, 2005; Hildebrand et al., 2013; André et al., 2017; Miller and Miller, 2018). In

the case of glider surveys, there are no independent observation data available to estimate

the detection range. The limitations in weight, size and power necessitate the use of a

hydrophone of reduced sensitivity that affects the detection capacity of the system. We

can therefore estimate our detection range to be no greater than the observed range from

moored and towed instruments. This uncertainty does not affect our observation of the

spatial and temporal distribution of sperm whale detections.

Underwater sound propagation is affected by variations in sound velocity, driven by
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temperature, salinity and pressure changes. Long-range propagation can occur in the deep

sound channel, with sounds being refracted around the depth of minimum sound velocity

without reflection loss on the seabed or the surface (Munk, 1974). Measurements taken

by the gliders provide contemporaneous knowledge of the local sound speed profile (0 –

1000 m), allowing estimation of its effects on sound propagation. We linearly extrapolated

the sound speed profile to the full depth of the basin (2300 m) to model the refraction of

acoustic rays. We modelled the propagation across depth layers of varying sound speed

for acoustic rays emitted at multiple angles by sources at depths of 300 m and 1000 m

(Jensen et al., 2011). The average sound speed profile observed during our winter surveys

is characterised by a continuous positive gradient, refracting sounds towards the surface

(Fig. 3.6). Within the estimated detection range of sperm whale echolocation clicks (<20

km), we expect no observable effect of the recording depth on the detection range of

sperm whale clicks (Fig. 3.6). The sound speed profile observed in June shows a strong

negative gradient near the surface, a minimum around 100 m, then a continuous positive

gradient to 1000 m, hence refracting up and down all sound emitted within 0 – 1000 m

depth and possibly extending the detection range of sperm whale clicks (Fig. 3.6).

3.3.3 Estimation of the mixed layer depth

Mixed layer depth is a metric commonly used in physical oceanography studies to quan-

tify vertical homogeneity of the water column. Estimation of the mixed layer depth

was made from measurements of potential temperature collected by the gliders, detect-

ing strong temperature gradients along each vertical profile. We used a double criterion,

looking for gradients greater than ∆T1 = 0.1 ◦C with the reference temperature at 10 m in

the upper 300 m of the water column, and gradients greater than ∆T2 = 0.01 ◦C with the

reference temperature at 300 m when the mixed layer depth exceeds 300 m, to account for

smaller temperature gradients in the deeper layers. This method was described in a previ-

ous study using some of the same glider data sets, focusing on deep convection events in

the Gulf of Lion during 2007 – 2013 (Houpert et al., 2016).
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Figure 3.6: Average sound velocity profiles calculated from glider temperature and salinity pro-
files in winter (a) and summer (d), and associated effects on the refraction of sounds emitted at 300
m (b, e) and 1000 m (c, f). Only the direct paths are shown (no reflection). The linear extrapolation
of the sound velocity profile at depth greater than 1000 m is shown as a dashed line. The acoustic
rays are in black within the empirical sperm whale detection range (<20 km) and grey outside
(>20 km).

3.3.4 Definition of detection ratios

Observation effort was not evenly distributed with regards to location, time of day or

depth, due to specificities of the mission design and glider behaviour. The GoL and LS

glider surveys were specifically designed with an increased sampling effort at the oceano-

graphic mooring Azur and Lion locations for calibration purposes. When surveying wa-

ters shallower than 1000 m, gliders need to interrupt their dives before reaching their

usual dive depth (1000 m), which results in a number of recorded samples decreasing

with depth.

To analyse the spatial distribution of sperm whale detections with regards to distance

travelled along a glider track, we defined a detection ratio corrected for uneven geographic

sampling, as the ratio between the number of dives with sperm whale detected and the total

number of dives in each 5-kilometre distance bin. To analyse distribution of sperm whale
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acoustic presence with regards the time of day, we defined the detection ratio as the ratio

between the number of files with detected sperm whale acoustic presence and the total

number of samples recorded in glider quiet gliding phases in each 1-hour bin. To analyse

the distribution of sperm whale click detection with regards to measurement depth, we

defined the detection ratio as the ratio between the number of files with detected sperm

whale acoustic presence and the total number of files recorded in glider quiet gliding

phases in each 100 m depth bin. We considered only the samples collected during a

sperm whale encounter.

3.3.5 Statistical analysis

We used generalised additive models (GAM) to assess the statistical significance of our

observations. We used R version 3.6.1 (R Core Team, 2019) and the package geepack

(Halekoh et al., 2006), to fit binomial GAMs, with logit link function and working inde-

pendence model (Pirotta et al., 2011). For the analysis of the distribution sperm whale

presence at the scale of a glider dive, we considered each encounter as an independent

block. For the analysis of sperm whale presence at the scale of an acoustic file (1 minute),

we considered each glider dive as an independent block. Statistical significance of each

variable was assessed using a Wald’s test.

3.3.6 Glider mission SoS

Glider mission SoS was part of the wider REP-14MED experiment (Onken et al., 2018).

Acoustic trials were conducted during the REP14-MED experiment, overlapping with the

glider mission and in the same geographical area. Acoustic sources, emitting repeated

multi-tonal continuous wave pulses and linear frequency modulation pulses in the 300

– 4000 Hz frequency range, were towed from 12 to 20 June 2014 by NATO Research

Vessel Alliance (Jiang, 2016). These can be detected on the glider acoustic recordings.

Our observations do not provide enough information to study the behavioural response

of sperm whale to the acoustic trials. Such a study would require measurement of the

sound level received by an individual whale, and the ability to track the individual before,

during and after exposure, usually obtained by tagging the whale with a PAM sensor (Curé

et al., 2016). However, sperm whale behaviour is likely to be affected by such a nearby
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Table 3.2: Number of files and dives available for analysis and with identified sperm whale click
detected, for glider missions GoL1, GoL2, LS1, LS2 and SoS.

GoL1 GoL2 LS1 LS2 SoS
Number of available files 1970 4350 6088 4114 5130
Files with click detection 55 214 54 102 586
Files with click detection (%) 2.8 4.9 0.9 2.5 11.4
Number of dives 139 276 560 456 168
Dives with click detection 13 32 22 35 27
Dives with click detection (%) 9.4 11.6 3.9 7.7 16.1

contemporaneous acoustic trial. We considered our sperm whale observation as corrupted

from 12 June 2014 onward.

PAM glider mission SoS is reduced to three days before the start of the acoustic trial

and is our only dataset in summer season and in the Sea of Sardinia. We therefore kept it

separated from other glider missions in our analysis.

3.4 Results

3.4.1 Opportunistic observations

The addition of PAM sensors to five opportunistic oceanographic glider campaigns in the

north-western Mediterranean Sea allowed us to successfully detect sperm whale acous-

tic presence. Over the whole dataset, we identified 39 sperm whale encounters, five of

which were aggregations of two or more individuals. These detections were made during

129 glider dives out of 1599, resulting in 1011 audio recordings containing sperm whale

clicks (Fig. 3.7, Table 3.2, Table 3.3). These data confirm the widespread presence of

sperm whales in the area (Gannier et al., 2002; Drouot et al., 2004c; Frantzis et al., 2011;

Notarbartolo-Di-Sciara, 2014; Carpinelli et al., 2014). Sperm whales were encountered

during 9.4 % and 11.6 % of glider dives during missions GoL1 and GoL2 in the Gulf of

Lion, 3.9 % and 7.7 % of glider dives during missions LS1 and LS2 in the Ligurian Sea,

and 16.1 % of glider dives during missions SoS in the Sea of Sardinia (Table 3.2).

Duration and footprint of the encounters were highly variable (Table 3.3), depend-

ing on the mobility and speed of both the whales and the glider. At an average whale

transit speed of 3 km h−1 (Drouot et al., 2004b), a sperm whale would cross the acoustic



3.4 Results 57

Figure 3.7: Sperm whale encounters detected along the tracks of the oceanographic gliders pa-
trolling the north-western Mediterranean Sea. Triangles show single individual detections, stars
show the identified sperm whale aggregations, time of year is colour coded. Bathymetry contours
are shown from 500 m to 2500 m with 500 m interval. 200 m and 2000 m bathymetry contours
are in bold.

Table 3.3: Duration and footprint of each sperm whale encounter for glider missions GoL1, GoL2,
LS1, LS2 and SoS. Encounters with aggregations of sperm whales are in bold font. ”Encounter
id” is the identification number of each encounter within a glider mission.

Encounter id 1 2 3 4 5 6 7 8 9 10 11 12

GoL1
Duration (h) 5 2 11 1 1 1 3
Footprint (km) 5 2 1 1 1 1 1

GoL2
Duration (h) 1 17 1 7 7 41 1 4
Footprint (km) 1 13 1 2 5 11 1 2

LS1
Duration (h) 1 5 10 1 3 8 6 11 1
Footprint (km) 1 6 9 1 5 13 1 11 1

LS2
Duration (h) 4 4 5 5 6 1 1 8 9 4 3 1
Footprint (km) 6 5 5 5 4 1 1 5 9 6 2 1

SoS
Duration (h) 53 6 8
Footprint (km) 39 6 8
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detection range (10 – 40 km diameter) in 3 – 13 h, which was the case for most of our

encounters with single individuals (4.2 h average). In the case of stationary whales, a

glider at a typical horizontal speed of 0.8 km h−1 would cross the detection range in 12 –

50 h. Encounters with aggregations tended to last longer (25.4 h on average) than encoun-

ters with single individuals, suggesting that sperm whale aggregations were less mobile

or spread out over a wider area. Our definition of aggregation includes the simultaneous

presence of several isolated animals in the same area, within the detection range of the

PAM glider. This configuration would necessarily explain encounters of longer duration

and larger footprint. In the specific case of encounter #3 of glider mission GoL1 (Table

3.3), the glider kept its position for 60 h, performing ’virtual mooring’ dives, and was able

to detect an aggregation of sperm whales for 11 h with a glider footprint of only 1 km

(Table 3.3). The encounter #1 of glider mission SoS had a footprint of 53 km (Table 3.3),

larger than our estimated detection range, which suggests that the aggregation was either

scattered over a wide area or was moving along with the glider. We cannot eliminate the

possibility that the whales were curious about the glider and followed it.

3.4.2 Repeated glider transects

Our gliders repeatedly followed cross-shelf transects, providing information about sperm

whale presence relative to the slope, defined as the closest -2000 m isobath. In the Gulf

of Lion, glider missions GoL1 and GoL2 followed two cross-shelf transect lines, between

the middle of the Gulf of Lion, and alternatively the northern and western slopes. Our

observations show two modes of increased sperm whale presence, around ∼30 km and

∼100 km away from the slopes (Fig. 3.7, Fig. 3.8, Fig. 3.9). In the Ligurian Sea, glider

missions LS1 and LS2 followed a cross-shelf transect line between two slopes, France to

the north and the island of Corsica to the south. Our observations suggest an increased

sperm whale presence within ∼25 km from the northern slope. Sperm whales were also

found in the open ocean and along the southern slope (Fig. 3.7, Fig. 3.8, Fig. 3.9).

Glider mission SoS followed a cross-shelf transect between the western coast of Sardinia

and the open ocean. Our observations are reduced to one long-encounter with a large

sperm whale aggregation, spread from the slope to the open ocean (Fig. 3.7, Fig. 3.8,

Fig. 3.9). Predictions of the distribution of sperm whale presence with respect to distance
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Figure 3.8: Time series of sperm whale click detections along each glider section, according to
the depth of the detection and bathymetry. The time and depth of each recorded file is shown
in grey when no whale is detected, in blue when a whale is detected. The bathymetry is shown,
with the slope angle colour coded when the glider is on the slope. Detection of the REP14-MED
acoustic trial activity is shown at the surface in red.

to the slope and associated p values for each of the three geographical areas studied are

provided in the appendix (Fig. A.3).

3.4.3 Temporal patterns

Uninterrupted monitoring over weeks to months permits fine-scale observation of sperm

whale acoustic activity. We studied the distribution of sperm whale presence with time

of day, for each 1-minute file recorded by the gliders. In the Ligurian Sea, sperm whale

clicks were detected at all times of day during both glider missions LS1 (Jan – Feb 2013)

and LS2 (Apr 2013). In the Sea of Sardinia, sperm whale clicks were detected at all times

of day during the glider mission (Jun 2014). In the Gulf of Lion, sperm whale acoustic
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Figure 3.9: Number of glider dives with acoustic recording available for analysis (black line,
black vertical axis) as a function of the distance to the slope in the Gulf of Lion (a), and along the
repeated glider transect line in the Ligurian Sea (b) and the Sea of Sardinia (c). The bars (blue
vertical axis) show the detection ratio (dives with sperm whale detection / total number of glider
dives) in each 5-km distance bin. The bathymetry along the glider transect lines is shown for the
Ligurian sea (d) and the Sea of Sardinia (e).

activity showed a clear circadian pattern, with decreased detection ratio at dawn, for both

glider missions GoL1 (Dec 2012) and GoL2 (Jan – Feb 2013) (Fig. 3.10). Predictions

of the distribution of sperm whale presence with respect to time of day and associated p

values for each of the three geographical areas studied are provided in the appendix (Fig.

A.4).

3.4.4 Large scale monitoring

Gliders are often deployed as a coordinated fleet, offering contemporaneous observations

in multiple geographic areas. In the winter 2013 season, such monitoring was possible

during the overlap between glider missions GoL2 and LS1 in Jan – Feb 2013 (Fig. 3.2).

Aggregations of two or more individuals were encountered four times in the Gulf of Lion

(Dec 2012 – Feb 2013) and only lone individuals were detected in the Ligurian Sea (Jan,

Feb and April 2013) (Fig. 3.7, Table 3.3). It is worth noting that no sperm whales were

detected during the three weeks sampled in January 2013.

3.4.5 Collocated oceanographic measurements

Temperature profiles collected from the gliders enable estimation of the mixed layer depth

for each glider dive, used as an index to describe homogenisation of the water column.
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Figure 3.10: Number of acoustic files available for analysis (black line, right axis) per 1-hour bin.
The bars (left axis) show the detection ratio (files with sperm whale detection / available files) in
each 1-hour bin. Each panel represents one glider mission, arranged so that each column covers
one deployment site: (a, d) Gulf of Lion, (b, e) Ligurian Sea, (c) Sea of Sardinia.

Observation during glider missions GoL2, LS1 and LS2 suggest an apparent increased

sperm whale presence with deeper mixed layers (Fig. 3.11). Glider missions GoL1 and

SoS only sampled stratified water masses (i.e shallow mixed layer). Predictions of the

distribution of sperm whale presence with respect to mixed layer depth obtain from the

GAM and associated p values for each of the three geographical areas studied are provided

in the appendix (Fig. A.5).

3.4.6 Observation from varying depth

The vertical profiling of the glider allows for observation of sperm whale acoustic pres-

ence from varying depths. Distribution of sperm whale detection ratio with regards to

measurement depth was highly variable between the different deployments and showed

no clear signal over the whole dataset (Fig. 3.12a). However, the SoS glider mission

showed a detection ratio increasing with depth. This dataset was dominated by one long

duration encounter with a large aggregation (encounter #1: 53 hours), which was also

analysed separately (Fig. 3.12b).
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Figure 3.11: Number of glider dives with acoustic recording available for analysis (black line,
right axis) per 100 m MLD bin. The bars (left axis) show the detection ratio (dives with sperm
whale detection / total number of glider dives) in each 100 m MLD bin. Each panel represents one
glider mission, arranged so that each column covers one deployment site: (a, d) Gulf of Lion, (b,
e) Ligurian Sea, (c) Sea of Sardinia.

Figure 3.12: Number of acoustic files available for analysis (black line, lower axis) as a function
of the depth of the glider. Panel (a) shows the detection ratio (files with sperm whale detection
/ available files) for the four winter (blue crosses) and summer (red crosses) glider deployment
(upper axes). A specific focus on encounter #1 of glider mission SoS is shown in panel (b).
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3.5 Discussion

3.5.1 Sperm whale observation from opportunistic glider surveys

We deployed our PAM sensors on gliders of opportunity, whose missions were designed

to collect oceanographic observations. We successfully detected sperm whale presence

along the surveyed tracks. The PAM glider missions considered in this study offer a trial

framework for PAM gliders as a tool for sperm whale observations and a preview of the

monitoring capabilities of purposefully designed PAM glider surveys. Oceanographic

gliders have been routinely deployed in the northwestern Mediterranean Sea since 2005,

with a specific focus on the winter season. In a near future, a similar coverage with PAM

equipped glider surveys can be adapted for sperm whale population monitoring, provid-

ing long-term basin-wide observations. Repeated observation of sperm whale distribution

along predefined glider transect lines can provide useful information about their habitat

use (Verfuss et al., 2019). Intensive PAM glider observation during winter season can

fill observational gaps such as the winter period or adverse weather conditions (Mannocci

et al., 2018). Deployment of PAM gliders as a coordinated fleet can provide contempora-

neous observations in multiple geographic areas to study geographical patterns.

3.5.2 Collocated oceanographic measurements

Oceanographic features (e.g. fronts, stratification, mixing, primary production) are a key

parameter of sperm whale habitat models (Gannier and Praca, 2007; Praca and Gannier,

2008; Praca et al., 2009; Pirotta et al., 2011). PAM glider surveys provide collection of

oceanographic profiles collocated with sperm whale detection. Deep convection events,

such as the one starting in February 2013 in the middle of the Gulf of Lion (Testor et al.,

2018), are associated with small scale convective plumes (<1 km diameter) characterised

by significant vertical velocities (up to 18 cm s−1) (Margirier et al., 2017). The sur-

face signature of such events, cooling of surface waters, and the observed upwelling and

downwelling (Margirier et al., 2017) are consistent with habitat use models made using

sea surface temperature data (Praca et al., 2009; Pirotta et al., 2011).

Our observations in the Gulf of Lion covered only one winter season. We are there-

fore unable to conclude on the effect of the intensity of the mixing event on sperm whale



64 Sperm whale presence observed using passive acoustic monitoring from gliders of opportunity

distribution, nor on inter-annual variability. Our glider missions were primarily designed

to monitor deep convection events, and therefore introduce a sampling bias towards an

increased observation effort in deep mixed layer waters. Significance of the statistical

model would benefit from correcting this bias and covering a wider variety of water col-

umn homogenisation.

3.5.3 Spatial distribution

The spatial distribution pattern we observed in the winter 2013 season, from contempora-

neous glider missions in the Gulf of Lion and the Ligurian Sea, suggests a geographical

segregation between the Ligurian Sea, where distant single individuals only were detected,

and the Gulf of Lion where sperm whale aggregations were found. Sporadic encounters of

single individuals in every area surveyed highlight sperm whale mobility in this part of the

Mediterranean basin. Longer term observations are needed to better describe their com-

plex distribution and migration pattern, such as their relative low presence in the Ligurian

Sea in January, and the necessary regrouping between males and females for mating.

Cross shelf repeated observations in the Ligurian Sea suggest possible increased sperm

whale concentration along the northern slope, not confirmed by the statistical model. This

area is a well-known favourable sperm whale habitat, both for its topographic (steep

slopes and canyons) and hydrographic (permanent front, upwellings) features (Gannier

and Praca, 2007; Laran and Drouot-Dulau, 2007).

In the Gulf of Lion, the observed patches of increased sperm whale presence are not

confirmed by the statistical model. The glider observations are designed to monitor an

oceanographic hotspot (∼2500 km2) of intense deep mixing events occurring in winter,

that are likely to favour prey availability and therefore favourable sperm whale habitats.

Prey availability plays a key role in sperm whale distribution, as they adapt their distribu-

tion and group size to the size of prey patches (Relini et al., 2000; Jaquet and Gendron,

2002; Drouot et al., 2004c; Soria et al., 2009).

3.5.4 Circadian pattern

Distribution of sperm whale click detection ratio with regards to time of day showed a

significant circadian pattern (p-value = 6.9 x 10−7) in the Gulf of Lion (Fig. 3.10). Such
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a clear circadian pattern may suggest an adaptation of sperm whale foraging strategy

to local prey behaviour (Stanistreet et al., 2018). Tag surveys have found evidence of

diurnal variations of sperm whale foraging depth, linked to jumbo squid (Dosidicus gigas)

migrating deeper during daytime in the Gulf of California (Davis et al., 2007), and warty

squid (Onykia ingens) migrating from mid water during daytime to the bottom during

nighttime in the Kaikōura submarine canyon (New Zealand) (Guerra et al., 2017). During

long-term time series from passive acoustic moorings in the northwestern Mediterranean

Sea, various diurnal patterns have been observed. A daytime peak in sperm whale acoustic

presence was reported in the north of the Gulf of Lion in all twelve months of 2012

(André et al., 2017). A seasonal shift from a constant foraging effort over day and night

in summer to a nighttime peak in winter was observed in the Ligurian Sea (Giorli et al.,

2016), supporting the idea that sperm whale foraging strategy is very flexible and adapts

locally to environmental characteristics and prey behaviour (Stanistreet et al., 2018).

Limited time coverage of the PAM glider missions available in each geographical

area does not allow us to conclude on the seasonality of the observed patterns. However,

the contemporaneous glider missions GoL2 and LS1 (Fig. 3.2) suggest a geographical

pattern in the winter season. Further observation of circadian patterns would provide

valuable information on local variations of sperm whale diet and its seasonal and inter-

annual variability.

3.5.5 Seasonal to inter-annual variations

No sperm whales were encountered in the Ligurian Sea during the three weeks sampled in

January (Fig. 3.2, Fig. 3.8). This does not allow us to conclude on the absence of sperm

whales but adds to similar observations previously reported for this month in the same

region (Laran and Drouot-Dulau, 2007). It is worth noting that the sperm whale detection

range from passive acoustic monitoring can be affected by local phenomena increasing

the background noise (e.g. ship traffic, storms). The glider surveys GoL1, GoL2, LS1 and

LS2 have been previously used in a wind speed measurement study (Cauchy et al., 2018).

There was no remarkable storm in January 2013 that could explain the absence of sperm

whale detection.

The time coverage of the PAM glider surveys available for this study, one month in
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the Sea of Sardinia, three months in the Gulf of Lion and four months in the Ligurian Sea,

do not exceed the intra-seasonal scale. Long-term monitoring via successive PAM glider

surveys is needed to determine how the observations we made in this study vary with the

seasons and through the years.

3.5.6 Depth distribution

We found no clear dependence of the sperm whale click detection ratio on the depth of the

recording made by the glider. This result is consistent with the highly variable foraging

depth of sperm whales, their constant click production throughout the dive, and the limited

influence of the sound velocity profile on the detection range of sperm whale echolocation

clicks. However, in the case of the SoS mission, focusing on the long duration encounter

with a large aggregation (encounter #1: 53 hours), we observed an increased detection

ratio with depth of the measurement (Fig. 3.12b). This could be due to increased prey

availability at depth, which would influence the foraging pattern of observed sperm whale

aggregations. Specific analysis of such a large aggregation encounter, with measurement

of the number of clicks detected with regards to depth, may provide more information

about the foraging depth, and therefore diet, of an aggregation of whales at a certain time.

The data available for this study does not allow us to conclude whether this observed

behaviour would be specific to this particular time and location, or representative of the

general sperm whale behaviour in summer or in this region.

3.5.7 Sampling strategy

The PAM glider sampling strategy was not optimised for a sperm whale population mon-

itoring activity. The speed and trajectory of our glider missions differ from the usual

marine mammal survey design, introducing sampling bias that could not be corrected to

estimate the sperm whale population or model its habitat. The spatial-temporal coverage

of our observations was sparse, making it impossible in general to conclude on whether

observed patterns were geographical or seasonal and leading to large uncertainties in the

statistical models. Observations from glider mission SoS must be taken with a particular

care, as it was the only glider mission in its area and in a summer month (Fig. 3.2). It

was also partially corrupted by contemporaneous acoustic trial activities occurring in the
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area and reduced to three encounters with sperm whales, twice with single individuals and

once with a large aggregation (Table 3.3).

3.5.8 Acoustic detection

In this study, we limited our acoustic processing effort to visual detection of sperm whale

usual click trains, and to a simple classification between the presence of a single individual

and the simultaneous detection of several individuals. We were only interested in pres-

ence/absence of sperm whales during 1-minute samples, to demonstrate the opportunity

to use PAM gliders to collect valuable data on sperm whales.

Use of onboard data processing systems is now possible on marine autonomous plat-

forms, allowing for real time transmission of the observations. Development of an adapted

automatic detection/classification system on PAM glider data would also allow to further

investigate each acoustic file, to extract the number of detected clicks, number, gender

and size of individuals (Caruso et al. 2015), to look for social interactions via detection

of coda sequences.

It is worth noting that using two or more acoustic sensors would enable collection of

bearing information, critical in counting, identifying and tracking individuals, analysing

inter pulse interval variations (Caruso et al., 2015; Kusel et al., 2017).

3.6 Conclusion

This study demonstrates that the addition of PAM sensors to existing oceanographic glider

missions, with mission design adjustments, offers a possible opportunity for sustained

monitoring of the Mediterranean sperm whale subpopulation over the winter months for

which there is clear lack of crucial data for conservation. Our ability to observe the pop-

ulation distribution in different geographic areas of the north-western Mediterranean Sea,

across the slopes and the open ocean, highlighted the complexity of sperm whale be-

haviour, foraging strategy and habitat use.

We detected isolated animals in the three areas monitored both on the slopes and in

the open ocean. We observed areas in the open ocean, in the Gulf of Lion, where sperm

whales were less distant and were detected at the same time from the PAM glider. The

collocated collection of oceanographic measurements allowed us to identify vertically
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mixed waters as possible hotspots for sperm whale habitat. Continuous day and night

monitoring over several months allowed identification of a circadian pattern in sperm

whale acoustic presence in the Gulf of Lion, possibly linked to a specific diet or prey

availability pattern.

The use of PAM sensors can expand the observation range of existing oceanographic

infrastructure. Such sustained multi-disciplinary observations would allow better descrip-

tion of the oceanographic parameters of sperm whale preferred habitat. The opportunity

for sustained long-term monitoring of cetacean populations would improve behaviour de-

scription, identification of key habitat and potentially harmful interaction with anthropic

activities.



Chapter 4

Use of ocean gliders for passive

acoustic monitoring applications

The northwestern Mediterranean basin benefited from an exceptional PAM glider obser-

vation intensity in this project, four PAM glider missions being carried out in the area

between December 2012 and April 2013. Access to auxiliary in-situ wind speed mea-

surements from meteorological buoys along the glider tracks enabled the WOTAN study

presented in Chapter 2. Observation along repeated transect lines, with a focus on an

area of interest for the Mediterranean sperm whale population, enabled the specific study

presented in Chapter 3. However, many other PAM glider experiments have been carried

out during this project, often opportunistic and for experimental purposes, as listed in Ta-

ble 1.1. They provided valuable knowledge about technical and strategic aspects of PAM

glider observation. This Chapter summarises the knowledge gathered during these PAM

glider experiments.

4.1 Platform noise, limitations

Ocean gliders are extremely quiet ocean observing platforms. They move through water

without emitting either engine or propeller noise, unlike ships. They do not emit structural

noise due to vibration or mobile parts, unlike moored structures. They spend most of their

time silently gliding, away from the noisy air-sea interface. However, ocean gliders can

generate platform noise when performing manoeuvres, interacting with their environment

and collecting scientific measurements. Platform noise received level on the PAM system
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is high, due to the close proximity between the noise source and the receiver, masking

most of the usual oceanic soundscape. An ocean glider’s usual diving pattern is com-

posed of repeated cycles of three successive steady phases, described in Figure 1.7: Two

profiling phases, descent and ascent, where the glider is collecting scientific measure-

ments along a pseudo vertical trajectory, and a communication phase, where the glider

stays afloat communicating with land via satellite communication and updating its loca-

tion using GPS. Most of a glider’s manoeuvres, hence platform noise generation, occur

during the transition between two successive steady phases, as illustrated in Figure 4.1,

where the spectrograms correspond to a full dive cycle, similar to the presented in Figure

1.7. Each of the steady phases and transitions presents a specific platform noise regime,

due to the glider’s behaviour and combination of systems in use, summarised in Table 4.1.

Analysis of past glider missions from the UEA glider group (11 missions using Seaglid-

ers) and the MOOSE network (26 missions using Slocum gliders) provided quantitative

observations of the relative importance of each of these phases and transitions, and the

implications for PAM applications. These glider missions did not include acoustic record-

ings. Information contained in mission log files was used to identify the dive phases and

transitions. Time spent at surface was detected using a depth threshold (20 m). Such crite-

rion includes surface manoeuvre, communication phase and start dive transition. Apogee

phase was detected focusing on volume bladder change around the depth maximum. De-

scent and ascent profiles were defined as the phases between the surface and the apogee,

as described in the dive cycle schematics (Fig. 1.7). The time spent at surface, descend-

ing, in apogee transition and ascending was extracted for each glider mission. Average

and 25th and 75th percentiles of the time ratio spent in each phase are summarised in

Table 4.1.

4.1.1 Profiling phases

Descent and ascent profiling phases are the quietest phases of a glider’s mission. The

glider is (pseudo-) vertically profiling in a relatively steady state (Fig. 1.7). The recorded

soundscape can however be affected by flow noise, mid-profile adjustments of the gliders

navigation (pump, pitch, roll or rudder), use of the altimeter and some instruments from

the scientific payload.
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(a) (b) (c) (d)

Surface Descent Apogee Ascent Surface

Figure 4.1: Spectrogram of a typical Seaglider dive cycle, recorded using an Acousonde during
glider mission PERLE. (a, d) Succession of surface manoeuvre, communication phase and start
dive transition. (b) Train of 13 kHz altimeter pings. (c) Pump noise during apogee phase. The red
stars at the top show the mid-profile adjustments of the glider’s attitude (pitch, roll and/or pump).
The constant 2 kHz noise throughout is an electrical noise from the Acousonde

Table 4.1: Sources of platform noise impact on the recorded soundscape for each phase of a dive,
and average time ratio spent in each phase. 25th and 75th percentiles are given in brackets.

Dive phase Acoustic monitoring conditions Time ratio

Descent

Constant flow noise throughout (<100 Hz)

42 %
(37–47)

Mid-profile pump, pitch and roll adjustments (<1 s)
Altimeter
Scientific payload

Good acoustic monitoring conditions

Apogee
Pump noise dominates the recorded soundscape 1.8 %

(1.2–2.1)No acoustic monitoring possible

Ascent

Constant flow noise throughout (<100 Hz)
42 %

(36–45)
Mid-profile pump, pitch and roll adjustments (<1 s)
Scientific payload

Good acoustic monitoring conditions

Surface manoeuvre
Pump noise dominates the recorded soundscape

15 %
(13–17)

No acoustic monitoring possible

Communication
Splash noise and air-sea oscillations
Integrated payload turned off

Challenging acoustic monitoring conditions

Start dive
Pump noise dominates the recorded soundscape

No acoustic monitoring possible
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Flow noise is generated by the water flow around the glider’s hull. Slow speed through

water (∼0.25 m s−1) and optimised hydrodynamic profile lead to reduced flow noise com-

pared to PAM systems towed from ships. Flow noise has however been shown to be a pos-

sible issue for PAM applications focusing on weak and low frequency (<100 Hz) signal

(Dos Santos et al., 2016; Fregosi et al., 2020). It is possible to reduce the glider’s speed

through water to reduce flow noise, as shown in a recent study (Fregosi et al., 2020).

However, reduced glider speed may have adverse effects on manoeuvrability, ability to

cope with currents and reliability of some scientific measurements from instruments such

as un-pumped CTD or turbulence sensors. It is also worth noting that reducing a glider’s

speed is a well known way to increase its endurance, therefore usually optimised by pi-

lots whether or not the glider operates a PAM system. Recent developments of ocean

gliders enable promising behaviours for PAM applications. Seagliders can adjust their

buoyancy to become neutrally buoyant at a predefined depth, then loiter like a profiling

float as described in Section 1.3.3, generating no flow noise. SeaExplorer gliders can be

programmed to land and rest on the seabed, behaving like a mooring, with possible flow

noise and noise from benthic life depending on the landing site as described in Section

1.3.2). These new behaviours are still in development and have not been tested during this

PhD project.

Mid-profile adjustments of the glider’s buoyancy, pitch and roll or rudder may hap-

pen, for steering and control of the vertical speed, generating platform noise as illustrated

in Figure 4.1. Such adjustments are of short duration (<10 s.) and their occurrences

are logged in the glider’s log file. It is therefore easy to detect and remove the samples

corrupted by the associated platform noise from the acoustic analysis, to avoid artificial

increase of sound levels or false detections of events. The implied reduction of the overall

monitoring time is marginal. In the example dive shown in Figure 1.7, mid-profile adjust-

ments represent ∼1 % of the recorded time (26 10-second segments out of a ∼400-minute

dive). The occurrence rate of mid-profile adjustments can be modified by the pilots, or

even deactivated, with obvious effects on the navigation accuracy however.

The altimeter is used during the descent, to detect the seabed and trigger the apogee

transition as shown in Figure 4.1, avoiding collision. Recently developed under-ice nav-

igation capability activates the altimeter during the ascent, to detect and avoid ice. The
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acoustic characteristics of the altimeter ping (central frequency, duration, intensity) are

known and constant throughout the mission. The central frequency depends on glider

type and configuration,10–25 kHz for Seagliders and 200 kHz for Slocum gliders. It is

therefore easy to assess whether an acoustic analysis is likely to be affected by altimeter

noise and mitigate the effects. When studying echolocation clicks, altimeter ping pa-

rameters can be given to the classification software, or the operator, then identified and

removed from the analysis to avoid false detections. When studying sound level in a fre-

quency band affected by altimeter noise, altimeter pings can be detected and corrupted

samples removed from the analysis. It is also possible to deactivate the altimeter, during

descent when the bathymetry is well known or much deeper than the glider’s profiling

depth, or during ascent in ice free conditions.

No interfering noise has been identified from the usual sensors equipping the PAM

gliders during this PhD project (un-pumped CTD, optical backscatter sensors, O2 sensor).

However, some sensors available on gliders are likely to generate noise, such as pumped

ctd, water samplers and active acoustic systems. The sound level, bandwidth and occur-

rence of each noise must be taken into account when planning a PAM glider mission, as

discussed in the following examples. Pumped ctd systems can be used to generate a con-

stant flow through the sensor and improve the measurement quality. The pump generated

noise needs to be accounted for, as it will be continuously present throughout the mission.

Water samplers have recently been developed to be integrated on ocean gliders but are

limited to collecting up to 16 water samples. The associated noise will therefore be rare,

hence having very limited impact on the PAM observations. Echosounders and acoustic

doppler current profilers (ADCP) are now available on gliders, with frequencies as low as

125 kHz for echosounders and 600 kHz or 1 MHz for ADCP. In the case of a PAM system

recording in these frequencies, care must be taken to avoid interferences. Synchronised

duty cycles can be used to activate active and passive acoustic systems at different times.

Thrusters have recently been added to ocean gliders as an option, increasing travel-

ing speed when necessary (coping with strong currents, or simply being late) and allow-

ing horizontal motion. Thrusters have been used on a Slocum glider equipped with an

Acousonde during the MASSMO5 mission (Tab. 1.1). The contribution of thruster noise

to the measured soundscape is shown on a spectrogram in Figure 4.2. The glider was
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Figure 4.2: Thruster noise recorded with an Acousonde mounted on a Slocum during the
MASSMO5 mission. Top panel shows the diving pattern of the glider, performing 6 successive
50-m dives between each communication phase (a, c). Bottom panel shows the spectrogram of the
recordings. Bottom and surface inflexion noise are identified by red stars and circles on the top of
the spectrogram. (b) Thruster noise is continuously recorded in the 200 Hz – 20 kHz frequency
band.

configured to perform multiple (6) shallow dives (50 m) between the communications

phases (Fig. 4.2a and c), with continuous use of thrusters, to escape strong coastal cur-

rents. Thrusters generated constant broadband noise, masking most of the soundscape in

the 200 Hz – 20 kHz frequency band, as shown in Figure 4.2b. It is clear that the use

of thrusters is not compatible with most PAM glider applications and should therefore be

avoided when possible on PAM gliders.

Descent and ascent profiles are mainly similar. However, minor imperfections and

asymmetries in weight and buoyancy balance, drag or drift of the glider can lead to dif-

ferent vertical speed during ascent and descent, leading to different flow noise levels as

reported in previous studies (Matsumoto et al., 2015; Fregosi et al., 2020). Such asym-

metries are usually consistent throughout a glider mission, but vary randomly from one

mission to another, which explains the two opposites observations from two single de-

ployment studies (Matsumoto et al., 2015; Fregosi et al., 2020). Descent and ascent have

the same time ratio (42 %) when averaged over the 37 missions considered in this chapter.

Large asymmetries can however be observed on an individual mission, as illustrated by

the 10 % gap between the 25th and 75th percentiles in Table 4.1. This variability high-

lights the importance of fine tuning of the piloting parameters, with a specific focus on

slow and constant vertical speed to control flow noise variations. Profiling phases are the
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main phases of a glider’s mission, covering on average 84 % of the time spent at sea (Tab.

4.1) in our dataset.

4.1.2 Apogee

The apogee, at the end of the descent phase (negative buoyancy, downward pitch), re-

quires activation of the buoyancy engine and the pitch motor to initiate the ascent phase

(positive buoyancy, upward pitch) (Fig. 1.7). Noise generated by the buoyancy pump

covers the whole recorded spectrum (1 Hz – 62 kHz), completely masking the underwater

soundscape as shown in Figure 4.1c. The apogee represents on average 1.8 % of the time

spent at sea by the glider (Tab. 4.1) during the 37 missions considered in this chapter.

4.1.3 Surface

The surface phase, identified using a 20 m depth threshold in this Chapter, is the suc-

cession of a surface manoeuvre, a communication phase and a start dive transition, as

described in the schematic in Figure 1.7. The succession of 3 different soundscapes can

be seen on the spectrogram in both the surface phases on Figure 4.1a and d. The surface

manoeuvre sets the glider in position for the communication phase, sticking the antenna

high above the sea surface (highly positive buoyancy, downward pitch) (Fig. 1.7). Noise

production during this transition is similar to the apogee, described in Section 4.1.2, dom-

inated by the broadband loud noise of the buoyancy pump as shown in Figure 4.1a and d.

During the communication phase, the glider stays afloat at the surface. Noise is generated

by the interaction of the glider with the sea surface. Splash sounds of waves hitting the

hull and the PAM sensor oscillating between in-air and underwater positions generate a

mix of multiple broadband, impulsive sounds as shown in Figure 4.1a and d, making the

use of automatic processing tools extremely challenging for detection / classification of

sources or quantification of ambient noise levels. The communication phase is therefore

considered unsuitable for most PAM glider applications. Finally, the start dive transition

modifies the glider’s navigation parameters from the communication phase (highly posi-

tive buoyancy, downward pitch) to the descent phase (negative buoyancy, downward pitch)

as shown in Figure 1.7. Noise production during this transition is similar to the apogee,

described in Section 4.1.2, dominated by the broadband loud noise of the buoyancy pump
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as shown in Figure 4.1a and d.

Time spent at surface is the main source of acoustic monitoring time loss, representing

an average of 15 % of the time spent by the glider at sea (Tab. 4.1). It is however necessary

for the glider to receive piloting instruction, transfer data to land and acquire its GPS

location. It is worth adding that ocean glider pilots usually intend to reduce the time

spent at surface, as the glider is in danger of getting hit by a boat or covered in ice,

the glider is not manoeuvrable and drifts with the surface currents, and the glider is not

collecting any scientific data. Time spent at surface is directly affected by the quality

of the communication, dependent on antenna performance, sea state and weather. Time

spent at surface can be reduced by limiting the amount of data transmitted. Piloting files,

transmitted from the pilot to the glider, should be reduced to the bare minimum to reduce

their size. The amount of scientific data transmitted from the glider to the pilot can be

adjusted. Scientific data files can be downsampled before transmission.

4.1.4 Influence of profiling depth

It seems obvious that the diving depth has a direct impact on the ratio of time spent in each

phase (surface, profiling, apogee), performing shallower dives necessarily implying more

frequent apogee and surface phases. The time ratio spent in each phase (surface, profiling,

apogee) was plotted against the average dive depth for each of the 37 glider missions in

Figure 4.3. There were no notable differences between Seaglider and Slocum missions.

The glider missions studied here were all carried out in deep water, hence diving to 1000

m most of the time. One shallow glider mission was added to this analysis, to illustrate

the influence of dive depth. The Slocum glider ”Crate” was deployed off the Rhone river

mouth in the Gulf of Lion during 3 weeks, diving in 50 to 150 m deep water. The average

profiling time ratio was 66 % of the total time spent at sea during this mission (descent

phase – 35 %, ascent phase – 31 %). The average surface time ratio was 35 %, and the

apogee time ratio 2.1 %. The profiling average for each mission of the time ratio spent in

descent, ascent and surface phases are shown on Figure 4.3, illustrating the influence of

the dive depth.
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Figure 4.3: Influence of average dive depth on the ratio of time spent by the glider in each of the
three main phases of the dive cycle (surface, descent, ascent). Slocum glider missions are shown in
blue, Seaglider missions in orange. One shallow mission was added (in black and red) for contrast.

4.2 PAM systems

4.2.1 Self-contained PAM systems

Self-contained PAM systems are autonomous recorders equipped with their own battery

and memory and which follow a programmed sampling mission. Raw data are accessed

and processed after recovery of the instrument. They have been designed to be deployed

on moorings for long-duration missions, as described in Section 1.3.2. They are usually

composed of a main pressure housing, containing the electronics, memory and battery,

with one or several tethered hydrophones and optional external battery packs. They can

record continuously for months to years, collecting terabytes of data. Multiple versions

are available, with depth ratings ranging from 100 to 3000 metres (Table 4.2). Such

systems have been designed without constraints regarding their size, weight and power

consumption, focusing on offering high sensitivity and low self-noise acoustic measure-

ments. Many manufacturers have developed compact self-contained PAM systems, to

be deployed on small moorings, from a small boat or handheld by divers. Downsized

versions of the previous PAM systems mentioned, compact PAM systems offer continu-

ous recording for 3 to 13 days according to the manufacturers (Table 4.3), with simpli-

fied electronics and reduced sensitivity. They can be used with an external battery pack

for extended deployment duration. Miniaturised self-contained PAM systems have been

specifically developed to study marine mammal behaviour, such as Acousonde (Burgess,
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Table 4.2: Usual self-contained PAM systems. Endurance is given for continuous recording. The
Orca and Ocean Observer are available with different housing and battery versions but no size or
endurance information are given.

Orca ST500 Resea Ocean Observer
Manufacturer Turbulent Research Ocean Instruments RTSYS Jasco
Diam x length - 10 x 35 cm 12 x 32 cm -
Weight in water - 2 kg 2 kg -
Depth rating 3000 m 500 m 750 m -
Endurance - 180 days - -
Consumption 0.9 – 3 W 0.035 W 0.6 – 2 W 2.5 W
Channels 5+ 1 4 16
Sampling 24 – 384 kHz 24 – 576 kHz 39 – 1000 kHz 8 – 2048 kHz
Bits 16 – 24 16 24 24
Memory 6 TB 1 TB 2 TB 10 TB

2010) and D-Tag (Johnson and Tyack, 2003) (Table 4.4). They have been designed to be

attached on marine mammals, with reduced size and weight for an easier tagging process

and increased pressure rating to be used on deep diving animals (up to 3000 m). The dras-

tic miniaturisation constraints lead to limited endurance and sensitivity. They are attached

to cetaceans using suction cups for up to 20 hours (Johnson and Tyack, 2003; Burgess,

2010) or glued on a seal’s fur and recovered after the moulting season (Cazau et al., 2017).

The primary use of such systems is behavioural response studies, tracking the reaction of

the tagged animal to external acoustic stimuli, such as predator sounds or anthropogenic

noise (Johnson and Tyack, 2003). Acousonde glued on southern elephant seals, recording

4 hours a day for up to 1 month, have been used for a soundscape study in the Southern

Indian Ocean (Cazau et al., 2017).

When considering adding a self-contained PAM system externally to an ocean glider,

weight is the critical constraint. The buoyancy propulsion relies on small buoyancy

changes, requiring the glider to be carefully ballasted at the same density than seawa-

ter at the mission’s location. Therefore, any weight added needs to be compensated for,

by addition of high-density foam of the equivalent buoyancy inside the glider’s fairing.

The maximum total payload weight is around 4, 5 and 8 kg for Seaglider, Slocum and

Seaexplorer respectively (Rudnick et al., 2004) and can vary between glider versions.

Secondary constraints are the pressure rating of the sensor, which must survive the nu-

merous dive cycles of the glider, and the size and shape, for easy attachment onto the
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Table 4.3: Compact self-contained PAM systems. Endurance is given for continuous recording.
The Amar G4 is available with different housing and battery versions but no size or endurance
information are given. ∗icListen Kayak needs to be cabled, to receive power and stream audio
data. It is however targeting the same applications as the compact self-contained PAM systems.

Porpoise ST300 Amar G4 icListen Kayak∗

Manufacturer Turbulent Research Ocean Instruments Jasco Ocean Sonics
Diam x length 7 x 23 cm 6 x 20 cm - 2.3 x 21 cm
Weight in water 500 g 180 g - 130 g
Depth rating 2000 m 500 m - 3500 m
Endurance 2 days 13 days - No batteries
Consumption - - 0.5 W 0.2 W
Channels 1 1 4 1
Sampling 24 – 384 kHz 24 – 576 kHz 8 – 512 kHz 1 – 480 kHz
Bits 16 – 24 16 24 16 – 24
Memory 4 TB 256 GB 10 TB No memory

Table 4.4: Self-contained PAM systems designed to be attached on marine mammals.

Acousonde D-Tag

Manufacturer
Cetacean Research Woods Hole

Technology Oceanographic Institution
Diam x length 3.5 x 22 cm -
Weight in water 86 g -
Depth rating 3000 m 2000 m
Endurance 4 days <1 day
Consumption - 0.15 W
Channels 1 1 – 4
Sampling 1 – 464 kHz 48 – 192 kHz
Bits 16 16
Memory 128 GB 6.6 GB

glider’s fairing. For this project, two Acousonde were used during most of the glider mis-

sions (Table 1.1, Fig. 1.9) as described in Section 2.3. The Acousonde weighs 86 g in

seawater, can operate up to 3000 m deep and is small enough to be externally attached

to a glider without adding excessive drag (Table 4.4). Addition of an Acousonde onto

a glider requires fairly simple mechanical engineering and ballasting. Simple fixation

brackets can be used to attach the Acousonde onto the hull of any ocean glider (mounted

on a Seaglider Fig. 4.4 and on a Slocum Fig. 2.2) and the added weight can easily be

adjusted during ballasting of the glider. An external battery pack can be added, requir-

ing significantly more ballasting effort due to its weight (∼500 g in water). It has been

used on Slocum gliders during the missions presented in Section 2.3 in the north western
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Figure 4.4: Acousonde mounted on a Seaglider during glider mission ELO. Existing fairing at-
tachment screws have been used to affix plastic brackets holding the Acousonde.

Mediterranean Sea, using alkaline batteries and recording for the continuous equivalent

of 3.8 – 5.4 days, and on a Seaglider during the PERLE mission presented in Section 1.4

(Table 1.1) in the eastern Mediterranean Sea, using lithium batteries and recording for the

continuous equivalent of 8 days, limited by memory rather than power.

Self-contained PAM systems run on their own batteries, leaving the glider’s endurance

unaffected. The success of many oceanographic glider missions relies on the ability to

sustain observations over long periods, to monitor intra-seasonal variability, to be able to

travel to and back from remote locations or across oceanic basins and to reduce logis-

tical costs. Such missions can only afford to run a limited number of sensors, to limit

power consumption, but can accommodate a self-contained, energy self-sufficient, PAM

systems. Most of the PAM glider missions described in this thesis were opportunistic,

the PAM system being added to a pre-organised glider mission, sometimes even hosted

by the glider of a partner organisation such as the University of Gothenburg (glider mis-

sion Orchestra) and the Marine Autonomous Robotic Systems facility (glider mission

MASSMO5) (Table 1.1). In such conditions, the self-contained PAM sensor has often

been the only acceptable solution.

Compact self-contained PAM systems have limited endurance (Table 4.3). However,

they offer the opportunity to configure a duty cycle, spreading the available recording time

over a larger period to match the glider’s endurance. For WOTAN applications (Table 1.1),

the Acousonde was setup to record 1 minute every 10 minutes, as described in Section



4.2 PAM systems 81

2.3. For application to soundscape analysis, longer samples were recorded to improve

understanding of the context. The Acousonde was setup to record 20 minutes every 1

or 6 hours, depending on the expected mission duration. A delayed start mode allows

configuration of a future date and time for the recording cycle to start. This opportunity

was used during the PERLE mission (Table 1.1, Fig. 1.9), to start recording after the

glider has navigated out of Cyprus waters, where acoustic recording was not allowed.

4.2.2 Integrated PAM systems

Integrated PAM systems have been recently developed for ocean gliders. They are pow-

ered by the glider’s batteries and controlled by the glider’s operating system. They can

communicate data back to the glider, enabling a level of real-time data transmission, and

can receive sampling instructions from the pilot. The choice of commercially available

integrated PAM sensor is very limited. At the time of writing, each of the 3 glider man-

ufacturers offer one unique integrated PAM system, adapted from the Ocean Observer

(Table 4.2), developed by Jasco. The current observed trend in integrated PAM systems

development is a focus on acoustic recording and processing performance. The current in-

tegrated PAM systems offer multi-channel and high-sensitivity acoustic recordings, with

real-time processing capability. This choice from the manufacturers is following the needs

of military applications, enabling detection and localisation of weak signals, and real-time

classification and communication of the results to the pilots.

At the start of this PhD project, we purchased a Seaglider integrated PAM sensor, pro-

vided by Kongsberg and developed by Embedded Ocean Systems, described in Section

3.3, now discontinued. This system was used during PAM glider missions in the Mediter-

ranean Sea, the north Atlantic Ocean, and the Indian Ocean (Fig. 1.9). This integrated

PAM system was recording continuously for 15 and 4 days, during the MED-REP14 and

MASSMO4 mission respectively (Table 1.1).

Integrated PAM systems allow up to ∼30 days glider mission with continuous acous-

tic recording. However, they are powered from the glider’s batteries, considerably reduc-

ing the glider’s mission duration. According to glider manufacturers’ figures, a glider

running on primary lithium batteries has an endurance of up to 6 months running usual

sensors, reduced to 30 days when running an integrated PAM system. Acceptability of
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such a 6-fold reduction of duration depends on the location and primary objective of a

glider mission. The ELO mission (Fig. 1.9, Table 1.1) illustrates this endurance issue.

One Seaglider was deployed with an integrated PAM sensor, for a long-duration mission

(3+ month) including return transit between its deployment and survey locations, 100 km

apart. This mission resulted in the collection of only 20 h of acoustic data, due to unex-

pectedly high-power consumption and fear of draining the batteries and risking losing the

glider. Some glider missions are adapted to integrated PAM system operation: short dura-

tion oceanographic glider missions, such as in polar regions where accessibility is limited

during a short summer season (e.g. PROVOCCAR mission, 2 weeks, Table 1.1), and mis-

sions along repeated coastal transect lines, with easy and cheap deployment and recovery

opportunities such as the repeated sections of the MOOSE network in the northwestern

Mediterranean Sea (Fig. 1.9, Table 1.1).

Integrated PAM systems can be controlled remotely, benefitting from satellite con-

nection through the glider. Acoustic sampling can therefore be adapted to the location of

the glider, the battery usage and the observed conditions. During the ELO mission (Table

1.1, Fig. 1.9), the integrated PAM system was kept off during the 6 days transit, until the

glider reached its survey location to save energy. An integrated PAM system can be au-

tomatically turned off when the glider is at surface, or during the bottom inflexion phase,

known to be unsuitable for PAM applications (See Section 4.1). However, our version of

the Seaglider integrated PAM system does not permit to subsample at a finer resolution

than a glider profile (descent or ascent). The only sampling pattern offered is continuous

recording, above or below a depth threshold. It is therefore impossible to reproduce the

sampling pattern described previously for WOTAN applications. A similar 1/10 recording

ratio, assuming 1000 m dives, can be obtained recording above 100 m (or below 900 m)

during each profile, i.e. approximately 12 minutes of recordings every 2 hours. It is worth

noting that the addition of a duty cycle ability, similar to a self-contained PAM system, is

not a technical challenge and will be easily corrected in future versions.

4.2.3 Desirable hardware developments

This project focused on adapting PAM techniques to ocean gliders, to expand their obser-

vational capability and benefit from their wide-spread presence and coverage. The PAM
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glider experiments described in this study were carried out during glider missions with a

primary focus on oceanographic research. For such missions, choice of the sensor suite

equipping the glider depends on the scientific importance of each measurement, space

and weight available for the payload, and power consumption. These experiments high-

lighted the critical importance of preserving glider endurance and limiting payload size

and weight. Self-contained PAM sensors do not affect the autonomy of the glider hosting

them. They are easily added to and removed from any type of ocean glider, increasing

deployment opportunities. Their relatively low cost suggests they can be used in fleets,

widely deployed on multiple glider missions, increasing acoustic monitoring coverage.

Such characteristics seem adapted to widespread use on ocean gliders.

Currently available glider integrated PAM systems are powerful acoustic monitoring

tools, collecting low noise recordings for detection of weak signals, using multiple chan-

nels for source localisation, with onboard processing ability for real-time transmission

of the information and reaction to event detection. Such characteristics are particularly

adapted to military applications, such as maritime surveillance. However, power con-

sumption of integrated PAM systems significantly reduces gliders’ endurance, limiting

their coverage to short durations and small distances, compared to the usual oceanographic

glider coverage.

Desirable future development of glider integrated PAM systems should focus on so-

lutions that could be routinely used on ocean gliders. Low power consumption, versatile

programmable recording patterns and mechanical resistance to repeated 1000 m dives are

achievable without great development effort. The manufacturer of the SoundTrap ST500

announces a 35 mW power consumption, which is comparable to an un-pumped ctd (45

mW for the RBRlegato3 sampling at 2 Hz, www.rbr-global.com/products/oem/rbrlegato)

and much lower than a pumped ctd (175 mW for the Seabird Glider Payload CTD when

sampling at 1 Hz (Janzen and Creed, 2011)). Simple duty cycles, as available for each self-

contained PAM system presented, could be completed by a glider piloted on/off switch

for each dive, as offered by the current integrated systems. Mechanical resistance to re-

peated deep dives is a challenge that glider and sensor manufacturers have already solved

on multiple occasions.

Real-time data access is not critical for most ocean monitoring applications. However,
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simple detection / classification systems exist, that could be integrated to commercially

available integrated PAM sensor. The custom made DMON system, developed at the

Woods Hole Oceanographic Institution from the D-TAG, has been integrated in Slocum

gliders, for real-time detection and transmission of baleen whale calls (Baumgartner et al.,

2013). It is operationally used on ocean gliders as part of the Ocean Tracking Network for

real-time mapping of baleen whale presence on the Canadian Atlantic coast (Davis et al.,

2016). The gListen board has been developed by Cyprus Subsea Consulting and ser-

vices (https://cyprus-subsea.com/glisten-board), creating an interface between an iCLis-

ten smart hydrophone (Table 4.3) and a Seaglider, enabling real time transmission of click

detections and third-octave levels. Such demonstrations of interest from the relevant com-

munities should trigger development effort from the manufacturers.



Chapter 5

Conclusion

In this chapter, the methods developed during this PhD project and their limitations are

discussed. Pathways to improvement are suggested. The main challenge identified is de-

scribed. Good practices and usual constraints are summarised, aiming to facilitate future

PAM glider experiments and improve the quality of the observation.

5.1 Lessons learnt - Going further

5.1.1 Weather observation

The opportunity to apply the WOTAN technique to PAM glider measurements was in-

vestigated in Chapter 2. The novelty of the study was the use of acoustic recordings

made from vertically profiling platforms, introducing differences with previous studies

using moored PAM systems (Vagle et al., 1990; Nystuen and Ma, 2002), or drifting at

fixed depth on a profiling float (Riser et al., 2008). Operational meteorological buoys at

the glider’s location in the open ocean allowed for recurrent access to in-situ wind speed

measurements. The duration and geographic area of the survey allowed for observation

of higher wind speed conditions than any of the previous studies, as summarised in Ta-

ble 2.2, leading to documentation of a different relationship between background noise

and wind speed above ∼11 m s−1. This study was carried out in a geographic area with

limited fetch, preventing the observation of fully developed sea state at high wind speed.

We were therefore not able to investigate the influence of sea state on the dependence

of underwater background noise to surface wind speed. Further work with that dataset
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might include analysis of other parameters critical to air-sea interaction modelling, such

as energy flux and wave height. Finally, this study highlighted the challenge of repeating

such surveys without access to in-situ wind speed measurements for calibration of the

system. Acoustic characterisation of the full system (PAM system + glider), as described

in Section 5.2, could be the way forward to measure absolute wind speed without access

to any nearby in-situ observation for calibration. Analysis of the underwater background

noise also enables monitoring of rainfall rate (Riser et al., 2008; Black et al., 1997; Ma

and Nystuen, 2005) and ice shelf calving (Dziak et al., 2019) using similar approaches

to the study presented in Chapter 2. Such techniques can be adapted to monitoring from

PAM glider surveys, allowing for data acquisition during monsoon events and in near ice

environments, collocated with usual oceanographic measurements.

Duty cycle: Applications based on analysis of the background noise do not need

continuous sampling, as they do not focus on individual acoustic events. The extraction

of acoustic features of wind or rain noise has been shown to need only 15-s long samples

(Nystuen and Ma, 2002). Energy and memory usage can be optimised by spreading the

recording of short samples throughout the glider mission. High time resolution is obtained

by reducing the time separating the consecutive samples.

Frequency resolution: The spectra of wind- rain- or ice-generated noise are smooth,

as illustrated by the Wenz curves (Fig. 2.1). Analysis on TOL reduces computation

costs while providing sufficient information about the spectral slope, critical to classify

noise sources contributing to the background noise (e.g. distant traffic, rainfall types,

wind). Monitoring a wide range of frequencies can be useful to improve the analysis,

as different frequency bands are not affected in the same way by external contributions.

High frequencies remain unaffected by distant shipping noise and low frequencies are less

affected by the subsurface bubble layer forming at high wind speeds.

Real-time transmission: On-board extraction of information from acoustic record-

ings, such as TOL time series, can generate meaningful information that is small enough to

be transmitted in real-time, via satellite communication. In the near future, products such

as the recently developed gListen board (www.cyprus-subsea.com/glisten-board) will be

available on PAM gliders, enabling real-time access to acoustic-based observations of

surface wind speed, rainfall rate or ice calving activity.
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5.1.2 Marine life monitoring

The opportunity to study sperm whale populations from PAM glider observation was in-

vestigated in Chapter 3. The novelty of the study was the opportunistic use of PAM glider

surveys designed for WOTAN applications along repeated transect lines of hydrographic

interest. The PAM gliders repeated 3-days to 2-weeks long transect lines, providing sperm

whale observations on unusual time and space scales. Repeated observations highlighted

time variability of the sperm whale activity, on daily (Fig. 3.10a and d) and intra-seasonal

(Fig. 3.8c) scales. Collocated observation of oceanographic features provided valuable

information on sperm whale habitat use. Further work with that dataset might include

automatic click detection, enabling estimation of the number of clicks hence quantifica-

tion of the foraging effort. Further analysis with a focus on social sounds might provide

identification of social structures and observation of social interaction. This study high-

lighted the challenge of converting sperm whale detections along glider trajectories into

estimates of population distribution or density. Statistical methods have been developed

for observation from fixed locations-, or ship-borne surveys that need to be adapted to

PAM glider observations. The low speed of the platform relative to the whale’s speed

raises issues about an individual being detected multiple times. The non-uniform cov-

erage of the oceanic basin raises questions about the extrapolation of the observations.

The detection range, detection probability, and possible avoidance or attraction effects on

marine animals is unknown. The possible contribution of autonomous vehicles, including

ocean gliders, for acoustic detection and monitoring of the marine life has been reviewed

(Verfuss et al., 2019), demonstrating the interest of the scientific community for these

new platforms. PAM gliders were found adapted for short-term and long-term population

monitoring. It is worth adding that the design of the PAM glider surveys could be adapted

to increase the impact of the observations for both the oceanography and marine biol-

ogy communities. PAM glider surveys can similarily enable monitoring of other cetacean

species producing echolocation clicks (e.g. dolphins, beaked whales, pilot whales) or low

frequency calls (e.g. fin whale, right whale). Other soniferous species including seals,

fish and crustacean can also be studied through their acoustic activity.

Duty cycle: Continuous recording is not necessary to marine life monitoring applica-

tions. Such applications usually rely on extrapolation from sparse observation (in space
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and time). Frequent collection of acoustic samples is necessary to observe short term

patterns, such as the daily pattern observed in Section 3.4.3. The samples collected must

be long enough to provide the opportunity to observe trains of clicks or calls, detect the

presence of multiple animals and collect contextual information.

Multi channel: Use of multichannel recordings would increase the performance of

automatic detection software and enable animal tracking (Kusel et al. 2017), hence count-

ing individuals and better description of groups.

Real-time: On-board detection/classification of acoustic signals can be used, to trans-

mit the detections via satellite communication after each dive.

5.2 Absolute sound level measurements

5.2.1 Challenge

Data presented in Chapter 2 highlighted the challenge of collecting calibrated acoustic

measurements from PAM gliders. The PAM glider missions MooseT00 23 and 25 were

carried out using the same PAM system (Acousonde #A040) but measured different lev-

els of wind noise in comparable wind speed conditions, as shown in Table 2.5. Such

a difference might be explained by variations in the mounting of the Acousonde on the

glider’s hull, as explained in Section 2.6, generating different reflection/shielding patterns

between the glider’s hull and the hydrophone. The observed peak dynamic response at 3

kHz, described in Section 2.5 and shown in Figure 2.7b, did not match the observations

illustrated by the Wenz curves (Fig. 2.1 and has not been described in any other WOTAN

study. This characteristic of the wind noise observed from PAM glider measurements is

therefore not inherent to wind noise, but rather a characteristic of PAM glider measure-

ments. Such amplification of sound levels in the 3 kHz third-octave band may result from

an effect of resonance of the glider’s body.

The presence of the glider’s body modifies the acoustic field, through scattering and

resonance effects, generating complex patterns in the nearby acoustic field that affect the

measurements. The main contributor to such acoustic interactions is the dry section of the

glider, containing the batteries and the electronics, which can be modelled as an air-filled

cavity encapsulated in a pressure hull. Acoustic characterisation of the whole PAM glider
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system, including the glider’s body, is therefore necessary to collect calibrated acoustic

measurements. Such acoustic characterisation has been carried out in a previous study,

with an autonomous underwater vehicle composed of two spherical pressure hulls and

a specific focus on source localisation (Lepper and D’Spain, 2007). This study demon-

strated the feasibility of such characterisation, provided a methodology for the acoustic

modelling of an autonomous underwater vehicle and evaluated the relative importance of

the mechanical characteristics of the hull (e.g. thickness, elasticity). In addition to cor-

recting the effects caused by interference with the hulls on the measurements, the study

showed the potential benefit from the knowledge of the diffraction pattern to improve

acoustic source characterisation based on a similar effect as the concept of head related

transfer function, used in human acoustic perception (Middlebrooks, 1991).

Ocean gliders are composed of only one main air-filled cavity, which would simplify

the modelling. However, the characteristics of the pressure hull relevant to the acoustic

monitoring (shape, size, material) are more complex and vary with each glider manu-

facturer. The non-spherical shape of the pressure hull implies variations of the response

pattern with source – glider – hydrophone geometry. A method for acoustic characteri-

sation of PAM gliders needs to be developed that could be adapted to each PAM glider

system. The relative small size of ocean gliders allows for in-situ acoustic measurements

to be carried out in a controlled environment, such as the National Physics Laboratory’s

open water test facility at Wraysbury, for validation / improvement of the acoustic model.

5.2.2 Outcomes

The data presented in this thesis have been collected using uncalibrated PAM glider sys-

tems. Absolute sound levels were unknown and the spectral slope was modified by in-

teractions with the glider’s body. In such conditions, it is possible to detect and identify

acoustic signals such as the sperm whale echolocation clicks considered in Chapter 3. It is

also possible to rely on access to ancillary observations, such as the wind speed measure-

ments provided by the meteorological buoys in Chapter 2, to calibrate a posteriori acoustic

based observations. However, collection of calibrated absolute sound levels is necessary

to use PAM gliders for WOTAN applications in areas with no access to ancillary in-situ

observations, as highlighted in Section 2.7. For marine life monitoring, comparison of
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received level to known source level can provide ranging, as demonstrated in a previous

study on blue whale calls (Samaran et al., 2010).

More generally, the ability to collect calibrated sound level measurements will broaden

the observation spectrum of PAM gliders. Monitoring of the anthropogenic noise and its

effects on the marine life requires quantification of the received levels to quantify cumu-

lative exposure over time. The need for anthropogenic underwater noise monitoring has

been expressed by the European Union via the European Marine Strategy Framework Di-

rective (Van der Graaf et al., 2012). Qualifying PAM gliders for such monitoring activity

would widely increase the PAM glider coverage, providing new observation opportunities.

5.3 Take home messages

5.3.1 Recommendations for a first PAM glider deployment

Sampling frequency: The choice of the sampling frequency should be adapted to

the application. Keeping the sampling frequency low allows reduction of the power con-

sumption and memory usage. It is however necessary to use a sampling frequency at least

twice as high as the maximum frequency of the observed signal, usualy referred to as the

Nyquist frequency. Collection of wide band recordings also provides contextual informa-

tion, often useful for robust classification and estimation of the possible noise sources.

Duty cycle: The duty cycle (and delayed start) should be used to optimise the moni-

toring coverage. Data collection should be evenly spread over the area / period of interest.

Depending on the application, wide spread discontinuous sampling is often the most valu-

able option.

Measurement depth: Measuring at multiple depths can provide useful information.

The subsurface layer is often considered noisy and avoided, as deep as 200 m in some

studies (Fregosi et al., 2020). Surface noise, such as wind and rain generated noise, can

be detected as deep as 6000 m (Barclay and Buckingham, 2013)!

Flow noise: Acoustic measurement from glider have been shown to contain flow

noise (Dos Santos et al., 2016; Fregosi et al., 2020). It is however very small compared

to other mobile platforms, due to the low speed of the glider through water. Flow noise is

also limited to frequencies below 100 Hz.
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Drag: The question of the added drag caused by addition of a sensor on a glider’s

hull is not specific to PAM systems. Other sensors are routinely attached on gliders such

as PAR sensors (measuring photosynthetically active radiation), Microrider (measuring

turbulences) and Suna (measuring nitrates). Excessive added drag can hamper the flight

of the glider, therefore increase its power consumption and reduce its manoeuvrability.

During the PAM glider missions presented in the thesis, no effects of the added drag have

been noted on glider piloting or endurance.

Piloting: The dataset of 37 glider missions presented in Chapter 4 was chosen with-

out specific criterion other than depth of deployment (deep water deployments >1000

m). 84 % of the monitoring time was free of platform noise, without any specific effort

on platform noise reduction. Piloting aim for these missions was focused on endurance,

performing deep slow dives to limit power consumption. Such behaviour is particularly

adapted to reduction of flow noise and platform noise. If the glider mission allows, the use

of loitering and bottom landing functions offered by some gliders could be interesting.

Data processing: Platform noise can be removed without signal processing efforts.

Gliders provide log files from which activity of the buoyancy pump and pitch and roll

motors can be monitored easily. Glider temperature and salinity profiles can be used

to calculate the local sound velocity profile. Glider varying depth must be taken into

account when processing the acoustic observations, as described in Section 2.4 to correct

propagation loss.

5.3.2 Key successes of the project

Ocean gliders were successfully used as platforms for experimental development of PAM

applications. Gliders performing usual oceanographic survey missions were used to host

PAM systems. Their ability to navigate along predefined trajectories provided the oppor-

tunity to carry out the experiment in controlled areas. In Chapter 2, repeated passages

in the vicinity of meteorological buoys were used to calibrate the acoustic measurements

against in-situ wind speed measurements. The ability to recover the glider at the end of

each mission provided access to the raw acoustic data and recovery of the PAM system

for later use.

A unique PAM glider dataset was used to carry out two studies focusing on different
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aspects of the oceanic environment. WOTAN application, described in Chapter 2, con-

tributes to improved observation of the air-sea interactions. Sperm whale observation,

described in Chapter 3, contributes to improved understanding of the population, critical

to its conservation. These two case studies, presented in Chapters 2 and 3, demonstrated

the opportunity to broaden the spectrum of glider-based observation using PAM tech-

niques of interest for the physical oceanography and marine biology communities. They

highlighted the potential benefits of a wide addition of PAM systems to routine ocean

glider deployments.

It is worth noting that the datasets described in Chapters 2 and 3 were composed

of only ∼4 and ∼5 months of observation, respectively, in the NW Mediterranean Sea.

In this specific area, ocean gliders have been routinely deployed since 2010, cumulating

annual glider presence at sea of 6 to 12 months. Such coverage with PAM glider observa-

tions would provide great information on sperm whale population behaviour, expanding

the results presented in Chapter 3 on inter-seasonal and inter-annual scales. In the future,

PAM applications developed, validated and promoted using PAM gliders can be trans-

ferred to profiling floats. Provided that the technical challenges of on-board processing

and satellite data transmission without access to raw acoustic data are solved, key PAM

applications can be selected for integration to the ARGO float program, and benefit from

its great time and space coverage.
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Supplementary Material

Table A.1: Confusion matrix of the presence – absence classification from the two independent
operators, showing number and percentage of acoustic files. Classification from operator ’O’ was
used in this study. Operator ’E’ processed a randomly selected subset representing 20 % of each
glider mission, for evaluation purposes. 95 % of the test files were correctly classified.

O-Absence O-Presence
E-Absence 3943 – 89 % 163 – 4 %
E-Presence 23 – 1 % 285 – 6 %
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Figure A.1: (a) Average sound velocity profiles, and (b) the associated β profiles at 3 kHz for the
datasets Lion, MooseT00 23, and MooseT00 25. (c) Effects of the correction on sound pressure
measurements at a 1000-m depth, and (d) the associated wind speed estimation correction.
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(a) (b)

Figure A.2: (a) Acousonde pre-amp filter gain as a function of frequency. Data from (Burgess,
2010). (b) WISPR pre-amp filter gain as a function of frequency, approximately equal to
the inverse of typical deep-water ambient noise. Data from http://embeddedocean.com/wp-
content/uploads/2015/03/EOS HM1 users guide.pdf (Accessed 26/11/2019).

Figure A.3: Sperm whale presence modelled as a smooth function of distance to the slope in (a)
the Gulf of Lion (p = 0.18), (b) the Ligurian Sea (p = 0.35) and (c) the Sea of Sardinia (p = 2.9 x
10−6). Shaded areas represent 95 % confidence intervals.

Figure A.4: Sperm whale presence modelled as a smooth function of local time of day in (a) the
Gulf of Lion (p = 6.9 x 10−7), (b) the Ligurian Sea (p = 0.22) and (c) the Sea of Sardinia (p =
0.89). Shaded areas represent 95 % confidence intervals.
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Figure A.5: Sperm whale presence modelled as a smooth function of mixed layer depth in (a)
the Gulf of Lion (p = 0.08), (b) the Ligurian Sea (p = 0.018) and (c) the Sea of Sardinia (p = 2 x
10−16). Shaded areas represent 95 % confidence intervals.
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H. Zaccone, J. D. Zornoza, and J. Zúñiga (2011), ANTARES: The first undersea neu-
trino telescope, Nuclear Instruments and Methods in Physics Research, Section A: Ac-
celerators, Spectrometers, Detectors and Associated Equipment, 656(1), 11–38.

Aguilar de Soto, N. (2016), Peer-Reviewed Studies on the Effects of Anthropogenic Noise
on Marine Invertebrates: From Scallop Larvae to Giant Squid, in: The Effects of Noise
on Aquatic Life II, Unit 16, pp. 17–26, Springer Science+Business Media.

Ainslie, M. (2010), Principles of Sonar Performance Modelling, Springer, Berlin, Heidel-
berg.

Alappattu, D. P., Q. Wang, R. Yamaguchi, R. J. Lind, M. Reynolds, and A. J. Christ-
man (2017), Warm layer and cool skin corrections for bulk water temperature mea-
surements for air-sea interaction studies, Journal of Geophysical Research: Oceans,
122(8), 6470–6481.
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