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Abstract

There is growing recognition that key to addressing critical issues like climate change, global sea level Keywords

rise and the long-term sustainability of humankind is a more complete understanding of our oceans and Uncrewed surface vessels -
processes within them that account for the distribution of global heat, CO, and provide sustenance to so Ocean and seafloor mapping
many. Yet, despite years of effort, less than 25% of the global ocean seafloor has been mapped and less and exploration

than 5% of the ocean volume explored, likely due to the cost and inefficiency of traditional ocean map-
ping and exploration techniques using large, very expensive, crewed research vessels. Recent advanc-
es in the development of uncrewed surface vessels offer the possibility to reduce costs and increase
efficiency of ocean mapping and exploration. Such efficiencies can be gained by using small mother
ship-deployed uncrewed vessels acting as relatively inexpensive mapping and sampling force multipliers
or the use of small uncrewed vessels launched to from a mother ship to monitor and control autonomous
underwater vehicles, allowing multiple operations simultaneously and “verified, directed sampling”, all
while freeing the mother ship for independent operations. We are also seeing the development of larger
uncrewed vessels launched from shore with long-endurance and range, capable of carrying a full suite
of deep ocean mapping and exploration tools. All of these systems and approaches offer great hope but
it is very early in our understanding of their full capabilities, costs and limitations and we must be careful
not to overpromise, leading to disappointments and early abandonment of a potentially innovative ap-
proach, while at the same time maintaining the patience required to continue the research, investment
and innovation that will hopefully bring us to a new world of efficient and effective ocean mapping and
exploration that will allow us to meet our goal of complete coverage of the ocean.

Resumé

Il est de plus en plus reconnu que la clé pour aborder des questions critiques telles que le changement
climatique, I’élévation du niveau de la mer et la durabilité a long terme de I'humanité réside dans une com-
préhension plus compléete de nos océans et des processus qui s’y déroulent et qui sont responsables de la
distribution de la chaleur et du CO, a I'échelle planétaire et qui assurent la subsistance de tant de personnes.
Pourtant, malgré des années d’efforts, moins de 25 % des fonds marins ont été cartographiés et moins de
5% du volume des océans ont été explorés, probablement en raison du codt et de I'inefficacité des techniques
traditionnelles de cartographie et d’exploration des océans, qui font appel a de grands navires de recherche
avec équipage, tres colteux. Les progres récents dans le développement de navires de surface sans équi-
page offrent la possibilité de réduire les colts et d’accroitre 'efficacité de la cartographie et de I'exploration
des océans. Ces gains d’efficacité peuvent étre obtenus en utilisant de petits navires sans équipage déployés
a partir d’'un navire-mere et agissant comme des multiplicateurs de force de cartographie et d’échantillonnage
relativement peu colteux, ou en utilisant de petits navires sans équipage lancés a partir d’un navire-mere
pour surveiller et contrdler des véhicules sous-marins autonomes, permettant ainsi des opérations multiples
simultanées et un « échantillonnage vérifié et orienté », tout en libérant le navire-meére pour des opérations
indépendantes. Nous assistons également au développement de plus grands navires sans équipage lancés
depuis la cbte, dotés d’'une grande autonomie et d’une grande portée, capables de transporter une gamme
complete d’outils de cartographie et d’exploration des grands profonds. Tous ces systemes et toutes ces
approches sont porteurs de grands espoirs, mais nous n’en sommes qu’au début de notre compréhension
de I’ensemble de leurs capacités, de leurs colts et de leurs limites, et nous devons veiller a ne pas faire trop
de promesses, ce qui entrainerait des déceptions et I'abandon prématuré d’une approche potentiellement
innovante, tout en conservant la patience nécessaire pour poursuivre la recherche, I'investissement et I'inno-
vation qui, espérons-le, nous meneront vers un nouveau monde de cartographie et d’exploration océaniques
efficaces et efficientes, qui nous permettra d’atteindre notre objectif de couverture compléete des océans.
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Resumen

Hay un creciente reconocimiento de que la clave para abordar problemas criticos como el cambio climatico, la
subida del nivel del mar y la sostenibilidad a largo plazo de la humanidad es una comprension mas completa de
nuestros océanos y de los procesos que se dan en ellos que explican la distribucion del calor global, CO, y sirven
de sustento para muchos. Sin embargo, pese a anos de esfuerzo, se ha cartografiado menos del 25 % del fondo
marino oceanico global, y se ha explorado menos del 5 % del volumen del océano, probablemente debido al coste
y la ineficacia de las técnicas tradicionales de cartografia y exploracion oceanicas que utilizan grandes y caros
buques tripulados de investigacion. Los recientes avances en el desarrollo de buques de superficie sin tripulacion
ofrecen la posibilidad de reducir costes y aumentar la eficiencia de la cartografia y exploracion oceanicas. Esta
eficacia se puede obtener usando pequenos buques nodriza sin tripulacion que actien como multiplicadores de
fuerza en cartografia y toma de muestras relativamente baratos, usando embarcaciones menores sin tripulacion
botadas desde un buque nodriza para supervisar y controlar vehiculos submarinos autbnomos, permitiendo mul-
tiples operaciones simultaneas y una "toma de muestras verificada y dirigida”, mientras liberan al buque nodriza
para operaciones independientes. También estamos viendo el desarrollo de grandes buques sin tripulacion que
pueden ser botados desde tierra con gran autonomia y alcance, capaces de transportar un conjunto completo de
herramientas de cartografia y exploracion de las profundidades oceanicas. Todos estos sistemas y enfoques ofre-
cen grandes esperanzas, pero aln es muy pronto para comprender todas sus capacidades, costes y limitaciones,
y debemos tener cuidado de no prometer demasiado, lo que llevaria a decepciones y al abandono prematuro de
un enfoque potencialmente innovador, manteniendo al mismo tiempo la paciencia necesaria para continuar la
investigacion, inversion e innovacion que con suerte nos llevara a un nuevo mundo de cartografia y exploracion
del océano eficientes y eficaces que nos permitiran cumplir nuestro objetivo de la cobertura completa del océano.

1 Introduction

As we celebrate the 100" anniversary of The Interna-
tional Hydrographic Review (HR) one might ask why
we would devote a paper to the topic of the future of
ocean exploration. The answer is simple. The map-
ping tools and techniques that have been pioneered,
developed, and implemented by the hydrographic
community are, without question, the primary tools
of ocean exploration. Aimost all great explorations
were built around the creation of maps that offered
an initial geospatial context for “terra incognita”, and
many of the great explorers were either mapmakers
themselves or had mapmakers as key members of
their team. As early explorers looked outward to the
seas, it was innovation in the development of naviga-
tion and positioning tools that allowed them to head
far offshore and begin to map the extent of new land-
masses and the resources they may possess. Even
in these earliest days of exploration there was the
need to probe and chart seafloor depths to assure
safe passage of the vessel as it approached unex-
plored regions. Over the centuries that have passed
since these early days of exploration we have, for the
most part, completed mapping the distribution of ter-
restrial components of our planet and with modemn
satellite imaging technology, it is hard to imagine that
there are new landmasses yet to be discovered. In-
deed, given the general availability of high-resolution
satellite imagery and tools like Google Earth, almost
anyone can produce a high-resolution image (and
with overlapping imagery, a digital terrain model) or
map of almost any landmass on earth, all precisely
positioned through a Global Navigation Satellite Sys-
tem (GNSS).

As our knowledge and understanding of the distri-
bution of the landmasses and peoples of our planet
grew, the oceans became highways of trade. The
vessels that traveled these highways increased in
size and capability, and the need for hydrographic
mapping became, and still is, critical to assure the
safe navigation of vessels in and out of ports (Jo-
nas, 2023). This evolution of mapping, exploration,
discovery, technical innovation, and exploitation (of
resources and sadly peoples), led to the remarkable
growth of the global economy over the past few hun-
dred years and the recognition that the ocean is vital
in sustaining the lives and livelihoods of those who
inhabit Earth. As we have come into the 215t centu-
ry, however, we have also recognized that this rapid
growth has put tremendous strains on the health of
the earth and that such growth cannot be sustained
without a better understanding of its environmen-
tal impacts. We have also learned that the earth is
a complex system of interconnected systems (land,
atmosphere, and ocean) and that understanding the
ocean system, which represents more than approx-
imately 71% of the earth’'s surface and is central in
regulating temperature, climate, CO,, and other criti-
cal parameters, is key to developing approaches for
the long-term sustainability of Earth. It is this recogni-
tion of the key role that the ocean plays in feeding our
planet as well as moderating and sustaining Earth’'s
climate and other environmental systems that has led
to renewed emphasis on a better understanding the
oceans as exemplified by the United Nations’ Decade
of Ocean Science in Support of Sustainable Devel-
opment’. In developing the goals of the Decade of
Ocean Science in Support of Sustainable Develop-

1 https://oceandecade.org (accessed 12 Mar. 2023).
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ment, the complete mapping of the seafloor was rec-
ognized as a critical need yet, as we begin the U.N.
Decade of Ocean Science, we do so with the sad
recognition that at this point in time, less than 25% of
the global ocean’s seafloor has been mapped? and
likely only about 5% of the global ocean volume has
been exploreds. How can we hope to understand the
oceans we so depend on, when we do not yet know
what is there?

In this paper we will explore the efforts being made
to correct this situation and look at new technolo-
gies that might help us achieve the dream of a fully
explored ocean. Much of our focus will be on ap-
proaches to increasing the efficiency of mapping the
seafloor, particularly the deep ocean seafloor beyond
the realm of hydrographic organizations — because
as was stated earlier, all exploration must start with
the establishment of a geospatial context. For this
we will focus on the need to cover large, often totally
unmapped regions rather than meeting critical hydro-
graphic standards and thus much of the focus of this
paper will be on new, more efficient ways to deploy
critical ocean mapping and exploration sensors. We
will also look at new approaches for looking at the
ocean volume and explore, in general terms, what
the future might hold for the development and de-
ployment of new tools that will support and enhance
ocean exploration.

2 Mapping the global ocean seafloor

We begin our focus on ocean exploration by examin-
ing the state of our understanding of global seafloor
pathymetry — a critical boundary condition for many
ocean processes including controling the pathways
of deep-sea currents and the frictional loss of heat
through generation of turbulence as currents pass
over seafloor of various roughness. Knowledge of
both these parameters (the flow-path of deep ocean
currents and seafloor roughness) is essential for the
accurate modeling of global climate (Gille et al., 2004
and references therein). In the polar regions, knowl-
edge of where relatively warm subsurface currents
can access margins of glaciers through bathymetric
passages is essential to the modeling of glacial melt-
ing rates and the associated rise in global sea level
(Jakobsson & Mayer, 2022). Bathymetry is also es-
sential for understanding deep sea hazards (slumping
and other mass wasting events; Avdievitch & Coe,
2022) and for the prediction of storm surge and tsu-
nami hazards (Parker, 2013). Seafloor mapping is
needed for establishing the routes of deep-sea ca-
bles and pipelines and has offered key insights into
the nature of earth processes including the devel-
opment of the theory of plate tectonics which was

greatly aided by maps of seafloor morphology. With
the addition of backscatter, mapping has played a
key role in delineating critical benthic habitats (Rob-
erts et al., 2005). Yet, as stated above, at the present
time less than 25% of the seafloor has been directly
mapped. We say “directly mapped” because nearly
complete global seafloor maps have been produced
through the remarkable technique of deriving ba-
thymetry from satellite altimetry (Smith & Sandwell,
1997). Satellite-altimetry derived bathymetric maps
are based on the principle that the sea surface is,
to a first approximation, an equipotential surface of
the earth’s gravity field that is affected by the gravita-
tional attraction of large masses on the seafloor (e.g.,
seamounts) or the absence of mass (e.g., tfrenches)
causing the sea surface to change elevation relative
1o the ellipsoid. These changes in elevation can be
measured by accurate satellite altimeters and thus
the measured height of the sea surface reflects large-
scale changes in bathymetry. Through the compar-
ison of satellite altimetry-derived measurements (for
which there is continuous cover over most of the
oceans) to actual soundings, Smith and Sandwell
were able to predict the bathymetric values for places
where there are no soundings. This was a tremen-
dous step forward in providing a global estimate of
seafloor depths, however, the lateral resolution is on
the order of 10-15 kms and the vertical accuracy is
limited (Smith & Sandwell, 1997), meaning that to
address many of the critical applications discussed
above, the satellite altimetry-derived bathymetry does
not have the needed resolution nor accuracy, and in-
stead we must use direct measurements of depth.
Over the past 40 to 50 years, we have seen the
technology used to make direct measurements of
depth change radically. For literally thousands of years
depth measurements were made by measuring the
length of a weighted line deployed from a vessel (lead
line). With the rapid evolution of sonar systems during
the second world war, the single beam echo sound-
er became the tool of choice for most hydrographic
and deep-sea ocean mapping missions. Towards
the end of the 20" century, multibeam sonars came
out of classified military development and became
commercially available. Multibeam sonars (along with
concomitant developments in satellite positioning and
computer processing) revolutionized deep ocean
mapping. A single beam sonar (with a beam width
of typically 15-30 degrees ensonifies an area on the
seafloor with a diameter of approximately one half the
water depth and produces only one depth (the shoa-
lest depth) in the ensonified area with no knowledge
of where that depth was within the area. The position
of the shoal can only be assumed to be directly be-

2 https://seabed2030.0org/mapping-progress (accessed 12 Mar. 2023).
3 https://oceanexplorer.noaa.gov/world-oceans-day/reason-1.html (accessed 12 Mar. 2023).
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Fig. 1 Global bathymetric coverage in the GEBCO 2022 digital grid, representing most of the publicly available bathymetric data — viewer available at https://gis.ccom.unh.

edu. Areas that are black indicate no available direct bathymetric data.

low the vessel. The result is a laterally averaged (over
the beam footprint, i.e., half the water depth) portrayal
of bathymetry. Multibeam sonars, however, produce
many narrow (depending on the model but typically
0.5 to 2 degree) beams in a broad (athwartship), but
thin (alongship) swath across the seafloor perpendic-
ular to the direction of travel of the vessel. The result
is many (tens to hundreds) of individual, highly ac-
curate depth measurements across a swath that is
typically three to five times the water depth wide. With
multibeam sonars thus came the ability to produce
many individual high-resolution depth measurements
from a single ping across a wide swath of the sea-
floor, revolutionizing our ability to map and visualize
the deep ocean floor.

Because of vessel motion and the wide swath
achievable, multibeam sonars require complex inte-
gration with other ships’ sensors (e.g., sound speed
profiler, inertial motion sensor) but both sensor inte-
gration and post-processing software for these sys-
tems has improved greatly over the years and these
systems have now been adopted by most institutions
that map the seafloor. High-frequency (200-400 kHz)
shallow water systems (200 m or less) are small and
compact (sonar array dimensions are on the order of
50 cm to 1 m), however, to maintain spatial resolu-
tion (narrow beam footprints), array sizes must scale
up with the lower frequencies needed for deep-water
mapping (12-30 kHz). To achieve a 1-degree beam-
width at 12 kHz (the frequency used for full-ocean
depth mapping) the sonar array must be on the or-
der of 9 meters long. Inasmuch as multibeam sonars
use separate transmit and receive arrays (orthogonal-
ly oriented to create what is known as a Mills Cross
or Mills T), if one wants to both transmit and receive
1degree beams, the receive array (which is mounted
in the athwartship direction) must also be 9 m long,

meaning that the vessel must be able to support a
9m long array along across its keel i.e., it must be a
large vessel. Thus, the state-of-the-art for deep-sea
ocean exploration requires multibeam sonars mount-
ed on large (typically 60 m or longer) survey vessels.
Recognizing the critical need for more complete
maps of the ocean floor, the Nippon Foundation and
GEBCO joined forces to create the Seabed 2030
Project, an ambitious effort aimed at establishing an
infrastructure to facilitate the complete mapping of
the global ocean floor by 2030. The project was or-
ganized around four regional data centers (located in
New Zealand, Germany, the U.S., and Sweden) and
a global data center located at the British Oceano-
graphic Data Center in the U.K. The project began
in earnest in 2017 with the data centers inventorying
how much data was publicly available in global da-
tabases and addressing the difficult question of how
much of the seafloor was mapped and at what reso-
lution. This analysis revealed that if the seafloor were
divided into approximately 1 km square grid cells,
18% of them had at least one sounding in them and
9% of them had some multibeam data (Mayer et al.,
2018). Acknowledging that the beam footprint of a
mapping sonar varies as function of depth, Seabed
2030 defined a series of depth-dependent grid reso-
lutions for defining mapping coverage (see Mayer et
al.,, 2018 for details). When these depth dependent
resolutions were considered, direct mapping data
were available for only 6.9% of the seafloor. Start-
ing with this estimate of coverage in 2018, we have
seen, through the concerted efforts of the Nippon
Foundation-GEBCO Seabed 2030 teams and collab-
orating partners, the coverage increase to 24.4% at
the beginning of 2023 (Fig. 1)* . While this represents
a tremendous increase in data availability, much of
this increase was the result of discovery and provi-

4 https://seabed.geo.su.se/stat/#1/0/0 (accessed 12 Mar. 2023).
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Fig. 2 The 7.7 m long DriX uncrewed vessel used by UNH as a platform to explore the applicability of

uncrewed vessels to support ocean mapping and exploration missions.

sion of existing data sets and, as the amount of un-
discovered data decreases, new data acquisition will
be required to cover the more than 75% of the ocean
floor unmapped by direct means.

It has been estimated that it will take between
70,000 and 127,000 ship days to map, with state-of-
the art multibeam sonar, the yet unmapped regions of
the seafloor deeper than 200 m to the Seabed 2030
defined resolutions. Given the high costs of operat-
ing the relatively large vessels needed to carry deep
water multibeam sonars, the overall cost of this un-
dertaking has been estimated to be on the order of
three to five billion dollars (Mayer et al., 2018). This
is a seemingly large number, but it should be noted
that there have been many mapping missions to oth-
er planets that cost on the same order, raising the
question of why we would not be willing to invest this
amount in the mapping of our own planet. While ef-
forts continue to seek the funding to complete the
mapping and exploration of the global ocean, here
we will address whether new technologies can in-
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crease the efficiency of ocean mapping (and ocean
exploration in general) and thus facilitate the complete
mapping and extended exploration of our oceans.

3 Expanding the efficiency of ocean
exploration with “autonomous”
systems

Exploration of the surface of the earth (both land and
oceans) was revolutionized with the advent of satel-
lite imagery and remote sensing. With respect to the
oceans, these tools have offered tremendous insights
into sea surface temperature, productivity, current
and wave patterns. Unfortunately, these insights are
limited to the upper few meters of the ocean surface
as the electromagnetic waves used for ocean image-
ry and remote sensing do not propagate far in water.
And thus, as outlined above, the fundamental tools
for exploring the seafloor and volume of the ocean
are acoustic systems, typically carried by large, slow,
and expensive 1o operate, research vessels. If we
look at costs for typical sea-going research vessels
we see that a significant percentage of the operat-
ing costs (in many cases over 50%) are associat-
ed with crew-related expenses (salary, travel, food,
etc.). Recognizing the significant crew-related costs
involved in operating a research vessel, the concept
of using uncrewed systems becomes an appealing
option for increasing the efficiency of ocean mapping
and exploration. Note that we are calling these oper-
ations “uncrewed” rather than autonomous. Despite
the tremendous advances we have seen in the past
few years in the development of uncrewed vessels,
none of the current systems can be called truly au-
tonomous; they all require some level of human inter-
action (pilots, operators, etc.) and thus do not remove
all personnel expenses from the equation. However,
even at this early stage of development, the potential
is there to demonstrate increased efficiencies.

We have already seen the private sector step up
and demonstrate remote operation of small auton-
omous systems for near-shore surveys. These are
early days for these types of operations, but initial in-
dications are that such approaches to survey work
are enjoying success, demonstrating improved safe-
ty (i.e., no one offshore), 24 hour per day operation,
and a reduced carbon footprint both with respect to
the vessel and much-reduced travel requirements.
With respect to offshore ocean mapping and explo-
ration, the use of uncrewed systems is in its infancy
and much remains to be learned about concepts of
operations and the ultimate viability and cost-effec-
tiveness of operating uncrewed vessels in support
of ocean exploration (Schmidt, 2020). In addressing
these questions, we will report on our own recent ex-
periences working with funding from the U.S. National
Oceanic and Atmospheric Agency (NOAA) to explore
the potential use of uncrewed systems in support
of mapping and ocean exploration. In relating these
experiences, many will be based on the uncrewed
vehicles that we are currently working with (DriX built
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by Exail and Saildrone) but will hopefully be generic
enough to draw broader conclusions about the future
role of uncrewed systems for deep ocean mapping
and exploration.

4 Uncrewed systems as force
multipliers for offshore mapping

One of the most obvious applications of uncrewed
systems for offshore survey work is as a ‘force-mul-
tiplier'. Large offshore research vessels typically have
capitalization costs of over $100 million and day-rates
often over $50,000 per day. The diesel-powered un-
crewed systems we have been using have capitaliza-
tion costs of a few million dollars and operating day-
rates (still being determined) on the order $10K per
day (including operator costs). Thus, the deployment
of one or more uncrewed systems from a mother
vessel offers the opportunity to multiply the efficiency
of surveying for a fraction of the cost. NOAA-funded
work with DriX (Fig. 2) has demonstrated that this is
indeed possible with the uncrewed vessel launched
from the mother ship and surveying in tandem with
the mother ship at speeds up to 10 knots and contin-
uous operation over several days. Full data transmis-
sion to the mother ship (typically at the end of each
line) was possible when operating within the limits of
the marine broadband radio system used to commu-
nicate between the mother ship and the uncrewed
vessel (maximum about 20 km depending on atmos-
pheric conditions). In this mode, data processing can
be done on board the mother ship as data is being
collected, and data products produced not long after
the survey is completed. NOAA has estimated that
such operations will increase survey efficiency by at
least 40% (using a single uncrewed vessel). Carrying
more vessels should further increase efficiency but
this has yet to be demonstrated.

To date the uncrewed systems that we have de-
ployed from larger ships have been relatively small
(7-8 m long) and capable of carrying high-resolu-
tion, shallow water multibeam sonars (200-400 kHz)
along with broadband water-column mapping sonars
(EK-80s), however, we have recently installed a new
compact, 70-110 kHz multibeam sonar (EM-712)
providing mapping capabilities to depths beyond
2000 meters and offering the option for using even
our smaller uncrewed systems as force multipliers for
deeper water mapping. Depending on mission re-
quirements, the uncrewed systems can be equipped
with a range of sensors, including winch-deployed
sensors (e.g., CTD) offering the opportunity to act as
force multipliers for a range of oceanographic meas-
urements. At described above, at present, opera-
tion of uncrewed vessels can be carried out from a
mother ship with full situational awareness and data
transmission to ranges supported by marine broad-
band radio (~20 km). Operations can be carried out
beyond the range of the marine broadband radio
(and even from shore-based facilites anywhere in
the world) using satellite-based systems like Iridium’s

https://doi.org/10.58440/ihr-29-a05
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Certus, however the bandwidth provided by these
systems can currently can only support the transmis-
sion of situational awareness information and limited
data rather than full data transmission. The recent
introduction of low-earth orbiting satellites support-
ing the maritme domain (e.g., Starlink) now offers the
possibility of high-bandwidth communications with
uncrewed systems and opens the possibility of full
data transmission to and from uncrewed vehicles,
world-wide. These systems have just been intro-
duced and their full capabilities and limitations have
yet to be demonstrated but many efforts are current-
Iy underway to assess these systems including the
recent installation of a Starlink system on our own
uncrewed vehicles. Testing of this system will begin
over the next few months.

5 Shore-deployed uncrewed systems
for deep-water mapping and
exploration

As we seek to extend the efficiency of deep-water
mapping and other open-ocean exploration meas-
urements, the size of the uncrewed vessel becomes
an issue as the sonar arrays, winches, and wires, all
need to be larger or longer to work in deeper water.
How large of an uncrewed vessel (or vessels) can
be carried by a mother ship (and how large must the
mother ship be)? At some point it becomes impossi-
ble to efficiently carry, deploy and recover uncrewed
systems that are fully capable of undertaking deep
water mapping and exploration activities and we must
look to the concept of large, shore-deployed un-
crewed vessels, capable of long-range deployments
and carrying a full suite of ocean exploration tools. A
commercial entity, Ocean Infinity has been pioneer-
ing this approach through the development of a fleet
of very large (78 m), fuel-efficient, offshore controlled
vessels that will initially be crewed but are designed
to eventually operate in an uncrewed mode. Other
manufacturers are also building larger platforms with
extended range and the ability to carry deeper water
exploration tools. As these capabilities evolve and are
implemented, the community will learn if these ap-
proaches prove to be a cost-effective and energy ef-
ficient approach to addressing our need to map and
explore the global ocean, but the potential is clearly
great.

As these purpose-built large uncrewed vessels
are being built and approaches to autonomous op-
erations being further developed, a concept to be
explored is that of a mapping and exploration barge
(Fig. 3) whose form-factor could accommodate a
very large mapping sonar array (e.g., ~ 30m x 156m
which would result in beamwidths of ~ 0.25 deg x
0.5 deg or a lateral resolution on the seafloor of on
the order of 17.5 m x 35 m at nadir in 4000 m of wa-
ter). Such a platform would be relatively inexpensive
to build (or acquire) and initially could be transported
by a sea-going tug with a small crew at a fraction of
the cost of a fully crewed research vessel. The deck
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Fig. 3 The concept of an ocean exploration barge capable of carrying a very large MBES system

and many other sensors. Such a barge can be deployed with an ocean going tug at a fraction of the

cost of a crewed research vessel and eventually could be designed to be a fully autonomous platform.

Image drawn by Ines Jakobsson.

Fig. 4 The 20 m long Saildrone Surveyor arriving in Hawaii after a 28-day transit from San Francisco.
This prototype Saildrone Surveyor is equipped with a 30 kHz EM-304 and 200-400 kHz EM2040, a
full suite of EK-80 broadband sonars and environmental sensors as well an ESP-3 eDNA sampling

system from the Monterey Bay Aquarium Research Institute.

space available on a barge could accommodate a
range of other ocean and atmospheric sensors pro-
viding a relatively inexpensive means of collecting a
suite of ocean measurements (including sensors that
need to be deployed by wire to probe the depths).
Sonar systems and other sensors could be operat-
ed remotely (the technology for this exists now) and
with improved bandwidth from low earth orbiting sat-

ellites, these remote capabilities will increase. As un-
crewed ship operations evolve, we could envision a
time when the entire barge could be a self-contained
autonomous platform and a platform from which to
launch other autonomous systems.

6 Reducing fuel costs and extending
range

The uncrewed vessels discussed above are all de-
pendent on engines for their propulsion and while
we are seeing exciting and important innovations in
low-carbon footprint propulsion systems (i.e., hydro-
gen and ammonia-based), the dependence on any
source of combustible fuel places limits on endur-
ance of the vehicle. The introduction of sail powered
uncrewed systems has offered the intriguing possi-
pility of mapping and exploration vessels with long
endurance and a very low carbon footprint. Several
years ago Saildrone introduced a 7 m long, wind and
solar powered uncrewed vehicle (Explorer) that has
now demonstrated the ability to undertake long en-
durance ( >6 months), long-distance (>20,000 kms)
missions surviving hurricanes and tropical storms®.
These vehicles are equipped with an array of ocean-
ographic and atmospheric sensors and have been
equipped with single beam echo sounders, but they
currently do not have the energy budget to support
multibbeam sonars. Two larger vehicles are being
introduced, however, the 10 m long Voyager and
the 20 m long Surveyor (Fig. 4), each of which is
equipped with an auxiliary diesel/electric power sys-
tem that allows them to support multibbeam sonars
and winch-deployed sensors. While the Voyager will
be equipped with shallow water multibeam sonar sys-
tems, the 20 m Surveyor has already been deployed
with a 30 kHz, EM-304 multibeam sonar, along with a
shallow water EM-2040 and a full suite of EK-80 wa-
ter column sonars creating a platform that is well-suit-
ed for deep-water ocean mapping and exploration.
Saildrones are operated from a shore-based control
center with a sophisticated mission portal offering full
situational awareness but not full data transmission.
With the advent of low earth orbiting satellites, full da-
ta transmission may be a possibility.

The Saildrone Surveyor underwent sea trials, fund-
ed by NOAAs Ocean Exploration Program, in June
of 2021 and then undertook its maiden voyage, an
uncrewed mapping transit from San Francisco to
Hawaii, funded by the Nippon Foundation/GEBCO
Seabed 2030 Program, in July of 2021. The Sur-
veyor collected high-quality mapping data during this
3650km long transit, especially while under sail where
the swath widened due to reduced noise (Fig. 5). In
the course of the transit, many lessons were learned
about transit speed capabilities and how often the
engine needed to be run in order to keep the bat-

5 https://www.pmel.noaa.gov/ocs/ocs-saildrone-mission-blog-tpos-2019-mission (accessed 12 Mar. 2023).
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teries appropriately charged. In 2022 the Saildrone
Surveyor conducted work on behalf of NOAA's Office
of Ocean Exploration in remote areas of the Aleutian
Islands (Fig. 6) and it is currently undertaking surveys
of the U.S. EEZ off the coast of California. As these
surveys are completed, we continue to learn more
about the capabilities and limitations of this innova-
tive system particularly respect to endurance, speed,
trade-offs between motoring and sailing, data quali-
ty, and overall cost-effectiveness of this approach to
addressing our long-term mapping and exploration
needs. Saildrone is also using lessons learned to up-
grade the design and produce a new generation of
Surveyors with faster hull speed and extended ca-
pabilities.

Along with its acoustic systems, Saildrone Sur-
veyor also carried a suite of environmental sensors
including an exciting Environmental DNA (eDNA)
sampling system from the Monterey Bay Aquarium In-
stitute (MBARI). eDNA is a relatively new approach of
analyzing the nuclear or mitochondrial DNA that is re-
leased by organisms into water (Pillioid et al., 2013).
Analysis of eDNA allows the detection and identifica-
tion of species that were present in the water mass
and is a powerful new tool for understanding biodi-
versity. MBARI has created an eDNA sampling sys-
tem (ESP-3) that can be deployed on autonomous
systems, filter water on command and preserves the
samples for later analysis (Truelove et al., 2022). On
each of the completed Saildrone Surveyor missions,
a complete suite of eDNA samples were taken with
the ESP-3, demonstrating the viability of making
these important environmental measurements from
platforms much less expensive to operate than large,
crewed research vessels as well as the potential of
collecting these important measurements in remote
and unexplored regions.

7 Every measurement counts

While our aspiration is to see the ocean complete-
ly mapped and explored with the greatest resolution
possible, the unmapped and unexplored regions of
the oceans are so vast that we must recognize that
any additional measurement adds to our knowledge
base. ARGO floats are freely drifting floats that are
deployed through an international program and de-
signed to collect temperature, salinity, and pressure
measurements over the upper 2000 m of the ocean.
The floats use a buoyancy engine to profile down to
depth, drift (typically at 1000 m) for about 10 days,
profile down to 2000 m, and then return to the sur-
face to transmit their data via satellite. They repeat
this cycle until their batteries are depleted (typically
about 3-5 years). A new suite of floats can also col-
lect biogeochemical measurements and some floats
are being designed for deeper depths (to 6000 m).
There are currently about 4000 floats drifting around
the oceans providing measurements of ocean tem-
perature and salinity distribution that have revolution-
ized our understanding of ocean warming and other
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Fig. 5 The maiden voyage of the Saildrone Surveyor as it transited from San Francisco to Honolulu

covering 3650 km over 28 days. Insert shows increase in achievable swath width coverage going

from using diesel motor to pure sailing mode.

Fig. 6 Saildrone Surveyor surveys of remote regions of the Aleutians conducted during two missions

over 51 days. For this mission Saildrone departed from San Francisco, had a port call in Dutch Harbor

and returned to San Francisco.

ocean processes. With 4000 floats drifting around
the ocean basins, it has been estimated that ap-
proximately 8% of these floats will ground in regions
where bathymetry is poorly constrained and van Wik
et al. (2022) have cleverly proposed that in these
situations, information on grounding depth can sup-
plement our bathymetric data base and provide addi-
tional bathymetric information in remote regions.
Taking the concept of using a profiling float for ba-
thymetric data acquisition one step further, Seatrec
Inc. is developing, though funding from Schmidt
Marine Technology Partners, the infinlTE™ (infinite
Thermal Energy) float, a profiling float powered by an
energy harvesting system that derives power from
the thermal differences in the upper ocean (Fig. 7;
Jones et al.,, 2011). The energy harvesting system
provides enough power for the profiling float to make
as many as three profiles per day and to use an ac-
tive echo-sounder to collect bathymetric information
along with the standard oceanographic data collect-
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Fig. 7 Seatrec infiniTE profiling float uses a solid to liquid phase change caused by the thermal difference in upper water column to provide enough energy to drive a
deep-water echo-sounder along with other profiler instrumentation. The profiler will dive to depth and make a sounding then drift and make another sounding before return-
ing to surface getting another GPS fix and transmitting data via satellite. Image courtesy of of Yi Chao, Seatrec Inc.

ed with a CTD. Like Argo floats, the InfiniTE floats are
navigated by GPS and transmit their data via satellite
link when they surface (Coley, 2023). The first two
prototypes of these new echo-sounding floats will
be deployed for the first time in the spring of 2023.
Should these floats prove successful, they offer a rel-
atively inexpensive approach for long-term bathyme-
tric data collection in remote regions of the oceans
where ships rarely venture and where existing data
coverage is very sparse.

Beyond their ability to provide single beam sound-
ing measurements in remote regions, it may be pos-
sible to use a group of profiing and echo-sounding
floats to form a large baseline sparse array that can
make very high-resolution bathymetric measurements
over a wide area (Ryu et al., submitted). Envision an
array of echo-sounding infiniTE floats deployed over
an area of say 20-40 km. If the floats are command-
ed to profile at the same time, they can capture the
three-dimensional sound speed field of the ocean
volume. When the floats return to the surface, sev-
eral of the floats could be used as acoustic sources
and the rest used as a disaggregated sparse array
of receivers, all precisely positioned with GNSS. The
combination of the precise location of sources and
receivers along with knowledge of the three-dimen-
sional sound speed field offer the opportunity to solve
the more difficult aspects of providing a coherent 3-D
solution for the ray paths leading to the possibility of
very high-resolution bathymetric solutions over a wide
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area. Certainly speculative, but research efforts are
currently underway at MIT Lincoln Labs to explore the
use of sparse arrays for bathymetric measurements.

8 Expanding the ocean exploration
footprint

While we have emphasized the role of uncrewed
systems as a force multiplier that has the potential to
greatly increase the efficiency with which we can map
and explore the oceans by providing more cost-ef-
fective and fuel-efficient means to cover large areas
of the oceans, there is another important role that un-
crewed vehicles can play in enhancing our ocean ex-
ploration capabilities. Ocean exploration missions of-
ten begin with regional mapping to set the geospatial
context before more detailed exploration and pros-
ecution of targets takes place. Regional mapping is
indeed a role where we have argued that uncrewed
systems can provide increased efficiency by covering
large areas at reduced cost with respect to ship time,
personnel, and fuel. But once targets are selected
for detailed mapping and exploration (e.g., a hydro-
thermal vent field), a large mother ship typically de-
ploys high-resolution mapping and imagery systems
(e.g., ROVs and AUVs) to provide detailed analyses
and sampling. Typically such operations involve the
deployment of a single system at a time and require
the dedicated support of the large mother vessel. \We
have recently, however, demonstrated how, through
the use of relatively small uncrewed systems, multi-
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ple underwater uncrewed vehicle operations can be
supported and the mother ship freed to pursue inde-
pendent activities.

On a recent expedition of the E/V NAUTILUS (NA-
139; May 2022), sponsored by NOAAs Office of
Ocean Exploration, teams from the University of New
Hampshire, the Woods Hole Oceanographic Institu-
tion and the Ocean Exploration Trust, worked togeth-
er to demonstrate collaborative behaviors among
multiple vehicles and the mother ship (NAUTILUS) to
demonstrate the potential for simultaneous, multiple
vehicle deployments, and thus increased efficien-
cy in the use of these expensive assets. On board
NAUTILUS was the 7 m long DriX uncrewed sys-
tem described earlier, the Mesobot, a slow moving
autonomous underwater vehicle designed to track
particles in the mesopelagic (midwater) and collect
eDNA samples (Yoerger et al., 2018), and NUI, a hy-
brid ROV/AUV designed to travel 10s of kms laterally
underwater connected to the mother ship by a thin
fiber but then act as an AUV when the fiber is cut
(Barker et al., 2020; Fig. 8). NUI carries a full suite of
cameras and acoustic systems as well as a manipu-
lator arm for sampling.

The initial step in developing collaborative behav-
iors was to establish a common acoustics com-
munication system among the vehicles. This was
achieved through the use of a Sonardyne HPT 3000
tracking and communications transceiver mount-
ed on the DriX and acoustic transponders mounted
on the AUVs. The team also developed a series of
standard Robot Operating System (ROS) messages
to allow the transfer of data and commands among
the vehicles. Once deployed, the DriX was able to
track, communicate and follow the AUVs using the
HPT 3000. Inasmuch as the AUVs move very slowly
(1-2 knots) and DriX tends to travel much faster, a
special behavior was created to allow DriX to circle
above the vehicles and thus always stay centered
above the vehicles (Fig. 9).

Full situational awareness of the position and sta-
tus of all vehicles was provided by CAMP — CCOM
Autonomous Mission Planner (Arsenault & Schmidt,
2020), an application that serves as a backseat driv-
er for autonomous vehicles and allows for monitor-
ing the progress of multiple vehicles and the mother
ship as well as the ability to quickly and easy make
and revise mission plans, all on top of raster images
(e.g. charts or bathymetry; Fig. 10). Most important-
ly, the sonars on the DriX were able to provide re-
al-time (while within range of the marine broadband
radio — ~20 km) information on potential targets for
investigation by the AUVs. For example, while Meso-
bot was deployed, the EK80 on the DriX which was
following, tracking, and communicating with Meso-
bot, located a strong midwater scattering layer that
was seen in real-time through data transmitted from
DriX to the mother ship (Fig. 11). Commands were
sent to Mesobot to move to the layer and when
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UNH DriX

Fig. 9 Behavior developed to allow fast-moving uncrewed vessel DriX (represented by red arrow) to

follow and stay on top of slow-moving mid-water AUV Mesobot (yellow dot).

Mesobot was in the layer (visually confirmed by the
ability to see Mesobot in the EK-80 display), Meso-
bot was sent commands to begin sampling for eDNA
(Fig. 12). This ability to see, in real-time, the location
of the AUV and its sampling systems with respect to
the target layer opens a new world of “verified direct-
ed sampling”. This ability will remove many ambigu-
iies and uncertainties associated with the sampling
or measurement of oceanographic phenomena as
well as help address questions of sample bias and
avoidance. Through the combination of surface and
subsurface autonomous vehicles we will be able to
see exactly where samples or measurements are be-
ing taken and how the targets being sampled behave

IHR VOL. 29 - N° 1 — MAY 2023 m




UNCREWED SURFACE SYSTEMS

Fig. 10 The UNH CAMP applications providing full situational
awareness of the location of multiple vehicles in the context of un-
derlying raster mapping data.
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Fig. 11 Display of 200 kHz EK80 data from EK-80 on DriX, trans-
mitted in real-time via marine broadband radio to mother ship
(NAUTILUS). The blue horizontal line at about 70 m depth is the
scattering layer that scientists wanted to sample. The red diagonal
line is the reflection of Mesobot traveling underneath DriX as it is
being directed by commands from the mother ship to move to the
scattering layer.
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Fig. 12 The Mesobot (red horizontal target) confirmed to be di-

rectly in the scattering layer. At this point sampling is triggered as-
suring that eDNA samples were taken directly in the targeted layer.
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during sampling.

With respect to gained efficiencies, we were able
to operate with Mesobot, NUI and DriX simultaneous-
ly, with DriX on the surface, Mesobot exploring the
midwater, and NUI mapping and exploring the sea-
floor. Throughout this exercise, the DriX served as
the communications link between the vehicles and
the mother ship, tracking their location and transmit-
ting data and commands to and from the ship. When
NUI went into full AUV mode (i.e., off the fiber tether),
the NAUTILUS was free to leave the direct vicinity of
the AUVs and carry on its own activities. During this
mission we were limited by the range of the marine
broadband radio and thus the NAUTILUS could not
go beyond about 20 km from the AUVS' operating ar-
ea but with the implementation of low earth orbiting
satellite communications from the uncrewed surface
vehicle, there should be no limit to the range at which
the uncrewed surface vessel could operate from the
mother ship while following the AUVs, and thus the
AUVs could easily be monitored and controlled from
a shore-based facility anywhere in the world.

Carrying this one step further, as demonstrated in
the Shell Ocean Discovery XPrize competition, we
are already seeing the introduction of large-format
shore-based uncrewed surface vessels that can car-
ry and deploy their own ROV (Zwolak et al., 2020).
With such systems we can envision the uncrewed
surface vessel using its suite of sensors for broad
exploration and initial mapping and when targets of
interest are found (perhaps by automated process-
ing and detection algorithms on board the vessel),
the ROV can then be deployed for detailed study and
mapping of the targets without human intervention.
With the advent of high-bandwidth communications
through low-earth orbiting satellites in combination
with growing capacity for telepresence (Raineault et
al., 2018) shore-based scientists can remain in the
decision and control loop offering tremendous op-
portunities for truly expanding the footprint of ocean
exploration while bringing the wonders of deep-sea
exploration to school children and the public at large,
world-wide.

9 Conclusions

The global community is recognizing that the long-
term sustainability of humankind is inextricably linked
o our understanding of the oceans and the process-
es within them that control the distribution of heat,
CO,, nutrients, and other critical parameters. Yet our
oceans are vast and despite more than 100 years
of effort, our traditional approaches to studying the
oceans using large, crewed research vessels, have
resulted in less than 25% of the seafloor mapped and
on the order of only 5% of the ocean volume explored.
If we are to address the pressing problems associ-
ated with climate change, sea level rise, and many
other ocean-related issues in a timely fashion, we will
need to accelerate our efforts to map and explore the
deep global ocean as we cannot understand what
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we do not know. Uncrewed surface vessels are be-
ing developed that may offer the chance to greatly
reduce the cost and increase the efficiency of global
mapping and exploration. Multiple approaches are
being taken. The deployment of relatively small un-
crewed vessels that can be carried from larger moth-
er ships has already been demonstrated as a force
multiplier offshore, but there are limits to the size of
the uncrewed vessels that can be carried aboard a
mother ship and this limits the size of the sensor sys-
tems that can be carried (and thus the water depths
that can be mapped and explored.) Additionally, the
range over which full data sets can be transmitted
from the uncrewed vessel to (and from) the moth-
er ship has been limited by the capabiliies of ma-
rine broadband radios (typically on the order of 20
km depending on atmospheric conditions), but with
advent of high bandwidth transmission through low-
earth orbiting satellites, we may be able to operate
uncrewed vessels (and transmit full data sets) much
further from the mother ship or from shore-based sta-
tions anywhere in the world. Uncrewed vessels can
also play an important role as command-and-control
stations, monitoring and controlling the location and
behavior of underwater autonomous systems and re-
laying data and commands from the mother ship or
shore stations to underwater vehicles, while freeing
up the mother ship to pursue independent tasks. The
ability for operators to see, in real-time through the
uncrewed surface vessel link, the location of under-
water vehicles with respect to seafloor or midwater
targets combined with the ability to direct the under-
water vehicle to those targets, opens a new world of
verified directed sampling where there is no ambiguity
about what has been sampled or imaged.

Larger uncrewed vessels are being developed that
can be launched from shore, with ranges of many
1000s of kms, that can carry deep-water sonars and
exploration tools, and can spend extended time off-
shore. These systems are exploring the use of ener-
gy efficient fuel systems and some can deploy their
own remotely operated vehicles. Large uncrewed
sail-powered vessels are also being developed that
offer a very low carbon footprint, the ability to carry
large mapping systems and other sensors and the
potential for long deployments to remote regions.

[tis clear that much is going on with respect to the
use of uncrewed surface vessels for ocean explora-
tion and mapping, however, the critical words in the
paragraphs and pages above are “being developed”,
“‘may be able 10", “have the potential 10", and “explor-
ing the use of”. We are at the very early stages of
understanding just what role uncrewed and eventu-
ally truly autonomous systems will play in our quest
to map and explore the oceans. We need to fully
understand the capabilities, limitations, and trade-
offs associated with these systems with respect to
gained efficiencies and overall costs. The great chal-
lenges we face with respect to mapping and explor-
ing the oceans impel us to seek new technologies

https://doi.org/10.568440/ihr-29-a05

UNCREWED SURFACE SYSTEMS

and there is great potential that uncrewed systems
will revolutionize our efforts, but the change will not
be instantaneous and will not come without contin-
ued research, investment, innovation, and the steep
learning curves associated with technological revolu-
tions. We must find the balance between too quickly
jumping into approaches that are really not mature
enough to appropriately serve our needs and thus
lead to disappointment and abandonment of what
might eventually be a very effective tool, and the frus-
tration associated with long-term research and devel-
opment projects. The broad recognition of the great
potential of uncrewed vessels across the private sec-
tor, government agencies, academia and NGOs, and
the collaborations being established among these
organizations is helping us find this balance and will
hopefully expeditiously bring us to our collective ob-
jective of much more efficient mapping and explora-
tion of the world’s oceans.
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