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Abstract: Over the last few centuries, mapping the ocean seabed has been a major challenge for
marine geoscientists. Knowledge of seabed bathymetry and morphology has significantly impacted
our understanding of our planet dynamics. The history and scientific trends of seabed mapping
can be assessed by data mining prior studies. Here, we have mined the scientific literature using
the keyword “seabed mapping” to investigate and provide the evolution of mapping methods and
emphasize the main trends and challenges over the last 90 years. An increase in related scientific
production was observed in the beginning of the 1970s, together with an increased interest in new
mapping technologies. The last two decades have revealed major shift in ocean mapping. Besides the
range of applications for seabed mapping, terms like habitat mapping and concepts of seabed
classification and backscatter began to appear. This follows the trend of investments in research,
science, and technology but is mainly related to national and international demands regarding
defining that country’s exclusive economic zone, the interest in marine mineral and renewable
energy resources, the need for spatial planning, and the scientific challenge of understanding climate
variability. The future of seabed mapping brings high expectations, considering that this is one of
the main research and development themes for the United Nations Decade of the Oceans. We may
expect a new higher resolution ocean seafloor map that might be as influential as The Floor of the
Oceans map.
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1. Introduction

Although the first documentation of studies concerning the sea date back to Aristotle’s
time—384-322 AD, the beginning of marine sciences is generally considered to be the 17th century with
Boyle’s “The Saltness of the Sea” (1674). One of the first bathymetric maps, if not the first, long before
geophysical methods, was based on plumb measurements (fathoms units) and was published in an
1855 textbook by Matthew Fontaine Maury [1], who is considered to the father of modern oceanography.
The HMS Challenger expedition (1873-1876) can be considered a striking fact of the seabed mapping
history; much of the information preceding the 20th century presented herein were recovered from
the “Report of The Voyage of HMS Challenger” [2]. More than 500 plumb measurements were
acquired in the Challenger Expedition, revealing the depth of the Mariana Trench and the Dolphin,
Connecting, and Challenge Ridges, known today as the Mid-Atlantic Ridge. At the beginning of the
20th century, an important theory regarding the ocean basins was put forth: the Wegener’s hypothesis
of continental drift and seafloor spreading. In 1977, another milestone of seafloor mapping elaborated
by Bruce Heezen and Marie Tharp [3] helped to consolidate the Wegener hypothesis and also illustrated
submarine morphology in a reliable and similar way to what we know today [4,5].
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Prior to the 19th century, the methods for depth measurements were archaic. The “lead and line”
system is a classical example, in which a plumb attached to a cable sank through the water column
until it reached the seafloor. Such measurements were greatly influenced by vessel drift and marine
currents. There had been a few attempts to improve the method, e.g., by Hooke during the 18th
century and Brooke in the 19th century. In parallel, the lack of knowledge about the seafloor allowed
hypotheses to emerge that were sometimes eccentric, such as a perpetual ice cover over the seabed
(French naturalist Péron, 1805—mentioned in Thompson and Murray, 1885, Report on the Scientific
Results of the Voyage of H.M.S. “Challenger” [2] p. 37). The operation to lay down the first telegraph
cable across the Atlantic was an event of great importance, around 1850. This spawned and drove a
need to produce better knowledge about the ocean depths and encouraged technological advances.

By 1920, the development of acoustic technology changed the course of seabed mapping, and then
“lead and line” measurements were gradually replaced by echo sounders. The German Meteor
Expedition (1925-1927) surveyed the South Atlantic Ocean using echo sounding equipment and
other oceanographic tools. During this expedition, among other findings, the continuity of the
Mid-Atlantic Ridge was observed, now known as being by far the largest geological formation on Earth.
Seismic methods also came into use during this period, with the first records in water-covered areas in
1926 (historical events can be found in [6]), and the first important marine survey with this technique
conducted in 1938 [7]. Between the decades of 1950 and 1960, substantial progress and development
was made on electronic stabilization, interferometric modulation and positioning improvement [8].
In the 1970s, new perspectives for seabed acoustic mapping were driven by a revolutionary multibeam
bathymetry system [9]. In 1977, during the Jean Charcot Expedition, the first non-military versions
of multibeam systems were employed—Seabeam and Hydrochart, for deep and shallow waters,
respectively. These systems have greatly enriched the future of the seabed mapping and the quality of
bathymetric surveys [10,11], already enabling the inference of seafloor characteristics from backscatter
data [12]. After these enhancements to acoustic systems, the science related to seabed classification
leveraged major developments and innovations, e.g., geomorphological and habitat classification
using geophysical data such as bathymetry and side scan sonar. In recent years, the use of correlations
between acoustic properties and biological and/or geological parameters has been successful, but this
type of transformation of acoustic properties into physical properties has been used in submarine
acoustics for substantially longer [13].

Over time, seabed mapping gained further importance due to technological developments,
providing substantive contributions to a better understanding of tectonics and ocean spreading.
In addition to the unquestionable scientific importance and essential relationship with other
oceanographic fields, the role of seabed mapping has been paramount for national and international
limit jurisdiction issues, first established in 1982 (Law of the Sea). This subject is closely related
to fields such as economic zoning, natural resources management and the exploration of marine
mineral and oil and gas resources. The main points and implications of Article 76 of the United
Nations Convention on the Law of the Sea were reviewed [14,15], identifying, among other issues,
the importance of geophysical methods. Even today, one often hears or reads—with a degree of
frustration or regret—that we know more about the moon’s surface and even some other planets than
about our own oceans, and that around 82% of the ocean floor is as yet unmapped [16]. A notorious
example is the southeastern Indian Ocean mapping that was conducted to search for a Malaysian
Airlines flight that disappeared. As a byproduct, that dataset revealed interesting geomorphological
findings that improved the understanding of that ocean floor region [17]. As well as the “The Nippon
Foundation—GEBCO Seabed 2030 Project” efforts to map the oceans’ floor by 2030, the importance
of seabed mapping for several fields is also corroborated by the United Nations with the declaration
of the Decade of Ocean Science for Sustainable Development (2021-2030), including the map of the
oceans as one of the research and development priorities.

Here, the goal is not to be an audacious and challenging historical review of marine sciences [18,19],
nor an ocean mapping review [20,21], as it would demand a large historiographical effort and a study
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of the cartography aspects. The purpose here is to provide a consistent picture of seabed mapping
supported by scientific studies, visualize the evolution of mapping methods (from the 1930s until now),
and emphasize the main trends and challenges. In this context, the analyses performed were based
on a set of scientific manuscripts (dated between 1930 and 2019) retrieved from the Brazilian virtual
library “Portal de Periddicos da CAPES”. The web search was conducted using the keyword “seabed
mapping”. The assessments comprised primarily a vocabulary analysis, presenting statistical results
according to the main and frequent words from sets of manuscripts from each decade. The logic was to
implement an important outcome from “machine learning” and “data science”, in which an algorithm
previously scans a dataset and shows results and connections somewhat difficult to be noted by a
single individual, instead of using the usual order of a hypothesis that arises and then is subsequently
tested for validity through data [22].

Nevertheless, it is important to recognize that there are very relevant book references that are not
considered in this analysis as they are not necessarily included in citation libraries. These are mainly
old scientific books such as the seminal Submarine Geology (1948) by Francis Shepard and The Floors of
the Ocean-North Atlantic (1959) by Bruce Heezen, Marie Tharp, and Maurice Ewing. Also, there are
important publications associated with geological/hydrographic surveys that were not included in the
analysis. The importance of these agencies is unquestionable and difficult to measure. Among other
functions, in most nations these agencies played a lead role in data collection, interpretation and
publication of contributions to geosciences (e.g., natural resource sustainability and fundamental
geology mapping) [23]. An important goal of these geological/hydrographic surveys is to produce
information required by governments to map the limits of economic zoning and provide a basic
seafloor knowledge for national or multilateral marine spatial planning.

2. Materials and Methods

The applied methodology is summarized in the following main steps (Figure 1): (i) search for
scientific literature; (ii) elaboration and processing of the input data (text files); (iii) performance of
statistical analyses. During the literature searches, some inclusion criteria were adopted to make
this step more transparent and replicable [24], such as definition of the search term used, databases
searched, dates included, that only studies written in English were considered, and type of reports.
These elements are detailed further below.
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Figure 1. Methodological flow.

Reference data mining was conducted using the Brazilian virtual library “Portal de Periodicos da
CAPES/” This library provides access to several database, including Scopus (Elsevier), Science Citation
Index Expanded (Web of Science), OneFile (GALE), Aquatic Sciences and Fisheries Abstracts
(ASFA), Elsevier (CrossRef), Technology Research Database, Oceanic Abstracts, Engineering Research
Database, Materials Science & Engineering Database, Directory of Open Access Journals (DOAJ),
Advanced Technologies & Aerospace Database, Springer (CrossRef), SpringerLink, Civil Engineering
Abstracts, Advanced Technologies Database with Aerospace, GeoRef, Mechanical & Transportation
Engineering Abstracts, Aerospace Database, Taylor & Francis Online Journals, and Wiley Online
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Library. It is important to point out that books and grey literature (such as publications from
geological/hydrographic surveys) were excluded from the scope proposed for this overview.
As mentioned before, we do acknowledge the importance of technical reports, atlas, and books
produced by government agencies and geological surveys around the globe, but in order to follow a
procedure, we could only consider the scientific literature found in international citation libraries.

The term “seabed mapping” was adopted as the keyword for the search. Our choice of this
keyword combination instead of “seafloor mapping” was based on the assumption that this term
is widely used; overall, the conceptual definition of seabed and seafloor is very similar. By way of
example, considering the papers mined in this work, the terms of both “seabed” and “seafloor” did not
appear between 1930 and 1940, but rather the term “bottom”; in the 1960s, “ocean floor”, “seabed”,
and “seafloor” were each identified three times; between 2000 and 2010, “seabed” appeared 114 times
and “seafloor” 86 times. The selected term also makes reference to the global project name “Seabed
2030”. A wider search contemplating more keywords would provide a more complete overview,
but such additional methodological effort is not suitable herein.

The scientific papers found were considered only when available in English and were carefully
evaluated considering the thematic. This screening process can be seen as a bit subjective or uncertain,
but nevertheless it is necessary due to the mismatch between “seabed mapping” and the results
provided at times, and also the presence of some inappropriate publications for the approach proposed
here (e.g., conference abstracts). It was internally defined as a cut-off point to use only the first 300
references per decade during the searches; after the 300th, we found the manuscripts were no longer
closely related to “seabed mapping”.

The lexical analysis is based on the reading and transformation of the manuscript text into factors
or numbers through computational language. Thus, based on textual corpora, the algorithm can
calculate the occurrence of words and obtain syntactic relations, aiming to distinguish classes of
words or even content analysis. Therefore, this type of analysis involves statistical and computational
procedures providing comparable and quantitative results.

The lexical analyses (word frequency and word co-occurrence) were performed in a graphical
interface within the R environment. It was the Iramuteq (Interface de R pour les analyses
multidimensionnelles de textes et de questionnaires) [25]. With this software, it is possible to perform
calculations of word frequency or even more complex multivariate analysis. Herein, we will present

e word clouds—graphically interesting by enabling the quick identification of more frequent
words (more frequent word is larger in size). The words were only analyzed in active forms,
i.e., supplementary forms (such as pronouns, articles and prepositions) were not included in
the results;

e similarity graphs, which are based on graph theory used to observe and describe the connection
among the words [26]. The analysis performed considered the relations and co-occurrence (similar
to Euclidean Distance) among the 100 most frequent words, and the graphic chosen for this result
was “Fruchterman Reingold (force-directed layout algorithm—the default for Iramuteq—which
considers the connection thickness between the words to define the dispersion of the main
vertices) [27], Score Co-occurrence with Halo Communities”. From this configuration, the higher
the frequency that two words appear close, the thicker the grey connections become.

The preparation and processing of linguistic corpora must be undertaken so that the script can read
the input data (UTF-8 format). The main processing steps involved the removal of special characters and
syntagma reconstitution, i.e., joining one or more words with a unique meaning. In this case, each space
between the words is replaced by “_" (underline)—e.g., “continental shelf” becomes “continental_shelf”.
In addition, the words “seabed” and “mapping” were excluded to preserve statistical independence.
One further step applied (by Iramuteq) was lemmatization, which reduced different forms of a word to
a core root (e.g., datum/data, sampling/samples/sample). Although lemmatization was successfully
implemented, there are some acronyms and abbreviations (such as MBES, BS, kHz, km) that were
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linguistically neglected by the lemmatization tool. The occurrence of an acronym did not change
the overall result or the five most frequent terms for each year. It must be highlighted that only the
title, abstract and keywords from each paper were considered for the analyses. This was a settlement
defined by the authors due to the large volume of textual content, and by the internal perception that
a large amount of “textual noise” could arise if the entire paper was considered that would disturb
interpretation of the results.

3. Results and Discussions

Scientific manuscript mining using “seabed mapping” as the keyword successfully collected a
total of 454 papers dated between 1930s and 2019. Supplementary Material (S51) provides the complete
reference list.

In the following subsections, we will present and discuss the obtained results qualitatively and
quantitatively. The results were divided into three major topics. For the first topic, a temporal analysis
was conducted over the decades using primarily word clouds and attempted to separate them between
deep- and shallow-water contexts. The second topic addresses the similarity analysis for the two last
decades, a timeframe chosen because of the coexistence of numerous technologies for mapping, as well
as different approaches and classification techniques [28]. In addition, due to the large number of
papers analyzed for the 2011-2019 period (280 papers), word clouds for each year were created to
obtain a better visualization with more details. The third topic discusses the importance, applicability
and future directions of seabed mapping.

3.1. Seabed Mapping Temporal Evolution

All of the papers were evaluated in such a way as to rate them as shallow-water (depth <200 m),
deep-water (>200 m), or not applicable (e.g., bibliographic review and methodological development).
The graph (Figure 2) presents it in terms of percentages.
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Figure 2. Deep/shallow water context in the manuscripts with the keyword “seabed mapping”
by decade.

Overall, the growth of scientific production over the decades is notable, with an increase that was
more considerable in 1980s and more remarkable in number for the current decade. This fact follows
the trend of investments in research, science and technology, as well as the increase in research in the
seabed mapping science field. Recently, UNESCO published a world map based on ocean science
publications in each country [29]. Scientific production was highlighted in countries such as USA,
China, Canada, Europe, and Australia. The remarkable presence of China was not observed for the
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database analyzed here. This may represent a large volume of work in ocean science fields unrelated
to “seabed mapping” and/or the limited availability of Chinese papers in the library.

Still regarding the growth of scientific production, it is important to emphasize the very important
role played by extensive mapping programs. Several of them appeared in the word clouds. Amongst
these, specific mention can be made of the General Bathymetric Chart of the Oceans (GEBCO) [5],
the Atlantic Ocean Research Alliance (AORA), the European Marine Observation and Data Network
(EDMODnet) [30], the Marine Area Database for Norwergian Waters (MAREANO) [31], the Integrated
Mapping Survey for the Sustainable Developments of Ireland’s Marine Resource (INFOMAR) [32],
and Australian programs such as Seamap Australia [33]. More information on some of these programs
and other repositories can be found in [34].

Another interesting result that can be extracted from the graph (Figure 2) is the predominance of
deep-water studies until the decade of 1980. This deep-water dominance did not remain unbalanced
in 1990s, and shallow-water studies became dominant after that time. The direct comparison between
decades is a complex exercise, since changes over time occurred in variables such as the development
stage of computational technology, activities that had economic influence (e.g., mineral exploration
and port trades), and the knowledge and concern about the sea environment.

Currently, studies on shallow-water still hold a majority, but a greater number of papers in
deep-waters were published at the end of 20102019 [17,35,36]. Recently, the Frontiers in Marine Sciences
Journal has published a research topic edition (seafloor mapping of the Atlantic Ocean) with deep-sea
studies. However, due to the advances and availability of new technologies (e.g., multibeam bathymetry
and autonomous underwater vehicles), these newer studies have achieved a much better resolution
than older works. It is also worth to mentioning the approach of deep-water seafloor mapping from
crowd-sourced bathymetry [37], an idea already present in 1956 [38]. This would certainly contribute
toward one the goals of the Seabed 2030 Project—mapping unknown regions (#mapthegap) and the
improvement of data resolution [16].

The current large number of papers associated with shallow waters shows us efforts and priorities
related to the coastal region/continental shelf in several subjects ranging from coastal processes and
morphological studies to seabed spatial planning. Furthermore, there is still difficulty with financial
means to access suitable technologies for deep-water studies; we must also consider that using
autonomous underwater vehicles in the deep sea for seabed mapping purposes is still novel and the
response in terms of scientific publication may increase in the next decade.

The lexical analysis provided us with the word cloud for each decade, indicating the more frequent
words and the scientific context in each group of papers. Figures 3 and 4 present the word clouds in
a timeline.

For the 1931-1940 decade, the most frequent words were “ocean”, “rock”, and “canyon”,
and only two scientific works were found (and both are exploratory reviews). In the 1940s,
the result was only different due to the historical background. The more recurrent words were
“war”, “method”, and “reflection”. During the searches for this decade, it became evident that a
scientific publication blackout had been present (e.g., library destruction due to battles and fanaticism),
although numerous inventions and scientific principles emerged during the war. This was not exclusive
to the marine sciences.

In the 1951-1960 decade, the highlights were “deepsea”, “feature”, and “chart”. The term “chart”
already addressed seabed mapping more clearly. The presence of words such as “interpretation”
referenced warnings about methodologies employed. The strong presence of the “deepsea” term in
the 1950s word cloud is in line with the context presented on the graph in Figure 2. The 1961-1970

Za7i

decade showed the most frequent terms were “ocean”, “sonar”, and “water”. Although a low number

v

of manuscripts were found, the presence of terms in the word cloud such as “seismic”, “frequency”,
“sound”, “bathymetry”, “multibeam”, and “backscatter” are a demonstration of the importance
of submarine geophysics. The vocabulary suggests study development that was more complex

than before, involving acoustic backscatter as a proxy of sediment properties [13,39]. Besides this,
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prominent terms indicate the research subject of importance is the revolutionary multibeam charting
system [9].

1930 - 1940 1941 - 1950 1951 - 1960 1961 - 1970 1971 - 1980

© ) '% seif?mic
2 dlffgretr%ce g sens‘ge;’:clg:éaner
U>), seabottom g w|defrequency velocity
B time 5= system £ _ subsystem
£ ngthOd @ '=survey C 5 gdepth
) 50 o 3 e .puraze
discovery g, @ year E chart sonarq, Sridge far ran
surfacesiope = effort £ sedimentQwater &
reﬂ e Ctlon water multibeam @ngle O “hottom g
sound earth oceanic &
determmeWOfk commlttee presentC@Mera _ mantle
continent' crust produce
call ornla hongkong core
[} 2 photogrammetric  pathymetry  field
g i geclogical surface ’H 8 itnanuniin multibeam morphology geological  subtidal
D Jower result B economicenvironment floor deposition,
< year ' bring showmeasurement committee shape nodule SNAIIOW equatorial Year'ctre
i o 'c fragment u;:eanllc ry study method @ mejor feature seafloor contour coneregion
LB submgﬁlne ossl ument floor _datum & o eandsurvey western present
% : %
Feotaincanyon i ser ¥t deepsea {#5 Ssediment ae
8553 e ee Seaaﬂv = zone o t sonar
=g g"— Oceansc%rfaas“{e p area eCho type amazon

é ¢ lpast
report dred exsoundm Woiiey featu [e: grealpa time & show nsedatump’“essﬂ'ﬂ"
. 9% cimatcore _obtain bottom L °eas‘bathymetrlcsvstemmmsn

deepsea o
P O po ttom § recent formation sediment ;bvssalcontlnental record Sregins

agejs| = gt |
%o?n?arggn place deep § discussgeneral “'”* onic nclude_distributionWater & ceposit
surveyprogress & ma.cmdetallhydrographrcp|a.n program
water @ ath cyrent bottom segment
continental_slopes spreaa manganese, hyperbolic
centur opgwuon lemgenouslocauon
¥ structural swathmap

Figure 3. Word cloud for each decade (1930-1980).
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For the decade of 1971-1980, the most recurrent terms were “echo”, “rise”, and “sediment”.
The highlight of “echo” was driven by an echo character study of the Atlantic floor [40]. The occurrence
of words such “deep” and “abyssal” support the predominance of works in deep-water shown in
Figure 2. Furthermore, the term “Seabeam” is from the first multibeam system used for non-military
purposes, during the N.O. Jean Charcot expedition.

In the 1980s, the most frequent terms were “sonar” and “datum” (same frequency), “ridge” and
“type” (same frequency), and “sidescan”. As indicated in Figure 2, there is an increase in scientific
production, which explains the greater number of terms in the word cloud. Scientific development

v VZ7i

can be inferred based on the presence of technical terms (“analysis”, “technique”, “measurement”,

i

“process”), besides words related with methods and equipment (“sidescan”, “backscatter”, “multibeam”,

Za7i /i

“classification”). A number of words related to deep-water appeared (“deep”, “ridge”, “polymetallic”),
but also starting to emerge were more terms concerning shallow-waters (“shallow”, “continental_shelf”,
“exclusive_economic_zone”).

In the following decade, between 1991-2000, shallow-water papers stood out (“shallow”, “shelf”,
“continental_shelf”). The most frequent words were “datum”, “seafloor” and “image”. The term
“multibeam” rather than “sidescan” became higher occurrence, and “backscatter” increased in
importance. Terms such as “resolution”, “accuracy”, “ground truth”, “classification”, “Roxan”,
and “QTC_view” demonstrate how the scientific literature had progressed. During the 2001-2010 period,
the terms occurrence was dominated by “datum”, “habitat”, “map”, and “acoustic” (same frequency),
with shallow-water papers making up the majority. The marine conservation approach became more
common (“reef”, “habitat_mapping”, “marine_protected_area”, “ecosystem_based_management”).
It is interesting to note that the GeoHab Conference (Marine Geological and Biological Habitat Mapping)
began in this decade.

Finally, considering the decade of 2011-2019, the most frequent terms were “datum”, “map”,
and “habitat”. Words such as “backscatter” and “classification” also show great importance.
In the particular case of “classification”, the development is outstanding, exemplified by terms
such as “algorithm” (53 times), “machine_learning” (34 times), “angular_response” (37 times),
“geomorphometry” (23 times), “unsupervised” (21 times), and “multispectral” (31 times). This decade
also shows a greater frequency of the term “marine_protected_area” than the 2000s, which is consistent
with the use of marine protected area (MPA) growth maps as a restoration intervention for rebuilding
marine life [41].

Figure 5 summarizes the most frequent words in each decade. The word “datum” positioning
itself as the most important term over the last several decades, consistent with an increase in data
availability and quality. This demonstrates how laborious the challenge of building data repositories
will be, besides the difficulties associated with compiling and harmonizing datasets across surveys

(as approached with backscatter data in Misiuk et al., 2020 [42]).

3.2. The Seabed Mapping Science of the Two Last Decades in Focus

For the last two decades, a large number of publications were analyzed and, as a result, a greater
number of terms appeared in the word cloud showing technological and methodological advances.
During these decades, side scan sonar and multibeam were the main seabed mapping technologies [43].
The progress of benthic habitat mapping was reviewed [28] based on the three most widely used
techniques (single beam, side scan sonar, and multibeam) in more than 140 publications. In Lecours et al.
(2016) [44], a broad range of techniques for geomorphometric classifications were discussed, in different
spatial domains with different approaches, along with the data quality influence on the classifications.
In addition, the authors mention the importance of combining techniques to understand deep-sea
environments during the last 20 years of research.

In an attempt to better visualize and understand the last two decades in more detail, this section
presents the similarity graphs for both these decades, and the word cloud for each year of the last
decade. Figure 6 presents the similarity graph for the 2001-2010 decade. From it, is possible to
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identify word clusters. Geophysical data and sediment data appear, along with several other types
of data (e.g., ground truth and video), and serve as the input for classifications. “Classification”,
in turn, appear strongly connected to “habitat”. The importance of “multibeam” and “backscatter” is
clear. “Remote_sensing” appears with a thin connection within a group that is insufficiently defined,
perhaps due the limited applicability.

Seabed
Mapping

6102

1930

Figure 5. Illustrative scheme summarizing the most frequent words by decade.

d\%f@tiﬂﬂ

rsmutnsing

habngpping

Figure 6. Graph of the similarity among the more frequent terms in the decade of 2000-2010. Note that
colors do not represent a specific similarity value. Colors are used to clearly represent the word
clustering. The bigger the word font and the associated circle, the higher is the frequency of appearance
of that word. The thickness of the grey roots connecting the words represents the frequency that
two words appear close to each other, i.e., the co-occurrence among the words. Thicker roots mean
higher frequency.
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For the current decade, the similarity graph presented some changes (Figure 7). Based on this
clustering, it is possible to observe “datum” playing a central role, which is coherent with technological
advances and the increasing availability of data. In such a context, it is also possible to infer an even
greater importance of multibeam and backscatter data. In addition, an interesting outcome appeared
with a branch cluster including terms such as “model”, “accuracy”, and “percent”.

mar’-em
habit'pping

Figure 7. Graph of the similarity among the more frequent terms in the decade of 2011-2019. Note that
colors do not represent a specific similarity value. Colors are used to clearly represent the word
clustering. The bigger the word font and the associated circle, the higher is the frequency of appearance
of that word. The thickness of the grey roots connecting the words represents the frequency that
two words appear close to each other, i.e., the co-occurrence among the words. Thicker roots mean
higher frequency.

The following image (Figure 8) shows the word cloud for each year during the last decade.
Seeking to optimize the graphic presentation, these word clouds were set to exhibit fewer words.
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Figure 8. Word cloud composition for each year over the last decade.

As expected, the term “datum” was always very present. Based on these word clouds for
the last decade, it is also possible to note the almost ever-present word “classification” (exception
in 2012). Indeed, the development of classification schemes, which are also related to the word
“model”, is strongly associated with the development of classification and segmentation tools (several
publications in a special edition of the Geosciences journal in 2017 were dedicated to a geomorphometric
theme), such as BTM (Benthic Terrain Modeler), BRESS and RSobia, among other supervised and
unsupervised methods. For the last several years, an increase occurred for “accuracy” (2016, 2017,
2018, and 2019), “repeatable” (2017, 2018, and 2019), “multispectral” (2017, 2018, and 2019) and
“machine_learning” (2018 and 2019). Once again, “multibeam” and “backscatter”, as well the acronyms
“mbes” and “bs”, are important terms and have been consolidated as the most useful data for
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classification and mapping the seabed [45,46]. Evidence of this is the special edition of the Marine
Geophysical Research journal (2018) that was entirely dedicated to seafloor backscatter data.

Furthermore, considering that we are dealing with scientific publication as a metric to understand
the evolution of seabed mapping science, it is very important to highlight how academic or professional
initiatives may have influenced the number of publications in specific topics. We mention above the
GeoHab meetings, which started in 2001 and is associated with a number of journal special issues
(e.g., Continental Shelf Research, 2014, Volume 83) [47,48]. It is also worth mentioning the Special
Sessions on Seafloor Mapping at the Fall Meeting of the American Geophysics Union and the work of the
Submarine Geomorphology Working Group of the International Association of Geomorphologists [21].

In the last two decades, the words “habitat”, “acoustic”, and “map” became the most frequent,
together with “datum” (Figure 5). Considering that we have not included conference abstracts in the
analysis, it means that these meetings, among others, have highly influenced the seabed mapping
scientific community by fomenting a great number of publications. While national seabed mapping
programs have also driven this production, these scientific meetings were one of the main forums to
discuss future scientific collaborations and progress. Thus, it is crucial to mention that these special
meetings and forums shed a light on the importance of global initiatives, to bring together the scientific
community; gather young scientists, industry, and governments; and promote scientific publications
that can lead to a better understanding of the seabed, providing countless applications.

3.3. Importance, Applicability, and Future Directions of Seabed Mapping

The results and discussions presented above have successfully provided an overview of research
concerning seabed mapping. In addition, the importance and the worldwide embracement becomes
clear for several fields: hydrography, mineral resource exploration [49], renewable energy, planning and
management of MPAs [50], issues related to exclusive economic zones [51,52], marine pollution [53,54],
technological research and development [10,55-57], oceanographic and multidisciplinary studies [58],
fishery resources management [59,60], environmental impact [61], climate changes, and several
others applications.

In both editions of Harris and Baker [62,63], authoritative volumes in marine habitat mapping,
the importance of seabed mapping for multiple applications and approaches is also clear (mainly
for marine spatial planning and marine protected area design in both editions). In addition,
the variables/data most often reported on both editions were acoustic backscatter and water depth.
Geographically, the concentration of studies observed in western Europe and North America is similar
to the UNESCO ocean science metrics [29].

Gathering together some future directions observed in several overviews, it is possible to recognize
concordances. Since 2006, mentions occurred of the ability to provide thematic information about
the seabed, broad-band sonar, monitoring of water column structure, improvement in autonomous
underwater vehicles, data resolution and data visualization issues [64]. It is suitable to emphasize the
review of acoustic seabed classification (ASC) [65], which provided some future directions for the ASC
field in that year, such as the “statistical X interpretation” issue, sampling resolution and the use of
multiple frequencies to improve ASC. Resolution has been a recurrent theme since 1954 [66]—when
accuracy was better than 1 in 3000 fathoms—and today has reached the centimetric resolution of
synthetic aperture sonar [67]. Both “resolution” and “accuracy” have appeared in the word cloud since
1990 until now, in a way fully concordant with the technological advances.

We believe that future directions for seabed mapping will probably engage increasingly integrated
investigations, i.e., we expect further advances based on the great volume of data available and
sophisticated classifications (unsupervised approaches, random forest and machine learning) [68].
Moreover, the terms such as “multispectral” and “water column” will probably become more accessible
and will contribute to enhance seabed classification. As seabed mapping progresses, terms such as
“resolution” and “accuracy” will remain present, as well as the challenge to create a suitable spatial and
multiple layers representation, perhaps using virtual reality. In parallel, the technological development
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of better batteries, as well as the progress on data transfer techniques have potential to contribute with
improvements to autonomous data acquisition and data repositories. Also, the use of non-acoustic
systems to map shallow waters, such as Lidar in drones, should be widespread in this new decade.

The 2020s decade begins with a major step forward for seabed mapping and the recognition
of a major knowledge gap for our planet—a global seabed map with “enough” resolution. All the
affirmations previously mentioned in this study underline the need for better global ocean mapping,
whilst slightly distorting the history of seabed mapping considering the available technologies. Indeed,
there are several technical restrictions when considering gravimetry and satellite methodologies for
global seabed mapping, mainly in terms of resolution. The resolution of topographic maps of the
moon and other planets, when compared to the ocean seafloor, brings into focus some issues for
achieving a seabed map with better resolution: spatial representation of a global map with suitable
resolution, technical limitations of remote sensing—electromagnetic methods—due to properties of
seawater and high operational cost (financial, temporal, and computational). In Mayer et al. (2018)
and Jakobsson et al. (2017) [16,69], perspectives on ocean mapping and a number of challenges for the
ambitious target of a full seabed mapping can be found. Considering some assumptions, 967 years
were calculated to be necessary for a single survey ship to cover the GEBCO grid area, most of this
time—64%—would be required for the shallow areas (0—200 m) [16]. The fact is that less than 20% of
our ocean’s floor has been measured so far. The beautiful satellite-derived seafloor global map is biased,
inferior to real knowledge of directly (even acoustically) measured ocean depths. The United Nations
declaration of the Decade of Ocean Science for Sustainable Development (2021-2030) stated that A Map
of the Ocean (Digital Atlas) is a research and technology development priority area (R&D Priority Area
1) [70]. In partnership with the UN Decade of the Oceans, the Nippon Foundation—GEBCO Seabed
2030 Project is also crowdfunding for seabed mapping and improving an open source data set of seafloor
measurements. The expectation is that this will provide a profound impact on our knowledge of the
oceans, our ability to produce better circulation and climate models, to predict habitat distribution,
discover new marine landscapes and among others, to improve our planning and management,
which is the main goal to achieve a sustainable development of the oceans. We expect that at the
end of the decade all of these expectations will also be recorded in the world’s scientific production,
and that another major global impact on our knowledge about the ocean seafloor, as happened with the
seminal work The Floor of the Oceans by Bruce Heezen and Marie Tharp, strikes the marine geosciences
once again.

4. Conclusions

Overall, the use of lexical analysis based on an extensive reference data mining allowed us to
determine the evolution of the state of the art in seabed mapping through the scientific literature over
almost a century. Seabed mapping started with words indicating exploratory investigations (“ocean”,
“interpretation”, “investigation”) and changed to the significant influence of technology in scientific
outcomes (echo, side scan, and multibeam) and started to incorporate a more integrated approach,
by using terms such as habitat mapping and concepts of seabed classification and backscatter, involving
statistical analysis trying to predict biological distributions. The growth of scientific production related
to seabed mapping is observed over the decades. It may follow the trend of investments in research,
science, and technology but is also related to national and international demands regarding defining
the countries” exclusive economic zones, the interest in marine mineral resource and oil and gas
exploitation, marine sites for renewable energy, the need for spatial planning, the scientific challenge
of understanding climate variability and tectonics processes, etc.

The range of applications is clear for seabed mapping. The perspective for the 2020 decade is
that the scientific production in seabed mapping will follow the new trends, such as technological
advances in autonomous or unmanned surface vessels for hydrographic surveys; the application of
even more highly advanced statistical modelling and artificial intelligence to predict and automate
seabed mapping and the prediction of biodiversity distribution; the use of even higher resolution maps,
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both in shallow and deep waters to improve spatial marine planning; and, possibly, the most important
outcome during this decade would be a high resolution global map of the ocean floor, with an open
source data set that will flood the scientific community with data to produce a better understanding of
our oceans.

The well-known seafloor map produced by Marie Tharp and Bruce Heezen in the late 1960s
influenced generations of marine geoscientists, and the expectations for this decade is to produce a
map that will similarly generate a new vision of our ocean seabed morphology, influencing future
generations. Based on the set of publications, it was possible to note some methodological trends
through the word’s frequency and similarity graphs. The currently observed trend, with repeatable
and quantitative methodologies is coherent with that proposed in this review, in which statistical
calculations were employed to assess a variable that was essentially qualitative—the words.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/10/7/273/s1, S1
is available with the references used for the analysis.
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