
fmars-08-805134 January 29, 2022 Time: 12:21 # 1

MINI REVIEW
published: 01 February 2022

doi: 10.3389/fmars.2021.805134

Edited by:
Juan José Dañobeitia,
ERIC Foundation, Italy

Reviewed by:
Christoph Waldmann,

University of Bremen, Germany

*Correspondence:
Kate Moran

oncsec@oceannetworks.ca

Specialty section:
This article was submitted to

Ocean Observation,
a section of the journal

Frontiers in Marine Science

Received: 29 October 2021
Accepted: 27 December 2021
Published: 01 February 2022

Citation:
Moran K, Juniper SK, Bligh S,

Loock D, Kulin I, Paulson M and
Pirenne B (2022) Canada’s
Internet-Connected Ocean.
Front. Mar. Sci. 8:805134.

doi: 10.3389/fmars.2021.805134

Canada’s Internet-Connected Ocean
Kate Moran1,2* , S. Kim Juniper1,2, Sandy Bligh1, Daniela Loock1, Ian Kulin1,
Meghan Paulson1 and Benoît Pirenne1

1 Ocean Networks Canada, University of Victoria, Victoria, BC, Canada, 2 Department of Biology, School of Earth and Ocean
Sciences, University of Victoria, Victoria, BC, Canada

Over fifteen years ago, Ocean Networks Canada (ONC) began with the world’s first
large-scale, interactive, real-time portal into the ocean, bringing continuous, real-
time data to the surface for applications in scientific research, societal benefits, and
supporting Canada’s ocean industry. This marked the dawn of the Internet-connected
ocean, enabling a more fulsome understanding of the ocean through ocean intelligence.
These open data have improved our ability to monitor and understand our changing
ocean offshore all three coasts of Canada, thanks to diversity of sensor systems to
monitor earthquakes and tsunamis, deep sea biodiversity, whales, hydrothermal vents,
neutrinos, ocean noise, ocean acidification, forensics experiments, and the impact of
climate change, including sea ice thinning in the Arctic. This pioneering approach began
in the late 1990s, when scientists began developing a new way of doing ocean science
that was no longer limited by weather and ship-time. They imagined a permanent
presence in the ocean of sensors to allow a continuous flow of ocean data via the
Internet. This big science began to take shape early this century, when a partnership
between United States and Canadian institutions was established. ONC evolved out
of this international collaboration with seed funding from the Canada Foundation for
Innovation, while in the United States, the Ocean Observatories Initiative (OOI) was
funded. ONC works closely with OOI on that span the countries’ west coast border.
Recently similar observing initiatives in Europe have begun, led by EMSO, which now
has a close collaboration with ONC as an Associate Member.
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INTRODUCTION

Ocean Networks Canada’s infrastructure includes large telecommunication cabled networks
(NEPTUNE and VENUS; Figure 1), community-based networks along all three of Canada’s ocean
coasts, mobile systems on ferries, and land-based sensors that support coastal radar, weather
stations, ship traffic, earthquake early warning, and tagged marine bird detection.

The cabled observatories are a node-based networks that follow the topology of the Internet
protocol and supplies the power and communication capabilities required for data capture and
real-time control of sensors, cameras, samplers, electro-mechanical profilers, and a seafloor crawler.
Nodes connect power and Internet to sensors via junction box platforms that include step-down
transformers at voltages suited to the instruments either located on the platform or connected
via extension cables to sensors on the seafloor, beneath the seafloor (in boreholes and caissons),
and in the water column (Figure 2). All sensors are part of a network topology that abides
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by the hierarchical structure of TCP/IP based communication.
Communications can be any medium, from copper cable, fiber
optics, point-to-point WiFi, the cellular network, micro-wave
relays or satellite.

Ocean Networks Canada now operates over 9,000 deep sea,
coastal and land-based sensors on all three of Canada’s coasts,
24/7/365. Every day, 280 gigabytes of data are added to a rich
and diverse petabyte-scale archive, most openly available on
ONC’s Oceans 3.0 data portal. These FAIR (findable, accessible,
interoperable, reusable) open data enable over 20,000 users
around the world to build and make use of ocean intelligence.
“Findable” means that data are available through the data portal,
searchable by instrument type, location or device ID. “Accessible”
is implemented through the data portal user interfaces and APIs,
ONC’s user engagement group assists users with accessing data.
“Interoperable” means that data are available using multiple
format types, including open source format types. To ensure
“Reusable” ONC assigns a DOI to evolving data sets for
reuse and citations.

ONC conducts regular maintenance at all sites for its high
service level. Data from instruments are monitored daily. When
issues with data delivery or quality arise, remote troubleshooting
starts. If remote troubleshooting is unsuccessful, a data gap
is flagged and the instrument is scheduled for maintenance.
In critical locations, to minimize data gaps, autonomous
instruments are deployed to supplement the compromised
cabled instruments.

Ocean Networks Canada’s data are now a decade or more
in length and represent a globally unique resource. These high-
resolution time series permit researchers to investigate the
dynamics of ocean processes across time-scales from hours, days,
and seasons, to inter-annual and decadal scales. Researchers
are able to undertake critical process studies that require
well-characterized ocean environments. The research highlights
described here would not have been possible without the cabled
technology because it provides enough power for the use of
camera lights and robots, temporal resolutions that resolve
high frequency processes, long and continuous time series
for discovery of trends, and high resolution monitoring over
a wide area range to capture processes, e.g., from the shelf
to the deep sea.

RESEARCH HIGHLIGHTS

Ocean Networks Canada’s strategic plan (2017–2021) identified
four major science themes: understanding ocean life; human
and climate change impacts; seafloor/ocean/atmosphere links,
and seafloor in motion. Research was enabled that advanced
each of these themes and increased with the longevity of the
time series. Here, some of the highlights that delivered on these
themes are described.

Understanding Ocean Life
Barkley Canyon
The role of oxygen minimum zones in submarine canyon
ecosystems was revealed for the first time by Domke et al. (2017),

while Doya et al. (2017) showcased seasonal monitoring of deep-
sea benthic life in the Barkley submarine canyon using data from
a seafloor crawler controlled over the Internet using ONC’s data
system, Oceans 3.0.

Campanyà-Llovet et al. (2017) investigate a range of
sedimentary and near bottom water biogeochemical proxies
in a depth gradient along Barkley Canyon, and discussed the
potential sources (i.e., macroalgae, phytoplankton, zooplankton;
resuspended sediments) and degradation states of organic
matter reaching the seafloor, and their role in structuring the
macrobenthic infaunal communities.

De Leo et al. (2018) published a 20-month long time-
series of seafloor video imagery, acoustic Doppler backscatter,
and current profiling, witnessing for the first time the exact
onset of the seasonal and deep overwintering migration
of Neocalanus spp. copepods. Their work used ground-
truth zooplankton net cast data in the Barkley Canyon
area, and proposed a conceptual model of vertical current
profile structure in the canyon axis acting to focus the deep
zooplankton biomass near the core of its overwintering depth
(∼1,000 m).

Chauvet et al. (2019) utilized ∼2.5 years of Barkley Canyon
Axis seafloor video and environmental data to describe the
seasonal and inter-annual variability of tanner crab abundances.
The research confirmed a hypothesis that juvenile tanner crabs
perform ontogenetic migration from deep to shallow depths and
offers insights about the timing of these events immediately
following sea surface phytoplankton blooms occurring in
spring and summer.

Seabrook et al. (2019), for the first time, described the
biogeochemical links between bacterial methanotrophic
production and fishery biomass. Triggered by intriguing
video observations of tanner crabs “farming” on methane
bubbles at Clayoquot methane seep, adult tanner crabs were
collected using ROV-deployed baited traps. Combined sulfur,
carbon and nitrogen stable-isotope and RNA-based molecular
analyses revealed that tanner crabs partially derive their
nutrition from methanotrophic bacteria—an unprecedented
link between a geochemical energy and a nutrition source for
human consumption.

Coastal Sites
Gasbarro et al. (2019) discovered an anomalously severe hypoxic
event in Saanich inlet, after a decade of oxygen decline at a
rate of 0.07 mL L−1 y−1. They used >10 years of Saanich
time-series of dissolved oxygen data coupled with ROV video
surveys from 2013 and 2016. Benthic megafauna was reported
to follow a 56% overall decline in abundance during the
extreme hypoxia events. The results also forecasted potential
future scenarios under further and continuous oxygen loss in
the Saanich fjor.

Leys et al. (2019) analyzed video imagery from Folger Pinnacle
and showed a range of in-situ behaviors of a demosponge sponge
Suberites concinnus, such as “twitches,” “ripples,” and “cringes.”
This last behavior is clearly associated with sudden changes
in pressure caused by severe storms. A massive storm-driven
pressure anomaly in 2013 preceded several contractions of the
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FIGURE 1 | ONC’s infrastructure located on all three coasts.
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FIGURE 2 | Schematic diagram depicting a node connected to the backbone cable and extension cables connected to platforms and sensors.

sponge. These behavior changes due to environmental triggers set
the stage for further research.

Human and Climate Change Impacts
Thomsen et al. (2017) demonstrated that carbon transfers to
the deep ocean are surprisingly significant in winter months.
Fjord research by Pawlowicz (2017) revealed the seasonally
cyclic nature of low oxygen waters. Soontiens and Allen (2017)
used ONC data to model constraints on ocean water mixing
in fjords. Physical oceanographers determined that coastal
currents can block the release of low-oxygen waters from fjords

(Thomson et al., 2017). Ritts (2017) reported on the relationship
between human-induced ocean noise and politics.

There is broad consensus that one of the oceanic consequences
of climate change is an expansion and shallowing of low-
oxygen zones and critical marine habitats (Breitburg et al.,
2018). The work of Krogh et al. (2018) utilized time series
to quantify the impacts of local sewage discharge on oxygen
levels in the Salish Sea. Chu et al. (2018) used 14 months of
video and oceanographic data from Saanich Inlet to describe
the variability and environmental controls of benthic beta
diversity. The data were used to demonstrate how sessile and
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mobile species respond and recover differently from seasonal
hypoxia. Observations and time series from ONC’s Cambridge
Bay observatory are contributing (Hu et al., 2018) to assessments
of Arctic amplification and changing sea-ice thermodynamics.

A study of CO2 sequestration in the oceanic crust in
the Cascadia Basin (Goldberg et al., 2018) was conducted.
This included laboratory and modeling studies, potential
source/transport scenarios including a carbon-negative
scheme, and also economic, regulatory and project
management risks analyses.

MacGillivray et al. (2019) reported on wide-scale co-operation
among commercial vessel operators, Port Metro Vancouver,
JASCO Applied Sciences, and ONC showed that slowing down
deep sea vessels transiting through the Salish Sea reduces
their underwater radiated noise. The results from this research
are informing government decisions aimed at improving the
habitat quality of the endangered southern resident killer
whale population.

Seafloor, Ocean, and Atmospheric Links
In an astonishing study, Lelièvre et al. (2017) showed that tides
and storms impacted deep-sea hydrothermal vent animals. In
these same settings, Coogan et al. (2017) revealed insights about
near-vent chemical processes in plume while Jackson et al. (2017)
described diffuse hydrothermal flow using sound. Love et al.
(2017) showed that there were variations in fluid chemistry that
constrained hydrothermal vent phase separation. In 2017, Xu
published three studies with co-authors that show the impact of
tides on hydrothermal vents, further advancing the quantification
of hydrothermal venting, and advanced the techniques in using
acoustic imaging to study venting (Xu et al., 2017a,b,c). For
cold methane seeps, Seabrook et al. (2018) reported on the large
variation in the communities of flora and fauna they host.

Research spanning the entire water column, from beneath
the sediment interface to the atmosphere, are contributing to a
wide range of interdisciplinary results. Li et al. (2018) extensively
used the coastal observatory data (ADCP, Echo-sounder, and
CODAR) to assess the role of nonlinear internal waves in the
Strait of Georgia. Wang et al. (2019) took advantage of in situ
measurements of dissolved oxygen concentration from ONC
sensors mounted aboard a ferry transiting the Strait of Georgia
to estimate primary production and respiration rates. These are
high resolution rate estimates which are otherwise difficult to
resolve at scales necessary to understand biophysical regulation
of atmosphere-ocean interactions and productivity at the base of
the marine food web.

One of the most comprehensive studies to date of seafloor gas
venting was carried out by Riedel et al. (2018) who estimated
that about 1 gram of methane per square meter of seafloor—
which totals about 100,000 tons of methane—is released along
the Cascadia Margin off BC, Washington, and Oregon each
year. They used all of ONC’s water column sonar data from
both single- and multi-beam systems and integrated the seafloor
multi-beam sonar at Clayoquot Slope that continuously scans
for bubbles escaping the seafloor. Furthermore, they used all
of the publicly available ship-based data from the NOAA and
OOI archives as well as a large non-published data set from

Natural Resources Canada. This resulted in the first margin wide
quantification of natural gas escaping the seafloor.

Zhang et al. (2019) used video footage of fluids escaping the
Grotto vent at Endeavor ridge to study short-period variations
in vertical fluxes of hydrothermal plumes. Quantitative analysis
of digital video images of plumes using the particle image
velocimetry method allowed the comparison of vents from mid-
ocean ridges around the globe. Davis and Villinger (2019) used
high resolution temperature data measured 1 m below the
seafloor to study thermal properties of the sediments. They found
that temperature variations are not only due to changes in bottom
water temperature, but also observed adiabatic temperature
changes due to tidal loading. The unique data set was acquired
using a new instrument that was mainly developed to monitor
acceleration, tilt, and pressure at the ocean floor.

Wang et al. (2019) analyzed ONC British Columbia Ferries
time series of surface ocean measurements during transits
across the Salish Sea. The analyses combines dissolved oxygen
measurements with physical parameters to determine the relative
role of physical transport, air-sea diffusion, and biological
productivity for interpreting observed changes in the dissolved
oxygen concentrations in near surface waters. The results
of this work demonstrate the usefulness of the dataset for
quantifying biological productivity at a daily timescale and
the importance of measuring diurnal changes in dissolved
oxygen for assessing the Net Ecosystem Productivity of the
ecosystem—a key indicator for ecological assessment and
environmental change.

Duke (2019) presented a study of the marine carbon cycle
that utilizes the high resolution time series of biogeochemical
properties to better understand the factors that affect inorganic
carbon species distribution, seasonal dynamics in biological
productivity, and ocean acidification in the Arctic. Both
pH and pCO2 were measured by in situ sensors on the
regional community observatory operated by ONC. These results
significantly contribute to the assessment of these sensors for
operating in Arctic cold waters and for addressing seasonal
changes in under-ice plankton productivity.

Seafloor in Motion
Gao et al. (2017) researched the thermal conditions on a segment
of the Juan de Fuca Ridge that has implications for seismic
and tsunami hazards. Rathnayaka and Gao (2017) presented the
broad scale seismic structure of the Cascadia subduction zone.
Davis et al. (2017) made a major discovery, using seismometer
data—seafloor tilt is induced by ocean tides. A new real-time
tsunami detection algorithm was developed and reported on by
Chierici et al. (2017), while Grilli et al. (2017) used a tsunami
algorithm for validation purposes. Tolkova et al. (2017) presented
a new approach for rapid forecasting of tsunamis.

McGuire et al. (2018) studied the effect of dynamic
stress transients on borehole seismic-geodetic observations at
Clayoquot Slope. They found that the Alaska Earthquake did not
trigger slow slip and tremor on the updip portion of the Cascadia
megathrust. This is a significant since other subduction zones
such as Hikurangi and Nankai are known to produce slow-slip
events under similar circumstances. Lay et al. (2018) studied the
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complex rupture of the 2018 Mw 7.9 Gulf of Alaska Earthquake.
Gao et al. (2018) investigated rupture scenarios of the Cascadia
megathrust and their effect on tsunami generation. Gao (2018)
examined the effect of along-strike and downdip variations in
physical properties of the oceanic plate on seismicity of the
Cascadia subduction zone. Rohr et al. (2018) used the Nootka
fault zone as a case study to explore mechanisms for strike-slip
fault initiation. Williamson and Newman (2018) assessed the
suitability for a near-field tsunami early warning using open-
ocean instrumentation.

Lintern D.G. et al. (2019) described ONC infrastructure
from the Fraser Delta and ONC hydrophone records from
turbidity currents, and emphasized the need for in-situ real-time
observations for these types of hazards. Lintern G. et al. (2019)
described ONC’s Community Observatory in Kitimat Arm for
its potential for live hazard warning system for underwater
landslides and induced tsunamis.

The effectiveness of ocean observatories for gas hydrate
research was published by Scherwath et al. (2019), with
documentation of various studies that were realized with ONC
data, and included spectacular three-dimensional images from
the structural light imaging system, a laser camera, on the
seafloor crawler Wally.

FORWARD TO 2030

Ocean Networks Canada recently completed its Strategic Plan
2030, titled “Advancing our Knowledge of the Ocean at a
Critical Time.” This ambitious plan sets out three major goals
as well as strategies for delivering ocean intelligence for science,
society, and industry.

Advance ocean observing. Ocean observation is a critical
foundation for understanding our changing ocean and climate
and the ocean’s key role in buffering and moderating the Earth’s
climate. ONC’s deep-sea, coastal, and land-based infrastructure
provides real-time, long-duration, high-quality data of high
spatial and time resolution. ONC plans to advance ocean
observing by continuing and expanding the community-
based ocean observing and international partnerships; equitably
increasing workforce capacity; filling gaps in Canada’s ocean
observing networks to address high-priority national, provincial,
and regional needs; and evolve the observing networks and data
access. At the same time, ONC will build on existing time-series
data; and enhance ocean knowledge sharing through learning,
education, media communications, storytelling, and the arts.

Ocean Networks Canada’s approach to ocean observing is a
commitment to ensure that no data are stranded, measuring
at the highest temporal resolution possible, and deliver data in
real-time or near real-time. Unlike autonomous systems that

mainly rely on preserving battery power, which limits temporal
resolution, the ONC approach provides data at time resolutions
from daily to seasonal to decadal. The advantage provided by
ONC’s NEPTUNE observatory is, for example, that dynamic
changes associated with intermittent climate change impact
events (e.g., heat extremes) can be studied in the detail needed to
discern natural vs. climate-related variability. The real-time data
can also be re-purposed to be used not only for science, but also
for real-time valued added products needed for marine safety.

Develop and deliver ocean intelligence. Unlocking the
immense potential of ocean intelligence requires increasingly
innovative data interpretation tools to help us understand
complex systems. ONC uses the International Council for Science
World Data System as a world-leading standard. The global blue
economy depends upon sustainable use of the ocean. Advanced
data products are required to address and monitor the health
of the ocean, inform safer shipping and ocean transportation,
and provide vital ocean insights for communities. ONC plans to
continue collaborations with local and Indigenous communities,
public safety organizations, and governments to make ocean
intelligence accessible to all stakeholders, from researchers,
students, Indigenous partners, coastal communities and industry
players, to policy-makers.

Ocean-based solutions for climate change mitigation and
coastal resilience. As we face the growing impacts of climate
change, coastal communities are disproportionately threatened
by sea-level rise, storm surge, ocean warming and acidification,
and declining seafood stocks. ONC will work with partners
to enable solutions for coastal resilience and make major
contributions to advance a sustainable ocean economy through
the development of climate change mitigation and adaptation
technologies that include carbon dioxide removal, forecasting
coastal sea level rise and storm surges, monitoring ocean
acidification in the vicinity of vulnerable ocean industries
like shellfish farms, and transferring observing technologies to
Indigenous coastal communities so that they expand upon their
knowledge systems to grow their stewardship efforts.
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