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Extreme events have long been underestimated in the extent to which they shape the
surface of our planet, our environment, its ecological integrity, and the sustainability
of human society. Extreme events are by definition rarely observed, of significant
impact and, as a result of their spatiotemporal range, not always easily predicted.
Extremes may be short-term catastrophic events such as tsunamis, or long-term
evolving events such as those linked to climate change; both modify the environment,
producing irreversible changes or regime shifts. Whatever the driver that triggers the
extreme event, the damages are often due to a combination of several processes
and their impacts can affect large areas with secondary events (domino effect), whose
effects in turn may persist well beyond the duration of the trigger event itself. Early
studies of extreme events were limited to opportunistic approaches: observations
were made within the context of naturally occurring events with high societal impact.
Given that climate change is now moving us out of a relatively static climate regime
during the development of human civilization, extreme events are now a function of
underlying climate shifts overlain by catastrophic processes. Their impacts are often
due to synergistic factors, all relevant in understanding process dynamics; therefore,
an integrated methodology has become essential to enhance the reliability of new
assessments and to develop strategies to mitigate societal impacts. Here we summarize
the current state of extreme event monitoring in the marine system, highlighting the
advantages of a multidisciplinary approach using Research Infrastructures for providing
the temporal and spatial resolution required to monitor Earth processes and enhance
assessment of associated impacts.

Keywords: marine extreme events, research infrastructures, multidisciplinary, monitoring, international
cooperation, interoperability
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INTRODUCTION AND RATIONALE

Extreme events have always represented some of the most
serious environmental challenges affecting human society. The
history of the Earth is marked by extreme events that
radically change the face of our planet. Future scenarios
indicate an increase in extreme events, both in intensity and
in frequency (Albeverio et al., 2005). However, information
about causes and development of these phenomena is mostly
from the historical/geological records. Models assessing future
global impacts still do not properly integrate this longer-term
knowledge (Plag, 2014). This blind spot exists for two major
reasons: (1) The development of human culture, including
scientific understanding of our planet, has developed during a
particularly calm period in Earth’s history, the mid-late Holocene
(Wanner et al, 2008), and (2) Science tends to focus on
understanding environmentally complex processes through the
observation of their mean and ‘standard’ variability over human
timescales (years to decades). Our assessments also tend to be
reductionist, without taking into account interactions with other
parts of the Earth system.

The impacts of discrete extreme events can be exacerbated
through a complex feedback of cause and effect (domino effects),
producing regional to global repercussions that threaten vast
populated areas. Recent natural disasters, such as hurricanes
Katrina (2005) and Sandy (2012), the Sumatra earthquake
and subsequent Indian Ocean tsunami (2004), the Haiyan
typhoon (2013), and the heat wave affecting western Europe
(2003) have highlighted large knowledge gaps in extreme event
generation, evolution, and impact. The domino effect is often
either underestimated or neglected in risk assessment (Figure 1),
and as a result, modern society is often unprepared/vulnerable
to both sudden and slow-motion extreme events (Plag et al.,
2015). The submarine Tohoku earthquake (March 2011) provides
a good example of how the domino effect can induce further
dangerous hazards. For example, the ground-shaking induced by
the large energy release during the Tohoku earthquake (M > 9.0)
was responsible for only part of the recorded losses. The worst
impacts were caused by the displacement of the seafloor that
generated a powerful tsunami; its resulting flood contributed to
spreading the radioactive Fukushima waste over a significant
area, contaminating both land and ocean with several severe
long-term consequences (Nakayachi and Nagaya, 2016).

Remaining gaps in the assessment criteria of the impacts
associated with extreme events, as well as the need to
better understand potential domino effects, introduce a new
fundamental requirement that only recently has been raised:
a holistic approach, integrating several scientific disciplines
worldwide, is required to address the challenge of understanding
extreme events. Multidisciplinary long-term monitoring is
needed to improve knowledge of the complex interactions among
different processes and their interrelated damage potential.
Science and technology have started to provide significant
contributions to long-term, high-resolution observations and
monitoring before, during, and after the occurrence of extreme
events, enhancing forecast capability, particularly over the
very-short-term (Albeverio et al., 2005). Nevertheless, earth

observation systems have often been set up with different
mandates and their integrated use in the monitoring and
assessment of the impacts of extreme events can, at times,
be difficult. Standardization and interoperability are key for
understanding the mechanisms that govern complex and highly
interconnected processes such as extreme events. Research
Infrastructures (see below for definition, hereafter referred
as RIs) offer a unique opportunity to get continuous and
integrated observations, fostering interdisciplinary cooperation
across global networks. Long-term, high-resolution data, released
by RI systems worldwide, allow multidisciplinary monitoring of
key points in which it is crucial to understand the temporal
variability of ongoing dynamics and bring a better assessment of
risk and impact of extreme events. This information is essential
not only to document the evolution of known tipping points
but also to support knowledge about when, where, and why new
tipping points may occur.

Due to the complexity encompassing all aspects that govern
extreme events, this paper intentionally focuses on marine events,
given that processes that lead to the latter are often intrinsically
connected throughout the whole Earth system. The main purpose
of this paper is to provide a review of the knowledge to date,
through examples of marine extreme events, illustrating the
advantages of multidisciplinary and distributed approaches of
the RIs to better understand and solve processes, impacts, and
forecasting risks.

RESEARCH INFRASTRUCTURES: WHAT
THEY ARE AND WHY WE NEED THEM

Environmental grand challenges have pushed decision-makers
and scientific communities to jointly deploy strategies for
environmental management and societal resilience using
approaches and tools more suitable to the dimension and
evolution of the changes. The establishment of Rls is widely
recognized to be fundamental for excellent science and to
support strategies and policies for impact mitigation. The term
‘Research Infrastructure’ is broadly used in Europe, where they
are the core of strategic European Community Research and
Innovation Programs (European Commission, 2010, April).
However, as the terminology is less used outside Europe, this
can sometimes hinder international cooperation due to the
inability to recognize the counterpart. In spite of taxonomic
discrepancies, Rls basically have common features based on
three major items: (i) complex facilities, (ii) broad range of
staff expertise (from technical to scientific to managerial), (iii)
capability of high-quality data access and service provision to
scientific users and to other stakeholders, supporting education,
new knowledge, and innovation. According to whether RI
resources (e.g., facilities, staff) are concentrated in a unique place
or are geographically spread over large regions, Rls are classified
as ‘single-site’ or ‘distributed.’ In the environmental science
sector, existing RIs are naturally distributed, since the mission
is the long-term observation of natural processes by collecting
long time-series of measurements and aggregating data to form
national, regional, and global scale integrated information.
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FIGURE 1 | A simplified example of the complexity and multiple interactions of extreme events, showing influences which may generate domino effects. The line of
the extreme events embeds only the examples treated in this work, taking into account the potential induced side effects. Global Warming is here represented as a
macro category (in yellow) in which different processes contribute to its effects and which, in turn, act as positive feedback enhancing the occurrence of extreme

events.
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RIs of international interest have been established by trans-
national cooperation of research organizations supported by
their respective funding agencies. Research organizations have
leveraged their network building capability to complement,
interoperate and integrate infrastructures. Whether Rls are
single-site or distributed, they must have strong coordination
and perform as a hub of competencies. In Europe, some Rls of
international interest have acquired a legal status (e.g., European
Research Infrastructure Consortium - ERIC) with independent
governance in order to optimize the coordination and use of the
resources. The development of RIs has clear advantages in terms
of the optimization of the use of resources and standardization
of processes, and in terms of strengthened capability of replying
to specific policy and socio-economic needs.

MONITORING EXTREME EVENTS:
CURRENT STATUS OF THE OCEAN

The study of extreme events is a relatively new focus in the entire
field of environmental research. Early studies of extreme events
were primarily limited to observations made within the context
of naturally occurring events. With the evolution of climate
change, there has been increasing awareness that extremes
are important drivers of contemporary and future ecosystem
dynamics. Extending beyond the resilience of a system, extremes
can produce large and persistent effects at the level of species,
communities, and ecosystems. Therefore, monitoring becomes
an indispensable tool in understanding the evolution of these
complex dynamics and consequently in enhancing the possibility
of calibrating more reliable predictive models.

Although the panorama of extreme events is wide, various,
and interconnected, here only some examples related to extremes
in the marine environment will be treated. These examples do
not encompass all aspects of extreme processes in the Earth

system, but rather to provide examples emphasizing the need for
progressing toward new synergic methodologies to face global
challenges, and how RIs can significantly support this approach.

Marine Heatwaves

Marine heatwaves (MHWSs) have received great attention in
the research community in recent years due to their high
impact on marine ecosystems and the services humans derive
from them (Frolicher and Laufkotter, 2018; Smale et al., 2019).
MHWSs originate from an interplay between atmospheric and
oceanographic processes which unfold on time scales from days
to decades, and in many cases are associated with the dominant
mode of climate variability (Holbrook et al., 2019).

While atmospheric heatwaves are well-known (Perkins and
Alexander, 2012), and infamous for their devastating impacts on
nature and human well-being (Coumou and Rahmstorf, 2012), it
is much less appreciated that heat waves also occur in the oceans
with similarly dire consequences. This fundamental difference
in understanding can be attributed to the high density of data
from land based weather stations and human observations,
and the lack of equivalent data in the oceans. MHWs are
defined as discrete events of anomalous warming in a particular
marine region, and they represent a major knowledge gap of
serious concern (Hobday et al., 2016; Frolicher and Laufkoétter,
2018; Smale et al., 2019). This is exactly what happened in the
summer of 2003, when a record-breaking MHW around Europe
caused mass mortality in benthic ecosystems across thousands
of kilometers of coastline in the NW Mediterranean, where sea
surface temperatures reached 1-3°C above climate values (mean
and maximum) (Garrabou et al., 2009).

Similarly, the event of 2011, dubbed the Ningaloo Nifio (Feng
et al, 2013), unfolded over ~4 months affecting ~2,000 km
of coastline in southwestern Australia (Pearce and Feng, 2013;
Wernberg et al., 2013). At its peak, water temperature anomalies
exceeded +6°C and were higher than any record in at least
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140 years of recorded history (Wernberg et al., 2013). The event
was associated with an unseasonably strong Leeuwin Current (a
poleward-flowing eastern boundary current) and an anomalous
air-sea heat flux (Feng et al., 2013; Benthuysen et al., 2014). As
the MHW was unfolding, there were numerous observations of
species well outside their normal ranges, as well as mortality
events of invertebrates, fishes and birds (Pearce et al., 2011). The
extreme temperatures of the MHW caused severe destruction
of habitat-forming species, with unprecedented severe coral
bleaching (Moore et al., 2012), mass die-off of seagrasses (Hyndes
et al.,, 2016), and collapse of kelp forests along hundreds of
kilometers of coastline (Wernberg et al., 2016).

A significant ocean warming event occurred in the Northeast
Pacific (NEP) between 2014 and 2016. The arrival of anomalously
warm water in November 2014 occurred as the Aleutian Low and
down-welling winds were re-established, with peak temperatures
over 1.5°C above any prior values (Figure 2A). The warm
conditions penetrated deep into the coastal inland seas along
British Columbia, where they persisted for nearly 3 years
(Figure 2B). In the Gulf of Alaska, peak anomalies were over 2°C
above average, nearly four standard deviations above the mean
(Bond et al., 2015; Barth et al., 2018).

Extreme MHWs are often associated with anomalous global
and/or regional climate variability. For example, an anomalous

northern displacement of the North Atlantic subtropical high,
a particularly strong La Nifia, and a particularly weak Aleutian
Low were the dominant drivers of the 2003 Mediterranean Sea
MHW, the 2011 Western Australia MHW, and the 2014-2016
Northeast Pacific MHW, respectively (Garrabou et al., 2009; Feng
etal, 2013; Bond et al., 2015).

Globally, the incidence of extreme ocean temperatures has
been increasing over recent decades (Lima and Wethey, 2012);
recent analyses show there has been a doubling in the global
average of MHW days over the past century, largely as a
consequence of increasing mean global ocean temperatures
(Oliver et al., 2018), at least partially attributed to anthropogenic
climate change. MHWs are rapidly emerging worldwide as a
major threat to marine ecosystems (Figure 3). The vulnerability
of marine ecosystems to MHWs depends not only on the
duration and magnitude of the extreme event, but also on the
sensitivity and adaptive capacity of each ecosystem to these
events (Hobday et al., 2016). The Australian Integrated Marine
Observing System (IMOS) has established a multi-disciplinary
marine observation network at key coastal locations around
Australia, which has played a crucial role in capturing the
evolution of the 2011 MHW event, as well as the recent 2016
event (Feng et al., 2013; Benthuysen et al., 2014). Similarly, Ocean
Networks Canada (ONC) and the Ocean Observing Initiative
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FIGURE 2 | Panel (A) shows NE Pacific temperature and salinity data from Folger Passage (100 m depth off the west coast of Vancouver Island) from 2010 to 2018,
recorded by the NEPTUNE cabled observatory of Ocean Networks Canada (ONC) (Ocean Networks Canada Data Archive, 2019a). Panel (B) shows Salish Sea
temperature and salinity data from Saanich Inlet (100 m) from 2010 to 2018, recorded by the VENUS cabled observatory of Ocean Networks Canada (Ocean
Networks Canada Data Archive, 2019b). Both figures reveal strong annual cycles and abnormally warm conditions persisting throughout 2015-2017.
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(OOI) have captured MHWs in the NE Pacific using both fixed
and mobile platforms (Bond et al., 2015; Barth et al., 2018).

To date, the majority of studies conducted on MHWs
have been based on Sea Surface Temperature (SST) data
(Holbrook et al, 2019), due to the predominance of
satellite data in Earth observation. MHWs have a close
relationship with several oceanographic phenomena with
long and predictable lead up times, therefore they may
have some predictability in some regions (Holbrook et al.,
2020). However, at present there is limited ability to predict
the effects of MHWs on the future of marine ecosystems
due to the lack of adequate long-term observations of
biodiversity in most oceans matching physical observations.
Multidisciplinary marine observing systems and event-
based sampling, combined with remote sensing data
streams, are key RIs to monitor the future occurrences
of MHWs in these ocean hotspots and develop regional
adaptation strategies.

Tropical Cyclones
Tropical cyclones (TCs), in their most intense expression as
hurricanes or typhoons depending on the region, are well known
extreme events. TC effects contribute to annual worldwide
damage in the order of billions of dollars and a death toll of
thousands of people (Pielke et al., 2008; Mendelsohn et al., 2012).
The destructive effects of TCs are mainly caused by three
factors: strong winds, extreme precipitation and storm surges.
Tropical storms are closely coupled with warm sea surface
temperature, and extreme MHW events in the tropical-
subtropical oceans are often associated with coupled responses

in the ocean-atmosphere system (Holbrook et al., 2019). One
example is the increase in the coupling between sea surface
temperature and precipitation anomalies off the northwest
Australia region, where the Ningaloo Nilo MHW originates, due
to global warming and in response to decadal climate variations
in the Pacific (Doi et al., 2015; Feng et al., 2015). Off the Western
Australian coast, TCs tend to migrate into subtropical latitudes
during strong MHW events. A huge improvement in our
knowledge of TC distribution development has been introduced
with the satellite era thanks to the Dvorak technique (Dvorak,
1975, 1984). The current scientific challenge is to improve TC
forecast. Different approaches are applied to forecast TCs at
different time scales. On the short time scale, an important role
is played by observational systems such as radiosondes, coastal
weather radars and reconnaissance flights, also due to their
contribution in providing the detailed initial environmental state
description necessary for modeling TC development. A recent
work (Scoccimarro et al., 2018) demonstrated the importance of
the subsurface temperature in modulating TC activity on seasonal
time scales, specifically its fundamental role of monitoring of
the eastern Atlantic sector (in red in Figure 4). Moving from
short to seasonal and even longer time scales, an important
role is played by the ocean since the main source of energy for
TC development resides in this “compartment” of the climate
system. For this reason, the development of fully coupled
Atmosphere-Ocean General Circulation Models and Regional
Models, started in the 90s, improved our ability to determine
future potential TC number and intensity months in advance
(Vecchi et al., 2011; Villarini and Vecchi, 2013). The two main
approaches to dynamically model TCs from a climate perspective,
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FIGURE 3 | Summary of prominent recent marine heat waves that are documented and analyzed in the literature (Frolicher and Laufkotter, 2018).
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thus at the longer time scale, are through hurricane models
and climate models (Scoccimarro, 2016). Both classes of models
evaluate the numerical equations governing the climate system,
but in a different framework. A hurricane model is designed to
simulate the behavior of a TC, representing the detailed time
evolution of the vortex needing boundary conditions provided
by the observational data-set or dynamical model outputs. On the
other hand, General Circulation Models (GCMs) with sufficiently
high horizontal resolution (tens of kilometers, therefore requiring
a great deal of computational power), can directly simulate TC
formation and development. GCMs are also used to provide
ocean and atmospheric reanalysis data sets where observational
data are embedded mainly using data assimilation techniques.
This kind of product increases the spatial and temporal resolution
of available observational datasets, and is utilized for many
different scientific endeavors such as the investigation of the
relationship between TCs and climate at different time scales.
Obviously the quality of re-analysis products strongly depends
on the amount and quality of in situ observations. The usage
of fully coupled models consider the relationship between the
ocean (surface and subsurface) and the atmosphere under TC
conditions (Scoccimarro et al., 2011, 2017). Previous errors in
representing TC intensity, resulting from the lack of coupling,
were compensated for by errors in underestimated core low
pressure due to coarse atmospheric resolution. The observing
systems supporting development and implementation of data
assimilation systems (Levy et al., 2010) are important elements for
forecasting, tracking, and managing risk during hurricane season.

Today, extensive ocean observing programs such as Argo,
IO0S, and GOOS (see Table 1), include a wide range of
different marine technologies (e.g., Argo floats, drift and
moored buoys, gliders, XBTs), to monitor surface and

subsurface ocean conditions, continuously improving ocean
(re-)analysis final products.

Extreme Sea Levels
Extreme sea levels, caused by storm surges, currents, tides and
waves have a major impact on densely populated and quickly
developing coastal regions around the world. Predicting future
extreme sea levels requires knowledge of sea level phenomena
that take place at both short and long temporal scales. Once a
critical mean sea level threshold is exceeded by long-term sea level
rise due to global warming, the economic, human, and ecological
costs of even a small increase in extreme sea levels is much higher
for coastal communities in low lying areas (IPCC, 2007a,b).
Mean sea level (MSL) is a function of the volume of water in
the ocean, plus changes in shape of the ocean basins due to effects
of uplift and subsidence. MSL has been relatively stable through
the mid-late Holocene (Wanner et al., 2008), such that it has been
used as a datum from which to measure elevation on land as
our human cultures have developed. However, this stable datum
is upset by a number of processes unleashed by climate change.
Due to global warming, the combination of glacial melting and
seawater thermal expansion, global MSL rise was 1.4 mm/year
from 1901 to 1990, increasing to 3.6 mm/year from 2005 to 2015
(IPCC SROCC, 2019). During recent years, knowledge of major
ice sheets has significantly increased due to in situ, airborne,
and satellite observational platforms and techniques (Vaughan
et al., 2013). However, the response of ice sheets (particularly
Greenland and West Antarctica) to changing climate is complex,
and causes major uncertainties in the global sea level rise
projections to the end of the 21st century and beyond. Recent
studies, using Argo float data in conjunction with ship-based
observations, show that most regions of the world ocean are
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FIGURE 4 | The role of sub-surface ocean temperature in modulating Atlantic Tropical Cyclones (TC): correlations between September Accumulated Cyclone Energy
over the Atlantic Ocean and July ocean temperature. (A) High correlations (red pattern) appear not only over the TC main development region (solid black box), but
also over the remote region (dotted black box). In fact, ocean temperature also affects Atlantic TC genesis through the modulation of trade winds: a high temperature
over the Eastern Atlantic (dotted black box) induces a lower wind shear in the TC genesis region, thus more pronounced TC activity. (B) Considering the subsurface
ocean temperature (0-40 m, -T040), instead of the only surface temperature [(B) shows difference between T040 and SST correlations with ACE] as a TC activity
predictor, improves our ability to forecast Tropical Cyclones on a seasonal time scale (red pattern). In particular, high quality measurement of June-August ocean
temperatures is fundamental for the prediction of September TC activity (Scoccimarro et al., 2018).
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TABLE 1 | Acronym list of Rls and international programs committed to ocean strategies.

Acronym Full name or description Geographical coverage
Argo Array for Real-time Geostrophic Oceanography Global
DONET Dense Ocean floor Network System for Earthquakes and Tsunamis Japan
EMODnet European Marine Observation and Data Network Europe
EMSO European Multidisciplinary Seafloor and water column Observatory Europe
ESFRI European Strategy Forum on Research Infrastructures Europe
ECSSOS East China Sea Seafloor Observatory System China
FIERI Forum for International cooperation among Environmental Research Infrastructures Global
GEO Global Earth Observation Global
GEOSS Global Earth Observation System of Systems Global
GOOS Global Ocean Observing System Global
GSO International cooperation forum on Global Research Infrastructures Global
ICOS Integrated Carbon Observation System Europe
IMOS Integrated Marine Observing System Australia
I00S Integrated Ocean Observing System United States
IPCC Intergovernmental Panel on Climate Change Global
MACHO MArine Cable Hosted Observatory Taiwan Taiwan
OCEANSsites System of long-term, deepwater reference stations monitoring the full depth of the ocean Global
OECD Organisation for Economic Co-operation and Development Global
ONC Ocean Networks Canada Canada
(0[0]] US National Science Foundation Ocean Observatories Initiative United States
SAEON South African Environmental Observation Network South Africa

warmer in the near-surface layer than in previous decades (by
over 1°C in some locations, Roemmich and Gilson, 2009),
confirming that heat storage within the climate system occurs
predominantly in the ocean (Church et al., 2013). It is expected
that global MSL rise will increase coastal flooding occurrences
for all RCPs (IPCC Representative Concentration Pathways):
extreme sea level events that have been experienced rarely will
become usual by the end of the 21st century (IPCC SROCC,
2019). This evidence highlights the need for observations using
different platforms and at different spatial and temporal ranges
(Cazenave et al,, 2019). A near-global monitoring of temporal
and spatial variability of temperature and salinity is now possible
thanks to the widespread use of technologies such as Argo floats
and fixed-point sensors in the upper 2000 m. Although the
Argo data has substantially contributed toward improving the
estimation of the observed thermal expansion component of
global mean sea level rise (Church et al., 2013), recent awareness
of the importance of including the dynamics of deep layers
(>2000 m) in modeling the ocean thermodynamic state has
encouraged new monitoring strategies (such as Deep Argos and
cabled systems).

However, MSL rise is not the only driver of extreme sea
levels, as statistically significant, regionally coherent linear
trends and correlations with large-scale climate patterns have
been discovered in extreme events after excluding MSL
(Abeysirigunawardena, 2010; Marcos and Woodworth, 2017).
Extreme sea levels are generally a superposition of low frequency
average sea level variations and high frequency sea level
fluctuations. In many instances, the highest and often most
hazardous sea levels are caused by simultaneous high frequency
phenomena, such as tidal oscillations accompanied by sea level

variations due to meteorological induced surge component
(Abeysirigunawardena, 2010; Wahl et al., 2012), wave-current
interactions (Wolf and Prandle, 1999; Saruwatari et al., 2013),
or the joint effect of sea level variations and wind waves
(Figure 5) (Masina et al,, 2015; Leijala et al, 2018). Rapid
change in air-pressure followed by air-sea interaction above the
sea surface may also result in a fast-paced and hazardous sea
level phenomenon, a meteotsunami or atmospherically induced
tsunami wave (Monserrat et al., 2006), which has raised a lot
of interest in the sea level science community during the recent
decade. Wave attenuation can also change with rising MSL.
For example, reefal nearshore seafloors may provide less wave
attenuation as MSL outstrips the rate at which the reef can grow,
leading to more of the erosive energy reaching the shoreline
and beyond during extreme sea level events such as storms
(Elliff and Silva, 2017). Therefore, in addition to predicting the
development of average sea level, accurate continuous real-time
monitoring and full utilization of high frequency sea level records
is equally important for supporting coastal safety. Early warning
systems for extreme sea level events are widely used nowadays
(IPCC SROCC, 2019). High frequency, multivariate time series
data contribute to developing more accurate warning systems
and predictions of extreme sea levels via both statistical and
mathematical modeling of extremes.

Furthermore, investigations related to extreme sea levels and
associated risks need to look beyond climatic means. Many
studies suggest that decadal to inter-decadal changes in sea
level, driven by large scale atmospheric circulation regimes,
play a significant role in the timing and magnitude of extreme
sea levels (Abeysirigunawardena, 2010). As such, decadal to
inter-decadal climate variability is fundamental to explaining
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the changing frequency and intensity of extreme oceanic and
atmospheric environmental variables at regional to local scales
(e.g., Allan and Komar, 2006; Abeysirigunawardena et al,
2009). In addition, RIs may complement traditional databases
(i.e., single point, low resolution, single variable) and help in
detecting the compound extreme sea level events, since Rls
are multivariable platforms monitoring both atmospheric and
oceanographic variables. Expanding large scale RIs together with
deployment of a wide array of autonomous instruments could
be a way forward, contributing to better prediction, detection,
and understanding of spatio/temporal distribution of extreme sea
level events in the future.

Underwater Earthquakes and Tsunamis

The main human perception of the danger of earthquakes relates
to the shaking destruction of buildings and infrastructure;
however, underwater earthquakes such as megathrust
events in subduction zones (the largest earthquakes with
moment magnitude M,, > 9) typically trigger large-scale
catastrophic events such as tsunamis. Tsunamis are a series

of long water waves, generated by the vertical displacement
of water due to underwater earthquakes, landslides or
slumps, volcanic eruptions, meteorological events, glacial
calvings, meteorites, and artificial explosions. Their impact
on coastal areas may cause violent flooding, jeopardizing
coastal communities.

90-95% of all tsunamis are caused by underwater earthquakes
(Keim, 2006; Wang and Tréhu, 2016). Two of the most
prominent recent examples of extreme earthquakes and
subsequent tsunamis are the 2004 M,, = 9.1 Sumatra-Andaman
(e.g., Lay et al.,, 2005) and the 2011 M,, = 9.1 Tohoku-Oki (Ide
et al., 2011; Mori et al., 2011) events. The 2004 disaster had
the largest number of fatalities, 227,898 confirmed deaths in 14
countries, mostly from the subsequent Indian Ocean tsunami; the
2011 event had the highest associated costs of any natural disaster
to date, estimated at US$210 billion (Wood and Bourque, 2018).

The evolution of tsunami warning systems began in the
1940s with a local tsunami warning system in Japan based on
earthquake detection. This was followed by a distant tsunami
warning system in the United States based on tide gauges.
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Up to the 2004 Sumatra event, the tsunami warning systems
remained earthquake-centered, with forecasts of flooding based
on earthquake information only, resulting in inaccurate warnings
(both overestimates - false alarms- and underestimates).

In contrast to early weather warning, which is now improved
by global satellite observation coverage and other weather
monitoring and prediction systems, earthquake unpredictability
and the speed of wave propagation make earthquake and
tsunami warning one of our greatest challenges. Large dense
land seismic networks enabling earthquake detection are well
established worldwide. Early earthquake detection in submarine
subduction zones can be beneficial for estimating the likelihood
of a tsunami threat, therefore the integration of offshore data
that can be provided by marine infrastructures is important
(Allen and Melgar, 2019). The added value in integrating other
multidisciplinary ocean data (such as bottom pressure, acoustic
data, magnetic measurements, etc.) consists of supporting a
better definition of a tsunami event and its related warning,
but is also crucial for catching tsunamis triggered by non-
seismic events.

Reliable tsunami early detection requires installation and
long-term maintenance of ocean monitoring networks with
robust real-time data transmission. These features need state-
of-art technology whose cost has limited the prevalence of
trustworthy early warning systems. Despite these difficulties,
tsunami detection and warning protocols now operate in the
Pacific, Atlantic, and Indian Oceans, and in the Caribbean
and Mediterranean seas. Onshore seismic networks are still
widely used to trigger a tsunami warning, but affordability
and availability of underwater electro-optical cables serving
seafloor observatories (Figure 6), equipped with seismometers
and Bottom Pressure Recorders (BPRs), can improve the number
of successful warnings (e.g., Ruhl et al., 2011; Chierici et al., 2012),
representing a valid contribution to increase the global coverage
of marine data for better estimation of tsunami propagation. The
main ongoing initiatives are in Canada (ONC), United States

(OQI), Japan (DONET), and in Europe (EMSO) (see Table 1)
(Favali et al., 2010, 2015; Best et al., 2014).

Warning reliability is fundamental to obtain and maintain
people’s trust, and consequently appropriate preparedness and
behavior. However, this reliability is based on early recognition
of the true potential of damaging earthquakes and tsunamis,
demanding appropriate measurement equipment, reliable real-
time data transmission from underwater observatories, and
tested robust real-time data processing methodologies and
models. For near-field tsunamis, the reliable computation
of the tsunami propagation and inundation may also take
advantage of long-term operation of GPS buoys in shallower
(<400 m) coastal waters, tide stations at the coasts and,
most importantly, a series of national tsunami warning
centers to process the data and inform local authorities who
then notify the population (Barnard and Titov, 2015). The
global coverage of marine sensors useful for tsunami hazard
detection may also increase thanks to the ongoing Smart
Cable Initiative, which is proposing to use telecommunication
cables to densely disseminate devices on the ocean floor,
thanks to cooperation with telecommunication companies
(Howe et al., 2019).

Different RIs provide new services for addressing the need
to protect important assets in our communities. For example,
detailed inundation maps are essential for harbor activities in
hazardous zones, tsunami induced current velocity forecasts can
also be crucial for the protection of offshore oil terminals.

As the global coastal population grows and thus the number
of potential fatalities increases, it is also of increased importance
to improve effective warning by: (1) research and accurate
digital elevation models for processing tsunami propagation;
(2) education about the threat and appropriate behavior; (3)
clear warning communication that will neither cause panic,
nor confusion, nor a false sense of safety; (4) international
cooperation in support of developing countries, whole ocean
warning systems and establishing international standards.

S-WAVE P-WAVE

FIGURE 6 | The sketch depicts how combining onshore and offshore sensor networks [e.g., underwater cables equipped with seismometers and Bottom Pressure
Recorder (BPRs)] at coastal hazard zones such as the subduction zone offshore Canada depicted here increase event detection reliability and warning time. (Image

courtesy of Ocean Networks Canada).
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LESSONS LEARNED AND ADVANTAGES
OF A NEW INTEGRATED APPROACH

Lorentz’s Butterfly Effect (Lorenz, 1972), according to which
small perturbations (in the atmosphere) can cause enormous
(climate) changes, suggests that studying different components
as synergistically as possible can be crucial to fully understanding
the cause and effect paradigm governing natural systems. From
a methodological point of view, not all extreme events can
be studied using the same methods, nor can be observed
with the same ease. Indeed, the rarer the event, the fewer
cases to evaluate, the smaller the scale, the more difficult the
analysis; both observational and model limitations must be
considered. Regardless of scientific development, the financial
and logistical commitment necessary to adequately face global
challenges, such as those of extreme events, exceeds the capacity
of individual countries. Therefore, strong collaborations are
needed across key sectors and following a common roadmap.
Indeed, since no single RI can cover the whole complexity
of global marine processes, worldwide distributed networks
are needed to develop an integrated approach, to span
disciplines, temporal and spatial scales, continuous observations,
interactions, and changes in the Earth-ocean system. Rls, by
offering research services for wide user groups and developing
new world-class research environments, are key agents for
advancing the cross-usage of scientific information, knowledge
and technologies. The interoperability between RIs engaged
in different domains allows us to tackle global challenges
transversely, effectively monitoring key processes. RIs can often
move beyond specific domains of competence; for example,
IMOS was not set up to monitor TC events, however, has
improved knowledge of such events and provided real-time
data for the scientific and emergency response communities.
Furthermore, the integration of IMOS RI coastal mooring and
ocean glider observations with satellite sea surface temperature
records (Feng et al., 2013; Benthuysen et al., 2014) played a
crucial role in capturing the 2011 and 2016 MHW events in
Australia. Likewise, distributed multidisciplinary Rls, such as
EMSO, ONC, and OOI, provide useful information for making
more accurate predictions of extreme sea level through long
term, high resolution, real-time environmental measurements
(sea levels via bottom pressures gauges, sea temperature
and ocean salinity via CTDs, and waves and currents via
ADCPs). In order to further expand spatial resolution ONC
has implemented a concept named “Smart Oceans,” where
small scale public —private partnerships are installed in remote
locations to monitor the ocean real time at high frequency'.
Data integration from different marine Rls is also essential
in understanding tsunami generation mechanisms, addressing
the need to integrate data from different observation points
in the open ocean and thus contributing to the reliability
of early warning services. The case of the Mediterranean
Sea represents a striking example: existing RlIs (e.g., EMSO)
supply the open sea observations which will integrate with
currently used information (earthquake detections, supported

Uhttps://oceannetworks.ca/innovation-centre/smart-ocean-systems

by coastal tide gauges) on which tsunami warnings are based
in that area, thus contributing to increased reliability of
warning services.

One of the main prerequisites for an RI’s success is its ability
to be sustainable over the long term and over a wide spatial
distribution, making it an excellent tool for addressing study and
monitoring of extreme marine processes.

CHALLENGES AND FUTURE NEEDS

The need to predict and estimate the extent of extreme
events, and to know how they could evolve through complex
interactions, is crucial to assess the short-and long-term
risks in vulnerable areas. Understanding and quantifying the
complex mechanisms governing these processes and their
possible interactions is a primary requirement for developing
adequate mitigation and adaptation actions for data-based
decision making.

In the past, several issues in assessing natural events
have been encountered due to the lack of adequately dense
networks collecting high-resolution in situ data. In the age
of satellite technology, observation of the Earths surface has
achieved very high resolution. Many observing networks
(GEO, GEOSS, GOOS, OceanSITES, see Table 1) invest
in monitoring key scientific variables over long periods
of time with adequate time resolution, but building and
maintaining  globally distributed observation networks,
as well as the integration of data and services produced,
still represents a major challenge for remote areas such
as the deep ocean.

Marine extreme events demand the most robust ocean
observing systems, building cross-disciplinary partnerships.
Indeed, complex environmental questions require the
combination of data and sustained long-term observations
from different RIs. Long term infrastructures, rather than
short term projects, are key to capturing the nature and
rates of change regimes. This is essential to identify and
monitor tipping points worldwide and get information on how
the natural system is irreversibly changing, influencing the
evolution of extreme events and allowing us to predict and
respond to these changes. While continuous monitoring
and development of long term time series via RIs are
important, it is also equally important to spatially expand
them to arrive at better spatial data coverage (both in
latitude and longitude and in depth). A further crucial
aspect concerns data provision; most RIs are currently
committed to provide FAIR (findable, accessible, interoperable,
and reusable) and quality certified data. The achievement
of FAIR data is, however, a big challenge that requires
convergence toward the adoption of common best-practices
and standards beyond the individual peculiarities of the
RIs. Nevertheless, pursuing the objective of FAIR data
strengthens RlIs capacity to serve their users and support
international collaboration, while lowering the barriers
between research disciplines. Developing and fostering RI
connections at an international level represents an element
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of strong innovation in the organization of scientific activity,
the promotion of advanced training for young scientists,
and the stimulation of knowledge transfer to the economy
and society. Rls support transversal cooperation with data
and services for science, industry, communication, policy,
and data management. This enhances the strengths of
the research system worldwide and answers society’s need
to get more accurate and timely information to inform
policy and mitigation decisions concerning extreme events
(Ruhl et al, 2011). Several infrastructures are already
engaged in improving the cooperation network for in situ
observations at a global scale across disciplines (e.g., Argo,
EMSO, DONET, SAEON, IMOS, MACHO, ECSSOS, ONC,
OO0I, ICOS, see Table 1), investing considerable efforts in
building common protocols, shared standards, and data
harmonization to ensure dataset comparability (Figure 7). The
interest at a global scale in enhancing common strategies
and programs is supported by several Memoranda of
Understanding among international counterparts. This is
the case between EMSO and ONC, intensifying joint efforts
to deliver high-quality, continuous data for addressing marine
Global Challenges.

A more coherent, interdisciplinary, and interoperable
cluster of European environmental Research Infrastructures

has arisen from several EC projects, establishing the ENVRI
community. ENVRI fosters cooperation, shares best practices,
and harmonizes services in order to create new synergies and
establish technical preconditions for a successful implementation
of a virtual hub capable of fully integrated new services.
The ability to adequately monitor and understand extreme
events lies in the possibility of being able to draw on
distributed, multidisciplinary and intercomparable data.
Data portals such as EMODnet represent an important
gateway for harmonized European marine data and facilitate
the interdisciplinary analysis required to improve warning
of extreme events.

On a global scale, examples intergovernmental
organizations such as GEO/GEOSS, or WMO already
represent entities proactively working to strengthen the
integration among global surface observing systems,
promoting broad and open data sharing. Given the
benefits of cross-RI coordination seen at the European
scale a global Forum for International cooperation among
Environmental  Research  Infrastructures (FIERI)  was
proposed and supported in Brussels in November 20182. The

of

%https://cordis.europa.eu/project/id/654131/it

FIGURE 7 | Map of ocean long term observatories for in situ observations at a global scale across marine disciplines.
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main objective of FIERI is to facilitate communication and
collaboration among Environmental RIs worldwide, through:

a) monitoring of environmental RI landscape for joint
strategic opportunities to leverage strengths, address gaps,
and share resources;

b) sharing guidelines and best practices for improving RI
management, technology, and science;

¢) proactive contributing to the main RI worldwide policies,
initiatives and trends (e.g., policy from GSO G8 and from
OECD, ESFRI, etc.);

d) influencing  coordinated
countries/participants  for
cooperation among Rls.

funding from different
stimulating  international

The development and planning of new strategies for the
observation of extreme events is very active at present
and international coordination among Environmental Rls
would make a tangible contribution. The RIs can represent
reference guidance on best practices by including calibrations
and inter-comparisons across the different Rls, promoting
training, offering open access platforms to plan experiments
with new technology and methodology, and by sharing
documentation and resources.

Large observational gaps still persist particularly in South
America, Africa, and South-East Asia. International mechanisms
such as UNFCCC should support RI cooperation and
development, especially in areas prone to the impact of extreme
events. Coordination and cooperation among environmental Rls
are required from a regional to a global scale, across disciplines,
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