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Abstract
As space-based Earth observations are delivering a growing amount and variety of data,
the potential of this information to better support disaster risk management is coming into
increased scrutiny. Disaster risk management actions are commonly divided into the different steps of the disaster management cycle, which include: prevention, to minimize future
losses; preparedness and crisis management, often focused on saving lives; and post-crisis
management aiming at re-establishing services supporting human activities. Based on a
literature review and examples of studies in the area of coastal, hydro-meteorological and
geohazards, this review examines how space-based Earth observations have addressed the
needs for information in the area of disaster risk management so far. We show that efforts
have essentially focused on hazard assessments or supporting crisis management, whereas
a number of needs still remain partly fulfilled for vulnerability and exposure mapping, as
well as adaptation planning. A promising way forward to maximize the impact of Earth
observations includes multi-risk approaches, which mutualize the collection of time-evolving vulnerability and exposure data across different hazards. Opportunities exist as programmes such as the Copernicus Sentinels are now delivering Earth observations of an
unprecedented quality, quantity and repetitiveness, as well as initiatives from the disaster
risk science communities such as the development of observatories. We argue that, as a
complement to this, more systematic efforts to (1) build capacity and (2) evaluate where
space-based Earth observations can support disaster risk management would be useful to
maximize its societal benefits.
Keywords Space-based Earth observations · Satellite remote sensing · Disaster risk
management · Prevention · Preparedness · Crisis management · Recovery · Resilience ·
Adaptation
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1 Introduction
As early as the 1960s, data from the TIROS-1 satellite delivered meteorological forecasts
for the first time. This major breakthrough in Earth Observation opened a new era for disaster risk management, whereby meteorological hazards can be better monitored, understood and ultimately anticipated (Manna 1985). The remarkable integration of space-based
observations in the computations of meteorologists raises an obvious question: to what
extent can this success be replicated for other coastal, hydro-meteorological and geohazards? Several initiatives and programmes have addressed this issue for a number of hazards such as soil and coastal erosion, coastal, groundwater and inland flooding, subsidence (Lopez et al. this issue; Melet et al. this issue), landslides (Lissak et al. this issue),
earthquakes and volcanic eruptions (Elliot et al. this issue), tsunamis (Hébert et al. this
issue) or wildfires (Pettinari et al. this issue). These include the IGOS (Integrated Global
Observing Strategy) established in 1998, the Group on Earth Observations (GEO) and its
Geohazard Supersites and Natural Laboratories (GSNL) since 2003, the European “Copernicus” programme (formerly known as GMES, Global Monitoring for Environment and
Security) and its Sentinel missions that have been deployed since 2014, the Japanese supported “Sentinel-Asia”, or the “Natural Laboratories” in the USA (Aschbacher et al. 2014;
Aschbacher and Milagro-Perez 2012; Kaku 2019; Koike et al. 2010; Plag et al. 2010; Salichon et al. 2007). The common vision of these various initiatives and projects involves
constellations of satellites for monitoring key observable determinants of risks, informing
users through a global data and modelling infrastructure, and ultimately benefiting population at risks from disasters. While there is evidence that satellite-based remote sensing
applications are indeed increasingly used for disaster risk management (Tralli et al. 2005),
the simple fact that these projects and initiatives have existed for decades demonstrates that
making this vision real remains a major challenge (Denis et al. 2016). Hence, the following question remains timely: how can space-based Earth observations best support disaster
risks management?
The terminology of disaster risk management is complex, not only due to the numerous
different hazards to be considered, but also because disaster risk management is a crosscutting issue that intersects several different policies, which all have their own languages.
These policies include economic development, land-use planning, building codes and regulation as well as climate change adaptation (see Romieu et al. (2010) for a discussion of
coastal risk prevention and adaptation). Here we rely on the terminology of the United
Nation Office for Disaster Risks Reduction (UNDRR, https://www.undrr.org/publicatio
n/2009-unisdr-terminology-disaster-risk-reduction), which defines disaster risk management as “the organization, planning and application of measures preparing for, responding
to and recovering from disasters”. Note that the International Panel on Climate Change
uses a rather similar definition (IPCC 2018), whereby disaster risk management is the process “for designing, implementing, and evaluating strategies, policies, and measures to
improve the understanding of disaster risk, foster disaster risk reduction and transfer, and
promote continuous improvement in disaster preparedness, response, and recovery practices (…)”. The latter definition gives more emphasis on the governance and institutional
dimensions of disaster risk management, institutions being understood in their broad sense
here of “habitualized behavior” and rules and norms that govern society” (Adger 2000). In
both cases, disaster risk management refers to all actions and decisions that aim at minimizing losses from disasters.
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Earth observations refer to the “gathering of information about planet Earth’s physical,
chemical and biological systems” (Group on Earth Observations; https://www.earthobservatio
ns.org/index.php). Therefore, it is not limited to satellite remote sensing but also includes all
in situ and aerial monitoring instruments and networks such as GNSS or seismometer networks, unmanned aerial vehicles or field observations (Antoine et al. this issue; Balsamo et al.
2018; Salichon et al. 2007). We focus here on space-based observations because space agencies have played a prominent role in organizing the community of Earth observations over
the last decades (Bally 2012; Desnos et al. 2014, 2016). Furthermore, space observations are
explicitly recognized as important contributions in the disaster risk reductions strategies of
both the Hyogo and Sendai frameworks for the United Nations (2005, 2015). For example,
the Sendai Framework includes priorities for actions such as “understanding disaster risks”,
“investing in disaster reduction for resilience” and “enhancing disaster preparedness”, which
all can be supported by improved Earth observations. However, in many cases, neither spacebased nor in situ and aerial observations are directly supporting disaster risk management:
instead, they are realizing an intermediate layer of analysis, which in turn informs users
regarding risk (Salichon et al. 2007). For example, in the area of Earthquake risks, field and
satellite observations are first included within a risk model, whose results are transferred to
those informing disaster risk management (Sedan et al. 2013). Hence, users of Earth Observations are usually not directly those in charge of disaster risk management, but rather they are
service providers. The existence of these multiple layers may explain why the full potential of
Earth Observations has not been exploited yet.
Previous reports and papers have extensively discussed the technical and scientific challenges required to maximize the benefits from space-based observations in the area of disaster
risk management (Bello and Aina 2014; Guo 2010; Joyce et al. 2009). Here, we evaluate to
what extent space-based Earth observations being delivered actually meet the decision frameworks of disaster risk management (Plag et al. 2010; Taubenbock et al. 2008). Our starting
point differs from the common approach towards users of Earth observation as we do not start
from formalized requirements of users, but from decisions and workflows within disaster risk
management. Some users have already expressed their requirements to the Earth Observation
sector (Smolka and Siebert 2013). However, adopting an approach centred on decisions and
workflows may help maximize the benefits of Earth Observation. The perspective taken in this
paper is not new and has been investigated both at the theoretical and practical levels in a number of research domains (Hinkel et al. 2019; Steen et al. 2007). However, despite the recommendations of the IGOS Geohazards initiative (Plag et al. 2010), this perspective remains not
well established in the area of space-based Earth observations for disaster risk management,
as previous papers that adopted this perspective have focused only on specific hazards, such as
tropical cyclones (Hoque et al. 2017).
This paper fills this gap by first presenting the disaster risk management cycle, which holds
as the reference framework for classifying disaster risk management actions (Sect. 2), then by
assessing how space-based Earth Observation fits within disaster risk management workflows
as in prevention in Sect. 3 and preparedness, crisis management and post-disaster response in
Sect. 4. Finally, in Sect. 5, we review the current ways forward and challenges. The overall
outline of this paper is summarized in Fig. 1, which highlights how different layers within the
end-to-end chain of observation providers and users interact, and where this is reviewed in the
present paper.
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Fig. 1  Space-based observation needs and challenges according to the different user decision frameworks
and objectives relevant to disaster risk management

2 Users Decision Frameworks and Objectives
2.1 The Disaster Risk Management Cycle
Disaster risk management includes a wide range of actions, whose primary aim is to
reduce the impacts of disasters. These actions are commonly divided according to the
following steps of the disaster management cycle (Fig. 2):
(1) prevention, which includes all actions aiming at minimizing future losses;
(2) preparedness, which aims at being prepared to a threat and managing disasters (Denis
et al. 2016; Klomp 2016; Voigt et al. 2007);
(3) crisis and post-crisis management, aiming at saving lives, minimizing impacts, and
finally re-establishing services supporting human activities (Myint et al. 2008; Wang
and Xie 2018).

2.2 Decision Levels Relevant to Disaster Risk Management
Disaster risk management stakeholders such as governments, municipalities, industries,
large businesses, disaster management organizations, civil protection can act at different levels ranging from operational management to strategic planning. Therefore, there
is a wide diversity of actions relevant to each component of the disaster risk management cycle. This can therefore be illustrated for actions belonging to prevention, which
include, for example:
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Fig. 2  Disaster management cycle

• regional to local authorities defining land-use policies in a way that minimizes exposure to hazards;
• regional to local authorities defining and enforcing specific mitigation measures, such
as reducing the vulnerability of buildings for flooding or earthquakes by means of
structural interventions;
• states and transnational organizations establishing regulations defining the principles
and rules for operational disaster risk prevention;
• states, ministries and adaptation funds ranking the severity of hazards and risks among
countries or regions, in order to optimize investments and allocate resources for prevention;
• the private or public reinsurance industry assessing the vulnerability of finance mechanisms covering post-disaster costs (Smolka and Siebert 2013);
• international to national organizations (e.g., Delta Commission in the Netherlands after
the 1953 flood, or the United Nation Office for Disaster Risk Reduction) strengthening
the governance of risks, as recommended by the Sendai Framework for disaster risk
reduction.

All the actions listed above belong to prevention and can therefore be placed in the disaster risk management cycle. Whatever the level considered, the disaster risk management
cycle remains a common reference for classifying actions aiming at reducing the impacts
of disasters.

2.3 Criticism to the Disaster Risk Management Cycle
The disaster risk management cycle framework has been criticized for being a too simplistic classification of disaster risk management actions, which ignores synergies among,
e.g., post-crisis and prevention actions (Lavell et al. 2012). As a response to this criticism, recent improvements have recognized that risks evolve as the environment, human
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pressures and climate change over time. The resulting frameworks build upon the disaster
risk management cycle by putting more emphasis on the process of reviewing and updating
risk management actions (Jones et al. 2014; Stammer et al. 2019). Such new frameworks
are recognized especially useful to address the specific problem of climate change, which
involves a constant evolution of hazards, such as the more frequent and intense heatwaves,
drought and storm surges (Alexander et al. 2006; Cazenave and Le Cozannet 2014; Meehl
and Tebaldi 2004; Russo et al. 2013, 2014; Vousdoukas et al. 2018). As shown in Fig. 3,
the resulting “disaster risk continuum” schemes can be considered complementary to the
disaster risk management cycle, as it provides a framework to constantly improve disaster
risk management.
Far from being limited to climate change adaptation, such evolving frameworks are useful as well for all risks that change over time. For example, even for earthquakes, changes
in exposure, ground deformation pattern, the retrofitting of the structures and the slight
damage after an event modify the behaviour and vulnerability of the built environment.
Hence, frameworks such as those presented in Fig. 3 are potentially useful well beyond the
sole issue of climate change and can be generalized to all types of risks that evolve due to
urbanisation, ageing of building and infrastructure, changing human interventions, which
collectively can be grouped together within the concept of “global change”.

2.4 Relevance to the Earth‑Observation Sector
The previous subsection shows that the disaster risk management cycle is not the unique
framework to classify decisions and actions pertaining to risk management. However,
despite the known limitations discussed above, the disaster risk management cycle remains
a common reference for many stakeholders concerned with disaster risk management.
For the Space-based Earth Observation sector, the value of the disaster risk management
framework is to identify where satellite data can be useful within the existing workflows

Fig. 3  Iterative “disaster risk continuum” approach; adapted from Jones et al. (2014) and Stammer et al.
(2019)
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of users. Figure 1 lists the main objectives of users during each phase of the disaster risk
management cycle, and links user’s potential actions and decisions with the related services and observation needs. These actions and decisions can be grouped in two categories
(Fig. 1):
• Actions and decisions relevant to the prevention of disaster risks (Sect. 3): here, the
main objective of users such as disaster risk prevention agencies is to minimize the
impacts of future disasters, both in terms of human lives and costs. This overarching
objective can be met in three ways: by reducing the hazard, where possible (Sect. 3.1),
the vulnerability of exposed assets (Sect. 3.2) or the exposure itself (Sect. 3.3). To illustrate this concept, the risks induced by landslides can be reduced by various measures
such as revegetating the slopes (reducing the hazard), reinforcing the infrastructure
such as roads or building exposed to landslides (reducing vulnerability) or relocating
exposed building (reducing exposure).
• Actions and decisions relevant to preparedness, response and recovery of disaster risks
(Sect. 4): here, the main objective of users such as civil protection agencies is to prepare for managing the crisis, which requires pre-disaster information (Sect. 3), to forecast disasters to deliver appropriate alerts (Sect. 4.1), to save lives and provide immediate assistance (Sect. 4.2), minimize the impacts and to progressively restore activities
and services during and after the crisis, which requires damage mapping (Sect. 4.3) and
pre-disaster information (Sect. 3). For example, these users will test their procedures
against pre-defined disaster risk scenarios before crisis, which requires pre-disaster
knowledge on the hazard, exposure and vulnerability. During the crisis, other information such as displacement and disaster damage maps is required. This illustrates that
workflows within disaster risk management involve different procedures, constraints
and needs depending on the positioning of each stakeholder with respect to the disaster
management cycle. Specifically, the time constraint is critical during the preparedness,
response and recovery phases, whereas prevention is less constrained by time but often
more constrained by the limited amount of resources (Salichon et al. 2007).

The remainder of this paper explores further how Earth observations can support the
prevention of disaster risks (Sect. 3), preparedness, response and recovery (Sect. 4) and
ways forward to improve the current practices (Sect. 5).

3 Earth Observation in Support to Prevention of Disaster Risks
Stakeholders concerned with prevention primarily aim at minimizing future damage,
whether affecting human lives, economic activities or environmental assets. Achieving
this aim implies reducing one or several determinants of the risk, that is, the hazard itself,
exposure to these hazards, or the vulnerability of the exposed assets.

3.1 Reducing the Hazard
The hazard is commonly defined as a threat with potentially adverse consequences for humans,
the economy or the environment. Quantitatively, the hazard is the combination of the probability of occurrence and the intensity of an adverse phenomenon in a given location (UNDRR
terminology; https://www.undrr.org/publication/2009-unisdr-terminology-disaster-risk-reduc

13

Surveys in Geophysics

tion). Prevention actions focused on the hazard include removing the hazards (for example
by levelling landslide-prone slopes), mitigating the hazard (for example by restoring vegetation on dunes or unstable slopes) or changing the hazard (for example by building dikes and
limiting flooding overflow), which sometimes leads to creating new hazards such as breaching
of dikes (Ludy and Kondolf 2012). Reducing the hazard is not always possible: for example,
earthquake or pyroclastic flow hazards generally cannot be reduced.
Removing, mitigating or changing the hazard typically requires hazard maps. Hazard maps
may either consider a single hazard (e.g., river flooding), or combine multiple hazards (e.g.,
river flooding and landslides) (Gill and Malamud 2016). For example, volcanic hazard maps
typically superimpose or combine multiple hazards such as lava and pyroclastic flows, ash
falls, lahars, earthquakes, landslides (Felpeto et al. 2007; Neri et al. 2013; Thierry et al. 2008).
Despite decades of research in quantitative hazard assessment and the related physical processes, a lack of full understanding of the hazards remains a critical knowledge gap today.
Even for earthquakes where the knowledge of vulnerability is key for assessing potential
damage, unknowns in the seismic activity (e.g., magnitude, occurrence, focal depth) can still
remain the most important source of uncertainty in quantitative risk assessment (Rohmer et al.
2014). This raises the need for more hazard observations, whether in situ or space-based.
Space-based observations relevant for hazard assessment include observations of past
events, of physical processes associated to the hazard, or of characteristics of the location of
interest (i.e., settings). Observations of past events can directly or indirectly inform about the
frequency or intensity of a hazard. For example, direct observations of subsidence caused by
mining activities or groundwater pumping can be used to better estimate where, when and
how much vertical ground motions may affect the urban or peri-urban environment (Foumelis et al. 2016; Raucoules et al. 2003, 2013). Indirect observations are extremely common as
well, for example assessing drought intensity through observations of their impacts on vegetation (Kogan 1997). Space observations can also be used for monitoring physical processes
associated to the hazard, such as thermal activity associated with volcanic eruptions (Vaughan
et al. 2008) accumulation of strain along faults that may rupture and generate earthquakes
(Barbot et al. 2013; de Michele et al. 2011; Hussain et al. 2016; Parcharidis et al. 2009), or
rainfall causing flood hazard (Tote et al. 2015). Finally, typical characteristics of the location
of interest that can be derived from Earth Observations include high-resolution digital surface
models, which can be used for example to estimate the potential intensity and frequency of
flooding, lahar or pyroclastic flows in volcanic areas (Kervyn et al. 2008; Neri et al. 2013). In
the latter case, space-based Earth Observations do not appear prominently in the final product
delivered to users, because they are integrated within physical models or geographic information system. However, the quality of these observations (e.g., resolution, precision and accuracy) remains essential for producing trustworthy information on the hazard processes.
For adaptation planning, characterizing changes of the hazards over multi-decadal timescales can be relevant (see Sect. 2.3), as exemplified for long-term sea-level rise aggravating
coastal erosion and flooding (Melet et al. this issue). While precise needs for information have
not completely yet been formalized, some scientists have proposed to focus on the detection of
early signals of acceleration of changes in order to plan adaptation in a timely way (Haasnoot
et al. 2018; Stephens et al. 2018).

3.2 Reducing the Vulnerability
The concept of vulnerability has been defined in many different ways by multiple
scientific communities (Birkmann et al. 2013; Brooks et al. 2005; Kienberger et al.
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2013; Romieu et al. 2010). In a disaster risk management context, vulnerability is
defined as the physical, social and economic conditions that influence the susceptibility of humans or assets to the impacts of hazards (see https://www.undrr.org/publicatio
n/2009-unisdr-terminology-disaster-risk-reduction).
Structural measures aiming at reducing the physical vulnerability of buildings are
typically extremely efficient in the context of prevention of earthquake risks, because
most of the damage and casualties are due to the collapse of buildings. Users concerned with reducing the physical dimension of vulnerability typically require information that allows them to design vulnerability or fragility curves, which give the
probability of damage for an event of a given intensity for various types of assets (e.g.,
wood, concrete or masonry buildings) and different types of hazards. Fragility curves
have long been established for earthquake risk assessment (Rossetto and Elnashai
2003), but they are increasingly used as well for landslides, flooding, tsunamis, tephra
load and other volcanic hazards (Fuchs et al. 2007; Garcin et al. 2008; Jenkins et al.
2014; Jongman et al. 2012; Papathoma-Kohle et al. 2012; Spence et al. 2005). The fact
that the fragility curves approach is not equally adopted across all natural hazards is
partly due to the characteristics of hazards themselves (Douglas 2007). For example,
coastal cliffs erosion or pyroclastic flows commonly cause total collapse of buildings
(Dawson et al. 2009; Gehl et al. 2013). However, this is also due to the focus of scientific communities, who tend to put more emphasis on the physical processes and hazards than on the characterization of physical vulnerability (Douglas 2007; Geiss and
Taubenbock 2013).
The physical determinants of vulnerability can be obtained by direct observations
(e.g., building’s shapes, materials, presence of chimneys) (Ehrlich and Tenerelli 2013),
or by indirect observations, linking observable features of the built environment (e.g.,
shape and width of streets, size of buildings, colour of roofs) with the actual determinants of vulnerability (Geiss et al. 2014; Muck et al. 2013; Taubenbock et al. 2008).
For example, the current practice of operational physical vulnerability assessment consists in collecting in situ proxies during field surveys, eventually complemented by a
visual examination of remote sensing images (Sedan et al. 2013). The approach based
on direct observations is limited by the fact that there remain numerous proxies that
cannot be observed yet with remote sensing, and which are important drivers of the
vulnerability, such as the internal structures of buildings. For example, the uncertainty
in the average vulnerability of earthquakes cannot be reduced by more than 50% by
direct methods (Le Cozannet et al. 2018). Combining both indirect and direct proxies
delivers results that are accurate enough for rapid screening of the vulnerability (Geiss
et al. 2014).
Social vulnerability, that is, the propensity for human well-being to be adversely
affected, interacts with economic vulnerability that is, the propensity for financial damage or disruption of productive capacity. Observing social or economic vulnerability
involves assessing the extent to which populations are able or unable to cope with exposure to hazards. Earth observation data provide such information indirectly. For example, nighttime lights are a straightforward indicator of urban services, which needs to
be considered in vulnerability assessments (de Sherbinin et al. 2015). However, other
features that can be identified almost automatically in remote sensing images can help
retrieving proxies of economic and social vulnerability. For example, Jean et al. (2016)
combined machine learning (convolutional neural network) with high-resolution satellite imagery to predict the spatial distribution in economic well-being (poverty and
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wealth) in five African countries, hence explaining up to 75% of local variations of economic outcomes (Jean et al. 2016).

3.3 Reducing the Exposure
The exposure is defined by UNDRR as “people, infrastructure, housing, production
capacities and other tangible human assets located in hazard-prone areas”. A first aim of
disaster risk reduction can be to avoid further exposure to natural hazards, for example
by avoiding building in coastal wetlands exposed to storms or in areas subject to pyroclastic flows. A second aim can be to reduce exposure through relocation of assets.
Satellite-based Earth Observation has long demonstrated capacities to map elements
at risk. Usually, the main elements retrieved from Earth observations include the distribution of human population, buildings and strategic infrastructure, and roads, but the
mapping of crops and natural ecosystems can be considered as well (De Bono and Mora
2014; Van Westen 2013). The spatial distribution and amount of most of these features
can be readily extracted from moderate to very high spatial resolution satellite image
through supervised classification algorithms, using pixel or object-based approaches
(Jozdani et al. 2019). Challenges remain in the classification of different types of elements based on their material (e.g. dirt road versus tarmac road; houses with different
roof types) or the discrimination of individual elements in densely built area (e.g., segmentation of individual houses in densely built slumps; Mossoux et al. 2018). Today,
satellite-based Earth observations are becoming increasingly integrated with other
sources of information within national geo-data repository or volunteered geographic
information systems such as OpenStreetMap (Mahabir et al. 2018). As a consequence,
despite being an essential component of state-of-the art data repository used for exposure mapping, satellite-based Earth observations are becoming less apparent to users.
Population maps and density are generally obtained from national census, and available per administrative units, going from small census tracts to coarser municipality
or district units. Censuses are expensive, labour intensive and time-consuming and, as
such, are often only organized once every 10 years or less. Many developing countries
currently lack accurate population data at a fine geographical scale. Remote sensing can
be a cost-effective alternative for mapping of population distribution. While it is not
expected to result in the same accuracy as a traditional census, it can be a useful surrogate in absence of up-to-date census data. Two different remote sensing approaches have
been developed for population mapping:
• top-down approaches using interpolation methods based on land cover maps and
other spatial indicators to disaggregate census data to a finer spatial scale (e.g.,
WorldPop, LandScan, World Population Estimate, Global Human Settlement LayerPopulation (GHS-POP), Global Rural Urban Mapping Project (GRUMP)) (Lung
et al. 2013);
• bottom-up approaches aiming at defining a statistical relationship between remote
sensing derived variables (nighttime light, number or size of dwelling units, settlement area, type of buildings) and population numbers (Mossoux et al. 2018; Wu
et al. 2005) (see Fig. 4).

For example, Lung et al. (2013) showed that population distribution at regional scale
derived from object-based image analysis of very high-resolution satellite imagery
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Fig. 4  Example of exposure mapping in a remote area (Mitsoudje, Comoros, a volcanic archipelago off the
East coast of Africa) using high-resolution Pléiades images (a) to identify (b), classify roof type of houses
(c) and quantify the number of residents based on average number of residents per type of house extracted
from field survey (d) (adapted from Mossoux et al. 2018)

compare well with information contained in census data in Kenya. As a further example,
satellite derived observations of night lights have been related to the regional dynamics
of population in China (Ma 2018). At coarser scales, imagery showing urban extent has
been combined with nighttime light emissions, to assess population distribution at continental to global scales (Tan et al. 2018; Wu et al. 2005; Yu et al. 2018).
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Exposure mapping is typically an area where automated processing of space-based
Earth observations can substantially lower costs of information acquisition, because it
is relevant across all hazards. This potential benefit of thinking beyond one single risk is
one of the motivation for so-called “multi-risk” approaches, which attempt to address all
components of risks across threats affecting a territory (Gallina et al. 2016; Grunthal et al.
2006; Marzocchi et al. 2012).

4 Earth Observation in Support to Crisis Management and Disaster
Response
Needs relevant to preparedness, response and recovery include (Fig. 1):
• disaster scenarios to simulate the impacts of crisis events and test emergency procedures: such scenarios primarily require information about vulnerability and exposure (see Sects. 3.2 and 3.3), in order to compute the potential impacts of adverse
phenomena such as earthquakes or volcanic eruption (Gehl et al. 2013; Marrero et al.
2012; Sedan et al. 2013; Zuccaro et al. 2008). Information about the hazard is important as well in order to communicate the likelihood of each scenario to the bodies in
charge of disaster management (see Sect. 3.1).
• forecasts and early warning systems to plan for specific protection measures as a disaster is becoming more likely: this phase also requires pre-disaster information, but
also forecasts and early warning systems, that require near-real-time observations of
the ongoing event (e.g., cyclonic tracks, escalating volcanic unrest) in order to assess
which scenarios are becoming more likely and which protection measures need to be
taken (see Sect. 4.1).
• information for delivering immediate assistance (see Sect. 4.2 )
• damage mapping and information about the changes of hazards and risks to assess
reconstruction costs and needs (see Sect. 4.3 ).

The list above shows that many of the satellite-based Earth Observation needs for hazard, exposure and vulnerability information discussed in Sect. 3 are relevant to preparedness and recovery. In the remaining of this section, we focus on the three aspects of crisis
management that require more specific information and procedures: forecasts and early
warning (Sect. 4.1), crisis management to deliver immediate assistance (Sect. 4.2) and
damage mapping to assess reconstruction costs and needs (Sect. 4.3).

4.1 Forecasts and Early Warning Systems
The expected benefits from efficient early warning systems or forecasts are first to save
lives, second to protect assets at risk. The meteorological forecasts are the most obvious
example of satellite-based Earth Observations supporting early warning, for example in
the case of storms or cyclones. During volcanic eruptions, early warning and forecasts can
benefit from thermal hotspot, SO2 degassing and ground deformation satellite-based Earth
observations, which in combination with in situ seismic monitoring have proven useful for
forecasting and following ongoing crisis (Ernst et al. 2008; Smets et al. 2014; Surono et al.
2012). Overall, the potential of satellite-based Earth observations to inform forecasts of
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disasters is increasingly being explored for nearly 30 years (e.g., Tralli et al. 2005; Tronin
2010; Freund 2013).
New research may even offer more benefits in this area: for example, current early warning systems for Earthquakes take advantage that the first seismic waves propagate quicker
than the most destructive ones, which allows immediate warning measures to save lives and
avoid cascade events (Salichon et al. 2017). However, other non-seismic signals may suggest that an earthquake is about to happen, such groundwater temperature and/or chemistry
changes (Claesson et al. 2004; Rigo 2010; King and Chia 2018 and references therein) and
radon emissions (e.g., King 1986; Einarsson et al. 2008; Awais et al. 2017 and references
therein). While such changes can be monitored in situ, satellite-based Earth Observation
may also help monitoring these non-seismic signal changes in the ionospheric Total Electron Content (TEC) (e.g., Zakharenkova et al. 2008; Harrison et al. 2010; Kon et al. 2011;
Zhang et al. 2014 and references therein), the surface temperature (e.g., Tronin 2000; Tramutoli et al. 2013; Barkat et al. 2018 and references therein), surface latent heat flux (Dey
et al. 2004; Cervone et al. 2006; Qin et al. 2014) and Earthquake-cloud formation (e.g.,
Harrison et al. 2014 and references therein). While these partial examples confirm the variety of non-seismic signal that can be monitored, research is still required to improve the
earthquake forecasting. In fact, several processes can create non-seismic signals that can be
interpreted as early signals of an upcoming Earthquake.

4.2 Immediate Assistance
During and after a disaster, information is required to evaluate impacts of the disaster to
humans and deliver immediate assistance (Boccardo and Tonolo 2015; Denis et al. 2016;
Voigt et al. 2007, 2016). During this phase of crisis management, the priority is to save
lives. Therefore, the information required relates to the likelihood of casualties and population displacements caused by the event. As an example of what Earth Observations can
provide during this phase, nighttime lights from satellite images have been demonstrated
useful to assess population size and dynamics during a 2010 humanitarian crisis caused
by political conflict in Côte d’Ivoire (Bharti et al. 2015). They found increased brightness
in neighbouring regions of Liberia where refugees had flown to, which they related to the
number of refugees recorded by the United Nations simultaneously.
Traditionally, such needs are filled by conventional communication and aerial or in situ
monitoring, but there is evidence that the space sector is increasingly informing operational
crisis management and post-disaster response as well. For example, the decision to extend
exclusion zones during the 2010 Merapi eruption was not only based on information from
conventional geophysical data, but also from satellite images (Surono et al. 2012). Furthermore, a formal user feedback gathered after the Tohoku Earthquake and tsunami in 2011
in Japan suggests that space technologies delivered information that brought benefit to the
definition, planning, implementation, monitoring and assessment of disaster relief operations (Kaku et al. 2015).
Several initiatives aim at delivering information in near real time to support crisis management and disaster response, including the European Copernicus Emergency Management Service (EMS) or Sentinel Asia (Kaku 2019; Lorenzo-Alonso et al. 2019). Here,
international cooperation plays a key role because it allows each agency to benefit from
third parties data potentially acquired earlier. The international charter for space and major
disasters (https://disasterscharter.org/en/web/guest/home) is a worldwide collaboration,
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through which satellite data are made available for the benefit of crisis and post-disaster
management. By combining Earth observations from different space agencies, the Charter allows resources and expertise to be coordinated for rapid response to major disaster
situations, thereby helping civil protection authorities and the international humanitarian
community at no cost for the user. It mobilizes agencies around the world and benefit from
their know-how and their satellites through a single access point. As the Charter immediate
response is key to success, this access point operates 24 h a day, 7 days a week.
The Charter has been founded in 1999 and declared operational as of November 2000,
with 3 participating agencies: ESA, CNES and CSA. In two decades, it has been activated
more than 600 times worldwide. The international charter now comprises 17 space agencies worldwide. The Charter is triggered for a large variety of disasters, either natural or
related to human activity: earthquakes, fires, floods, ice jams, landslides, tsunamis, ocean
storms, volcanic eruptions, oil spills and industrial accidents. It is functioning on the best
efforts basis. Each agency is committed to provide space data resources and value-added
processing as needed in the framework defined by the charter regulations. The so-called
“Authorized Users” (AU) have a permanent access to the Charter access point in order to
declare an emergency. There are currently 66 AU spread over 66 countries and this number
is constantly increasing.
Once activated, the charter provides the local authorities in charge of the disaster
management on site, with detailed value-added maps outlining the level of infrastructure
destruction. Depending on the type of disaster and its location on Earth, the adequate sensors (medium and/or high-resolution optical images or all-weather capability radar images)
of the flying-by satellites are used. Today, the current procedures allow the delivery of satellite products 48 h after the event, so that the request of users for a 6-8 h delivery cannot
be met yet in many cases (Denis et al. 2016; Voigt et al. 2016). Here, constellations of satellites allowing for more frequent data acquisition could become a game changer over the
coming decades (Denis et al. 2016). Already, many private companies (e.g., Planet Labs,
ICEYE, UrtheCast) aim at providing daily or even hourly Earth Observation data coverage
using both optical and Synthetic Aperture Radar (SAR) spaceborne sensors. It should be
underlined that this involvement of the private sector comes as an encouraging step to the
uptake of the market for such operational observations systems.

4.3 Damage Mapping
Once human lives have been saved, recovery actions can take place. These actions are
essentially intended to restore infrastructure and economic and environmental services.
Here, an assessment of reconstruction needs and the effects of post-disaster response is
required. Two types of products based on satellite-based Earth observations can be schematically distinguished for these post-disaster phases:
• Rapid damage mapping for an assessment of the needs for ongoing assistance (e.g.,
shelters for people whose buildings have collapsed)
• Re-assessment of hazards and risks in order to reconstruct and restore services in a way
that minimizes the impacts of future events.

While the two types of actions essentially require the same types of data, rapid mapping involves more severe time constraints but lower demands for accuracy than the full
re-assessment of hazards and risks.
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Damage mapping refers first to the identification of buildings or assets that have been
entirely destroyed or cannot deliver essential services anymore. For example, satellitebased Earth observations have proven useful for mapping the destruction of settlements of
ethnic minorities during armed conflicts (Bhattacharjee 2007; Levin et al. 2018). Changes
to the land use or to the environment can be used as indicators for crisis-induced changes in
population vulnerability, as exemplified in Northern Iraq where crops changed to grassland
during the conflict (Mubareka and Ehrlich 2010). Furthermore, assessing the damage to the
vegetation can be considered a goal per se, as in the case of the mining accident of Norilsk
that caused degradation of the boreal forest (Zubareva et al. 2003) or to assess potential
impacts for food security after volcanic ash-fallout events in densely populated areas (De
Rose et al. 2011; De Schutter et al. 2015).
Damage mapping also refers to the quantification of vulnerability changes. After disasters, the vulnerability needs to be reassessed, because more fragile buildings, infrastructure
or assets may represent a threat if another adverse event occurs. For example, differential
subsidence or earthquakes may slightly damage the structure of buildings without causing
their full collapse, and, ultimately, make them more vulnerable to a future seismic shock
(Ehrlich and Tenerelli 2013). Here, following the work of Negulescu et al. (2014), Earth
observations, whether in situ or space based, can be used to detect fragile structures, the
result serving as information basis for identifying future vulnerable structures and areas in
need of reconstruction.
After a disaster event, the hazard can change drastically. For example, volcanic eruption, lahars or landslides may change the elevation, slopes and landslide susceptibility (de
Belizal et al. 2013; Joyce et al. 2009; Kerle et al. 2003), tsunamis and cyclones can modify
shorelines and the vegetation (Paris et al. 2009), potentially favouring the propagation of
surges inland if another coastal flood occurs. Hence, hazard ideally needs to be reassessed
after disasters before planning for reconstruction. This especially update of available Digital Elevation Model and land cover maps, including for identifying changes in the exposure
of elements at risk.
While the distinctions of actions according to the disaster management circle are convenient to understand where Earth observation can best support disaster risk reductions,
there are linkages between pre- and post-disaster disaster management actions. Observation of damage after a disaster is commonly used to support crisis management and recovery (see Sect. 5). However, it can be used as well for designing and improving vulnerability
curves, which can then be used to design scenarios useful for prevention and preparedness
(Papathoma-Kohle et al. 2012).

5 Challenges, Opportunities and Ways Forward
5.1 Challenges
Overall, this review presents evidence that Earth Observation is already used in many ways
to support disaster risk management. Current applications are sometimes not directly visible by the end-users, as space-based observations are used within complex approaches and
workflows. Hence, what is finally visible to users is the most salient information (e.g., a
hazard map) and not on the key datasets that allow to produce it (e.g., a very high-resolution digital elevation model).
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We argue that the potential of Earth Observation for prevention is still underused. In
fact, crisis management has received much attention from the Earth Observation community so far, as exemplified by the development of the International Charter and the Copernicus Emergency Management Service (EMS). On the other hand, prevention and some
post-disaster phases aiming at increasing resilience have been less considered.
Studies focused on other phases of the disaster management cycle are not well balanced
either, with usually a much stronger focus towards hazard assessment and less emphasis
on vulnerability and exposure mapping. Surprisingly, this statement holds even for earthquake risk assessment, although quantifying vulnerability is a key in this area. A review of
seismic risk assessment studies based on space-based Earth observations showed a strong
emphasis on observations of the hazards and of post-disaster damage, but much less efforts
for vulnerability mapping (Geiss and Taubenbock 2013).
Despite some promising research results (Ong et al. 2019; te Brake et al. 2013; Capes
and Teeuw 2017), some phenomena with important impacts for the society still remain
incompletely observed (e.g. shrinking and swelling of clays, groundwater induced flooding), and many needs of adaptation practitioners still need to be addressed. For example,
the increasing occurrence and magnitude of heatwaves and droughts which is already being
registered in the last decades (Russo et al. 2014; Russo and Sterl 2011) represents a potential important threat for human lives and well-being, for regional economies, and for natural ecosystems (Meehl and Tebaldi 2004). The challenge of better anticipating more frequent and intense heatwaves and droughts, or generally extreme natural phenomena, comes
along with Earth Observation needs, which have not been systematically assessed yet. For
example, adaptation to sea-level rise requires improved monitoring of shoreline changes
and sediment transport (Benveniste et al. 2019), but the most urgent needs for such information comes from current risk management whereas adaptation at timescales relevant to
sea-level rise (i.e., decades and centuries) is usually considered less urgent. For these sectors where no specific requirements have been formalized yet, we argue that a systematic
review of user workflows and decisions is required to maximize the societal benefits of
space-based Earth observations.
A final challenge will be to develop a sustainable market and adequate/tailored business models for the satellite-based Earth Observations supporting disaster risk management. Current estimates suggest that the financial investments that are planned today are
relatively small, although funds for future Earth Observation missions, serving both scientific and commercial needs, have been increased. For example, the insurance market
for the Earth Observation techniques supporting natural risks has been estimated at about
75 million euros per year in 2030 for Europe (Source: https://www.cvt-allenvi.fr/etudes/
technologies-dobser vation-environnementale-pour-lagriculture-et-les-risques-naturels/).
For comparison, a single satellite typically represents a cost of 100 to 300 million Euros,
which still remains much smaller than the economic damages from single disasters: for
example, the 2010 Xynthia coastal storm in France and the costliest 2011 Tohoku Earthquake in Japan represented more than 2.5 billion Euros and 300 billion USD, respectively,
notwithstanding casualties (Genovese and Przyluski 2013; Daniell et al. 2011). As long as
the planned investments of the private sector remain so small in Earth observations, public
investment will remain key to support the development of the sector.
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5.2 The New Context of Satellite‑Based Observations
There are today many opportunities to progress in using satellite-based Earth observations for disaster risk management. These opportunities are allowed by initiatives of
the space sector, which has been developing an unprecedented Earth Observation infrastructure, in particular the Copernicus Sentinel constellation of satellites (Aschbacher
et al. 2014). Although the Sentinel missions were initially envisaged to address the
operational monitoring needs of Copernicus EMS, they have become a game changer
not only for science but also to the space applications industry. Indeed, ensuring the systematic flow of Earth Observation data and the long-term sustainability of services is a
prerequisite for commercial business models. This is apart from the actual contribution
to science in terms of understanding and quantifying physical phenomena. Thus, further developments and innovative ideas should be expected in various domains, among
which higher resolution soil moisture measurements, mapping of clay swelling, correcting tide gauge measurements and even monitoring of ground motion at nation-wide
scale. Opportunities are not limited to hazard monitoring: as observations resources
are becoming available through the Copernicus Land Service and other open historical
archives (Koks et al. 2019), there is now an opportunity to better understand and how
the vulnerability and exposure have evolved in the past, reached their current status and
may evolve in the future (Duvat et al. 2017).
However, to allow the above-mentioned achievements dedicated dissemination and
utilization strategies for such record amount of Earth Observation data should be considered. This is exactly where the support of space agencies arises, introducing concepts of moving algorithms and codes close to data, contrary to past practices that will
soon become obsolete due to limited local storage and processing capacities. The Sentinels come along with web-based data dissemination mechanism (including collaborative ground segments etc.) like the Copernicus Open Access Hub (https://scihub.coper
nicus.eu), the Sentinel Product Exploitation Platform (PEPS) of CNES (https://peps.
cnes.fr/rocket/#/home) as well as the development of processing platforms such as the
ESA Geohazards Exploitation Platform (GEP, https://geohazards-tep.eu/), with numerous hosted processing services for geohazards applications (Foumelis et al. 2019). This
constitutes a radical change in working procedures of Earth observations scientists and
engineers, as less time is required to data management and processing, so that more
efforts can be dedicated to the integration of different datasets, the interpretation of the
observed phenomena, and the development of new algorithms to gather hazard-relevant
information, as illustrated recently for shoreline changes (Mentaschi et al. 2018).
The conceptual model for such platform-based systems is relatively simple, having
as a basis the infrastructure where Earth Observation data are stored and accessed from,
followed by an upper layer of processing segments, represented in principal by several
cloud service providers. Finally, at a higher end, dedicated web-based interfaces are the
portals for user interaction with data and processing tools. Each of these layers is being
developed separately by international and national initiatives, each at different level
of maturity. The Data and Information Access Services (DIAS) platforms, funded by
the European Commission (EC), are such example aiming to facilitate centralised and
standardize access, manipulation and processing to Copernicus Sentinel data (https://
www.copernicus.eu/en/access-data/dias).
Even though the evolution of these platforms cannot yet be easily projected into
the future, since they are still heavily supported by space agencies, they count already
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several success stories in publishing scientific results (Galve et al. 2017; Papageorgiou
et al. 2019), supporting geohazards related initiatives (ESA EO4SD project, https://
www.eo4sd-drr.eu/news/gover nment-indonesia%E2%80%99s-users-eo-products-disas
ter-risk-reduction) and providing rapid and valuable information in response to geohazards events (example of the 2019 M5 earthquake in mainland France, https://www.esa.
int/Applications/Observing_the_Earth/Copernicus/Sentinel-1/French_earthquake_fault
_mapped). Here again, it is clear that the role of the private sector will also be critical to
ensure sustainability and support further enhanced processing and e-collaboration capabilities of platform-based solutions.
In this context, initiatives such as the Group on Earth Observations (GEO), the European Plate Observing System (EPOS) and the Geohazards Lab (http://ceos.org/ourwork/
workinggroups/disasters/geohazards-lab) of the Committee of the Earth Observation Satellites (CEOS) are more useful than ever to foster the organization of the Earth Observation
community concerned with disaster risks management.

5.3 Initiatives from the Disaster‑Risk Management Community
Other opportunities result from initiatives from the community concerned with disaster
risk reduction. Several scientific or operational observatories are focused on a particular
system or territory. For example, this includes seismic networks, volcano or coastal observatories. Space agencies have long identified the prominent role of these observatories and
linked with them, for example through initiatives such as the “Supersites” or the “Natural
Laboratories”, through which they deliver all available data to stimulate scientific research
for critical areas. These sites include, for example, the earthquake-prone San Andrea and
Marmara region in California and Turkey, or the Virunga in the democratic republic of
Congo, Vesuvius, Campi Flegrei and Etna volcanic areas in Italy (see a list of existing
and candidate Supersites at https://geo-gsnl.org/). For many of these Supersites, there is
not a single hazard threatening communities and human assets, but multiple natural and
anthropogenic risks, which can be more efficiently observed if one takes advantage of synergies among observations relevant to these multiple risks. An obvious element here is the
characterization of the built environment, which has long been considered in multi-risk
approaches developed by the scientific community concerned with disaster risk reduction
(Grunthal et al. 2006; Kappes et al. 2012; Thierry et al. 2008). As shown in Sect. 3, characteristics of the built environment can hardly be observed directly, but there are opportunities in valuing indirect proxies, such as local knowledge of building practices or nightlights
for assessing post-disaster recovery. Overall, these efforts of the communities concerned
by disaster risk reduction are supported by research in the area of geospatial information
management (Wilkinson et al. 2016) that now allow for interoperable information systems
and web services to share data relevant to disaster risks (Douglas et al. 2008; Le Cozannet
et al. 2014; Tellez-Arenas et al. 2018). Finally, some major frameworks such as the Sendai Framework (https://www.unisdr.org/files/43291_sendaiframeworkfordrren.pdf) highlight on key priorities for reducing disaster risks, including improving the governance of
risk management, supporting operational disaster risk management and long-term strategic
planning. For the Earth Observation community concerned with disaster risks, the detail
of these priorities is relevant to consider because they link to actions presenting the best
potential to reduce risks.
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5.4 Need for Mutual Exchange of Knowledge
From the perspective of space agencies and space-based Earth Observation providers, the
challenge of improving the use of Earth observations techniques in everyday disaster risk
management practices goes through proper training and increase of awareness of the capacity of Earth observations missions and techniques. We argue that a multi-directional mutual
exchange of knowledge is required, which involves liaising the disaster risk reduction and
the Earth observations research and practitioner communities. The usefulness of Earth
observations can be demonstrated with successful showcases, but understanding workflows
of practitioners and training them to the most appropriate tools plays also a significant role.
Several space agencies have been investing towards the direction of training by organizing
regular face-to-face as well as massive online training courses addressed mainly to academic students and members of scientific institutes, while other initiatives focus also on
non-Earth observations experts, such as the Research and User Support (RUS) service of
Copernicus (http://rus-copernicus.eu). Furthermore, capacity building activities, as organized by space agencies (e.g., ESA) together with other relevant funding organisms (e.g.,
World Bank and Asian Development Bank) are contributing likewise towards improved
awareness. Tailored education of the population for realizing the potential positive impact
of Earth observations to the disaster risk management is considered nowadays crucial for
the successful acceptance of these technologies and proper utilization of the Earth observations assets. We argue that an equally ambitious agenda is required to inform the Earth
observations data and service providers with needs, workflows, and practices of technicians, engineers and researchers working on disaster risk reduction.

6 Conclusions
This paper argues that user-centric approaches linking specific decisions schemes with
information needs are useful to maximize the benefits of satellite-based Earth observations.
This statement is obtained from a review of satellite-based Earth Observation inputs into
the different phases of the disaster risk management cycle (Sect. 2), including prevention
(Sect. 3), preparedness, crisis and post-crisis management (Sect. 4).This review shows that
while satellite-based Earth Observation is useful in a number of cases, there are still opportunities to develop, in particular to support prevention of risks, to better monitor the vulnerability and exposure and to detect early changes in hazards caused by climate change.
Several opportunities exist, originating from both the space sector and the disaster risk
scientific and management communities (Sect. 4). A straightforward way forward to take
advantage of these opportunities will consist in linking these top-down and bottom-up
approaches, for instance following successful experiences in hazard and risk observatories, “supersites” and natural laboratories. This requires appropriate capacity building and
mutual exchange of knowledge of all communities concerned with disaster risk reduction.
For the research community, this creates opportunities for trans-disciplinary research linking Earth observations and environmental science with decision making and social science.
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