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Natural hazards and disaster reconnaissance investigations have provided many
lessons for the research and practice communities and have greatly improved our
scientific understanding of extreme events. Yet, many challenges remain for these
communities, including improving our ability to model hazards, make decisions in the
face of uncertainty, enhance community resilience, and mitigate risk. State-of-the-art
instrumentation and mobile data collection applications have significantly advanced the
ability of field investigation teams to capture quickly perishable data in post-disaster
settings. The NHERI RAPID Facility convened a community workshop of experts in
the professional, government, and academic sectors to determine reconnaissance
data needs and opportunities, and to identify the broader challenges facing the
reconnaissance community that hinder data collection and use. Participants highlighted
that field teams face many practical and operational challenges before and during
reconnaissance investigations, including logistics concerns, safety issues, emotional
trauma, and after-returning, issues with data processing and analysis. Field teams
have executed many effective missions. Among the factors contributing to successful
reconnaissance are having local contacts, effective teamwork, and pre-event training.
Continued progress in natural hazard reconnaissance requires adaptation of new,
strategic approaches that acquire and integrate data over a range of temporal, spatial,
and social scales across disciplines.
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INTRODUCTION

Natural hazards and disaster reconnaissance investigations
have led to important discoveries that have greatly improved
our scientific understanding of hazards and their physical,
social, and environmental consequences. For example, findings
from one of the earliest field reconnaissance missions in the
United States, the Lawson and Reid (1908) investigation of the
1906 ~M7.9 San Francisco earthquake, led to the development
of the landmark theory of elastic rebound (Reid, 1910),
among other significant scientific and engineering advancements
(Ellsworth, 1990). More recently, post-event reconnaissance
investigations have provided new, fundamental knowledge
essential for the development of computational models to
simulate the physical and socioeconomic impacts of natural
hazards, and for identifying ways that communities can restore
their infrastructure, rebuild their built environment, and recover
their socioeconomic capital (e.g., Xiao and Van Zandt, 2012; Xiao
and Peacock, 2014; Cong et al., 2018; Kang et al., 2018; Nejat et al.,
2019). Far from an uncaring or indifferent data-gathering exercise
in the face of tragedy, reconnaissance campaigns are at their core
“a humanitarian mission in the broadest sense” (Kaplan, 2010).

Natural hazards, such as wind events (i.e., tornadoes and
coastal storms, including wind-generated waves and surges),
earthquakes (and secondary effects such as shaking-induced
damage to buildings and infrastructure, soil liquefaction and
co-seismic landslides, and tsunamis), landslides, and volcanic
eruptions, produce an extraordinary volume and quality of
data that can inform our preparation and response to future
events (Nature Geoscience, 2017). Such data are often highly
ephemeral or “perishable” since they may be altered or removed
during rescue and recovery activities, or by natural agents
such as precipitation or wind following an event. Therefore,
reconnaissance data must be collected soon after an event occurs.
These data are also unique because they inherently include
the real-world complexities (e.g., the interplay between natural,
human, and built systems) that allow us to better understand
and quantify the socio-technical dimensions related to damage,
restoration, and resiliency of the built environment; such data
are difficult to duplicate in a traditional laboratory setting.
Reconnaissance data, once collected, processed, curated, and
archived (Rathje et al., 2017), may be used and reused for a
range of purposes, including (i) making discoveries and gaining
fresh insights, (ii) testing and verifying models, (iii) reducing
uncertainties in probabilistic models, and (iv) inspiring new
simulation models, including new data-driven methods (e.g.,
Loggins et al., 2019).

In the past, reconnaissance investigators collected data and
documented field observations using conventional recording
and measurement tools, such as photography, note-taking,
and surveying (Geotechnical Extreme Events Reconnaissance
[GEER], 2014). Today, the availability of state-of-the-art
instrumentation, mobile data collection technologies (e.g., RApp;
Miles and Tanner, 2018; Berman et al., in press), training,
and field support services, such as those provided by the
Natural Hazards Engineering Research Infrastructure (NHERI)
Natural Hazards Reconnaissance Facility (known as the RAPID)

(Wartman et al., 2018; Berman et al., in press), has significantly
advanced the ability of field investigation teams to capture
perishable data in post-disaster settings.

This article briefly reviews the current state of natural
hazards and disaster reconnaissance, including highlights from
recent missions, difficulties teams face, and opportunities for
progress. It then examines the grand challenges facing the natural
hazards community and presents new approaches to meet these
challenges through the strategic design, planning, and execution
of reconnaissance campaigns. Many of the ideas presented in
the article were developed with input from key stakeholders,
including participants of a 2-day reconnaissance workshop,
previous and current users of RAPID facility instrumentation,
and other disciplinary experts in the professional, government,
and academic sectors.

NATURAL HAZARDS AND DISASTER
RECONNAISSANCE

The history of natural hazard and disaster investigations spans
many centuries. Interest in natural hazards, frequently by
religious scholars, gathered momentum during the Renaissance
and Reformation (14th to 16th centuries) when authorities
began systematically cataloging earthquakes and other rare events
such as plagues (Schenk, 2007; Tiiliiveli, 2015). Scholars often
used these data in an attempt to reconcile extreme events
with spiritual beliefs and religious concepts. Lawson and Reid
(1908) comprehensive, two-volume report on the San Francisco,
California earthquake (Figure 1) is one of the first rigorous
scientific field studies of a major natural hazard (Ellsworth, 1990).
A decade later, Prince (1920) conducted one of the first social
sciences investigations of an extreme event, the Halifax, Nova
Scotia, Canada explosion of a munitions ship in the city harbor.
Social sciences studies of disasters became more systematic and
formalized in the 1940s through the 1960s, largely due to work at
the Disaster Research Center (Ohio State University), which was
initially supported by the U.S. Office of Civil Defense to inform
cold war civil defense efforts (e.g., Knowles, 2012). Earthquake
Engineering Research Institute [EERI] (1971) conducted one of
the first in-depth multidisciplinary investigations of a natural
hazard event, the San Fernando, California earthquake.

The EERI was one of the first professional organizations to
formalize regular reconnaissance investigations of major seismic
events by establishing the Learning from Earthquakes (LFE)
program in 1973. Largely multidisciplinary in its approach,
the LFE program deploys teams of geoscientists, engineers,
and social scientists to investigate and observe the damaging
effects of significant earthquakes worldwide. Recently, the
LFE program has expanded to include a virtual earthquake
reconnaissance teams, or “VERT,” that conduct rapid “virtual”
(i.e., non-field based) assessments within 48 h of an earthquake
(Fischer and Hakhamaneshi, 2019).

With the support of the U.S. National Science Foundation
(NSF), the Geotechnical Extreme Events Reconnaissance (GEER)
Association was formed in 1999 to conduct reconnaissance
investigations of the geotechnical aspects of significant
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FIGURE 1 | The Lawson and Reid (1908) reconnaissance investigation of the 1906 San Francisco earthquake led to significant scientific and engineering
advancements. (A) Reconnaissance photograph showing fence offset by earthquake surface fault rupture near Bolinas, Marin County, CA, United States. This
observation led to the development of the theory of elastic rebound (Reid, 1910). (B) Excerpt of “Map of San Francisco showing apparent intensity of the earthquake
shock” (Lawson and Reid, 1908) showing area of high intensity shaking revealing the modern engineering concept of non-linear site response and effects (Gray and
green tones depict areas of highest local shaking intensity). Both images are reproduced from Lawson and Reid (1908).

4 (\] Mission Rock

earthquakes in the U.S. and abroad (Bray et al, 2019). In
2011, GEER’ scope was expanded to include the study of the
geotechnical aspects of other natural hazard events such as
hurricanes, floods, and landslides (e.g., Dashti et al., 2014;
Wartman et al., 2016; Hughes and Morales Vélez, 2017; Gallant
et al,, 2020; Montgomery et al., 2020). GEER authorizes research
missions based upon (i) the opportunity to learn about new
scientific hypotheses or engineering models, (ii) the availability
of additional field data (e.g., ground motion recordings) to
supplementary data gathered in the reconnaissance, and (iii),
for international (non-U.S.) events, the potential for a similar
event to occur in the future in the U.S (Geotechnical Extreme
Events Reconnaissance [GEER], 2014). During the past several
years, NSF began supporting other similar “extreme event
reconnaissance (or research),” or EER, organizations including
StEER (Structural Extreme Events Reconnaissance), OSEEER
(Operations and Systems Engineering Extreme Events Research),
SSEER (Social Science Extreme Events Research), ISEEER
(Interdisciplinary Science and Engineering Extreme Events
Research), NEER (Nearshore Extreme Events Reconnaissance),
and SUstainable Material Management Extreme Events
Reconnaissance (SUMMEER). These EER organizations are
coordinated by CONVERGE (Peek et al., 2020), which seeks
to advance ethically-grounded (Gaillard and Peek, 2019),
scientifically rigorous, disciplinary, and interdisciplinary extreme
events research.

There are other natural hazards reconnaissance organizations
based at professional societies worldwide. The Earthquake
Engineering Field Investigation Team (EEFIT), based in the
United Kingdom, supports earthquake reconnaissance missions
with the goals of making technical assessments, collecting
geological and seismological data, assessing the effectiveness
of earthquake protection systems, and investigating disaster

management procedures and socioeconomic impacts (Stone
et al., 2017). Italy hosts two organizations that have organized
earthquake reconnaissance missions and conducted follow-on
seismic policy analyses (e.g., Mazzoni et al., 2018), the Italian
Network of University Laboratories for Earthquake Engineering
(ReLUIS), and the European Centre for Training and Research in
Earthquake Engineering (Eucentre). Elsewhere, the New Zealand
Society for Earthquake Engineering (NZSEE) has supported
reconnaissance investigations of earthquakes and major tsunamis
worldwide for six decades (Wood P. R. et al, 2017). In
Asia, the Asian Technical Committee (ATC3) “Geotechnology
for Natural Hazards” has conducted reconnaissance missions
following natural hazard events. Other organizations, such as
the Nepalese Engineering Society, the Building Research Institute
of Japan, among others, also conduct investigations in the
region. Similarly, the American Society of Civil Engineers (ASCE)
has supported reconnaissance missions in the U.S. and abroad
through the primary society (e.g., Silva-Tulla and Nicholson,
2007) or its disciplinary institutes (e.g., Wartman et al., 2013).

In addition to these organizations, self-organized teams
sometimes form in the aftermath of an event, often with a
focused hypothesis-driven research question or inquiry, to collect
data. Table 1 summarizes the objectives and outcomes of recent
reconnaissance investigations of several representative natural
hazard events. Figures 2 through 5 present field data collected
during several of the missions highlighted in Table 1.

RECONNAISSANCE INSTRUMENTATION
AND NATURAL HAZARD SIMULATION

By enabling the prompt collection of high-resolution data sets,
advanced reconnaissance instrumentation now plays a central
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TABLE 1 | Examples of reconnaissance approach, objectives, and outcomes from several recent earthquake and wind hazard missions (Figure 2).

Natural hazard
event

Main topic of
investigation

Background

Reconnaissance approach

Outcomes

Hazard and
primary discipline

References

2008 Hurricane lke

2017 Hurricane
Irma

2017 Mexico City
earthquake

2015 Nepal
earthquake

2010-2011
Christchurch
earthquake
sequence

Spatiotemporal
variability of storm
surge (Figure 2)

Hurricane impact on

residential construction

(Figure 3)

Public Perceptions of
earthquake early
warning

Rapid assessment of
post-earthquake
building damage
(Figure 4)

Impact of co-seismic
rockfall on buildings
(Figure 5)

There is dramatic variability in
surge-related damage along the
coast, but detailed information on
surge variation in space and time
was not known.

Majority of insured loss in < Cat 3
hurricanes is associated with roof
cover and fenestration losses on
residential housing. Obtain data on
a large sample size critical.

It was not known how Mexico City
residents perceive SASMEX
(earthquake early warning system),
and how they responded to
warnings for the earthquake relative
to the system'’s performance.

Techniques are needed to enable
rapid assessment of building
damage in the aftermath of
earthquakes. Fast assessment
speeds recovery and reduces the
impact of earthquakes on
communities.

Landslide risk practices require that
the vulnerability of communities to
landslides be known, but the
information was not available to
support such an assessment.

Rapidly deployable onshore water
level sensors are installed at
moderate spatial resolution along
the coast.

UAVs used to canvas coastal
neighborhoods that experienced
the highest winds. Tax appraise
database used to determine roof
age. Ground teams document
fenestration damage. FEMA wind
maps accessed for hazard intensity.

An interdisciplinary team of
geoscientists and social scientists.
In-depth interviews. A convenience
sample of the public, government
officials, academics, business, and
NGOs.

Collect still image, SfM, and lidar
data of earthquake- damaged
buildings to support the
development of rapid damage
assessment methods.

Lidar-scan ~30 homes/sites
damaged by rockfall during the
Christchurch earthquake and relate
impact energy to building damage
indices; geotechnical-structural
collaboration

(1) Advanced understanding of
storm surge timing and spatial
distribution; and (2) Detailed
data set for surge prediction
validation

Statistically significant
assessments of residential
performance as a function of
age and wind speed

Recommendations for
earthquake early warning
system development in the U.S.

Next-generation of
damage-detection algorithms

A series of rigorous, data-driven
fragility relationships to support
risk assessment and land-use
policy

Wind hazard,
coastal engineering

Wind hazard,
structural
engineering

Earthquakes, social
sciences

Earthquake,
structural
engineering

Earthquakes,
geotechnical
engineering

Kennedy et al., 2011

Pinelli et al., 2018

Allen and EERI
Reconnaissance Team,
2017

Barbosa et al., 2017;
Brando et al., 2017;
Wood R. L. et al., 2017

Grant et al., 2018
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C1

50 cm

FIGURE 2 | Assessing the performance of buildings using lidar data collected during reconnaissance. (A) Lidar-derived 3D model of Nyatapola Temple following the
2015 Ghorka Nepal Earthquake (B) Earthquake-induced crack (designated as “C1”) seen in a color point cloud (left) and detected defects shown in red (right).
Reproduced from Wood P. R. et al. (2017).
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FIGURE 3 | Reconnaissance investigation of the impact of rockfalls on dwellings during the 2011 Christchurch, New Zealand, earthquakes. (A) Lidar data was
collected inside and outside buildings, geo-registered, then fusing into a single 3D model. (B) Field data reveals a direct correlation between rockfall impact energy
and rock penetration into buildings. Modified from Grant et al. (2018).
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WIND (HURRICANE) EXAMPLE ILLUSTRATING LINKS BETWEEN STRATEGIC APPROACHES, INSTRUMENTATION, AND DATA COLLECTION PRODUCTS

UAS lidar: Aerial UAV camera: Aerial Camera and geomatics RApp: Terrestrial lidar: Hydrographic survey:
mapping mapping of building control: SfM survey to interview map ground submarine mapping
of ground failure to damage patterns to map building damage to affected failure and to obtain bathymetry
obtain high-resolution,  obtain orthophotos obtain 3D model for persons to affected

bare-earth DEM and DEM interrogation obtain social ~ structures to

obtain high-
resolution DEM

W

science data

storm-

induced
landslide
undamaged wind- storm surge affected levee L
building ~ damaged inundation person damage o ...
auliding RHAEHES .."""Eilorm—induced erosion

and deposition

FIGURE 4 | Diagram depicting damage features, secondary effects, and human and societal impacts that commonly result from an extreme wind event. The
diagram is similar to Figure 7, illustrating the commonalities between seismic and wind natural hazard events. Diagrams and inset images are as noted in Figure 7.

EARTHQUAKE EXAMPLE ILLUSTRATING LINKS BETWEEN STRATEGIC APPROACHES, INSTRUMENTATION, AND DATA COLLECTION PRODUCTS

UAS lidar: Aerial UAV camera: Aerial  Seismometer: Camera and Rapp: Terrestrial lidar: Hydrographic survey:
mapping mapping of building  measure natural geomatics control: interview map ground submarine mapping
of ground failure to damage patternsto  period and SfM survey to map  affected failure and to obtain bathometry
obtain high-resolution, obtain orthophotos  aftershocks to building damage to  persons to affected
bare-earth DEM and DEM obtain site obtain 3D model for obtain social structures to

characteristics interrogation science data  obtain high-

resolution DEM

co-seismic
landslide

&
N |

L

undamaged damaged strong Fsunami_ affected =
building building shaking/sit inundation  person ~—
eeffects = Driafantiem and e

liquefaction and
lateral spreading

tsunami-induced erosion
and deposition

FIGURE 5 | Diagram illustrating damage features, secondary effects, and human and societal impacts that often result from a significant earthquake (blue
illustrations and accompanying text). Superimposed above this hypothetical post-event landscape are annotations linking instrumentation (shown with inset
photographs) and data collections activities and products (shown in red) to event features.
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