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ABSTRACT

Data visualization and communication are impor-
tant components in disaster response management. 
Data management should be a basic part of emer-
gency preparation in the same way as prepositioning 
essential supplies. For this preparation to be effective, 
well-conceived data structures and data collection 
systems must be in place before disasters happen, and 
required hardware should be designed to operate in 
contingency environments. However, due to challenges 
in disaster complexities and data management, there 
is still a pressing need for improvement. This paper 
identifies key principles to assist practitioners and 
software developers in designing and implementing 
data collection and reporting systems that can be used 
for data visualization during a disaster response. 
The authors reviewed existing literature on data and 
disaster management and incorporated their personal 
experiences as first responders with the US Army 
Corps of Engineers Hurricane Maria response mission 
to develop principles for improving data management 
and visualization during a disaster response. These 
principles are illustrated by two case studies from the 
Task Force Power and Operation Blue Roof mission 
efforts in Puerto Rico during 2017-2018. Suggested 
principles include considering data management as 
part of disaster preparedness, having flexible data 
tools resilient to unprecedented disaster outcomes, 
eg, interruption of telecommunications networks, and 
using diverse graphics and tools that are appropriate 
to their communication purpose and audience.

Key words: Puerto Rico, temporary roofing, power 
restoration, geospatial analysis, Task Force Power, 
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INTRODUCTION

Natural disasters create complex problems due 
to their impacts, cascading effects, and the capac-
ity of coupled social-ecological systems to antici-
pate, respond, and recover from disasters.1 Response 
to natural disasters is becoming more challenging 
due to the increased intensity and magnitude of 
extreme weather events,2 urbanization and popula-
tion growth,3 and the growing societal connectedness 
brought by globalization.4 While the magnitude of the 
challenge is large, advances in technology and lessons 
learned from past natural disasters have helped pro-
tect human lives by improving disaster management, 
minimizing risks to hazardous events, and maximiz-
ing recovery efficiency.

A crucial component in the effectiveness of pre-
paredness, response, and recovery of disasters is data 
visualization and communication it facilitates. Data 
visualization is, fundamentally, “the process of produc-
ing visual representations of data and the outputs of 
that work”5 and can be a powerful tool that aids in dis-
aster management because it “aims to enhance one’s 
ability to carry out a task by encoding often highly 
abstract information into a visual form.”5 This visual 
form allows disaster management professionals to 
track performance concerns and make informed deci-
sions to improve response and recovery. A key point is 
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that data visualization will not replace the judgment 
required by disaster responders, but it can support 
these dedicated professionals in stressful situations by 
clearly and quickly providing organized information 
needed to carry out their mission. Harnessing power-
ful new datasets for disaster management has been a 
new focus area of research, and many new tools and 
technologies have been identified and employed dur-
ing response efforts.6 However, multiple challenges 
exist in the process of collecting, extracting, process-
ing, and communicating data related to disaster man-
agement. These challenges have been summarized by 
others7,8 as falling into four main types:

1.  Structural and semantical heterogene-
ity of input data sources and the diverse 
needs of consumers.

2.  The need for ad-hoc data collection and 
modeling due to the diversity and com-
plexities of disasters themselves.

3.  Time sensitivity of data exchange and 
the wide array of options available to 
illustrate data, eg, maps, graphs, and text 
summaries.

4.  Data quality and reliability of data 
sources.

The unprecedented situation in the aftermath of 
Hurricane Maria illustrated the reality of these chal-
lenges. Hurricane Maria (Category 4) made landfall 
in Puerto Rico on September 20, 2017, causing cata-
strophic and historical damages.9 It was the strongest 
hurricane to make landfall in Puerto Rico since San 
Felipe II (Category 5) 89 years ago. Only 2 weeks 
prior, Hurricane Irma had passed near Puerto Rico, 
and the combination of tropical-storm force winds, 
heavy rainfall, and storm surge flooding in coastal 
areas caused widespread power outages, damage to 
structures, uprooted trees, and at least three deaths.10 
When Hurricane Maria arrived, it crossed the main 
island of Puerto Rico diagonally from the south-
east to the northwest for over 8 hours and caused 

damage to every municipality. The combination of 
storm surge inundation (up to 9 ft.), high winds, and 
rainfall (up to 38 in.) caused record breaking flood-
ing, mud slides, and property damage. Maria was an 
extremely destructive hurricane causing at least 65 
deaths9,11,12 and approximately 90 billion dollars in 
estimated damages across Puerto Rico and the US 
Virgin islands.9,13 These massive human, ecological, 
and economic impacts highlight the importance—and 
challenge—of accurate data collection before, during, 
and after a crisis.

During natural disasters and other emergencies, 
the US Army Corps of Engineers (USACE) can be 
involved in response and recovery activities through 
its own authority (Public Law 84-99) or in sup-
port of the Federal Emergency Management Agency 
(FEMA) as the lead agency for the “Public Works and 
Engineering” Emergency Support Function.14 These 
support functions can include providing temporary 
power, temporary roofing, emergency water assis-
tance, debris management, and other types of techni-
cal assistance.14 In response to the 2017 hurricanes, 
FEMA tasked USACE with providing debris manage-
ment, infrastructure assessments, temporary roofing, 
temporary power, and the additional and unprece-
dented role of coordinating and directly assisting with 
power grid restoration in Puerto Rico.15

This paper builds on the wide-ranging and large 
USACE emergency response effort to synthesize a set 
of recommendations, or principles, for data visualiza-
tion during disaster response. These principles for 
data visualization are illustrated by two case stud-
ies that capture the federal response to a hurricane 
that caused both extensive network and patch-style 
impacts across the island of Puerto Rico: Task Force 
Power Restoration (TFP) and Operation Blue Roof. 
The TFP mission was tasked with managing recon-
struction of a geographically expansive electrical gen-
eration and distribution network, while the Operation 
Blue Roof mission was tasked with providing assis-
tance to (primarily) individual homeowners through 
the installation of temporary roofing materials. Our 
post hoc analyses of Hurricane Maria are, impor-
tantly, not intended as a critique of agency response 
and recovery, but instead benefit from the advantage 
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of hindsight to look to future use of visualization and 
to suggest specific technical preparations to improve 
disaster response management.

METHODS

Identifying best practices for disaster data  
management and visualization

Three of the authors (MMK, KFC, and SKM) were 
directly involved in response activities of the USACE 
after Hurricane Maria, thus drew from personal expe-
riences with on-site data management and visualiza-
tion challenges. Collectively, these personal experi-
ences included the following: (1) a deployment to the 
TFP as a Data Manager at the operations center; (2) a 
deployment with Operation Blue Roof as a Quality 
Assurance Inspector performing on-site assessments 
at residential structures; and (3) an extended deploy-
ment with Operation Blue Roof as a Data Manager at 
the main field operations office with responsibilities 
spanning data communication, process improvement, 
and error detection. These deployments provided a 
unique experience with a variety of data management 
practices as they evolved during the Hurricane Maria 
response. In addition to the authors’ personal experi-
ence, peer-reviewed literature was surveyed at the 
intersection of disaster management and visual ana-
lytics, data management, and information systems, 
eg, NRC 2007.8 The four principles described in this 
paper and the specific recommended practices are a 
synthesis of field experience and academic theory.

We present two case study examples drawn from 
personal experiences during the Hurricane Maria 
response and then a resulting set of principles along-
side key peer-reviewed literature resources. These 
principles are not intended as a comprehensive 
review of data-driven disaster management,8,16 infor-
mation systems,17,18 or visual analytics.5,19-21 Instead, 
we provide disaster managers and those who design 
data collection systems, with a plain language trans-
lation of key data visualization principles to acceler-
ate and facilitate better response in future.

Case study: Task Force Power Restoration
In disaster management, often the only certainty 

is uncertainty, and decision-making tools need to be 

flexible enough to accommodate many scenarios. In 
short, tools should improvise alongside the mission. 
This principle is illustrated by the powerful (but 
drastically different) situational awareness methods 
that were utilized during TFP’s mission. The power 
restoration mission was the first of its kind by the 
USACE, and the existing data templates, data man-
agement structures, and tools for collecting data in 
the field were overwhelmed by the scale of the mis-
sion, its unique requirements, and by the lack of cel-
lular and internet connectivity during the first few 
months of the effort. At the start of the mission, the 
newly established TFP had to move quickly to identify 
the status of the system, its redundancies, key public 
service nodes, and critical population centers. Access 
to detailed maps of the system was slow to obtain 
as Puerto Rico Electric Power Authority (PREPA) 
employees were unable to return to work and access 
their computers and database storage systems. The 
initial map of the power system for the entire mis-
sion was a “ball and stick” representation of the 230 
KV and 115 KV transmission lines and power dis-
tribution centers (Figure 1). The operational status 
of each line was manually updated within Microsoft 
PowerPoint to convey changes. This method was 
labor intensive, but the TFP ball-and-stick map was 
incredibly useful in orienting decision makers to the 
structure of the electrical grid and allowing them to 
strategize the location of USACE resources to coordi-
nate repair and reconstruction activities and to focus 
on where to prioritize efforts. The map also became 
key to communication between the Unified Command 
Leadership (USACE, FEMA, Emergency Restoration 
Coordinator, and PREPA), the Governor of Puerto 
Rico, and executive leadership in Washington DC. 
It can be found within many public briefing materi-
als that were produced during the first month of the 
mission (October to December 2017) as well as subse-
quent communication materials.22 

The mission as directed by FEMA evolved to 
include not just the restoration of the transmission 
lines, but the comprehensive restoration of overall 
power generation, transmission, and distribution sys-
tems down to the last mile (consumer and residential 
consumers). The need to have consistent, reliable, 
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and up-to-date information on the entire system grew 
as the TFP leadership experienced a large increase 
in requests for status reports from USACE and 
FEMA leadership and national media. In addition, 
TFP volunteers would consistently rotate in and out 
of the mission (often on 30-day deployments) and 
need to be quickly brought up to speed on current 
procedures when they arrived. By December 2017, 
internet connectivity was stable, and ArcGIS analyst 
teams embedded at the TFP headquarters were able 
to deploy a customizable online portal to convey this 
necessary information (Figure 2). This portal was 
very well received, and the situational briefs quickly 
moved from paragraph and bulleted text updates to 
seamlessly generated graphs based on daily input 
from the field.

Overall findings from the TFP data management 
experience are as follows. (1) Tools and datasets for 
fast collaboration and communication are only as use-
ful as the availability of the communication networks 
that support them. (2) When those networks are not 
available, first responders will resort to whatever 
existing tools they have on hand (including pen and 
paper, PDF, word documents, cell phone notes, etc.). 
(3) Tools for disaster management need to imple-
ment improvizational tactics by accommodating for a 

transition in the functions of supporting infrastruc-
ture without losing fidelity. (4) Data communication 
needs within a single mission will vary, eg, status 
reporting, prioritization for directing future resources. 
One dashboard will not satisfy every need.

Case study: Operation Blue Roof
Disaster management often requires juggling 

multiple objectives simultaneously, even within a 
single mission. The USACE maintains the Operation 
Blue Roof mission, whose purpose is to provide 
homeowners in disaster areas with fiber-reinforced 
plastic sheeting (colloquially known as “blue roofs”) 
until permanent roofing repairs can be made.23 The 
overarching mission objective is to provide temporary 
roofing as quickly as possible to prevent further dam-
age to a home, thus allow people to shelter in their 
own home. The scale of assistance requested across 
Puerto Rico after Hurricane Maria was the third larg-
est in the history of the Blue Roof program, which had 
already been active during the 2017 hurricane season 
in Florida and the US Virgin Islands in response to 
the storms preceding Hurricane Maria.23 The chal-
lenge of accurately tracking thousands of cases was 
compounded by power outages and limited cellular or 
internet connectivity in many places. Eventually, over 

Figure 1.  Electrical grid “ball and stick” representation, showing system redundancy and population centers 
across Puerto Rico.22
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60,000 blue roofs were installed throughout Puerto 
Rico across all 78 municipalities.23

As with any construction-based activity, the pro-
gress of a single home awaiting assistance from the 
Operation Blue Roof mission went through multiple 
phases. Figure 3 shows an idealized progression of a 
single property, from the initial creation of a Right of 
Entry (ROE) form signed by the homeowner, allow-
ing access to the property by government inspectors 
and contractors, through Blue Roof installation on 
the structure, to the final step of payment by the 
government to the construction contractor. This ide-
alized process includes eight steps, which required 
at least three on-site visits to a property for initial 

assessment, roof repair work, and final inspection. For 
any data management system designed to track con-
struction progression, we strongly recommend that 
each step change event has a date-stamp associated 
with it. This would allow mission staff to see not just 
where in the process a property is at a single moment, 
but how long it took to move through each step.

This idealized progression shown in Figure 3 
could be slowed for a variety of reasons, examples of 
which are shown in Figure 4. Each problem, whether 
incorrect location information or construction crew 
safety concerns, had to be resolved before the pro-
cess could resume. For example, there were many 
instances of incomplete address information on an 

Figure 2.  Screenshot of the USACE TFP web viewer. Image: USACE.

Figure 3.  Idealized process for a structure participating in the Blue Roof program, with eight important steps. 
ROE: Right of Entry form (authorization form signed by homeowner allowing government officials and contrac-
tors to access the property).
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ROE form. Resolving this common problem required 
time and resulted in the practice of latitude and lon-
gitude information being added as a standard piece of 
address information even though ROE forms were not 
designed to capture this piece of information.

Tracking of each case at each step was essential 
for conveying mission progression at different levels 
of aggregation. For example, individual homeowners 
who called the Blue Roof helpline needed information 
about their case, local government liaisons needed 
information about specific municipalities to answer 

questions from mayors and community leaders while 
still respecting individual privacy, and mission lead-
ership needed island-wide summary data to track 
progress and execute management actions. These 
data needs were in addition to the daily data needs 
of the mission staff distributed across the island in 
field offices. Field office managers needed to dispatch 
staff to different site visits every day, interface with 
contractors and suppliers, and respond to unique 
information requests. Figure 5 shows a pixel graph 
displaying a sample timeline of 10 hypothetical cases 

Figure 5.  Example of pixel graph-style visualization to display progress tracking for hypothetical Blue Roof 
cases.

Figure 4.  Blue Roof assistance progress with example problems that could delay delivery. ROE: Right of Entry 
form (authorization form signed by homeowner allowing government officials and contractors to access the 
property).
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at irregular time intervals. An ideal progression 
would move from light blue (assessment) to dark blue 
(installation and inspection), then to green (paid), but 
other states were possible. Pixel graphs are especially 
useful for large data sets because the human eye is 
drawn to colors and patterns. For example, a sud-
den increase or cluster in inspection failures (red) 
could indicate the need for additional training or the 
discovery of a manufacturing defect in construction 
materials. The key function would be to present and 
preserve a history of each case progression, with the 
ability to group records by different attributes or 
subobjectives.

The Blue Roof mission provides a useful dem-
onstration of how a single data set may need to be 

presented for multiple audiences, emphasizing differ-
ent narratives based on information needs. The alter-
native presentations of data in Figure 6 are examples 
from the USACE briefing materials as of December 
20, 2017 as a demonstration of interim status report-
ing 3 months after the Hurricane Maria. The plots in 
Figure 6 are not outputs from the mission database 
as it did not have that capability, but similar graphs 
were developed independently in response to mission 
needs. Mission leaders required information about 
two primary response tasks: field assessments of 
homes and installation of blue roofs. Figure 6A shows 
a simple line plot of these data relative to calendar 
date, but visual references have been added to con-
textualize decision-making. A horizontal line shows 

Figure 6.  Alternative visual summaries of temporary roofing status during Hurricane Maria. (A) Island-wide 
blue roof summary with embedded reference points describing citizen effects. (B) Island-wide blue roof sum-
mary using color to emphasize status and trends.
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the predicted number of blue roofs based on prior hur-
ricanes, and vertical lines show key outcomes relative 
to citizens’ experiences such as milestones related to 
household damages and psychological responses to 
displacement from other hurricanes. Figure 6B pre-
sents the same data using color and plain language 
to emphasize outcomes in plain language and evoke 
a more personal response. Additionally, calendar 
days were replaced with time since the hurricane to 
reduce memory required by users, ie, “Was the storm 
on September 15th or 25th?” These graphics demon-
strate the value that could be added from alternative 
visualizations as well as the need to help users inter-
pret and contextualize data by providing visual cues.

Overall findings from the Operation Blue Roof data 
management experience are as follows. (1) Visualization 
may need to be adapted for different purposes or audi-
ences. (2) The same data visualized multiple ways may 
lead to different observations. (3) Plain language in 
visuals can potentially increase the breadth of audi-
ence understanding and reduce miscommunications.  
(4) Simple changes to figures can make them more acces-
sible to decision-makers and nontechnical audiences.

Results and principles
Here, we outline principles for effectively using 

data visualization and communication to inform dis-
aster response and recovery.

Principle 1: preparedness is more than people and 
supplies: it must include data collection systems 
designed for a full suite of mission needs

Resilience literature describes a cycle with the 
phases of prepare, absorb, recover, and adapt.24-27 
Often, the “prepare” phase focuses on the preposition-
ing of physical supplies, eg, potable water, nonperish-
able food, communications equipment, and power gen-
erators; establishment of relational networks between 
response groups, eg, first responders, local govern-
ments, and nonprofit aid organizations; and assess-
ment of critical infrastructure, eg, hospitals, electri-
cal grid components, and evacuation transportation 
routes. While these components remain critical, pre-
paredness now needs to include considerations of data 
collection systems, data sets and data standards, and 

communication methods. Although this paper focuses 
on data communication within a response effort, an 
important component of data communication is shar-
ing an information with outside entities such as news 
organizations. Groups in charge of data collection, 
processing, and visualization must be able to brief 
information clearly to agency leaders and the press 
that informs the public. The design of communica-
tion products destined for public consumption should 
include consultation with experienced communication 
professionals to ensure clarity and consistency with 
other communication products.

Data-collection systems that are likely to be used 
by volunteers or new staff (or where there will be fre-
quent staff turnover such as during a response effort 
lasting more than 1 month) should be designed to 
minimize potential sources of error as much as pos-
sible. To avoid typographical or transcriptional errors 
with geospatial information, such as addresses, there 
should be as much prepopulated information as pos-
sible in any data collection system. For example, most 
parts of the United States have well-defined spatial 
units, such as towns, counties, municipalities, or ZIP 
code routes from the US Postal Service. On the whole, 
these do not change very much year to year and could 
be brought into (or activated within) data collection 
systems on a state-by-state basis depending on the 
extent of the disaster. Data-capture systems that will 
be used in dynamic environments where the risk of 
fatigue is high should minimize the burden of data 
entry as much as possible. To support this user-centric 
design, data-capture systems should auto-populate 
and error-check fields as much as possible. To con-
tinue with the ZIP code example, typical address cap-
ture follows the order of (1) house number, (2) street 
name, (3) city, (4) state, and then (5) ZIP code. A 
system with built in error-checking could start with 
(1) ZIP code, which then auto-populates fields for city, 
state, and county, then have the user continue entry 
for (2) street name and (3) house number, and com-
pare typed results against a preloaded database of 
street names and house numbers and either disallow 
nonmatching entries or flag them for review before a 
record can be completed. Had this been available dur-
ing the start of Operation Blue Roof, there would have 
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been efficiency improvements in processing requests 
for assistance.

The Federal response and recovery efforts after 
the 2017 hurricane season exposed gaps in the 
completeness of housing address data infrastruc-
ture, especially in Puerto Rico. Subsequent efforts 
to improve residential address data collection are 
ongoing across multiple federal agencies,28 with the 
US Census Bureau providing support to projects such 
as the nonprofit Initiative for Civic Address Systems 
Assessment in Puerto Rico29,30 to support enhanced 
local residential address collection. The results of 
address infrastructure updates should be routinely 
reviewed and incorporated into geospatial databases, 
including for rural areas on the US mainland, which 
might have historically lacked traditional street 
address. Such data-maintenance protocols should be 
an integral part of any data-collection tool used for 
federal response and recovery.

Principle 2: identify commonly needed metrics beforehand
Disasters that are severe enough to involve federal 

assistance will often have recurring types of informa-
tion requirements; this was the case during the extent 
of the Operation Blue Roof and TFP missions. Data 
collection systems should consider these recurring 
information needs, include nested units of measure, 
eg, neighborhood, city, or municipality, county, and 
state, and provide ways to aggregate and disaggre-
gate data across disaster events. Unique numerical 
case identifiers assigned during one event should 
not be reused during another event. Each disaster 
response will have three general phases: (1) request 
for assistance and assessment phase; (2) intervention 
action or construction phase; and (3) close-out phase. 
Common metrics that should be readily available 
and extractable from relevant disaster management 
database include:

nn Number of new requests for assistance 
received, or processed, per day.

nn Number of requests for assistance relative 
to the population of the area, or relative to 
the number of homes in an area.

nn Number of on-site assessments completed, 
relative to the number of requests.

nn Number of construction actions or inter-
vention actions, eg, debris removal, com-
pleted relative to the number of requests.

nn Time elapsed between request for assis-
tance and assistance provision, including 
observed minimum time, maximum time, 
average time, and median time, separable 
by spatial unit. (This feature has a special 
relevance for potential contract, financial 
management, and auditing actions after a 
mission is completed, which is beyond the 
scope of this paper but warrants mention 
because of the relevance to data capture 
system design.)

nn Number of intervention actions completed 
(or end point reached), relative to the 
number of requests, relative to the popula-
tion, or relative to a defined spatial unit.

These metrics are only a starting point; they 
represent a minimum that should be made readily 
available to decision-makers from day 1 of any natu-
ral disaster response mission. Any team designing 
data collection and management systems should be 
made aware of these high-frequency reporting needs, 
and the reality that different summaries and visu-
alizations will be required. Common data types and 
structures also allow for pre-event development and 
testing of visual summaries with historical or hypo-
thetical data.

Principle 3: tools should improvise  
alongside the mission

Emergency management incorporates a large 
amount of improvization and creativity. Improvization 
does not necessarily indicate the failure of a plan or 
the failure to make plans—instead, it is the ability 
of the mission to act during the disruptive event.31 
Miner, Bassoff, and Moorman define improvization as 
“the deliberate and substantive fusion of the design 
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and execution of a novel production,”32 which means 
that it allows room for conception and implementa-
tion of action when it is needed.33 Improvization is a 
desirable quality in any emergency management mis-
sion, and therefore, any emergency data management 
and visualization system.

Resilience is the ability to manage uncertain-
ties productively, and to do this, decisions must be 
made with the best available information. This flow 
of data into information for decision-making is criti-
cal to the success of a response and recovery effort. 
Technological advances have resulted in capabilities 
to create very powerful and mobile response and 
recovery tools. These tools can summarize informa-
tion vertically within an organization—from the field 
to headquarters—and/or to coordinate across a wide 
variety of stakeholders, including nonprofits, individ-
uals, and local, state, and federal government agen-
cies. However, for such tools to be trusted, information 
must be accurate, up-to-date, and oriented in a form 
that makes it easy for decision makers to achieve 
situational awareness. Recent research has identified 
that there is a gap between the planned functions of 
disaster response tools and their performance during 
a disruption because of the failure of supporting infra-
structure systems like power or communications.34 
Tools need to be developed with similar improvi-
zational abilities as the missions they support—
specifically reconfigurable and modular technologies.35 
By acknowledging potential restrictions to the toolsets 
and the need for improvization, data management 
professionals can better design adaptive technologies 
to improve decision-making when it counts the most.

Principle 4: data visualization is  
more than a single plot

Information visualization “aims to enhance one’s 
ability to carry out a task,”5 and thus, the type of 
visual summary is intimately linked to the disaster 
management decision being made.19,20 Furthermore, 
visualization connects data to a narrative and an 
audience’s analytical and emotional responses.21 The 
scope of data visualization is typically driven by 
issues of purpose, data type and distribution, con-
straints of the visual media, logistical issues such as 

time and expertise, and other factors,20,36 and many 
resources exist for comparing and contrasting meth-
ods.37,38 Multiple visualizations are often needed to 
summarize complex data sets such as those encoun-
tered in disaster management, and critical thinking 
and trial-and-error may be required pre-emptively 
and in real-time to identify appropriate methods 
(Principles 1 and 3). For example, during Operation 
Blue Roof, there was a high demand for municipality-
level data, both to inform local government leaders 
and to identify areas where construction activities 
were not proceeding at the expected pace.

A wide array of technical tools can facilitate the 
management, visualization, exploration, and com-
munication of disaster response and recovery data. 
A number of context-specific tools have emerged for 
applications related to humanitarian relief coordina-
tion,39 emergency incident management,39 recovery 
of private businesses,8,40 situation reporting,41 and 
disaster cloud data management.42 Additionally, data 
exploration and real-time report generation tools are 
emerging, which could be tailored to ad hoc needs and 
automate key parts of the response process. Notably, 
many methods are available as Free and Open Source 
Software (FOSS), which has been highlighted as 
particularly appropriate for disaster management 
applications.43 Two groups of tools are highlighted 
here that are particularly germane to the role of visu-
alization in informing a disaster response effort: data 
dashboards and open science methods.

“Data dashboards” generally describe a graphical 
user interface summarizing multiple data streams 
relevant to decision-makers typically in the form of 
a series of charts, infographics, and summary sta-
tistics. The public has gained broad awareness of 
these portals during the COVID-19 pandemic, during 
which many organizations established web services 
for conveying rapidly evolving data on case counts, 
mortality, hospital capacity, and local demography 
all across space and time.44 Dashboards provide 
a powerful mechanism for different audiences to 
explore data through multiple summary figures as 
well as investigating outcomes at multiple scales, eg, 
municipality, county, state, or nation. From a software 
developer perspective, these tools provide the ability 
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for dynamic update as data become available (rather 
than manually updated figures pasted into briefing 
books), capacity to control differential access on public 
and sensitive data, eg, through password protection, 
and easy mechanisms to “push” new visualizations or 
analytical results out to the audience.

“Open science” refers to an approach embracing 
transparency in all stages of the research process, 
including sharing of data, analytical code or software, 
published products, and other issues.45 Disaster man-
agement often requires sensitive data such as per-
sonal information, health data, or financial outcomes, 
and thus, a complete embrace of data sharing may be 
inappropriate. However, the tools provided by the open 
science community could assist managers in trans-
parently sharing outcomes with interested parties 
ranging from agency leaders and field practitioners 
to affected citizens and policy makers. One example 
of an open science application after Hurricane Maria 
came from a group of interdisciplinary scientists who 
responded to the health hazard of limited water treat-
ment capacity due to power outages and subsequent 
concerns about the risk of leptospirosis. This group 
collected water samples from across the island and 
created an open-source cyber-infrastructure that con-
nected communities, researchers, and practitioners to 
real-time water quality data and tools for analysis.46 
From a technical standpoint, real-time report gen-
eration tools like Markdown, Jupyter notebooks, and 
Sweave can facilitate rapid data sharing45 and avoid 
duplication in preparation of situation reports and 
briefings. Furthermore, these methods can be used to 
share predictive modeling and allow decision-makers 
to interact with models by changing parameters 
related to policy options such as Stanford University’s 
COVID-19 modeling toolkit.47

Discussion

The need for assistance after natural disasters 
is unlikely to disappear. These events will vary in 
the type of damage they inflict but can include net-
work impacts (electric, water, sewer, and internet) 
and patch-style impacts (individual structures and 
debris). The case studies described above illustrate 
the range of these issues—TFP mission engaged a 

centrally managed electrical generation and distribu-
tion network, and the Operation Blue Roof mission 
provided temporary roofing to individual homeown-
ers. These two efforts were operating among other 
response and recovery efforts managed by other gov-
ernment, private, and nonprofit entities.

Although these missions varied in aim and scope, 
the need for accurate data collection, analysis, and 
communication was constant. During the TFP and 
the Operation Blue Roof mission, data communication 
evolved in response to increased technical capabilities 
and staff familiarity with data sources and communi-
cation needs. Based on the authors’ experience, it is 
believed that if some of the suggested tools and tech-
nologies had been in place before the disaster, it could 
have improved the ability of field staff to perform 
data collection, database query processes, and speed 
of data communication and reporting, but it would not 
necessarily have sped up the overall response. Time 
is a precious commodity during disaster response, 
and it behooves agencies to have staff focusing on 
mission delivery and tactical goals, not chasing down 
typographical errors that could have been prevented. 
For example, switching from the labor-intensive ball-
and-stick model of the electrical grid versus the later 
maps that were automatically generated (and much 
less prone to error) through ArcGIS allowed staff to 
focus on other aspects of data collection and reporting. 
Figures 5 and 6 display examples of different data vis-
ualization presentations, and how these could be used 
to understand different types of mission progression 
(subobjectives). In some cases, data aggregation is use-
ful to display overall progress and discrete numbers to 
convey the total mission size. Conversely, disaggrega-
tion is essential to display individual case details that 
may be critical knowledge for field personnel. During 
the post-Hurricane Maria missions, there were subob-
jectives that required information on the overall trend 
in roof installation or power connectivity, ie, the cen-
tral tendency, priority installations for residents with 
special needs, eg, health conditions exacerbated by 
group shelters, the installation of the “last” roof or last 
substation, ie, the extremes of the distribution, and the 
spatial distribution of installations across the island. 
A single visualization is unlikely to inform all aspects 
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of a complex disaster-response mission; since purpose 
should drive the visualization, multiple figures will 
be needed for multipurpose disaster responses, and 
visuals must be interpreted and contextualized to 
effectively inform decisions.

The scale and type of response missions neces-
sitates different specialty teams. Personnel deployed 
to the Blue Roof mission did not simultaneously serve 
within the TFP mission; data management was also 
separated. We suggest that future data collection, 
storage, and management efforts have the capabil-
ity to be harmonized, so that multifaceted disaster 
response efforts can receive more complete situational 
awareness. In many places, coordinated tracking 
could be done by using a distinctive numerical iden-
tifier in addition to a geospatial feature such as an 
address, but this would harmonize better across dif-
ferent databases if data system architects agreed on 
an address structure in advance.

In this paper, we suggest a list of considera-
tions for those building or managing a data collec-
tion system for use during disaster response and 
recovery operations; these include features related 
to data input and data outputs that can be used for 
management, reporting, and coordination with other 
stakeholders. In summary, we recommend the follow-
ing elements to be considered in data management 
system design and maintenance:

nn Consult emergency management practi-
tioners during software design and test-
ing. Practitioners who work in disaster 
response represent a variety of professions 
and have experience with different data 
sources and presentation styles. Their pro-
fessional experience is required for identi-
fying what pieces of information are used 
or desired during response management. 
Ongoing consultation between software 
developers and practitioners is critical 
because people who may be responsible 
for generating or capturing data, and 
downstream data consumers, are often 
neither information technology specialists 
nor have experience in data management.

nn Design systems for use in environments 
with limited internet connectivity. Natural 
disasters might interrupt critical commu-
nication elements such as internet cables 
and cellular towers. Satellite-based com-
munications are not yet widely available 
and should not be expected to serve all 
potential communication needs.

nn Reduce the need for manual data entry 
as much as possible. Preloading elements 
such as address fields are an important 
element of any system since so much 
disaster response and recovery is spa-
tially based and may require coordina-
tion across multiple geographic entities 
by people who are unfamiliar with local 
names and spellings.

nn Include database fields for standard and 
nonstandard geospatial information. 
Some communities may have limited road 
access or low-clearance bridges along cer-
tain routes, or hazards like mudslides 
might be present as a result of the disas-
ter. This type of access-related informa-
tion should be captured with geospatial 
information wherever possible.

nn Preload systems with relevant geospatial 
datasets. Relevant datasets might include 
topographical maps, census-block data-
sets, street maps, flood risk maps, and 
other spatially based information such as 
social vulnerability maps.48,49 Contingency 
environments may have limited or no 
internet connectivity, so any geospatial 
functions should not rely on internet-
based connectivity to a remote server. 
These datasets should be reviewed and 
updated at least annually.

nn Design reporting systems that will be able 
to disaggregate and aggregate data in dif-
ferent ways to allow for the evolution of 
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information needs during a mission. The 
places or questions that are asked at the 
start of a response mission will evolve as 
more information becomes available and 
the recovery process progresses.

nn Include database outputs that can be 
quickly generated and exported into com-
monly used file types, eg, .CSV, .TXT. If 
search and selection capabilities are not 
built into the database itself, sensitive 
data must be able to be removed before 
file dissemination.

nn Allow different levels of information 
access within the database. Different 
response roles will require different lev-
els of database access (permissions). Any 
dashboards within a data system should 
include relevant contextual data to pro-
mote accurate interpretation of any sum-
mary visualizations.

nn Regularly test software. Computer operat-
ing systems go through regular updates, 
which may be incompatible with older 
software; this should be examined through 
regular testing of all functions and cor-
rected as required.

We make these suggestions while cognizant of the 
fact that delays in assistance have very real impacts 
to those affected; every Blue Roof case number rep-
resented not just a structure, but a home. Every util-
ity pole installed represented another step toward a 
community returning to their normal daily rhythms. 
Although valuable as tools, data visualizations, 
graphs, and charts can have the unintended side 
effect of obscuring the human element of a disaster 
behind numbers and maps. Aggregated progress bars 
can mislead or omit the nuance of which communities 
are still struggling to recover and why. Objectivity 
in disaster management cannot replace the original 
goal of providing humanitarian assistance. The best 
graphics in the world do not change the availability 

of plywood or utility poles, but they can communicate 
the urgency in a more visceral way. We hope that this 
paper will serve as a learning opportunity and guide 
for improved planning and collaboration across the 
multiple stakeholders involved in disaster response 
and recovery. A key message is that generic data man-
agement systems exist (long-term strategic goals) but 
are somewhat challenging to tailor in real-time (in 
the face of real-time, response-driven tactical goals). 
For organizations that regularly respond to disasters, 
we echo the recommendation that a data manage-
ment specialist position should be embedded in early-
response teams.17 These data management specialist 
should be familiar with the data collection system(s) 
as well as the reporting needs commonly associated 
with emergency response, described in the next sec-
tion. This position is critical in supporting the variety 
of action areas that contribute to a response mission, 
from logistical to legal, and might require skillsets, 
eg, database management, geospatial analysis, not 
normally emphasized in early-response teams.
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