Cover Design by James J. Caras, Design and Publishing Section,
Information Dissemination Branch, National Science Foundation

NSB-06-115

HURRICANE WARNING:
The Critical Need for a National
Hurricane Research Initiative

January 12, 2007

National Science Board
Steven C. Beering, Chairman, President Emeritus, Purdue University, West Lafayette
Kathryn D. Sullivan, Vice Chairman, Director, Battelle Center for Mathematics and Science Education Policy,
John Glenn School of Public Affairs, Ohio State University, Columbus
Mark R. Abbott, Dean and Professor, College of Oceanic and Atmospheric Sciences, Oregon State University
Dan E. Arvizu, Director and Chief Executive, National Renewable Energy Laboratory, Golden, Colorado
Barry C. Barish, Maxine and Ronald Linde Professor of Physics Emeritus and Director, LIGO Laboratory,
California Institute of Technology
Camilla P. Benbow, Patricia and Rodes Hart Dean of Education and Human Development, Peabody College,
Vanderbilt University
John T. Bruer, President, The James S. McDonnell Foundation, St. Louis
Ray M. Bowen, President Emeritus, Texas A&M University, College Station
G. Wayne Clough, President, Georgia Institute of Technology
Kelvin K. Droegemeier, Associate Vice President for Research, Regents’ Professor of Meteorology and
Weathernews Chair, University of Oklahoma, Norman
Kenneth M. Ford, Director and Chief Executive Officer, Institute for Human and Machine Cognition, Pensacola
Patricia D. Galloway, Chief Executive Officer, The Nielsen-Wurster Group, Inc., Seattle
José-Marie Griffiths, Dean, School of Information and Library Science, University of North Carolina, Chapel Hill
Daniel Hastings, Dean for Undergraduate Education and Professor, Aeronautics & Astronautics and Engineering
Systems, Massachusetts Institute of Technology
Karl Hess, Professor of Advanced Study Emeritus and Swanlund Chair, University of Illinois, Urbana-Champaign
Elizabeth Hoffman, Executive Vice President and Provost, Iowa State University, Ames
Louis J. Lanzerotti, Distinguished Research Professor of Physics, Center for Solar-Terrestrial Research, New Jersey
Institute of Technology
Alan Leshner, Chief Executive Officer and Executive Publisher, Science, American Association for the Advancement
of Science, Washington, DC
Douglas D. Randall, Professor and Thomas Jefferson Fellow and Director, Interdisciplinary Plant Group,
University of Missouri-Columbia
Arthur K. Reilly, Senior Director, Strategic Technology Policy, Cisco Systems, Inc., Ocean, New Jersey
Jon C. Strauss, President Emeritus, Harvey Mudd College
Thomas N. Taylor, Roy A. Roberts Distinguished Professor, Department of Ecology and Evolutionary Biology
Curator of Paleobotany in the Natural History Museum and Biodiversity Research Center, The University of
Kansas, Lawrence
Richard F. Thompson, Keck Professor of Psychology and Biological Sciences, University of Southern California
Jo Anne Vasquez, Director of Policy and Outreach, Center for Research on Education in Science, Mathematics,
Engineering, and Technology, Arizona State University, Tempe
Member ex officio
Arden L. Bement, Jr., Director, National Science Foundation
~~~~~
Michael P. Crosby, Executive Officer, National Science Board and National Science Board Office Director
*******
Task Force on Hurricane Science and Engineering, Committee on Programs and Plans
Kelvin K. Droegemeier, Co-chairman
Kenneth M. Ford, Co-chairman
Members:
Daniel E. Hastings
Elizabeth Hoffman
Alan I. Leshner
Warren M. Washington, Former Chairman of the National Science Board and Former Task Force Member

ii

Contents
Memorandum ................................................................................................................................................. v
Acknowledgments .......................................................................................................................................... vi
Executive Summary.........................................................................................................................................7
Introduction....................................................................................................................................................9
Research Imperatives .....................................................................................................................................12
Recommendations.........................................................................................................................................19
Conclusion....................................................................................................................................................25
Appendix A: U.S. Hurricane and Earthquake Research Funding (2001-2006) .............................................27
Appendix B: Proposed New Investments for the National Hurricane Research Initiative ..............................28
Appendix C: National Hurricane Research Initiative Research Programs ......................................................29
Selected Acronyms ........................................................................................................................................30
Endnotes .......................................................................................................................................................31

iii

[Blank Page]

National Science Board
January 12, 2007

MEMORANDUM FROM THE CHAIRMAN OF THE NATIONAL SCIENCE BOARD
SUBJECT: Hurricane Warning: The Critical Need for a National Hurricane Research Initiative
The National Science Board (Board) established the Task Force on Hurricane Science and
Engineering (Task Force) in December 2005 to accomplish the following actions for hurricane
related science and engineering research exclusive of operational decision making, organized
civil response and human health issues: (a) summarize current activities, (b) identify gaps and
opportunities, and (c) recommend priorities for action within a national agenda.
The devastation resulting from hurricanes is significant and widespread, including but not limited
to loss of life, dislocation and destruction of families, and economic consequences having national
reach and lasting impact. Given that the U.S. increasingly is vulnerable to hurricanes, two important
questions needed to be addressed: First, to what extent does the Nation understand the hurricane
as an integrated science and engineering problem? Additionally, how can such understanding be
used to improve the Nation’s ability to predict, mitigate, and react? The relevance of these questions
transcends U.S. borders as numerous other nations routinely deal with hurricanes and typhoons.
The Board, established by Congress in 1950, provides oversight for, and establishes the policies of,
the National Science Foundation. It also serves as an independent body of advisors to the President
and Congress on national policy issues related to science and engineering research and education.
The Task Force coordinated with relevant Federal science agencies, the academic and private sectors,
and other organizations in producing this report and its recommendations on hurricane science and
engineering research for submission to the President and Congress.
Although the U.S. possesses the most powerful research enterprise, the largest economy, and most
sophisticated societal infrastructure in the world, recent events have shown that the U.S. remains
notably vulnerable to natural hazards. Because future land-falling hurricanes of tremendous
destructive potential are inevitable, the research community must make a serious effort to maximize
scientific understanding of hurricanes to ensure its effective application for the protection of life
and property. The Task Force report provides an agenda for action including prioritized research
imperatives, suggested organizational structure and budget, and recommendations for the National
Science Foundation.
Steven C. Beering
Chairman
National Science Board

National Science Foundation
4201 Wilson Boulevard Arlington, Virginia 22230

(703) 292-7000
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HURRICANE WARNING:

The Critical Need for a
National Hurricane Research Initiative
Keystone Recommendation
The United States should marshal its substantial science and engineering research
enterprise to undertake a focused, sustained, and multi-agency initiative — a
National Hurricane Research Initiative (NHRI) — to improve our understanding
of and ability to predict, mitigate, and respond to the impacts of hurricanes on the
population, the built-infrastructure, and the natural environment.

Executive Summary
The United States possesses the most capable research enterprise, the largest economy, and
the most sophisticated societal infrastructure in the world, yet it remains notably vulnerable
to catastrophic damage and loss of life from natural hazards. Among weather hazards,
hurricanes1 account for over half of the total damage inflicted.2 Hurricane-induced economic
losses have increased steadily in the U.S. during the past 50 years, with estimated annual
total losses (in constant 2006 dollars) averaging $1.3 billion from 1949-1989, $10.1 billion
from 1990-1995, and $35.8 billion per year during the last 5 years. The 2005 season was
exceptionally destructive, with Hurricane Katrina pushing annual damage loss over the
$100 billion3 mark for the first time since records began. Added to this financial cost is the
intolerable and unnecessary loss of life associated with hurricanes – 196 individuals perished
from 1986-1995 and approximately 1,450 were lost in the past 2 years alone.4 Of course,
hurricane impacts are not confined to the U.S.; weather-related disasters worldwide have
outnumbered their less predictable, but equally important, geophysical counterparts (e.g.,
earthquakes, tsunamis, volcanoes) nine to one during the past decade.5
To place the Nation’s vulnerability in perspective, 50 percent of the U.S. population lives
within 50 miles of a coastline.6 The physical infrastructure in coastal regions has grown
dramatically over the past few decades and in the late 1990’s was worth about $3 trillion
in the Gulf and Atlantic regions alone.7 Trillions of dollars in new seaboard infrastructure
investment are expected over the next several decades.8 As our economy grows and the value
of built-infrastructure continues to increase, the economic and societal impacts of hurricanes
also can be expected to escalate.9 Although not all coastal regions are directly vulnerable to
hurricanes, impacts from those regions that are affected can have national consequences,
for example, via increased fuel prices and displaced citizens. Additionally, even though
decaying tropical storms are an important source of fresh water for inland regions, associated
flooding – occurring hundreds of miles from the coast and days after storm landfall – can be
astonishingly destructive. Historically, flooding has claimed more lives in the U.S. than any
other weather phenomenon10 and destructive tornadoes frequently accompany hurricanes.
Despite their destructive power, certainty of future occurrence, and advances made during
the past decade in meteorological understanding and prediction, we still know relatively little
about the most important aspects of hurricanes from an integrative perspective, including
their internal dynamics and interactions with the larger-scale atmosphere and ocean; methods
for quantifying and conveying uncertainty and mitigating hurricane impacts; associated
short and long term consequences on the natural and built environment; and the manner
7
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in which society responds before, during, and after landfall. Billions of tax dollars have
been provided for rescue, recovery, and rebuilding after hurricanes strike. Also important
is national investment in the creation of new knowledge, and more effective application of
existing knowledge to reduce these enormous public outlays, loss of life, and the associated
societal disruption caused by hurricanes.
Recent hurricanes – catastrophic but not unprecedented – have focused public attention on
the imperative to enhance our understanding of tropical weather systems and their multi
faceted impacts, ranging from geophysical and engineering elements to human and economic
dimensions. They also have heightened our awareness of the need to use new knowledge to
prepare more effectively for, and respond more efficiently to, hurricanes that are an inevitable
part of our future. Recognizing the many vital challenges associated with hurricanes in the
broader context of natural disasters, the National Science Board (the Board) has engaged the
Nation’s experts in science and engineering from government, academia, and industry in an
intensive study to identify priorities in fundamental research, and complementary applied or
mission-directed research, which can improve our Nation’s ability to become more resilient to
hurricane impacts.
The Board presents herein an agenda for action – a National Hurricane Research Initiative
(NHRI) – that will provide urgently needed hurricane science and engineering research and
education that engages relevant agencies across the Federal government; involves industry,
academia, and other levels of government; establishes highly focused priorities; strengthens
disciplinary research; creates multidisciplinary frameworks for studying the hurricane in an
integrative fashion; and stimulates the efficient transfer of research outcomes to operational
practice. An additional annual national investment of approximately $300 million is
required to implement this critical agenda. Many facets of NHRI will also contribute to
the knowledge needs of other critical priorities for our Nation, such as homeland security
requirements for an improved understanding of human behavior under conditions of
extreme stress, the need to quickly mobilize large numbers of people, and the ability to
communicate information quickly. Owing to the clear and increasing threat posed by
hurricanes and their unique challenges relative to other natural hazards, the Board strongly
recommends that NHRI be established as a focused activity with well defined metrics for
success, effective assessment mechanisms and a clearly articulated pathway from research to
operations. By strategically focusing on this specific and significant societal problem, NHRI
will be better positioned to achieve its vital goals while also contributing to broader programs
that encompass shared challenges.
The present Federal investment in hurricane science and engineering research relative to the
tremendous damage and suffering caused by hurricanes is insufficient and time is not on our
side. The hurricane warning for our Nation has been issued and we must act vigorously and
without delay.

8
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Introduction
The United States possesses the most capable research enterprise, the largest economy,
and the most sophisticated societal infrastructure in the world, yet it remains notably
vulnerable to catastrophic damage and loss of life from natural hazards. Among weather
hazards, hurricanes11 account for over half the total damage inflicted.12 In economic terms,
hurricane-related losses in the U.S. during the last 2 years are estimated to be $168 billion,13
and estimated annual losses, in constant 2006 dollars, averaged $1.3 billion from 1949-1989,
$10.1 billion from 1990-1995 and $35.8 billion per year over the last 5 years.14 Added to
this financial cost is the intolerable and unnecessary loss of life associated with hurricanes
– 196 individuals perished from 1986-1995 and approximately 1,450 were lost in the past 2
years.15

These figures, and more importantly their change with time, are not surprising given that 50
percent of the U.S. population lives within 50 miles of a coastline,16 with significant portions
of this population and offshore assets directly vulnerable. The physical infrastructure in
coastal regions has grown dramatically over the past few decades and in the late 1990’s
was worth about $3 trillion in the Gulf and Atlantic regions.17 Trillions of dollars in new
seaboard infrastructure investment are expected over the next several decades.18 As our
economy grows and the value of built-infrastructure continues to increase, the economic and
societal impacts of hurricanes also can be expected to escalate.19
Hurricane and tropical storm impacts are confined not only to coastal communities,
however; although decaying tropical storms are an important source of inland fresh water,
inland flooding from decaying tropical storms – occurring hundreds of miles from the coast
and days after storm landfall – is astonishingly destructive. Historically, flooding has claimed
more lives in the U.S. than any other weather phenomenon20 and destructive tornadoes
frequently accompany hurricanes. Neither are hurricane impacts confined to the U.S.;
weather-related disasters worldwide have outnumbered their less predictable, but equally
important, geophysical counterparts (e.g., earthquakes, tsunamis, volcanoes) nine to one
during the past decade.21
Despite their destructive power, certainty of future occurrence, and advances made during
the past decade in meteorological understanding and prediction, we know relatively little
about the most important aspects of hurricanes from an integrative perspective, including
their internal dynamics and interactions with the larger-scale atmosphere and ocean; methods
for quantifying and conveying uncertainty and mitigating hurricane impacts; associated
9
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short and long term consequences on the natural and built environment; and the manner
in which society responds before, during, and after landfall. Billions of tax dollars have
been provided for rescue, recovery, and rebuilding after hurricanes strike. Also important is
national investment in the creation of new knowledge and more effective application of existing
knowledge to reduce these enormous public outlays, loss of life, and the associated societal
disruption caused by hurricanes.
Future land-falling hurricanes of tremendous destructive potential are inevitable and the
Nation’s vulnerability continues to increase.22 We urgently need a determined effort to
maximize our understanding of hurricanes and ensure the effective application of science and
engineering outcomes for the protection of life and property. The appropriate starting point
is a careful examination of the Nation’s current investment relative to national need, and
our analysis revealed two troubling findings. First, considerable uncertainty exists regarding
the amount of Federal dollars directed toward hurricane science and engineering research
(Appendix A), thus suggesting a lack of focus and coordination, especially when compared,
for example, to the well organized National Earthquake Hazard Research Program.
Second, even the most optimistic view suggests an average annual total Federal investment
in hurricane science and engineering research that is inadequate for meeting the many
challenges posed by hurricanes.
NSF funding for hurricane-related research has varied little from year to year during the past
several years, except for a significant increase in FY 2006 due largely to the funding of over
100 Katrina-related projects under the Small Grants for Exploratory Research program. The
focal point for the National Oceanic and Atmospheric Administration (NOAA) hurricane
research is the Hurricane Research Division (HRD) of the Atlantic Oceanographic and
Meteorological Laboratory. Additional research is performed at the NOAA National
Hurricane Center, Geophysical Fluid Dynamics Laboratory, and Environmental Modeling
Center. Total annual funding for HRD has never exceeded $5.1 million,23 and despite the
increase in our Nation’s vulnerability, HRD staff levels declined by 30 percent (from 30 to 21
full time equivalent positions) during the past 10 years.
The National Aeronautics and Space Administration (NASA), Office of Naval Research, and
several other agencies also perform research on hurricanes, with NASA operating numerous
spaceborne and airborne platforms. It has been reported to Congress24 that the majority of
research funding related to hurricanes has been focused on short-term forecasting efforts,
with less than 2 percent targeted to research on the prevention of loss through improved
engineering and design of structures. Analyses of the top 40 most costly insurance losses
worldwide for 1970-2005 indicate that $147 billion (in constant 2006 dollars) in worldwide
insured losses were associated with hurricanes.25 This represents over 85 percent of the
combined losses of both hurricanes and earthquakes, worldwide for this period. In the U.S.,
actual hurricane economic losses are typically estimated to be twice the insured loss. Over
the last 5 years, actual economic losses from U.S. hurricanes alone are estimated26 to be $179
billion (in constant 2006 dollars).
Hurricane-related research has been conducted, for the most part, as a relatively modest,
loosely coordinated enterprise. Topics addressed by this research range from basic research
in hurricane dynamics and atmospheric and hydrologic numerical prediction to human
behavior and economic impacts. Although the quality of current hurricane research efforts27
is generally quite high and in some cases strategically performed,28 much of it is accomplished
within the boundaries of traditional disciplines and thus the potential benefits arising from
synergistic integration of research across disciplines seldom occurs. A recent RAND study29
underscores this fact, noting in the context of natural hazards that “…policy makers face
10

Hurricane Warning: THe criTical need for a naTional Hurricane researcH iniTiaTive

less a geophysical problem than an inherently societal [italics in original] problem with a
geophysical underpinning. Any strategy to attack this problem thus requires not geophysical
research but the all-encompassing strategies that would be used to confront any other
large-scale societal problem.” Hurricanes, and their typhoon cousins, slice across political
boundaries, social strata, ideologies and scientific disciplines. Consequently, an appropriately
balanced, integrative approach to hurricane science and engineering research – which is
the guiding principal for all recommendations proposed here – is needed to fully address
the many compelling problems that transcend conventional thinking and organizational
infrastructures. Further, the transfer of research outcomes to operational practice, which
presently is hampered by insufficient funding, facilities and coordination, must be an
important part of the overall goal.
With trillions of dollars in coastal and off-shore infrastructure already in place and trillions
more on the horizon, and with an enormous population base in harm’s way, our Nation
would be wise to reduce the risk to this investment and population by dedicating significant
additional funding towards expanding the current hurricane science and engineering research
enterprise and engaging other important disciplines in a nationally coordinated manner.
Although funding for hurricane impact relief is provided almost annually through emergency
supplemental appropriations – which are not constrained by normal Federal budget ceilings
– Federal appropriations of the scale needed to address the challenges of hurricane related
research will require extraordinary political willpower. Hurricane research focused on
long-term loss reduction strategies and advanced technologies will improve the resilience
of communities and infrastructure as well as save numerous lives. Such an investment
in research should explicitly include the development of strategies and technologies to
strengthen the built environment to better withstand hurricanes, transfer research outcomes
into operational practice in government and industry, and build awareness within the
population to promote “risk-wise” behavior and an understanding of the consequences of
locating in regions where even well engineered structures might well fail.
The Board, with its independent advisory role to the President and Congress and policymaking responsibility for the National Science Foundation (NSF), is uniquely positioned
to frame the hurricane science and engineering research challenge and recommend a
national imperative to address it.30 This report has been produced within the Board’s
statutory responsibility to recommend and encourage the pursuit of national policies for the
promotion of research and education in science and engineering.31 Accordingly, the Board
did not directly consider purely operational and political decision-making activities, organized
civil response, or human health issues that are better addressed by other bodies. However, the
Board does recognize the important role of these elements in developing relevant procedures,
equipment, and processes for effective hurricane response and mitigation. We anticipate
that the research proposed will be conducted in close coordination with these activities, and
will benefit them through practical implementation of the new knowledge and improved
understanding – the pathways for which must be addressed as part of the initiatives proposed
herein.
After reviewing the state of hurricane science and engineering research and its alignment
with national needs, the Board has concluded that the U.S. must engage in a nationally
coordinated, multi-agency and multi-disciplinary research initiative to greatly expand our
understanding of hurricanes and identify more effective strategies for dealing with them. The
Board’s analysis and recommendations were informed by three data-gathering workshops
(for a summary of the workshops, see www.nsf.gov/nsb/committees/hurricane/index.htm) where
researchers, policy makers, and agency officials discussed ongoing projects, challenges, and
suggestions for change. In addition, Board Members and staff met with officials in executive
11
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offices and Federal research-focused agencies to share information and coordinating activities
wherever possible, and consulted numerous reports and publications. All hurricane-related
science and engineering disciplines must be strengthened and brought together to address
fundamental questions regarding hurricanes as natural disasters, and work to translate this
new knowledge into operational practice to improve the Nation’s ability to predict, prepare
for, and react to hurricanes.

Research Imperatives
The Board hosted three workshops to identify knowledge gaps and issues in the structure and
operation of the Nation’s hurricane research enterprise and to identify priorities for future
investment. The first workshop focused on research activities of Federal agencies while the
latter two involved the same topic for academia and industry, respectively. The workshops
covered a broad spectrum of hurricane science and engineering ranging from meteorology
and hydrology to social science, engineering and economics. In addition, the Board was
informed by informal conversations as well as reports and archive publications too numerous
to list here. These documents, and a summary of workshop discussions, may be found at
www.nsf.gov/nsb/committees/hurricane/index.htm.
One particularly important consideration in formulating the Board’s recommendations
was the 2004 National Windstorm Impact Reduction Act (P.L. 108-360), which created
the National Windstorm Impact Reduction Program (NWIRP). The research agenda
proposed herein is consistent with NWIRP and indeed could be conducted within such a
broad program. The Board emphasizes, however, the vital importance of a focused agenda
on hurricanes containing specific prioritized activities, well defined metrics for measuring
progress, strong involvement of and connectivity among all stakeholders including academia
and industry across all relevant science and engineering disciplines, and a clear strategy
for deploying research outcomes into operational practice. The program outlined herein
is founded upon these notions and is essential if effective investments in research are to
lead to significant reductions in loss of life, property, and economic and societal disruption
associated with hurricanes.
From a careful analysis of this material and extensive discussions, several common themes
emerged that are deemed to be of greatest urgency for the Nation. We summarize and
prioritize them below as the Board’s recommended topics for strategic investment of new
dollars in science and engineering research and education that could substantially reduce
hurricane impacts in the near-term and lessen our Nation’s vulnerability in the long-term.
Building upon previous work by the National Science and Technology Council’s Interagency
Working Group on Windstorm Impact Reduction, we have organized our recommendations
into four overarching investment categories: Understanding and Prediction; Impacts;
Preparedness and Response Measures; and Crosscutting Activities. The investment categories
and priorities presented below are intended to provide a framework for focusing existing
efforts, more effectively utilizing existing knowledge, and developing new initiatives that both
address critical hurricane research needs and ensure that related outcomes are transitioned
into operational practice.

12
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Investment Category #1: Understanding and Prediction
•

High Priority: Predicting hurricane intensification and size, and reducing the uncertainty
associated with where and when hurricanes will make landfall. The 72-hour track forecast
of hurricanes increased by nearly a factor of four during the past 40 years, and by 50
percent during the past 15 years,32 owing to dramatic improvements in computing
capabilities, numerical models, and an increasing number of and improved ability to
assimilate observations. However, the prediction of hurricane intensity and size remains
a challenge, and a recent report33 from the NOAA Science Advisory Board’s Hurricane
Intensity Research Working Group addressed this issue in detail. In order to better
predict both the location and intensity of tropical cyclones at landfall, research is needed
to better understand rapid intensity change, relationships among storm structure,
motion and intensity, the internal dynamics of hurricanes and the manner in which
hurricanes interact with their environment including both the underlying land and sea
surfaces. Particularly important is the development and application of fine-scale models
and techniques for more effectively assimilating the numerous observations already being
made. Within this context, quantifying and conveying uncertainty regarding hurricane
predictions is essential, requiring research in ensemble forecasting, the blending of model
output with observations using advanced statistical approaches, and decision science.

•

High Priority: Understanding air-sea interactions. Traditional theories of air-sea interac
tion are not applicable to the strong wind and high wave conditions associated with
hurricanes, where the air-sea interface beneath hurricanes vanishes and is replaced by an
emulsion – the properties of which are poorly understood and not effectively accounted
for in computational models. Theoretical, observational (especially with remotely
piloted vehicles) and modeling research is needed to address this problem. Additional
research is needed to better understand the role of ocean dynamics in hurricane mor
phology, particularly the impact on hurricane intensity and movement of near-surface
currents and local upwelling. The effective representation of these processes in numerical
models also is vital for both prediction and understanding.

•

High Priority: Predicting storm surge, rainfall, and inland flooding from hurricanes and
tropical storms. Hurricanes frequently produce significant and beneficial rainfall many
days following landfall, but inland flooding often is severe. Research is needed to
understand and use both observed and modeled rainfall in comprehensive distributed
hydrologic models in order to map stream flow, storm surge risk, and other factors using
both deterministic and probabilistic approaches to adequately quantify uncertainty.
Especially important is the utilization of high-resolution elevation data and soil.
characteristics. The impacts of flooding on community water supplies, ecosystems and
the built infrastructure also must be better understood to promote and enforce more
effective building practices.

•

High Priority: Improved in situ observations. Observations are one of the most
important factors in both improving our understanding of hurricanes and predicting
them operationally. In many cases, a single observing system (e.g., satellites, which are
a foundational tool) can satisfy both requirements. Thus the research and operations
communities must work closely together to leverage shared assets and ensure continued
maintenance of vital observing systems. Further, numerous observations already are
available. Their effective and efficient utilization in research and operations is paramount
to improved understanding and prediction, as is the exploration of novel observing
systems. Although considerable need exists for observations collected across a spectrum
13
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of platforms, with research directed toward developing the next generation of satellite
sensors applied to both the atmosphere and ocean surface absolutely essential, we empha
size here the importance of ground-based, ocean-based and airborne in situ observations,
for which hurricanes represent an extremely hostile environment. The current fleet of
piloted operations and research aircraft, especially of the turboprop class, is aging and
needs to be upgraded or replaced. New observing technologies such as airborne and
surface mobile radars and lidars, global positioning system water vapor sensing arrays,
unmanned aerial vehicles and distributed arrays of ground-based and airborne wireless
sensors must be developed. Observing system simulation experiments are ideally suited
to guiding such development by assessing strategies for effectively making and utilizing
the associated observations and quantitatively assessing their potential impacts. Existing
assets, such as the Long-Term Ecological Research sites, and those now being planned,
such as the National Ecological Observatory Network and Ocean Observatories Initia
tive, should be part of the overall portfolio and closely coordinated with other systems.
All such observing systems must be able to function in the most severe hurricane
conditions and in the case of piloted systems, minimize the exposure of pilots, crews, and
technicians to hazardous conditions.

•

Medium Priority: Understanding the relationship between hurricanes and climate. The
physics of hurricanes have been an important area of research, highlighting the signifi
cant role hurricanes play in the transfer of energy and water within the atmosphere and
between the atmosphere and ocean. However, hurricanes currently are not resolvable in
most climate models, and observational data that can link hurricane behavior to regional
and global climate characteristics are limited and imperfect. Thus, research is needed to
understand the complex relationships between hurricanes and climate as well as the most
effective ways of using observational information. Specific emphasis should be given
to increasing the presently limited skill of seasonal predictability, determining natural
decadal and multi-decadal signals, understanding the role of anthropogenic impacts on
hurricane size, frequency, intensity, precipitation and track, exploring how future climate
scenarios might impact tropical cyclone frequency, intensity and location, and under
standing the mutual impacts of hurricanes and ocean currents on short and long time
scales. Very high resolution Earth System Models capable of resolving hurricanes and
ocean dynamics will be needed to address these relationships and quantify uncertainty in
a statistically reliable manner.
14
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•

Medium Priority: Fundamental hurricane predictability. The practical numerical
prediction of day-to-day, large-scale weather preceded by several decades a general
theory of atmospheric predictability. However, that theory, developed in the late 1960s
and continuing to be refined, has been important in advancing data assimilation and
forecasting techniques, particularly the introduction of stochastic approaches involving
ensembles. In order to assess whether numerical forecasts of hurricanes are approaching
any sort of fundamental capability limit, research should be conducted in hurricane
predictability and efforts made to verify the resulting theories via observations and
numerical experimentation.

•

Medium Priority: Hurricane modification. The potential for modifying hurricanes to
reduce their intensity or alter their movement through human intervention has long
been pondered. Despite advances in computational modeling approaches for assessing
atmospheric sensitivity to imposed perturbations and recent demonstrations of such
capabilities,34 practicable techniques for modifying hurricanes will require considerably
more accurate weather and climate forecasts, greater insight regarding the potential
effects of hurricane modification on ecosystems, precipitation, fresh water supply and
climate, and a careful analysis of legal35 and ethical issues. Although controversial,
research in hurricane modification should be pursued because it also yields important
insight into atmospheric predictability, impacts upon forecasts of observations now avail
able as well as those planned for the future, data assimilation strategies, and fundamental
hurricane dynamics.

Investment Category #2: Impacts
•

High Priority: Interaction of hurricanes with engineered structures. The characteristics
of land or water beneath hurricanes dramatically affect their behavior via wind stress,
turbulence, and heat and moisture flux changes induced at the atmosphere-land and
atmosphere-ocean interfaces. Likewise, engineered structures are vulnerable to damage
from wind, precipitation and storm surge though the impacts are not well understood,
particularly at the scale of individual structures. Research therefore is needed to
better understand fluid-structure interactions at fine spatial scales, with the coupling
of atmospheric and land-surface/built infrastructure models essential for guiding the
creation of improved building designs and construction codes in particularly vulnerable
locations. Developing a better understanding of how the land-atmosphere interface
impacts hurricane morphology also is needed. Risk prediction models, many of which
are highly parameterized and overly simplified, should be retooled to accommodate the
detailed characterization of four-dimensional atmospheric structure that will be possible
with tomorrow’s advanced forecast models.

•

High Priority: Economic and social impact of hurricanes and mitigation measures. The
impacts of hurricanes are not limited to the regions in or near landfall, nor are they
limited to the days or even weeks following the storm. Following particularly destructive
storms, or in the event that the frequency and intensity of hurricanes increases, a signifi
cant fraction of the human population may permanently relocate to less vulnerable re
gions. Research on the patterns and underlying processes driving such relocations should
be conducted. Additionally, research is needed to better understand the socio-economic
costs of hurricanes and the distribution of costs and impacts across a range of stakehold
ers and time and space scales, including the effect on post-hurricane demographics,
industrial production, the supply chain, and migration and economic recovery. Finally,
in some instances, hurricane-induced structural damage is a result not of inadequate
15
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building codes or lack of engineering knowledge but rather inadequate compliance with
appropriate codes and practices. Consequently, improved understanding is needed
regarding political and administrative impediments to implementing research outcomes
and the identification and implementation of strategies for overcoming them.36

•

High Priority: Interactions of hurricanes with natural ecosystems. Hurricanes have enor
mous impacts on terrestrial and marine ecosystems, and the state of natural ecosystems
– barrier islands, wetlands, low-gradient coastal zones, and coupled biological systems
– is an important factor in determining the destructive capacity of hurricanes at landfall.
The reduction of barrier beaches and other changes to local geology can dramatically
increase storm surge, and contaminated storm sediments can carry pollutants to new
areas if natural coastal ecosystems are functionally impaired. A better understanding

is needed regarding specific ecosystem and broader coastal zone response and
adaptation to hurricanes on both short and long time scales, as well as the impact
of their degradation or potential restoration on hurricane destructiveness. These
scale-dependent issues are a critical component of the overall robustness (resis
tance to changes in structure and processes) and resilience (ability to return to a
pre-disturbance state) as well as the long-term evolution of offshore and coastal
zone ecosystems. Development of a predictive capability for ecosystem processes
and structure in the face of individual hurricane events, as well as in response
to changes in long-term patterns of hurricanes, is essential for both maintaining
ecosystem health and mitigating economic loss to important coastal and offshore
industries. Likewise, a better understanding of linkages at a finer scale of resolu
tion between hurricane damage potential and coastal structures is needed for
improving local threat estimation.

Investment Category #3: Preparedness and Response Measures
•

High Priority: Assessing and improving the resilience of the built environment. Resiliency
of physical and social infrastructure is enormously important for successful disaster
response and recovery operations. The establishment and sustainability of lifelines to
victims remains one of the greatest challenges following the failure of transportation,
power, and communication infrastructures, and research is needed to provide such
lifelines as well as design infrastructures that gracefully degrade, rather than fail indis
criminately, during extreme conditions. A requirement exists for a national engineering
assessment of coastal infrastructure and efficacy of current design practice – including
levees, seawalls, drainage systems, bridges, water/sewage, power, and communications
16
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– to ascertain the associated level of vulnerability to hurricanes. Studies are needed to
identify and prioritize the most cost-effective improvements and develop a national loss
reduction strategy that addresses inevitable degradation of built infrastructure. Careful
attention also should be paid in infrastructure research to existing building codes and
the extent to which recent damage has been a result of non-compliance. Research also
is needed to understand coastal erosion and resilience, particularly in relationship to the
built environment.

•

High Priority: Disaster response and recovery. Recent hurricanes have demonstrated a
significant requirement for research and technology that enhance response and recovery
operations after hurricanes come ashore. They also have underscored the fact that to
be effective, technologies must be developed and applied within the context of under
standing human behavioral and social challenges that uniquely accompany disasters. For
example, the inability to rapidly and adequately determine the extent of damage, and to
communicate that knowledge, causes delays and non-optimal allocation of rescue and
recovery resources, exacerbating loss of life, suffering, and property damage. Much of
this stems from an inability to anticipate human response – from the level of individuals
to whole communities – under conditions of extreme stress. With an understanding
of this response, deployable technologies and systems to assess damage to the environ
ment and built infrastructure immediately following landfall should be developed and
fielded. The further development of communication technologies such as self-powered
and self-organizing ad hoc networks could lead to systems that can be easily deployed
and seamlessly integrated with surviving communications infrastructure, thus enabling
communication services for government agencies and non-government organizations as
sisting in response and recovery efforts. Equally important is the need to address cybersecurity in such environments and the ability to provide priority-based access to network
resources. In addition, basic and applied information technology research is needed to
enable the response community to accurately assess hurricane impacts – particularly on
the population – within the first 24 hours. Post disaster recovery also has a long-term
17
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component. Understanding the needs and investment strategies for rebuilding often has
not been well coordinated or informed by the need to improve long-term resiliency of
the built environment. Research on public and private investment decision-making and
ways to improve the long-term recovery and rebuilding process should be considered.
•

High Priority: Human behavior and risk planning. Communities often are over
whelmed with sometimes conflicting information regarding risk planning and proce
dures for action. Research is needed to identify methods and tools for increasing the
likelihood that people, businesses, and communities fully understand and appropriately
consider risks when planning homes, facilities and communities, and likewise which
they understand and trust information conveyed during an event and are prepared to
act upon it. Additionally, training and outreach activities, involving policy and decision
makers, are needed to ensure that research efforts are appropriately applied, thus meeting
the societal demand for protection of life and property and responsible management of
resources. Finally, the physical and social impacts of human-induced changes to coastal
and off-shore vulnerability – ranging from land use development and practices that
drastically modify the fate of precipitation runoff to the social demographics of com
munities and their mobility – must be better understood and effectively incorporated
into societal decision making.

•

High Priority: Evacuation planning. Evacuation planning is a highly complex challenge
that involves human behavior, fixed and mobile infrastructure, and the assembly, deliv
ery, and understanding of critical information. Models should be developed and refined
to address the spatial and temporal aspects of evacuations including the time required to
prepare, receive and understand warnings, mobilize, and move to an evacuation destina
tion, and an understanding of how individual behavior is affected by others in com
munities broadly defined. Also critical is an understanding of how such model results
can effectively be implemented. Research is needed to better characterize the reactions
of both the general public and government officials to hurricane-related information
and the manner in which such information is most effectively processed and shared.
Improved means of communicating potential hurricane impacts should be developed to
most effectively capitalize upon recent advances such as the Tropical Cyclone Probabilis
tic Surface Wind Speed Graphic and Text products. Further, improved understanding
is needed to determine which circumstances require “evacuation in place” rather than
traditional displacement evacuation of large urban areas.

Investment Category #4: Crosscutting Activities
•

Medium Priority: Computational capability. Raw computing power continues to
advance at a dramatic rate while the ability to use computers effectively is proceeding
much more slowly, thereby widening the divide between what’s possible and what’s
achievable. Research is needed to utilize effectively the next generation of petascale
computers (those which have the capability to perform a thousand trillion calculations
per second) in the development and application of models and in their transition to
operations. Additionally, efforts must be directed toward understanding the efficient
utility of multiple coupled and linked models requiring sharing and inter-operability of
databases, computing environments, networks, visualization tools, and analysis systems
beyond what is currently available for transitioning hurricane research community assets
to operational practice. Access to robust computational facilities beyond those currently
accessible by the civilian research community is essential for the hurricane research and
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operations enterprise, including data acquisition, assimilation, and modeling capability
during hurricane events. Particular emphasis should be given to ensemble forecasting
and techniques for quantifying uncertainty.
•

Medium Priority: Training and education programs related to hurricane impacts. The
application to hurricane impacts of engineering principles presently is not included in
engineering curricula, textbooks, or professional certification for engineers. Additionally,
few faculty are involved in hurricane engineering research and practice. Education and
training regarding the interaction of structures with wind and water will help scientists
and engineers of the future accommodate hurricane risks in coastal and off-shore zones,
help enhance the Nation’s resilience, and ensure an educated workforce for studying
hurricanes in an integrated fashion. Further, owing to their broad impacts, hurricanes
are a somewhat unique phenomena for stimulating interest in all areas of science and
engineering both by the general public and those entering the educational system.

Recommendations
The Board’s recommendations are grouped into three categories: (1) overriding keystone
recommendation which sets the stage for more specific recommendations; (2) general
implementing recommendations directed both within and across research communities,
governmental agencies, and international partners; and (3) guidance to NSF, for which the
Board sets policy and provides oversight.

Keystone Recommendation
The United States should marshal its substantial science and engineering research
enterprise to undertake a focused, sustained, and multi-agency initiative — a National
Hurricane Research Initiative (NHRI) — to improve our understanding of and ability to
predict, mitigate, and respond to the impacts of hurricanes on the population, the builtinfrastructure, and the natural environment.
NHRI should emphasize the conduct of potentially transformative and highly integrative
research, the engagement of partners including international experts, private industry and
state and local governments, and the enhancement of education tightly integrated across
relevant areas of science and engineering. Effective mechanisms for the rapid transfer of
knowledge into the practices of preparation, response, and recovery should be implemented
as a fundamental component of this effort.

General Implementing Recommendations
1. Create a National Hurricane Research Initiative (NHRI) to unify and strengthen the
presently inadequate, loosely organized and under-funded hurricane research portfolio.
The successful National Earthquake Hazard Reduction Program (NEHRP), which was
developed as a coordinated and focused response to destructive earthquakes,37 could
serve as a model for designing and implementing NHRI. The Board notes that the
National Windstorm Impact Reduction Program (NWIRP), which was modeled after
NEHRP but has yet to receive funding, may be an appropriate administrative home for
NHRI. However, it is important that the hurricane research agenda proposed herein
not be diluted within the broader context of a general windstorm program, but rather be
constructed in a manner that supports and is synergistic with it.
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The main characteristics of NHRI are summarized below to guide an implementation
effort where further detail will be added.

…we strongly recom
mend that NHRI be
established as a focused
activity with clearly
defined metrics for
success, an associated
assessment component,
and a well defined
pathway from research
to operations…

a. Broad Base for Design and Implementation: Specific implementation details for
NHRI might best be defined via a coordinated inter-agency framework that, when
ever appropriate, utilizes existing administrative organizations such as the White
House Office of Science and Technology Policy’s National Science and Technology
Council. However, owing to the clear and increasing threat posed by hurricanes and
the unique challenges relative to other natural hazards, we strongly recommend that
NHRI be established as a focused activity with clearly defined metrics for success,
an associated assessment component, and a well defined pathway from research to
operations including close coordination with programs such as the Global Earth
Observing System of Systems, Climate Change Science Program, and the National
Windstorm Impact Reduction program. NHRI is ideally positioned to draw upon
and leverage the expertise and capabilities of all relevant public agencies and private
organizations. This includes but is not limited to NSF, NOAA, NASA, National
Institute of Standards and Technology, Department of Homeland Security,
Department of Energy, Office of the Federal Coordinator for Meteorology, Office of
Naval Research, Department of Defense, Federal Emergency Management Agency,
Department of Housing and Urban Development, Defense Advanced Research
Projects Agency, U.S. Army Corps of Engineers, United States Geological Survey,
U.S. Forest Service, and Environmental Protection Agency, as well as the American
Red Cross, Salvation Army, Institute for Business and Home Safety, and United
Way. A NHRI Federal Advisory Committee could be established to help steer the
program and bring to it the expertise and experience of non-Federal researchers,
educators, state and local governments, non-government organizations and industry.
b. Leadership: A variety of leadership models and frameworks are possible for NHRI.
An obvious one involves the NSF, with its mandate for supporting fundamental
research and science education across all disciplines; NOAA, with its mission for
basic and applied research, observing and monitoring the Earth system, and predict
ing weather, water and climate, serving as co-leaders; and NASA, with its research
programs on natural hazards and its mission to help understand and protect the
planet, serving as co-leaders. Other possibilities should be considered but in all
cases careful thought should be given to inclusiveness and maximizing overall
efficiency, accountability and engagement of appropriate communities, as noted
below.
c. Maintaining Dialog with the Broad Community: The positive dialog among tradi
tionally disparate disciplines evidenced in the three Board workshops clearly points
to both the need and strong desire for researchers to collaboratively address shared
goals much more effectively than is presently the case. Thus, a series of national and
international forums could be organized to assemble diverse disciplines and create a
collaborative hurricane science and engineering research and education community.
This community would, for example, be a valuable resource for informing NHRI
implementation strategies.
2. Establish a National Infrastructure Data Base (NIDB) for characterizing the physical,
social and natural infrastructure in order to provide a baseline for developing standards,
measuring modification and loss, and establishing public policy. The lack of such a
comprehensive data base has significantly hampered the research community’s ability to
quantify the impacts of a variety of natural disasters, separate those impacts from other
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effects both natural and anthropogenic, make effective recommendations for improved
building codes and urban planning practices, and develop effective procedures for
responding to infrastructure disruption based upon local characteristics rather than a
non-optimal one-size-fits-all approach. The proposed NIDB, which will support and en
able the integration of multiple disciplines involved in all types of natural disaster research,
need not and mostly likely could not be a single physical data system but rather an
aggregation of existing and planned systems that interoperate, provide uniform security
and information standards, and support a broad array of data search, acquisition and
mining capabilities. Current research in federated data repositories, meta-data standards,
and other information technology infrastructures are ideally suited for meeting this
challenging goal.
3. Establish a National Hurricane Research Test Bed (NHRTB) to conduct integrative
research and facilitate the transfer of research knowledge to operational applications and
decision makers. Although a Joint Hurricane Test Bed is in place under the auspices
of the U.S. Weather Research Program (USWRP) and has made considerable progress
toward improving operational forecasts, it is appropriately, but narrowly, focused on
atmospheric science. In sharp contrast, the proposed NHRTB will involve linking
relevant theoretical, physical and computational models from atmospheric, oceanic,
economic, sociological, engineered infrastructure, and ecologic fields, conducting
experimental research to understand the complexities of hurricanes, and obtaining
measurable results in a comprehensive framework suitable for testing end-to-end integra
tive systems. Test Bed results can be applied experimentally to real situations and provide
simulations of important transfer linkages to operational entities and decision makers.
NHRTB could be a single facility or a physically distributed environment; regardless
of its structure, NHRTB should be operated an interdisciplinary working laboratory
where much of the basic research from NHRI can be experimentally substantiated using
suitable quantitative metrics, and where a culture of interaction and collaboration can
further be promoted.

Guidance to NSF
The Board is statutorily charged with setting policy for and providing strategic guidance to
NSF. The Board discharges that responsibility in a variety of ways, one of which involves
making specific recommendations in response to Board studies and needs articulated by
the community. With that preface the Board offers the following guidance to NSF for
contributing to the strategic hurricanes research and education themes described earlier.
No priority is specified as these components are tied directly to the prioritized research
imperatives described earlier.
1. Consider serving as the co-lead agency, with NOAA, NASA, or other organizations, for
further developing and implementing the National Hurricane Research Initiative.
2. Evaluate mechanisms for supporting integrative and potentially transformative research
in hurricane science and engineering at a variety of organizational levels (from individual
investigators to centers) in a manner that ensures active engagement by relevant research
directorates. Multidisciplinary proposals, of the sort needed for effective hurricane
research, are challenging to prepare and review. NSF could aid this process by develop
ing and widely disseminating a set of best practices for proposers, reviewers, and program
managers.
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3. Consider implementing a special program of “Hurricane Science and Engineering
(HSE) awards-in-waiting” that are pre-reviewed and approved for activation and funding
immediately prior to, during, or immediately following the occurrence of a hurricane or
related natural disaster. Such awards ideally would facilitate entry by principal investiga
tors into affected areas quickly, which can be challenging in light of rescue/recovery
efforts but often is critical to achieving research goals. Further, the awards could be
updated periodically, in the event that they are not used, to ensure their continued
presence at the frontier of science and engineering. The Small Grants for Exploratory
Research (SGER) program may be suited to this task with appropriate modification to
achieve the special goals noted here.

…NSF should assess
the efficacy of making
its supercomputing
center resources avail
able on short notice for
running operational
hurricane and other
models in times of
national need.

4. Working with the operational community, and in coordination with the Nation’s
organization that operate computers dedicated to responding to urgent circumstances,
NSF should assess the efficacy of making its supercomputing center resources available
on short notice for running operational hurricane and perhaps other models in times
of national need. In the evolving age of grid computing, federated data bases and
interoperability, sophisticated prediction models and analysis/decision support tools,
particularly those that are coupled or linked, could be maintained in “stand by” mode
at the NSF-sponsored supercomputing centers during the hurricane season and thus
be available for quick activation as formally operational systems, i.e., codes identical
to those run by agencies, should the need arise. Research to support this capability,
ranging from on-demand resource allocation to security and data access, already is being
conducted under NSF sponsorship.38
5. Explore funding for pilot university curricula in hurricane science and engineering that
encompass all relevant science and engineering disciplines. Much of the education
associated with the research imperatives described previously occurs within traditional
“stove pipe” disciplines (e.g., engineering, atmospheric science, ecology, economics, and
social science) that have infrequent interaction. Yet, some of the most compelling and
societally relevant questions about hurricanes occur not within but at the intersection
of these disciplines. Consequently, new integrative approaches are needed to educate
adequately the next generation of scientists and engineers for addressing them. Recent
hurricanes have stimulated action along these lines (e.g., Louisiana State University’s
Hurricane Engineering Curriculum), and resources are needed to expand this notion
across all areas of hurricane science and engineering. NSF should explore existing
programs (e.g. Integrative Graduate Education and Research Traineeship or IGERT;
Research Experiences for Undergraduates) as possible mechanisms for addressing this
recommendation.

Budget Recommendations
Successful implementation of NHRI will require substantial inter-agency coordination and
leadership, effective integration of activities across many traditionally distinct disciplines
and organizational boundaries, a reorganization of existing investments, new modalities
of support, and considerable new funding – some of which must be sustained in order to
fully realize systemic improvements. Based on input received by the Board from various
sources (www.nsf.gov/nsb/committees/hurricane/index.htm) and examination of available
information on current federal investment in hurricane research, the Board recommends that
approximately $300 million in new funding will be needed for NHRI. Reliable mechanisms
must be applied to monitor hurricane research investments and associated returns, and a
majority of the funds should be directed to support integrative and potentially transformative
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research in hurricane science and engineering and its deployment into operational practice
in both the government and private sectors. Appendix B summarizes the proposed new
investments in broad categories, each of which is discussed in greater detail.
National Infrastructure Data Base. NSF, NOAA, NASA, and many other agencies
have invested substantial resources during the past decade toward developing policies,
infrastructure and software for the stewardship and provisioning of data, particularly via
federated databases.39 NIDB thus is in a position to leverage this investment yet faces new
challenges owing to the highly variable characteristics and sources of data it is intended
to house. NIDB is not envisioned as a single physical facility but rather a virtual cyber
environment that draws upon numerous existing capabilities and facilities, and establishes
new ones as appropriate, to provide an interoperable environment and the necessary meta
data and other resources needed by its multidisciplinary user base.
Some of the leveraging opportunities open to NIDB include the NASA Earth Observing
System Data and Information System and Earth Science Enterprise, the Socioeconomic
Data and Applications Center, the Physical Reference Data archive at the National Institute
for Standards and Technology, and the Canopy Database Project, to name just a few. The
recommended new funding of $20 million should be used to identify (and in some cases
create), collect, bring into appropriate formats, catalog, and make accessible the many data
sets required to establish baselines for developing standards, measuring modification and
loss, supporting education and basic research across the spectrum of hurricane science and
engineering, and establishing public policy. A portion of the new funding also should
be directed toward standardized portal interfaces for users, implementing meta data and
ontology systems, and providing tools for mining across heterogeneous data sets. The
recommended funding level is half the yearly budget of NSF’s recently completed 5-year
Information Technology Research program, which supported hundreds of projects across a
spectrum of sizes, which can serve as enabling mechanisms for NIDB.
National Hurricane Research Test Bed (NHRTB). NHRTB is envisioned to be a
collaborative environment for conducting integrative research, testing new ideas in an
end-to-end fashion under the rigors of operational constraints (real and simulated), and
facilitating the deployment into operational practice of knowledge gained in research.
Unlike the existing Joint Hurricane Test Bed, which under the auspices of USWRP has made
considerable progress toward improving operational hurricane forecasts with an appropriately
narrow focus on atmospheric science, NHRTB is envisioned to be much broader in scope,
encompassing the physical, social, behavioral, economic, ecologic, and related sciences, as
well as engineering. Integration mechanisms exist within certain disciplinary areas, such as
the Earth System Modeling Framework, and these might be extensible to social science as
well as engineering models. Therefore, software integration and coupling is a key component
and is $10 million per year is recommended to support it. Engagement of the operational
and decision-making communities in developing research directions and activities, and the
transition of research outcomes to operations and applications, are vitally important areas
that are recommended for support at $10 million per year. Likewise, NHRTB will provide
unique opportunities for formal as well as informal education, outreach and workforce
development, including but not limited to the support of graduate and undergraduate
student research, a venue for classroom activities and resources developed as part of NHRI,
public education programs, and outreach to communities to improve awareness and warning
processes. A total of $10 million is recommended for these activities. Data collection
platforms, with emphasis on in situ sensors, is foundational to achieving the goals of NHRI,
and $20 million per year is recommended for this purpose.
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NHRTB will require considerable infrastructure to accommodate the numerous models
and associated data streams utilized across the hurricane science and engineering enterprise,
and adequate funding should be directed toward the complex task of integrating disparate
software elements from these models and coupling them as appropriate. It is especially
important to recognize that end-to-end systems testing, which is the foundation of NHRTB,
cannot reasonably be accommodated by existing computing environments at NSF or
elsewhere. Such environments either are highly subscribed and constrained because of
mission-oriented operational use or must meet the needs of thousands of users in traditional
batch modalities that offer limited flexibility for being dedicated to specific problems, real
time testing and on-demand utilization.
We recommend an initial investment of $20 million for hardware, to be renewed
approximately every 4 years, and an annual investment of $3 million for personnel. This
funding will provide dedicated resources for experimenting with coupled and linked
models, exploring new modalities of computing (e.g., on-demand and dynamically
adaptive, which are difficult to accommodate within current centers), and developing and
testing decision support systems. To contextualize the recommended funding for NHRTB
cyberinfrastructure, NSF presently expends approximately $30 million per year on the
TeraGrid and its recent track-2 cyberinfrastructure solicitation allocated $30 million for
hardware over 4 years. Staff costs typically range from 50 to100 percent of the total hardware
investment over the useful lifetime of the equipment.
NHRI Research Program. The centerpiece of NHRI is a portfolio of basic and applied
research programs funded across Federal agencies. A recent study40 of US funding for
weather-related hazard research concluded that “most of the effort is focused on short-term
prediction efforts, which have limited loss reduction potential within the full range of losses
from natural hazards, and; research focused on long-term loss reduction strategies could
improve the resilience of communities and infrastructure, protecting lives and property in
a far more substantial way.” The Board’s proposed new NHRI investment would increase
the most optimistic estimate of current levels of Federal HSE research expenditures by
50 percent. It also would provide strategic investment in those areas of greatest need and
potential return. The recommended division of support is shown in Appendix C. The
largest three proposed investments -- in hurricane behavior, engineering and the built
environment, and power/communication/access systems research -- reflect the infrastructureintense aspects of these topics, particularly with regard to both physical and computational
models. Support for the biological, ecological and social sciences components are of lesser
size but equivalent importance if NHRI is to be a truly integrative program.
To place the basic and applied research funding recommendation in context, NSF
investments in hurricane-related research, exclusive of broader elements such as
cyberinfrastructure, averaged around $5 million per year from FY 2001 through FY 2004
and were approximately $9 million and $13 million in FY 2005 and FY 2006, respectively.
Priority areas at NSF, which typically extend over 5 years and represent strategic investments
based upon national priorities articulated by the Office of Science and Technology Policy
or the NSF, operate with yearly budgets of approximately $20 to $40 million. Thus,
the recommended levels of investment for hurricane research within NHRI are nominal
considering that the funding will be directed toward multiple agencies and heavily leveraged
against existing activities.
A compelling additional need are pre-approved NSF grants that can be activated
immediately prior to or upon the occurrence of a hurricane. SGER awards associated with
recent hurricanes suggest that the recommended funding level is appropriate, particularly
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because the grants will need to be updated if they are not activated in a given year. Support
also is needed to develop new curricula geared toward integrative hurricane science and
engineering research, perhaps via existing mechanisms such as IGERT, and to leverage the
capabilities of national supercomputing centers, particularly those at NSF, for running
operational models in a “quick start” fashion when conditions warrant. Research in this
capability has obvious value in homeland security and other areas where the disruption of
mission-critical facilities is possible and cannot be anticipated.

Conclusion
The Board has engaged the Nation’s experts in science and engineering throughout
government, academia and industry in an intensive study of how fundamental research, and
complementary applied or mission-directed fundamental research, can improve the ability
of our Nation to become more resilient to hurricane impacts. The outcome of that effort,
described in this report, is an action agenda – a National Hurricane Research Initiative
(NHRI) – for urgently needed hurricane science and engineering research and education
that engages relevant agencies across the Federal government, is built upon highly focused
priorities, will strengthen disciplinary research and create multidisciplinary frameworks for
studying the hurricane in an integrative fashion, and provide mechanisms for the efficient
transfer of research outcomes to operational practice. An additional annual national
investment of approximately $300 million is required to implement this critical agenda.
The return on this investment will be enormous, both economically and for personal well
being. The imperative to act has never been clearer, nor have the science, technology, and
intellectual capacity needed to address the challenge been more capable of rising to the
occasion.
Although a detailed set of expected research and operational outcomes is beyond the scope
of this report and will be formulated during the first stage of implementation, NHRI is
constructed so as to effectively integrate key science and engineering research disciplines in
order to achieve the following broad goals: (1) An improved understanding of hurricanes as
naturally occurring phenomena and the complex manner in which they both interact with
the physical world and impact society; (2) Increased national preparedness, resilience and
response through education, the effective utilization of existing and new knowledge and
technical resources, and the translation of research outcomes into operational practice; and
(3) Significant contribution to the broader agenda of disaster preparedness.
The Board recognizes the extraordinary challenges facing the Nation as it fights the war
on terrorism, secures the homeland, seeks to double the funding for research in key
agencies, and strengthens education to improve the Nation’s competitiveness. It also sees
an opportunity to build within many of these important activities a focus on hurricane
science and engineering that holds real promise for near-term benefits in protecting lives
and property and reducing economic impact through more accurate forecasts and effective
response measures, and longer-term benefits that will increase the Nation’s resilience to
hurricanes through improved building standards and a greater understanding of risk by the
public. Among the many questions needing to be addressed today by an increasingly small
non-defense discretionary budget, perhaps an important one to ponder is: Can we as a
Nation continue to remain vulnerable to hurricanes that are an inevitable part of our future,
that have the demonstrated capacity to inflict catastrophic damage to our economy, and that
kill hundreds of our citizens?
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The devastation resulting from hurricanes is significant and widespread – more so than any
other natural disaster. Our Nation – in a coordinated manner from individual towns to
states and in collaboration with the international community – must respond vigorously
and with undeterred resolve to mitigate the astounding loss of life and property associated
with hurricanes. The research community is poised as never before to make major advances
in hurricane science and engineering and to translate new knowledge into operational
practice in ways that yield tangible benefits to society for decades to come. The proposed
National Hurricane Research Initiative will build on a foundation of previous investments
and unprecedented intellectual and technological capacity to address one of society’s greatest
challenges. The hurricane warning has been issued — now we must act to safeguard our
Nation.
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Appendix A
Federal fiscal year budget investments for science and engineering research related to hurricanes and
earthquakes by various Federal agencies.* Budget investments are presented in constant 2006-dollar
increments of $1,000. Operation costs of satellites, ship and aircraft that may be supporting research are not
included. Endnotes provide more detailed explanation on data sources and calculation methods.

U.S. Hurricane and Earthquake Research Funding (2001-2006)
(Thousands, 2006 constant dollars)
Hurricane
NSF

US Navy41

Fiscal
Year

Total42

ONR
Funding43

CBLAST
Funding44

2001

4,952

N/A

2002

5,498

2003

Earthquake
NIST

NOAA

USG

NSF

USG

NRL
Funding45

Total

Total46

Estimated
Total47

Total48

Total49

1,715

1,715

2,567

N/A

228,676

67,830

N/A50

1,801

1,688

N/A

4,711

N/A

225,124

64,918

N/A

4,900

N/A

1,651

N/A

2,969

6,120

220,119

51,594

N/A

2004

4,527

N/A

1,608

N/A

2,402

6,873

214,408

46,239

N/A

2005

9,266

N/A

1,555

N/A

698

8,226

207,383

56,36151

127,05752

2006

13,490

850

1,000

400

737

8,557

200,000

53,77053

118,68154

Annual
Average55

7,106

1,326

1,536

1,058

2,347

7,444

215,952

56,785

122,869

*NSF
ONR
CBLAST
NRL
NIST
NOAA
USG

National Science Foundation
Office of Naval Research
Coupled Boundary Layers Air-Sea Transfer Defense Research Initiative
Naval Research Laboratory
National Institute of Standards and Technology
National Oceanic and Atmospheric Administration
U.S. Government-wide
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Appendix B
Proposed new investments in essential areas of science and engineering research for the National
Hurricane Research Initiative. The areas of investment are presented in rank order by level of
recommended new annual funding and do not necessarily indicate priority.

Area of Investment

Recommended New
Annual Funding
($millions per year)

NHRI Research Programs (See Appendix C)

200

National Hurricane Research Test Bed

78

Facilities and Cyberinfrastructure
Hardware Cost Every 4 Years ($20)
Yearly Recurring Personnel and Support ($3)
Software Integration and Coupling ($10)
Community Engagement and Transition to Operations ($10)
Education, Outreach and Workforce Development ($10)
Fixed and Mobile Data Collection Platforms and Data Provisioning Systems ($20)
National Infrastructure Data Base

20

NSF Grant Awards-in-Waiting

5

Curricula Development

5

Hot-Start Prediction Capability at National Centers

5

Total

$313 million
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Appendix C
Proposed strategic investment in the National Hurricane Research Initiative portfolio of
fundamental and mission-oriented basic research programs across Federal agencies. Research
programs are presented in rank order by level of recommended new annual funding and this
ordering does not necessarily indicate priority.
Recommended New
Annual Funding
($millions per year)

NHRI Research Programs

Power, Communication and Remote Access Systems
Research and development of new technologies that are able to operate effectively
in the challenging conditions found during and after hurricane landfall.

60

Structure and Behavior of Hurricanes
Observation, theory, and simulation modeling directed toward characterizing and
predicting the four-dimensional structure of hurricanes, understanding the rela
tionships between hurricanes and climate, and intentional hurricane modification.

40

Engineering and the Built-Environment
Research directed toward making the built environment more resilient to damage
and more amenable to rapid recovery.

40

Risk Assessment, Communication and Response
Understanding the risk associated with hurricanes, both prior to and following
their occurrence, and its effective communication to the public.

20

Biological and Ecosystem Dynamics
The theory, observation and modeling of biological and ecological systems on
short and long time scales and the manner in which they both affect and are af
fected by hurricanes.

20

Economic and Societal Impacts
The economic and societal impacts of hurricanes at multiple time and space scales
in regional, national and international frameworks.

20

Total

$200 million
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Selected Acronyms
HRD
HSE
IGERT
LTER
NASA
NHRI
NHRTB
NIDB
NOAA
NSF
SGER
USWRP

Hurricane Research Division (NOAA)
Hurricane Science and Engineering
Integrative Graduate Education and Research Traineeship
Long-Term Ecological Research
National Aeronautics and Space Administration
National Hurricane Research Initiative
National Hurricane Research Test Bed
National Infrastructure Data Base
National Oceanic and Atmospheric Administration
National Science Foundation
Small Grants for Exploratory Research
U.S. Weather Research Program
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Fiscal year extramural hurricane research funding of the Coupled Boundary Layers Air-Sea
Transfer Defense Research Initiative (CBLAST-DRI), which focuses on processes that occur
in the oceanic and atmospheric wave boundary layers, which are regions influenced by ocean
surface waves, an Office of Naval Research (ONR) program that combines observational and
modeling components in its investigations. The hurricane component of CBLAST includes
an initial 5-year program to measure, analyze, and understand the critical air-sea coupling
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This includes the costs associated with satellites and other observation platforms and the
infrastructure (e.g., computers, people, and facilities). The data also assume 20percent of this
as related to tropical cyclone research and development, which equates to $200 million per
year (this includes future satellite sensors development, data assimilation, ocean sensing and
other costs).
47

Data provided by NSF Office of the Director - NSF support for earthquake-related
research activities and operations costs at major test facilities.
48

National Earthquake Hazards Reduction Program (NEHRP). Data is only available for
FY 2005 and 2006 pursuant to new Congressional reporting requirements specified in the
NEHRP Reauthorization Act of 2004, PL 108-360. Presented data only applies to research,
which occurs through NIST, NSF, and USGS. FEMA’s role in NEHRP is operational and is
not included in this figure.
49

Data is not available prior to FY 2005, when bookkeeping procedures were implemented
to accommodate new Congressional reporting requirements were implemented.
50

51

Actual, as reported to Congress.
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Actual, as reported to Congress.

53

Enacted, as reported to Congress.

54

Enacted, as reported to Congress.

Average annual hurricane and earthquake research investment calculated from data
presented for 2001-2006. Years in which data was not available (N/A) are not included in
calculation.
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Photo Captions
Page 9: September 25, 2005 – Hurricane Katrina - Gulfport, Mississippi. Red Cross
volunteer, Vicky Brown of Rockford, Illinois, looks at some of the miscellaneous personal
belongings strewn amongst the wreckage and damage of Hurricane Katrina in Gulfport,
Mississippi. The one she has in her hand is a family photo. Photo: Tim Leverett, American
Red Cross. Reprinted with permission.
Page 14: September 15, 2004 – Hurricane Isis, Hurricane Javier, Hurricane Ivan, and
Tropical Storm Jeanne at 17:45 UTC. Photo: SSEC/CIMSS/University of WisconsinMadison. Reprinted with permission.
Page 16: August 31, 2005 – Hurricane Katrina. Stranded residents in Jefferson Parish are
brought to an elevated bridge area by boat to await transportation by truck to the main staging
area at I-10 and Causeway. Evacuation of some victims is accomplished in stages, all with the final
goal of getting those left stranded by the August 29 storm to safety. The City of New Orleans is
being evacuated following hurricane Katrina and rising flood waters. Photo: Win Henderson,
FEMA.
Page 17: September 25, 2005 – Hurricane Katrina - Houma, Lousiana. Aerial photograph
of flood devistation from Hurricane Katrina. Photo: Thomas Jacobson, American Red Cross.
Reprinted with permission.
Page 26: September 19, 2005 – Hurricane Katrina – Pascagoula, Mississippi. The 30-foot
storm surge completely devastated the famous coastal road along Pascagoula, Mississippi.
Photo: Tim Leverett, American Red Cross. Reprinted with permission.
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The report is available electronically at: http://www.nsf.gov/nsb/committees/hurricane/final_report.pdf
Paper copies of the report can be ordered by submitting a Web-based order form at:
http://www.nsf.gov/publications/orderpub.jsp or contacting NSF Publications at 703-292-7827.
Other options for obtaining the documents: TTY: 800-281-8749; FIRS: 800-877-8339.
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