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Preface

The Federal Highway Administration asked the National Research
Council to examine what needs to be done from the research, development,
and technology transfer perspectives to improve the production and deliv-
ery of weather-related information for the nation’s roadways (see Appendix
A for the full statement of task). In response the Committee on Weather
Research for Surface Transportation was formed. This committee was asked
to investigate the current state of knowledge regarding road weather condi-
tions, identify key areas where future strategic investments in research and
development would enhance understanding of the road environment, and
suggest how knowledge of that environment might be translated into opera-
tional production of information for use by decision makers: from drivers, to
dispatchers, to traffic managers, to maintainers. In this report the committee
provides a framework to engage the transportation and weather communi-
ties, as well as other stakeholders, in advancing road weather research and
development in the United States.

The committee heard from a wide variety of experts during the study. It
soon became apparent that the road weather problem is highly interdiscipli-
nary, spanning micrometeorology, numerical weather prediction, vehicle
technology, communications technology, meteorological and pavement in-
strumentation, roadway construction and maintenance, routine traffic and
emergency management, human factors, and technology transfer. Hearing
from experts in all these disciplines provided the committee with a unique
perspective of the challenges in addressing the road weather problem and
opportunities for advancement. The committee thanks the following speak-
ers who shared their knowledge with the committee: Edward E. Adams,
Montana State University; Bob Baron, Baron Services, Inc.; Stanley G. Ben-
jamin, Forecast Systems Laboratory; S. Edward Boselly, Washington State
Department of Transportation; Ray Derr, Transportation Research Board;
Ian Ferrell, Microsoft Corporation; Robert Hallowell, Massachusetts Insti-
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x PREFACE

tute of Technology Lincoln Laboratories; Jonathan M. Hankey, Virginia
Tech Transportation Institute; Eldon L. Jacobson, Washington State Depart-
ment of Transportation; Henry Lieu, Federal Highway Administration;
Jonathan Lister, Vaisala; Clifford F. Mass, University of Washington; Ronald
Miller, Ford Motor Company; Joseph Perrin, Jr., University of Utah; Paul
Pisano, Federal Highway Administration; Shelley J. Row, Federal Highway
Administration; Larry Senn, Washington State Department of Transporta-
tion; Harold Smith, Iowa State University; Timothy Spangler, Cooperative
Program for Operational Meteorology, Education and Training; Richard C.
Steed, University of Washington; Andrew D. Stern, Mitretek Systems, Inc.;
Jielun Sun, National Center for Atmospheric Research; Jerry R. Waldman,
Surface Systems, Inc.; Samuel P. Williamson, Federal Coordinator for Me-
teorological Services and Supporting Research; and Chester G. Wilmot,
Louisiana State University.

This report provides the committee’s consensus findings and recom-
mendations. In Chapter 1 the road weather problem is described. Chapter 2
lays out the committee’s vision for the road weather system of the future. In
the committee’s view this vision could be readily achieved by the year 2020
if sufficient resources were dedicated to furthering road weather research
and development, and to fostering the subsequent implementation of those
research results. In Chapter 3 the current status of relevant research and
development activities in the meteorological and transportation communi-
ties is described. It is apparent to the committee that the two diverse com-
munities are not yet working together to address the road weather problem,
and that special efforts are needed to bring these two communities together
in an effective working relationship. A number of ways to improve the
integration of weather and transportation research could yield a substantial
payoff, and these along with other opportunities for improving road weather
information are identified in Chapter 4. In Chapter 5 the committee recom-
mends how to build an improved road weather program. In Chapter 6 the
committee offers some closing thoughts on how developing improved road
weather capabilities will increase the nation’s capacity to respond more
effectively to other large-scale trends.

John Snow
Chair
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1

Executive Summary

Weather significantly affects the safety and capacity of the nation’s
roadways. Adverse weather is associated with over 1.5 million vehicular
accidents each year, accounting for approximately 800,000 injuries and
7,000 fatalities. Poor road or visibility conditions often cause drivers to slow
down, thereby substantially reducing roadway capacity, increasing travel
times, and in some cases contributing to chain-reaction accidents. It is
estimated that drivers endure over 500 million hours of delay annually on
the nation’s highways and principle arterial roads because of fog, snow, and
ice. This conservative estimate does not account for considerable delay due
to rain and wet pavement. Because little new highway capacity will be built
in the coming decades and vehicle miles traveled are projected to continue
increasing, it is likely that maintaining the safety and capacity of the nation’s
roadways will continue to be a challenge in the foreseeable future.

An improved strategy for addressing the impacts of weather on surface
transportation has the potential to help mitigate roadway congestion and
save lives. High-quality weather observations and forecasts specific to the
roadway environment could help users, including drivers, fleet dispatchers,
and law enforcement and emergency management personnel, make better
decisions, thereby increasing travel efficiency and safety during adverse
weather conditions. Improved road weather information could also help
those who construct, operate, and maintain the roadways to better respond
to weather problems. More globally, addressing road weather issues could
help position the nation’s road transportation system to respond appropri-
ately to anticipated major changes in demographics and technology of the
twenty-first century.

Despite the advantages of providing enhanced weather information to
multiple users, such services have yet to be widely implemented. This
reflects a lack of coordination of existing resources and knowledge, as well
as a historical shortage of research and development efforts focused on road
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2 WHERE THE WEATHER MEETS THE ROAD

weather. Further, the development of improved capabilities to provide road
weather information has been hindered by a lack of interaction between
meteorologists and transportation researchers as well as insufficient funding
specifically directed at the road weather problem.

Recent and anticipated advances make the field of road weather ripe for
significant progress in understanding and capability. Accompanying ad-
vances in meteorology and transportation are improvements in communi-
cations, computational capabilities, and geographic information systems,
all of which have clear applications to the road weather problem. The
notion of smart vehicles in constant communication with weather informa-
tion providers and traffic control centers, commercial fleets constantly ad-
justing their routing to avoid anticipated storms, and road maintenance
personnel being guided continuously by telemetered in-road sensors no
longer needs to be limited to the realm of science fiction.

The Committee on Weather Research for Surface Transportation was
formed at the request of the Federal Highway Administration to investigate
the current state of knowledge regarding road weather conditions and to
recommend key areas of research to enhance operational production of
weather-related information for roads (see Appendix A for the full statement
of task). The committee’s findings and recommendations are designed to
provide a framework to engage the transportation and weather communi-
ties, along with other stakeholders, to help shape and guide a focused road
weather research program. The recommendations will help the weather and
transportation research and operations communities capitalize on existing
capabilities and take advantage of opportunities for advances. They include
a suite of research activities as well as efforts to foster the implementation of
an operational road weather capability.

OVERARCHING RECOMMENDATION

1. Establish a focused, coordinated national road weather research
program.

The committee finds that there are substantial research questions and
opportunities in road weather that warrant a long-term national commit-
ment and therefore recommends the establishment of a focused, coordi-
nated national road weather research program. Sufficient knowledge and
experience exist today to initiate such a program; however, some aspects of
the program will require additional research and experience before they
can be completely defined and implemented. A road weather research
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EXECUTIVE SUMMARY 3

program is timely in that it can take advantage of investments being made in
weather and transportation research and infrastructure. An incremental in-
vestment in integrating and extending these efforts will reap substantial
benefits by producing a national road weather information system as part of
the nation’s emerging infostructure—a network of data collection and dis-
semination necessary to support real-time management and operation of
the roadway transportation system.

Goals of the Program

The goals of the recommended national road weather research program
should be to (1) maximize the use of available road weather information
and technologies; (2) expand road weather research and development to
enhance roadway safety, capacity, and efficiency while minimizing envi-
ronmental impacts; and (3) effectively implement new scientific and tech-
nological advances.

Program Implementation

These goals should be attained by establishing regional centers, na-
tional demonstration corridors, and a nationwide solicitation to support
individual investigator-led research projects. It is essential that the program
foster close, continuing interaction between the research community and
those who will use the research results to ensure that users’ needs are well
integrated into all stages of the research and development process. Indeed,
the private sector can serve as an important conduit for transferring research
results to operations. In all cases the program must be guided by careful
cost-benefit analyses.

The committee recommends regional research centers to develop new
technologies, foster technology implementation on regional roadways, and
facilitate interaction among federal, state, and local governments, the pri-
vate sector, and academia. Such centers could be an attractive alternative to
establishing individual state programs because many states in a particular
region share the same road weather challenges. These regional centers
should be interdisciplinary, incorporating weather and transportation re-
searchers as well as relevant practitioners in the public and private sectors.
It is essential that the centers be funded competitively with due consider-
ation given to reflect different weather conditions and transportation prob-
lems common to their regions. In addition to addressing the needs of their
regions, individual centers should specialize to avoid redundant research
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4 WHERE THE WEATHER MEETS THE ROAD

on the road weather challenges that are multiregional or even national in
scale. For example, one center could specialize in fog as a visibility impedi-
ment (a national problem), while another could specialize in evacuation
strategies (a problem affecting hurricane-prone regions).

Because regional research centers may require substantial investment
in infrastructure before research can be conducted, the center selection
should consider other collocated resources, such as computing centers or
strong university research programs, that could be leveraged. An alternative
to regional centers that avoids some of these initial costs is technology
development teams, for which researchers are selected competitively from
various research centers to work together on a specific research and devel-
opment problem. This concept has been used successfully by the Federal
Aviation Administration’s Aviation Weather Research Program to provide
efficient and flexible operationally relevant research results. If the technol-
ogy development team approach is chosen, then strong and effective link-
ages to the private sector need to be built into the team structure.

The committee also recommends national corridors along two U.S.
interstate highways, one running north-south and one running east-west, to
demonstrate the effectiveness of various road weather improvements, facili-
tate nationwide implementation of research results, and provide a seamless
stream of road weather information to users. Ideally, the selected highways
would traverse several climate zones containing varied land cover, use, and
terrain. Further, they would pass through several states that are early adopt-
ers of Intelligent Transportation System (ITS) technology and are agreeable
to serving as leading states in the implementation of the national road
weather research program. Special programs should be established for the
federal government and the private sector to partner with these states to
showcase road weather products and services. Many of the recommenda-
tions made in this report for new technology should be implemented first
along these corridors.

Program Management and Funding

Transportation research and management are currently highly decen-
tralized, largely implemented by states, and meteorological research and
operations are spread across several federal agencies, universities, and re-
search centers. The private sector has provided many of the targeted road
weather services to date. Yet, for the proposed road weather research pro-
gram to succeed, centralized leadership at the federal level is essential in
setting research priorities, administering grants, providing a central reposi-
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EXECUTIVE SUMMARY 5

tory for research findings, ensuring accountability, and fostering the transfer
of new knowledge and technology to operational practice. The Federal
Aviation Administration’s Aviation Weather Research Program provides a
good model for the federal leadership needed for a road weather research
program. The committee recommends that the Federal Highway Adminis-
tration have the leading role in the national road weather research program
and that the National Oceanic and Atmospheric Administration be a lead
partner in this effort. The federal government should establish an inter-
agency coordinating council to guide the national road weather research
program. In addition to the Federal Highway Administration, participation
on this council should include at a minimum the National Oceanic and
Atmospheric Administration and the National Science Foundation, espe-
cially through their joint U.S. Weather Research Program. It is no less
critical that the leadership of the proposed road weather research program
foster effective partnerships with the private sector in a manner that pro-
vides clear processes for interaction.

The committee recommends that long-term, dedicated funding for road
weather research sufficient to achieve the program’s goals be established as
new funding in the Federal Highway Administration. The committee esti-
mates that the research program will require a minimum of $25 million per
year, based on an assessment of unmet needs, the capacity of the research
community to conduct the program effectively, and costs for comparable
transportation research initiatives in other areas, such as the Aviation
Weather Research Program. The committee believes that many of the re-
search and development challenges that it has identified will require more
than a decade to solve; thus a long-term research and development program
with appropriate funding commitments is required. Although the Federal
Highway Administration is recommended as the primary funding recipient,
the committee feels that the dedicated funds for this program will be highly
leveraged with funds focused on other initiatives that have an affinity with
road weather research and development.

Steps should also be taken to foster effective public-private-academic
partnerships in road weather research and technology implementation. Es-
sential partners in this effort include the Federal Highway Administration,
the National Oceanic and Atmospheric Administration, the National Sci-
ence Foundation, the American Association of State Highway and Transpor-
tation Officials (AASHTO), academia, state and local governments, the pri-
vate sector, and nongovernmental organizations such as ITS America and
the American Meteorological Society. The committee believes that the pre-
ceding recommendations concerning regional research centers, a focus on
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6 WHERE THE WEATHER MEETS THE ROAD

national demonstration corridors, and widely accessible databases will fa-
cilitate such partnerships. Indeed, the contributions from all sectors are
essential for the implementation of the program recommended here.

Research Framework

The proposed road weather research program should support research
and development in the following five areas:

1. a robust, integrated observational network and data management
system specifically designed to meet the need for enhanced road weather
research and operational capabilities;

2. a coordinated research effort to increase understanding of road
weather phenomena and options for increasing safety, mobility, and effi-
ciency of the nation’s roadways during all types of weather;

3. improved modeling capabilities and forecast tools designed to pro-
vide relevant, useful information to those who build, manage, maintain, and
use the nation’s roadways;

4. multiple mechanisms for communicating road weather information
to varied users in ways that support better informed decision making; and

5. an infostructure that takes advantage of new technologies to monitor
and predict road weather conditions and then effectively convey road
weather information to end users.

The committee identified many opportunities for improving understand-
ing, capabilities, and products in these five areas. In each of these research
foci the proposed program should support activities that apply currently
available knowledge and tools to the road weather problem, are new re-
search and development efforts, and enable effective implementation of
research results. The recommendations that follow highlight key activities in
each of these categories.

RECOMMENDATIONS TO OPTIMIZE USE OF AVAILABLE ROAD WEATHER
INFORMATION AND TECHNOLOGIES

2. Make better use of currently available road weather information
and technologies to increase capabilities for transportation
research.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


EXECUTIVE SUMMARY 7

Archive and mine operational traffic observations to assess weather
impacts.

Some states and cities monitor traffic throughout their area and rou-
tinely collect data from traffic counters, video cameras, and other sensors.
Often these data are used for real-time management of the transportation
system but are not quality assured or archived in formats or in locations
readily accessible to the research community. The committee recommends
that the road weather research program take better advantage of these data
because they provide many opportunities to learn about impacts of weather
on traffic flow and refine estimates of traffic simulation parameters. This will
require finding cost-effective ways to quality assure these data, archive
them in easy-to-use formats, and make them accessible to researchers.

Integrate available weather information into traffic planning and
management models.

The committee recommends research to improve the way weather ef-
fects are included in traffic and emergency management models, which
currently are used for offline design and planning of transportation systems.
Better accounting for weather in these models will allow researchers to
assess the benefits of improved weather monitoring and forecasts on trans-
portation operations and enable practitioners to more efficiently manage
the nation’s roads.

Use real-time weather information in the operation of the transportation
system.

The road weather research program should support development of
operational modeling systems for roadway management that include real-
time weather information. The use of real-time weather information to sup-
port the operation of the transportation system is in its infancy but should be
encouraged; for example, the road maintenance community has made ad-
vances in incorporating real-time weather information in decision support
systems for winter operations. Real-time road weather information would
also be useful for warning drivers of dangerous weather conditions and for
optimizing commercial vehicle operations.
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8 WHERE THE WEATHER MEETS THE ROAD

3. Establish a nationwide real-time road weather observation system.

Take advantage of existing observation networks and databases.

The committee recommends that the road weather research program
take full advantage of established environmental monitoring networks, in-
cluding those from in situ and remote-sensing platforms and existing data-
bases on soil type and land use characteristics. As a first step, efforts are
needed to integrate and use information from Environmental Sensor Stations
and meteorological mesonets with particular attention to seamlessness
across state boundaries. A nationwide repository in which weather observa-
tions relevant to the roadways are collected and shared by all interested
parties would be of great use to the road weather community.

The committee recommends that the road weather research program
support the design and establishment of a portal that allows access to (1)
weather data relevant to the roadway; (2) state databases of relevant road
characteristics, including pavement or concrete composition, road surface
depth, and underlying soil type; (3) real-time road surface condition infor-
mation; and (4) traffic information. Access to these data currently is con-
strained by the limited data availability and disparity of data formats used by
states and municipalities. Having access to these data in standard formats
would allow private sector companies to develop forecasting tools that
could be easily and reliably applied in different states.

Improve the existing observation system.

To attain an improved road weather observation network the road
weather research program should support efforts to establish standards for
observing procedures and station siting to ensure that (1) the data are repre-
sentative of the roadway environment and (2) new road weather stations
and traffic monitors are added to optimally address both modeling and
special observing needs. The National Weather Service, states, and other
entities that perform weather observations should use these standards as
they establish new sites to fill gaps in the current observational network.

In addition to improving fixed road weather observation sites, expanded
use should be made of mobile observing platforms. Such platforms could
consist of a fleet of state- or city-owned vehicles, commercial trucks and
buses, and even private vehicles. Vehicle observations of roadway tempera-
ture and surface traction could be of great use in providing a more complete
and accurate picture of roadway conditions. The road weather community
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EXECUTIVE SUMMARY 9

should collaborate with the automobile industry in the design and deploy-
ment of these mobile observing platforms and ensure that these data remain
open to access.

Maximize utility and quality of road weather information.

The committee recommends that the road weather research program
take steps to maximize the utility and quality of road weather information.
First, to facilitate sharing among multiple entities, the road weather commu-
nity should help standardize formats of geolocated data and associated
metadata (e.g., the National Transportation Communications for Intelligent
Transportation System Protocol Object Definitions for Environmental Sen-
sor Stations). Second, the community should standardize the presentation of
road weather information (e.g., in terms of units, colors, or symbols) to user
groups across North America. Third, to facilitate integration of information
from different research communities, the community should use geographic
information systems to analyze, manipulate, and display road weather ob-
servations, model output, and forecasts. Fourth, the community should es-
tablish standards and implement data quality assurance and control proce-
dures. It is critical to ensure that all road weather observations are of
sufficient quality to be used in the numerous desired data applications.

RECOMMENDATIONS TO EXPAND ROAD WEATHER
RESEARCH AND DEVELOPMENT

4. Improve weather and transportation modeling capabilities.

Improve accuracy and resolution of road weather forecast products
supporting both tactical and strategic decision making.

The road weather research program should support development of
tailored road weather information products to support real-time operations
and both near-term tactical (0 to 6 hours) and longer-term strategic (> 6
hours) decisions by road users and managers. More accurate weather infor-
mation products should be developed on fine spatial and temporal scales
appropriate to the roadway environment, in part by taking advantage of
advances in nested and ensemble modeling approaches. Producing road
weather forecasts for the 2- to 6-hour timeframe presents the greatest re-
search challenge because current data become less useful and some models
may not have reached the point where they can provide useful output. As a
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10 WHERE THE WEATHER MEETS THE ROAD

result, this short-term forecast problem likely will remain a focus of the
human forecaster and newly emerging statistical tools for the near future.
The newly developed National Digital Forecast Database from the National
Weather Service provides forecasts across the United States on grid spacing
no greater than 5 km and may provide a logical starting point for either user-
developed applications or further enhancement by the private sector.

Improve prediction and warning of weather-influenced hazards that
rapidly impede roadway use.

The road weather research program should support research to improve
predictions and warnings of weather-induced hazards that rapidly impede
roadway use, such as flash floods, avalanches, mudslides, and other debris
flows. Better understanding of the causes of these hazards and how best to
respond to them could help avoid loss of life and property. Existing observa-
tional and forecasting capabilities need to be assessed and significant gaps
should be addressed.

Improve empirical and numerical modeling techniques to account for
both the roadway atmosphere interface and the surrounding environment.

The roadway environment consists of two components: (1) the road
surface and (2) the weather and visibility conditions directly above the road.
For the former the committee recommends that research be pursued to
improve one-dimensional modeling techniques for the roadway-atmosphere
interface, the region that extends a few meters above and below the road
surface. Advances in this area would enable better forecasts of road surface
temperature, leading to better forecasts of frost and black ice. For the latter,
empirical and multidimensional modeling approaches should be developed
to account for local terrain, land cover, surface composition, and other
geographic features that affect the exposure of the roadway to infrared and
solar radiation (direct and indirect), wind, and precipitation. Such models
need to provide improved forecasts of road surface temperature and condi-
tion (e.g., dry, wet, frozen surfaces) as well as fog, wind, and other localized
atmospheric phenomena.

Develop end-to-end models that assess and predict weather impacts on
roadway conditions and operations.

The road weather research program should support a long-term, inter-
disciplinary effort to develop end-to-end modeling systems. The required
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modeling system would have to incorporate (1) current weather and pave-
ment conditions; (2) “future” and forecast weather conditions; (3) a model
of road conditions, especially road temperature and traction; and (4) a
traffic simulation model that includes the reaction of drivers to such condi-
tions as precipitation, high winds, low visibility, slick pavement, and con-
gestion mitigation strategies (e.g., timing traffic lights, commuter highways,
weather-controlled dynamic speed limit signs). Used in an offline planning
mode, such a system has enormous potential to enable road managers and
emergency responders to develop better proactive responses to extreme
weather conditions. As understanding, modeling sophistication, and com-
puter capabilities allow, such models ultimately could be run in real time to
assist in the routine management of the transportation system, thereby en-
hancing safety, capacity, and traffic flow.

5. Develop observing capabilities to measure the performance of road
weather forecasts.

The committee recommends that the road weather research program
develop special observing facilities to validate forecast tools and verify road
weather forecasts. Ideally, these observing facilities would be located along
the national corridors and at the regional centers identified previously. In
some cases these facilities could consist of permanently instrumented ar-
rays, but to be cost effective most should consist of supporting infrastructure
that facilitates the rapid deployment of instrumentation for occasional inten-
sive observation periods. An important aspect of the recommended work
would be the collection of micrometeorological measurements necessary to
develop, improve, and validate the models.

6. Develop methods for estimating and conveying the degree of
confidence in road weather information.

The road weather research program should support the development of
means for estimating the inherent uncertainty in road weather information.
Advanced weather decision support systems that assimilate many diverse
sources of information need to estimate uncertainty and provide easily
understood metrics to aid users in making optimal decisions. New methods
are needed to enable more effective communication of uncertainty to a
wide variety of users.
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12 WHERE THE WEATHER MEETS THE ROAD

7. Improve road weather instrumentation.

The road weather research program should support efforts to establish
science-based standards for road weather sensors and to implement proce-
dures to test, compare, and certify that sensors meet these standards. The
comparison and testing procedures need to ensure that the results are appli-
cable to a field setting. The committee recommends support for the devel-
opment of improved sensor technology specific to road weather applica-
tions, such as for the amount of ice, all-season precipitation, present
weather, and chemical composition of the slurry on the road surface. Re-
search is needed on design and deployment of sensor systems to provide
data more generally representative of the traveled road surface and that are
reliable under a wide variety of weather and traffic conditions.

8. Support human factors research to obtain desired responses to road
 weather information.

The road weather research program should support research into the
human and cultural factors involved in driver decision making under a
variety of weather conditions and in driver response to new technologies for
the delivery of road weather information. Important aspects of this research
include the information, content, and format for optimum response, and
safe methods for communicating with vehicle operators, especially during
hazardous weather conditions. The Federal Highway Administration’s pro-
gram for an Advanced Traveler Information System has acknowledged that
although technology exists to display information to the driving public,
there is little knowledge to guide the proper selection of methods and
displays. This research should build on the work done by the Advanced
Traveler Information System, Commercial Vehicle Operations, and Ad-
vanced Traffic Management Systems, and be compliant with the National
ITS Architecture Maintenance and Construction Operations user service
bundle. Additional research is needed on effective communication of road
weather information to traffic managers, maintenance personnel, and emer-
gency managers because they have specialized needs that are significantly
different from those of the general public.
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RECOMMENDATIONS TO EFFECTIVELY IMPLEMENT NEW SCIENTIFIC
AND TECHNOLOGICAL ADVANCES

9. Develop new means to effectively communicate road weather
information to a wide range of users.

The road weather community should take advantage of new and up-
coming advances in technology that will enhance communication to users.
Along with expanded observational capabilities, advanced communica-
tions technology must be deployed to enable instruments to transmit data
back to central processing centers and to relay processed weather informa-
tion back to drivers and other users. Advances in wireless communication
hold much promise for providing location-specific weather information to
mobile users, but the challenge of determining how best to use these com-
munication technologies remains.

10. Pursue nationwide operational capability as research results
become available.

Develop a robust national roadway infostructure.

Major components of a roadway infostructure are being developed. The
committee recommends that the road weather research program proactively
participate in this effort to ensure that the road infostructure of the future
incorporates a sophisticated network of road weather observations, includ-
ing sensors embedded in the pavement, weather stations adjacent to the
roadway, water level sensors near flood-prone routes, remote observations
from satellite platforms, and instruments on vehicles themselves.

Enable efficient technology transfer.

The committee recommends that the national road weather research
program involve operational users as part of the research and development
effort from the beginning. The user community for road weather information
is broad and includes the general public; commercial shipping and bus
transit companies; emergency managers; those who build, maintain, and
operate the nation’s roadways; and vehicle manufacturers. Early user in-
volvement helps to ensure that the technology transfer path will be efficient
and expeditious and will produce results relevant to the needs of the user
community.
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14 WHERE THE WEATHER MEETS THE ROAD

Improve education and training of road weather information users.

The road weather research program should incorporate training on the
use of road weather information and technology into driver education na-
tionwide. This training needs to start with new-driver education and be
reinforced periodically as new technology is introduced or other circum-
stances arise, such as when a driver moves to a new region with a different
climate. In commercial settings continuing education on road weather in-
formation is recommended for drivers and dispatchers. Special efforts are
needed in the education and training for such groups as road maintainers,
emergency managers, and traffic managers. When new products or deci-
sion support tools are deployed, educational and outreach programs, pilot
projects, operational demonstrations, and “table-top exercises” should be
conducted on a regional basis.

Seek out synergies and efficiencies between road weather research and
parallel efforts regarding other modes of transportation.

The committee recommends that the road weather research program
routinely monitor research parallel to surface operations in aviation, rail,
and transit to exploit applicable overlap. Many aspects of the proposed road
weather research program could benefit research in aviation, rail, and other
modes of transportation. Indeed, there are many synergies and efficiencies
to be gained by coordinating research on meteorological phenomena that
affect all modes and on the development of decision support resources. In
particular the well-established aviation weather research program offers
many lessons learned that should be examined by the emerging road
weather research program.
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1

Introduction

Weather has broad and significant effects on the roadway environment.
Snow, rain, fog, ice, freezing rain, and other weather conditions can impair
the ability of drivers to operate their vehicles safely, significantly reduce
roadway capacity, and dramatically increase travel times. Multiple roadway
activities, from roadway maintenance and construction to shipping, transit,
and police operations, are directly affected by inclement weather. There are
substantial costs in loss of life, injuries, and property damage due to weather-
related accidents. State and local transportation agencies responsible for
maintaining the nation’s roadways incur significant costs both directly in
responding to phenomena such as ice and snow that impede road opera-
tions and indirectly through lost tax revenue if commerce is interrupted.
Businesses may be disrupted, especially if they rely on “just in time” arrival
of materials and finished goods. There can also be adverse environmental
impacts if road treatment chemicals migrate from the road surface to the
surrounding environment. Its omnipresence and influence on surface trans-
portation makes weather information a necessity to most roadway users;
according to a recent U.S. Department of Transportation survey, “Nearly all
drivers surveyed want appropriate, relevant weather conditions included
with their traffic information” (USDOT, 2000).

Some road weather information is available to users currently; for in-
stance, there have been important research and development efforts to
create better decision support tools for road managers, particularly with
regard to snow and ice control activities. Nonetheless a disconnect remains
between current research and operations, and additional research could
yield important safety and economic improvements for roadway users. Me-
teorology, roadway technology, and vehicle systems have evolved to the
point where users could be provided with better road weather information
through modern information technologies. The combination of these tech-
nologies has the potential to significantly increase the efficiency of roadway
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16 WHERE THE WEATHER MEETS THE ROAD

operations, road capacity, and road safety. This report provides a roadmap
for moving these concepts to reality.

METEOROLOGICAL CONDITIONS THAT INFLUENCE THE
ROADWAY ENVIRONMENT

Nearly all weather conditions affect the roadway environment in some
way, typically by affecting visibility, surface traction, or maneuverability of
vehicles. Winter weather conditions, including snow accumulation, freez-
ing rain, icy surfaces, and blowing snow, have received the most attention
by the transportation community because they can significantly impair the
operability of the roadway system over a large region (Figure 1-1). In 2001
110,072 crashes occurred on snowy or slushy roads; consequently, over
1,100 people were killed and nearly 95,000 people were injured. An addi-
tional 183,377 crashes occurred in 2001 during snowfall or sleet; nearly

FIGURE 1-1 Traffic on a snowy day. SOURCE: Curt Pape, Minnesota Department of
Transportation.
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INTRODUCTION 17

FIGURE 1-2 Car traveling on a rainy night.
SOURCE: Amanda Staudt, National Research
Council.

790 people were killed and 62,000 people were injured as a result
(Goodwin, 2003b). Such conditions occur routinely in the northern states
and occasionally in the mid and southern tier states, where their occasional
nature makes them more hazardous due to less experienced drivers and
lack of adequate winter road maintenance equipment. Roadway mainte-
nance personnel typically respond to winter weather conditions through a
combination of plowing and chemical treatments intended to lower the
freezing point of water, but challenges still remain in terms of determining
the optimal response strategy for a particular winter storm.

Although the impact of winter storms on the roadway system can be
quite dramatic, more fatal accidents are attributed to rainy conditions than
to any other inclement meteorological condition (Figure 1-2). Over 1.1
million crashes in 2001 occurred on wet pavement, resulting in nearly
5,400 deaths and 511,000 injuries. An additional 688,304 crashes in 2001
occurred when it was raining, resulting in over 3,200 deaths and nearly
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309,000 injuries (Goodwin, 2003b). This is not because rain is more dan-
gerous than other phenomena but rather because rain is more common
and is not as much a deterrent to road travel as snow or freezing rain.
Safety risks include lane submersion, mechanical loss of vehicle maneu-
verability and control, visibility reduction, and distraction by hail or debris
carried by winds. Convective weather, although often on a smaller spatial
scale, can present additional hazards, such as lightning, strong winds, and
hail. Hail is particularly damaging to vehicles and can seriously distract
and stress drivers.

Another common way that weather affects the roadway environment is
by causing reductions in visibility due to fog, solar glare, blowing dust or
snow, precipitation (and associated vehicle spray), and smoke. In 2001 fog
was associated with 43,792 crashes; over 670 people were killed and more
than 19,000 people were injured in these crashes (Goodwin, 2003b). Re-
duction in visibility below a quarter mile poses a threat to driver safety by
hampering the ability to see and be seen within a safe reaction distance.
When encountered unexpectedly while traveling at high speed, such haz-
ardous conditions can cause serious driver disorientation and lead to dra-
matic multivehicle accidents. Decreased visibility also can retard traffic
flow as drivers properly reduce their speed, thereby reducing the carrying
capacity of roadways; however, different drivers will reduce their speed
differently in reaction to a sudden reduction in visibility, leading to large
speed differentials and increased potential for accidents (OFCM, 2002b).

Winds greater than 25 mph can inhibit the maneuverability and stabil-
ity of high-profile vehicles, including recreational vehicles, trucks, and buses
(OFCM, 2002b). Stronger winds can even topple high-profile vehicles, par-
ticularly when they are traveling empty. Wind also reduces visibility through
blowing snow, dust, or sand. Conversely, just the right amount of very light
wind is required for radiation fog to occur on clear nights. The forecasting of
wind extremes, strong and light, is therefore critically important for road
safety. Currently, there are a few specific efforts under way to forecast high
winds and either alert drivers of high-profile vehicles or close wind-prone
stretches of road.

Severe weather conditions, such as hurricanes, tornadoes, and flash
floods, claim the lives of many drivers each year and cause numerous
problems for traffic managers, law enforcement officials, and emergency
managers (Figure 1-3). Hurricanes and flash floods can create a broad range
of logistical challenges when large numbers of residents need to be evacu-
ated from impacted areas in a short time. Such severe events also can make
roads and bridges impassable and impair communication capabilities.
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ESTIMATED IMPACT AND COST

Adverse weather and the ensuing degradation of road conditions are
associated with over 1.5 million vehicular accidents per year. These events
result in approximately 800,000 injuries and 7,000 fatalities each year (see
Table 1-1). Although weather may not be the only cause of these automo-
bile accidents, inclement weather most likely is a contributing and exacer-
bating factor. The injuries, loss of life, and property damage from weather-
related crashes cost an average of $42 billion annually (Lombardo, 2000).
In some cases weather-related crashes can involve large numbers of ve-
hicles and cause long stretches of roadways to be closed (Figure 1-4).

Any deviation from ideal driving conditions poses a potential threat to
the maximum operability of the afflicted road. For example, during heavy
rain or wet pavement conditions, drivers may decrease their speed by 25
percent (Figure 1-5), causing a drop in road capacity of 10 percent. In a
snow event, they may reduce their velocity by nearly 40 percent, which can

FIGURE 1-3 Hurricane Isabel begins to affect the U.S. mainland on September 17, 2003.
The hurricane led to evacuations in North Carolina and Virginia and caused severe
flooding as far north as eastern Pennsylvania. The federal government in Washington,
D.C., was closed for two days largely because of concerns about the safety of commut-
ers on the surface transportation system. SOURCE: NOAA.
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TABLE 1-1 Total Deaths 1989–1999 Due to Traffic Accidents Associated with
Adverse Weather

Adverse Percentage of
Vehicle Type Total Deaths Weather Present Total

Passenger cars 312,620 42,585 13.6
Light trucks 190,271 26,221 13.8
Heavy trucks 56,278 9,346 16.6
Motorcycles 28,537 969 3.4
Buses 3,617 622 17.2
Total 591,323 79,743 13.5

SOURCE: Lombardo (2000).

FIGURE 1-4 A pile-up of 100 vehicles during a storm on March 6, 2003, on Interstate 95
just outside Boston, Massachusetts. Ten miles of the interstate were closed while the
vehicles were cleared from the road. SOURCE: Boston Globe.

result in a 25 to 30 percent reduction in capacity. When visibility is less
than 300 m, drivers may reduce their speed by 15 to 40 percent.

Drivers endure over 500 million hours of delay annually on the nation’s
highways and principal arterial roads due to fog, snow, and ice (OFCM,
2002b). This conservative estimate does not account for considerable delay
due to rain and wet pavement. Because highways are the lynchpin between
various modes of transportation, local delays can actually initiate impedi-
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ments throughout the interconnected transportation networks. Such events
can cause bottlenecks, interrupt delivery cycles, and create imbalances in
supply and demand that lead to higher costs for businesses and ultimately
for consumers. Given that the number of vehicle miles traveled is projected
to increase substantially over the next 40 years (Figure 1-6) without a con-
current increase in highway capacity, adverse weather and weather-related
road conditions will increase the strain on the roadway system.

Significant weather-related costs are also incurred by state and local
agencies that maintain and operate the nation’s roadways. For example,
state and local agencies spend more than $2 billion annually on snow and
ice control operations and over $5 billion annually for infrastructure repair
due to ice and snow damage. The average expenditure for winter road
maintenance in 1999 was over $22.7 million per state or approximately 12
percent of their maintenance budgets (FHWA, 2003). Although very few
cost-benefit analyses of preventative techniques (e.g., anti-icing) or improved
road weather information have been conducted, preliminary findings sug-
gest the end justifies the means. For instance, Stowe (2001) reports a benefit/
cost ratio of over two and a net benefit of over $1 million based on an
analysis for a proposed automatic anti-icing system for a portion of a Wash-
ington State interstate. Another study that evaluated the use of anti-icing
procedures by state highway agencies in nine states concluded that states

FIGURE 1-5 Speed flow curves for different weather conditions, assuming a free flow
speed of 120 km per hour. SOURCE: Adapted from OFCM (2002b).
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22 WHERE THE WEATHER MEETS THE ROAD

can reduce their snow and ice control budget by 10 to 20 percent (Boselly,
2001). Finally, in Kamloops, British Columbia, during the winter of 1996,
the Insurance Corporation of British Columbia began exploring the use of
anti-icing, de-icing, and pre-wetting practices during snowy or icy condi-
tions as a supplement to the traditional use of salt and sand. As a result,
winter maintenance costs were down nearly $15,000 (ICBC, 2000). Further
use from 1997 through 2000 resulted in a 40 percent overall reduction in
insurance claims related to snowy or icy conditions, a savings of over $4.3
million.

CHALLENGES IN ADDRESSING THE ROAD WEATHER PROBLEM

The fatalities, injuries, property damage, and economic costs associated
with inclement weather present a significant road weather problem that is
exacerbated by increasing traffic densities due to increasing population,
vehicle ownership, and average annual miles traveled. This problem pre-
sents a number of challenges, both on a research level and when putting
research advances into practice. The subject matter is highly interdiscipli-
nary, spanning meteorology, technology, roadway construction and main-

FIGURE 1-6 Projected U.S. population (in millions of people) and in vehicle miles traveled (in billions of
miles). SOURCE: U.S. Census Bureau, 2000; TRB, 1994.
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INTRODUCTION 23

tenance, traffic and emergency management, vehicle design and mechani-
cal condition, and human behavioral factors that affect how drivers receive
and process information. Developing new capabilities to deal with the road
weather problem will require researchers who do not usually interact to
collectively focus their attention on this problem. Moving the results of the
research into an operational environment necessitates building relation-
ships between researchers and a wide community of users. Many of these
connections are only beginning to be made.

The roadway environment is very complex from a meteorological per-
spective, requiring knowledge of atmospheric conditions and the processes
that influence them on scales much smaller than regularly considered in
operational frameworks. Road weather conditions are influenced greatly by
the immediate environment, including local terrain, built structures, and
land cover. Hazardous conditions, such as fog or a frosty road surface, often
develop in response to local conditions even when the weather forecast
calls for clear skies; for example, pavement temperature will be colder at
night in open areas compared to areas protected by nearby trees. These
issues require accurate and timely meteorological data in order to effec-
tively support the dynamic operation of the roadway.

Overlaid on the meteorological complexities is the need to consider the
numerous factors associated with surface transportation. First, there are the
challenges of the multifaceted roadway infrastructure; for instance, many
different materials and methods are used to construct the roadway surface,
all of which respond differently to various weather conditions. Second,
there are several techniques for communicating weather information to
drivers, who internalize and react to the information in ways that are not
well understood. Third, the numerous vehicles that interact with the road-
way infrastructure have different operating characteristics and weights, while
drivers have differing diving skill. Finally, transportation personnel who
build, maintain, and operate the roadway system employ a variety of ap-
proaches, which can alter the driving experience. Creating a more safe and
efficient roadway environment requires consideration of all these factors
under inclement weather conditions.

To address these challenges, the Federal Highway Administration re-
quested the National Research Council to examine the research opportuni-
ties and required services needed to support improved weather-related in-
formation for the nation’s roadways (see Appendix A for Statement of Task).
The National Research Council formed the Committee on Weather Re-
search for Surface Transportation: The Roadway Environment. The commit-
tee prepared this report after carefully investigating the current state of
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24 WHERE THE WEATHER MEETS THE ROAD

knowledge regarding road weather conditions. Following the discussion in
this chapter of the affects weather has on the roadway environment, the
committee’s vision for the road weather system of the future is presented in
Chapter 2. A review of the current activities and technologies relevant to the
meteorological and transportation communities is provided in Chapter 3,
including current observational and modeling capabilities of both weather
and the roadway environment, forecasting capabilities, operational activi-
ties, and tools. Chapter 4 builds on the previous chapter by presenting the
committee’s recommendations for achieving the vision of the future opera-
tional road weather system based on identified gaps and new areas of
needed research. In Chapter 5 the committee outlines a recommended
coordinated national program to guide road weather research and transition
scientific and technological advances into operations. The committee hopes
that this report provides a useful framework to engage the transportation
and weather communities and relevant stakeholders in the development of
a strategic plan to guide road weather research.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


25

2

The Road Weather System of the Future

High-quality weather information about the roadway environment, in-
cluding both current observations and forecasts, communicated in a timely
and effective manner can help drivers to make better, safer decisions re-
garding travel plans and to react properly when faced with potentially
compromised conditions. Providing improved road weather information to
those who construct, operate, and maintain the nation’s roadways will
enable them to operate the roads more efficiently and respond more quickly
and appropriately to weather problems. Both drivers and transportation
professionals will benefit from new technologies for vehicles, roadway in-
frastructure, and communications. In a more global sense, an exploration of
road weather issues will help position the nation’s road transportation sys-
tem to respond appropriately to changes in demographics, technology, and
the environment (see Chapter 6).

Recent and anticipated advances position the field of road weather for
significant improvements in understanding and capability. For example, the
meteorological community has made important advances in understanding
smaller-scale meteorology. Great strides in observational capabilities have
been made, making it possible to obtain a more comprehensive picture of
current weather and roadway conditions. Numerical modeling has become
more sophisticated and capable of resolving important phenomena on small
space scales and short time scales. Transportation personnel have imple-
mented dynamic message signs and have begun to take advantage of cellu-
lar technology to communicate with drivers while en route. Vehicle manu-
facturers have demonstrated the feasibility of a wide variety of onboard
computing and telecommunications tools and have begun to move some of
these to the market place. Accompanying these advances in meteorology
and transportation are improvements in communications, computational
capabilities, and geographic information systems, technologies that have
applications to the road weather problem. It is clear that road weather is a
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26 WHERE THE WEATHER MEETS THE ROAD

problem that can be significantly mitigated by appropriate action, not a
situation that simply has to be endured.

The idea of smart vehicles in constant communication with weather
information providers and traffic control centers, commercial fleets con-
stantly adjusting their routing to avoid anticipated storms, and road mainte-
nance personnel being guided continuously by telemetered in-road sensors
no longer needs to be limited to the realm of science fiction. Rather, over
the course of the next 15 years a focused road weather research program
could deliver this as a reality to the nation saving thousands of lives and
billions of dollars. The committee sees the road weather system of 2020 as
including a robust observation and communication infostructure,1 models
to support decisions, smart vehicles, enhanced roadway maintenance, and
enhanced traffic and emergency management.

On her way to pick up her children from band practice Karen notes
the dark clouds of a thunderstorm rapidly approaching. Meanwhile,
computers at a private meteorological service are using data from
the National Weather Service and the Kansas Department of Trans-
portation to produce a highly specific “pathcast” for the storm,
indicating which areas are expected to be affected. This pathcast
takes advantage of a sophisticated four-dimensional data assimila-
tion system that integrates local data from lightning sensors, radars,
surface-observing stations, wind profilers, and stream gauges, to
name but a few. Karen’s in-vehicle communication system beeps
three times and relays a message that the storm, which will be
accompanied by lightning, gusty winds, and heavy rain with the
possibility of flash flooding, will reach her location within 30 min-
utes. As the rain begins to fall heavily she worries about flooding of
the nearby creek that already is high due to heavy rain during the
past couple of days. Karen tells the hands-free communication sys-
tem her destination and requests that it identify an alternate route to
circumvent the nearby creek. The system integrates both weather
and traffic information to send Karen on a safer route that will avoid
flooded streets but remain uncongested.

1Infostructure is the network of data collection and dissemination necessary to support real-
time management and operation of the roadway transportation system. It often is focused on
congestion management, security management, emergency management, and weather re-
sponse (Cambridge and Mitretek, 2003).
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THE ROAD WEATHER SYSTEM OF THE FUTURE 27

ROBUST OBSERVATION AND COMMUNICATION INFOSTRUCTURE

As illustrated by Karen’s story the roadway system of the future will
make a diverse collection of observations readily available to users when
and where needed. Included in the observational network will be

• meteorological data from national and mesoscale in situ networks,
satellite platforms, weather radars, and other remote-sensing instruments;

• an instrumented corridor for characterization of the road surface (for
example using sensors embedded in the pavement) and the near road envi-
ronment;

• vehicles that continuously measure conditions with which they come
in contact, such as surface temperature, chemistry, and friction, air tem-
perature, or visibility; and

• observations of land cover, stream flow, sea level, snow pack, and
other environmental features that can affect the roadway.

These observations will be taken and then communicated to regional
and national collection facilities, where they will be assimilated to provide
continuously updated, four-dimensional fields of data. Periodically and on
demand these fields of data will be used to initialize numerical prediction
models, with the resulting forecasts stored in similar four-dimensional data
fields. From these fields of observed and forecast data, interpolation tech-
niques will be used to provide information at the location and time of
interest to a roadway user. The interface to this vast quantity of observa-
tional and forecast data will be seamless. A robust “infostructure” will be in
place that brings together all the desired data and disseminates the informa-
tion to users, taking advantage of advances in communication sensor tech-
nology, information technology, global positioning system data, data man-
agement, computing, and geographical information systems, among others.

MODEL-BASED TOOLS TO SUPPORT DECISIONS

The road weather system of the future will employ sophisticated models
to support enhanced decision making by the driving public, as in the case of
Lou, and by those who build, maintain, and operate the nation’s roads. The
models will be “end-to-end,” meaning they will integrate real-time observa-
tions of current weather, traffic, and road conditions; numerical weather
predictions; models of traffic flow given these observed conditions; and
rules of practice, to better serve a diverse customer base with decision
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28 WHERE THE WEATHER MEETS THE ROAD

support, such as for snow and ice treatment or for pouring concrete. These
models will be used by roadway maintenance officials, operational trans-
portation managers, emergency managers, and those who build roads, and
even incorporated into automated systems that provide alternate routes to
drivers on the road. High-quality weather forecasts that provide information
of the greatest accuracy possible at the necessary scale for the roadway
environment are necessary to ensure the value of these modeling tools.

SMART VEHICLES

The cars and trucks of the future will be able to detect and respond to
road weather conditions with ease. Not only will the vehicles be outfitted
with instruments to measure road and atmospheric conditions but they will

Lou is driving his semi-trailer tractor north on Interstate-35 across
Iowa headed to Duluth, Minnesota. A major winter storm is head-
ing east, with a foot of snow and strong winds forecast for much of
northern Iowa and southern Minnesota. He consults his dispatcher
using his “always-on” communication system to ask whether he
should continue driving through the storm, stop and wait for the
storm to pass, or head east and detour around the storm. The dis-
patcher must consider Lou’s safety and the possibility that he’ll be
marooned for a few days if he continues, additional fuel and other
vehicle costs, and any change in the time of delivery to the cus-
tomer. Based on a continuously updated forecast that the storm is
going to stay west of I-35, the dispatcher decides that Lou should
continue on his original route. After a couple hours, however, the
forecast now indicates the snow will spread farther east, causing
patchy snow and ice accumulation on the road. Several vehicles
about a mile ahead detect the icy conditions and report this through
the highway’s intelligent network. The main communication com-
puter on Lou’s truck picks up these reports, alerts Lou with a yellow
light in the corner of his head-up display, and automatically
reconfigures for better traction. Lou’s dispatcher also monitors and
relays to Lou information about the status of plowing and chemical
treatments, automated spray of chemicals to anti-ice bridges, and
traffic and visibility conditions, as well as the progress of the storm.
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THE ROAD WEATHER SYSTEM OF THE FUTURE 29

Curt, the winter weather maintenance official responsible for west-
ern Montana, is awakened at 1:00 a.m. by his beeper; the forecast
service has sent out an alert that snow expected to arrive in his
region of responsibility is still on track and will begin shortly. He
uses his personal information management system to access a suite
of decision support tools, including highly localized weather fore-
casts, a sophisticated road temperature model, and an application
that helps him choose treatment options. Curt is most concerned
about two mountain passes that typically ice up first due to their
higher elevation. He finds that three pavement sensors in a moun-
tain pass confirm the previous evening’s forecast that pavement
temperatures would fall to below freezing just in that area. Curt
quickly posts the weather radar display on his screen and the
precipitation extrapolation shows that snow indeed is due at the
mountain pass in a little over two hours. Based on this information,
Curt quickly concludes that an anti-icing treatment would be nec-
essary to ensure sufficient friction in the mountain pass in time for
people to drive to work in the morning. A few verbal commands
bring up his newly installed winter road maintenance decision aid
system. It already has ingested all of the current weather and trans-
portation information and confirms Curt’s preventative mainte-
nance strategy. It also recommends the precise amount of brine to
apply for the current and forecast pavement temperatures and snow
amount as well as the length of the roadway, based on road eleva-
tion, to treat on either side of the pass. Based on this information,
Curt decides that an anti-icing treatment is warranted. He contacts
the several employees he had placed on call the night before
based on the weather forecasts he received, and by 2:30 a.m. they
begin to apply liquid brine at the recommended rates to the road
segments identified. The trucks are equipped with sensors for road
temperature, air temperature and humidity, precipitation, and sur-
face chemistry and friction along with a computer system that
determines how much additional chemical treatment is necessary
to address the conditions.
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30 WHERE THE WEATHER MEETS THE ROAD

also have sophisticated positioning and communication capabilities. These
“smart vehicles” could stay in constant communication with weather infor-
mation providers and traffic control centers. Drivers will be informed imme-
diately of suboptimum road conditions, such as whether a driver several
minutes ahead encountered an icy road, or whether an accident occurred
along the driver’s route. Likewise, drivers will be able to call on route-
finding tools to determine optimum routes, which will be of particularly
great value for navigating roads affected by weather or congestion. The in-
vehicle communication and route-planning tools will smoothly interface
with World Wide Web tools available for pretrip planning, allowing planned
routes to be transferred to the vehicle. For example, onboard navigation
systems could be designed to show only the evacuation routes or to color
code roads on the map to reflect up-to-the-minute driving conditions.

These smart vehicles will also use highly honed communication meth-
ods that take careful account of the human factors involved in receiving and
processing information. They will be designed to provide the driver with an
appropriate amount of information about, for example, quickly approach-
ing hazardous conditions so that a good decision can be made. Innovative
ways to communicate such information will be incorporated into the ve-
hicle design, taking advantage of visual, auditory, and tactile methods.
Some vehicles, as was the case for Lou’s truck in the story above, will be
able to automatically optimize its handling for specific road conditions.

ENHANCED ROADWAY MAINTENANCE

Efforts to remove snow and ice from the roadways in the past have
combined regional scale coarse weather information, various rules of prac-
tice, lessons learned from experience, and a significant degree of guess-
work. The road weather system of the future will be able to provide highly
targeted weather information and decision support models that codify the
best of past practices and use cost-benefit analyses to help maintenance
officials make more informed decisions. Indeed, prototypes of this sort of
decision support tool are already being developed.

Plowing equipment will also be much improved in the road weather
system of the future. As was the case in the story about Curt, the plows will
be outfitted with sensors that ascertain road surface temperature, friction,
and even the amount of chemical already on the surface, along with soft-
ware that automatically adjusts chemical treatment for the specific needs of
small portions of roadway. In addition, equipment operators, who often
struggle to see the road during heavy snow conditions, will be continuously
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THE ROAD WEATHER SYSTEM OF THE FUTURE 31

guided by telemetered in-road sensors, magnetized lane tape on roads, or
in-vehicle navigational systems.

The Sarno family attentively watches the television weather report
in their south Miami home. A hurricane that developed north of the
Lesser Antilles five days ago has intensified to a strong Category 1
with maximum sustained winds of 95 mph, and it is heading west-
northwest toward Miami. Following the weather report an emer-
gency management official again explains that evacuation is volun-
tary and that routes I-95 and I-4 have been designated as evacuation
routes on which all traffic will be directed away from the storm.
The Sarnos, who initially had decided to ride out the storm, change
their mind. They quickly pack their hybrid SUV and prepare their
home for the storm before beginning to drive to Orlando, where
they plan to stay with relatives. After driving about an hour on I-95,
an announcement comes over their in-vehicle routing system that
the hurricane has accelerated and has taken a more northerly route
than anticipated. Gale- and hurricane-force winds now are forecast
to affect the coast and 20 miles inland—across the family’s planned
route—within 30 minutes and two hours, respectively. The Sarnos
quickly query their in-vehicle communication system for an alter-
nate route that has not been closed, is not overly congested, will
take them farther west, and will avoid the windiest areas as well as
those that are likely to flood. Computers at the regional transporta-
tion center compute a new route using information about all emer-
gency- and construction-related road closures, real-time traffic ob-
servations, and geographic information system data. Following the
new route, the Sarnos avoid the worst of the hurricane.

ENHANCED TRAFFIC AND EMERGENCY MANAGEMENT

Traffic managers in the year 2020 will have many powerful tools at their
disposal for optimizing the capacity and efficiency of the roadway system.
They will use sophisticated traffic simulation models that dynamically fore-
cast how traffic would most likely respond to weather, construction, acci-
dents, and other road closures. These models will take as input real-time
traffic and weather data obtained from a much-enhanced observational
infostructure. The traffic simulations will help identify ways to modify traffic
flow and routing to respond to weather and other factors; for example,
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32 WHERE THE WEATHER MEETS THE ROAD

through changing signal timing and dynamic message signs that change the
speed limit or advise drivers of detours or closures. The output also will
provide guidance and recommendations directly to drivers before travel,
when routes are being selected, and then in their vehicles once travel has
begun.

Likewise, in 2020 responses to weather-related emergencies and evacu-
ations due to weather hazards will take full advantage of advances in me-
teorology and traffic management through integrated decision support sys-
tems. This will be a significant improvement over the current “swivel-chair
integration” approach, in which emergency managers consult separate in-
formation sources for weather, traffic, and emergency response practices.
Further, these integrated decision support systems will be available to help
determine optimum evacuation routes for individual drivers, just as the
Sarno family was able to do en route.
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Current Meteorological and Transportation
Activities Relevant to Road Weather

Recent and anticipated research and technological advances position
the field of road weather for significant steps forward in understanding and
capability. Observational capabilities have made great strides, making it
possible to obtain a progressively more comprehensive picture of current
weather and roadway conditions in recent years. The transportation com-
munity is moving in the direction of a road network being operated as a
“smart” adaptive system. Accompanying these and other advances in me-
teorology and transportation are improvements in communications, com-
putational capabilities, and geographic information systems (GIS)—tech-
nologies that have clear applications to the road weather problem. In this
chapter the committee highlights many current research and development
activities that can be applied to road weather research, as well as other
existing capabilities that have direct applications to road weather research
but have not yet been fully exploited.

OBSERVING AND MODELING THE WEATHER

In Situ Meteorological Observations

Surface weather observations provide benchmark data about atmo-
spheric and surface conditions to the scientific community and a broad
spectrum of weather information users. The primary surface-weather-ob-
serving system in the United States is the Automated Surface Observing
System (ASOS) that has been deployed over the past decade by the Federal
Aviation Administration, Department of Defense, and National Oceanic
and Atmospheric Administration (NOAA)/National Weather Service (NWS).
There are nearly 1,000 ASOS sites across the United States; of those, 569
Federal Aviation Administration–sponsored and 313 NWS-sponsored sites
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34 WHERE THE WEATHER MEETS THE ROAD

are located at airports throughout the country (http://www1.faa.gov/asos/
asosinfo.htm). These data are important in the verification of weather fore-
casts, in providing real-time weather information to the aviation commu-
nity, and as input into data assimilation systems for numerical weather
prediction. None specifically target the roadway environment. The ASOS is
a fully automated system that provides an extensive suite of meteorological
observations without human observers. It is sufficiently sophisticated to
provide both routine hourly reports and special observations as warranted
by changing conditions. The basic data given in each report include sky
condition (clouds to 12,000 feet), visibility, present weather, surface pres-
sure, temperature, dewpoint temperature, wind, and liquid precipitation
amount. Although not routinely used, the ASOS has the capability to report
as often as every five minutes. It was designed to support NWS warning and
forecast operations and Federal Aviation Administration aviation weather
needs; in addition, the system supports hydrological and climatological
programs.

Despite its value to many users, the ASOS does not meet all users’
requirements, largely because there are relatively few stations and because
their observations are representative only of a small area near the site. As a
result various user groups have developed and installed their own special-
ized surface-observing systems. Representativeness of surface observations
is particularly important to the roadway environment, where minor differ-
ences in the physical environment (e.g., slope and exposure) lead to dra-
matically different effects. Although the ASOS provides useful data, it was
never intended to be used to characterize the roadway environment; there-
fore, additional networks that target the roadway environment are needed.

Another very similar system is the Automated Weather Observing Sys-
tem (AWOS), which is a suite of sensors designed to collect and disseminate
weather data primarily to assist the aviation community. The systems are
classified as federal, which are owned and maintained by the Federal Avia-
tion Administration, and nonfederal, which are owned and maintained by
state, local, and private organizations. There are six different AWOS sensor
arrays. The most basic array of sensors report wind speed (including gusts)
and direction, temperature, dewpoint temperature, pressure, and density.
The other five arrays build off this basic suite by reporting such additional
parameters as visibility, sky condition, present weather, or lightning detec-
tion. Over 600 AWOS sites exist throughout the United States (http://
www1.faa.gov/asos/awosinfo.htm). As with the ASOS, the AWOS was not
deployed to observe the roadway environment, although its data are useful
for synoptic weather observing and forecasting purposes.
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CURRENT METEOROLOGICAL AND TRANSPORTATION ACTIVITIES 35

The need for high-density observations is not unique to highway op-
erations. Numerous mesoscale observing networks have been deployed
around the United States, including the Oklahoma Mesonet (Horel et al.,
2002b) and the Atmospheric Radiation Measurement Cloud and Radiation
Testbed site (Stokes and Schwartz, 1994) in the central Plains. MesoWest,
a heterogeneous collection of over 70 networks providing more than 2,800
observations, was assembled over the western United States in part to
support the 2002 Winter Olympics in Salt Lake City, Utah (Horel et al.,
2002a, b). These, as well as other networks operated by federal, state, or
local governments or private entities, have been installed to serve special
needs: most often meteorological research, agricultural operations, or air
quality monitoring.

In addition to the surface-based observations, in situ weather data are
routinely collected on commercial aircraft as part of the Aircraft Communi-
cation Addressing and Reporting System (ACARS) (Moninger et al., 2003).
This program is the largest and longest-running data collection effort devel-
oped specifically for constantly moving platforms; it provides 80,000 re-
ports a day with critical information about temperature, humidity, and wind
in the atmosphere up to 15 km altitude (Figure 3-1). A similar system for

FIGURE 3-1 Locations of observations obtained from aircraft and collected in the Aircraft Com-
munication Addressing and Reporting System (ACARS) for a 3.5-hour period in March 2000.
The data are color-coded to reflect the height where they were obtained. SOURCE: NOAA.
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36 WHERE THE WEATHER MEETS THE ROAD

FIGURE 3-2 Daily streamflow conditions for January 21, 2004. Black indicates a new
record high for the day, blue indicates flow greater than the 90th percentile, light blue
indicates flow between the 75th and 89th percentile, green indicates flow between
the 25th and 74th percentile, orange indicates flow between the 10th and 24th per-
centile, dark red indicates flow less than the 10th percentile, and bright red indicates a
new record low for the day. SOURCE: U.S. Geological Survey.

observing the roadway environment using vehicle probes is described in
“Observing and Modeling the Roadway Environment” later in this chapter.

In addition to in situ sensors that monitor meteorological conditions,
there are networks that monitor responses to those conditions. Of greatest
concern to the roadway environment is heavy precipitation, which can lead
to flash flooding. The U.S. Geological Survey operates a nationwide net-
work of gauges to measure streamflow, data that are available in near real-
time (Figure 3-2). These data can be used—as in Louisiana’s HydroWatch
system (Wolshon and Levitan, 2002)—to gauge flood threat and if corre-
lated with road elevation information, to determine when roads may be-
come submerged.

Remote-Sensing Observations

Instruments that can observe atmospheric or land surface properties
remotely offer ways to extend the spatial coverage of the observation net-
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CURRENT METEOROLOGICAL AND TRANSPORTATION ACTIVITIES 37

work. These instruments can be “active,” in which case they send out a
pulse of electromagnetic energy and then use the reflected signal to deter-
mine characteristics of the atmosphere, or they can be “passive,” in which
case they measure radiation emitted naturally by the atmosphere.

Radar (Figure 3-3) is a widely used active remote-sensing technique
that provides near real-time observations of the atmosphere under both
clear-air and precipitating conditions. The deployment in the 1990s of
Next Generation Weather Radar (NEXRAD) has provided the United
States with a national remote-sensing network using Doppler radars
(NRC, 2002). The radars provide nearly continuous monitoring of pre-
cipitating, severe weather complexes, and, when operating in clear-air
mode, of nonmeteorological echoes (e.g., insects, dust), which can in-
dicate wind speed and direction. NEXRAD incorporates sophisticated
signal processing to sense the Doppler shift in the echoes returned from

FIGURE 3-3 A Doppler Radar. SOURCE: Bob Baron,
Baron Services.
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38 WHERE THE WEATHER MEETS THE ROAD

moving scatterers, thereby providing information on the wind field in
the observed region. A new “volume scan” of a three-dimensional re-
gion around each radar is available every five to six minutes.

Efforts are currently under way to (1) integrate other radars producing a
weather signal (particularly those operated by the Federal Aviation Admin-
istration) in order to enhance coverage and provide redundancy; (2) up-
grade the radar to improve its capabilities for sensing precipitation; and (3)
make higher-resolution radar data and derived products more generally
available. Additionally, dual-polarization radars (i.e., radars that transmit
and receive both horizontal and vertical polarizations) have the potential to
aid weather observation and prediction by distinguishing between rain and
hail and by identifying the precipitation type in winter storms. These radars
could be installed in the national radar network within 5 to 10 years. Also in
development are high-resolution national composites or mosaics, which
will merge all available radar data into one database for the nation. Current
regulations prevent NEXRADs from being operated at beam elevations be-
low 0.5°, limiting the extent to which the radar can see very low elevations.
Despite this institutional limitation, the NEXRAD is able to track precipita-
tion, determine winds, and detect other phenomena such as blowing dust;
thus it has the potential to be applied effectively to improving road weather
information products (Mahoney and Meyers, 2003).

Profilers are vertically pointing Doppler radars that collect temperature,
moisture, or wind data through the atmosphere. For example, 400-MHz-
band wind profilers are able to detect winds directly above the profiler site
at heights from about 500 m to 16 km, making them useful for weather
forecasting. Additionally, there are 900-MHz-band radar wind profilers that
can be combined with Doppler sodars to obtain boundary layer winds
down to about 30 m. When wind profilers are coupled with radio acoustic
sounding systems (RASS), temperature profiles down to approximately 1 km
also can be obtained. A sequence of wind profilers for Conway, Missouri, is
shown in Figure 3-4. Though profilers are a reliable, proven technology,
there is not a dense network of these observations, and the lack of data at
lower levels and the coarse vertical resolution limit their usefulness for near-
surface applications (NRC, 2003c). Figure 3-5 shows the location of wind
profiler sites in the contiguous United States. Recent advances in wind
profiler technology have created the capability to monitor the altitude of the
melting level in winter storms.

Observations from instruments on satellite platforms that actively and
passively sense visible, infrared, and microwave radiation now routinely
provide data that can be processed for information on the distribution of
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atmospheric and surface parameters in both the horizontal (imagers) and
vertical (sounders). One widely used satellite observation is water vapor
imagery from NOAA’s Geostationary Operational Environmental Satellite
(GOES); such imagery often is animated to show the movement, develop-
ment, and dissipation of large-scale weather systems. Satellite data provide
excellent spatial coverage, filling in observations of weather conditions
between surface-observing systems, and can be frequently updated. Civil-
ian satellite sensor data are limited, however, in that they cannot resolve
features the size of highways.

Several satellite-based sensing systems under development hold prom-
ise for applications to the roadway environment. Wind Index (WINDEX), an
experimental GOES product, estimates the highest wind gusts that would
occur if showers or thunderstorms were to develop. WINDEX is produced
hourly from the sounder product and plotted on a satellite image. Originally
developed for aviation operations, it could be used by surface transporta-
tion managers as an outlook to the potential occurrence of high wind and
blowing dust associated with showers and thunderstorms, thus activating

FIGURE 3-4 Hourly wind profiler observations over Conway, Missouri, on July 31, 2003. SOURCE:
NOAA.
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cautions on dynamic message signs. On average, WINDEX estimates are
within 5 knots of observed maximum surface wind gusts.

A fog and low cloud imaging capability, developed in support of avia-
tion operations, analyzes different wavelengths of infrared radiation and
using the differences, identifies low clouds and fog (Figure 3-6). Distinguish-
ing between low clouds and fog is a challenging problem because there is a
strong dependence on the underlying topography. Merging the satellite
information with three-dimensional GIS data could lead to enhanced capa-
bilities for distinguishing between low clouds and fog.

The Hydro-Estimator, one of the oldest quantitative derived satellite
products, estimates precipitation down to the county level and, when com-
bined with three-dimensional GIS data, could assist in anticipating prob-

FIGURE 3-5 Distribution of wind profiler and radio acoustic sounding systems (RASS)
sites in the contiguous United States. The star represents a wind profiler coupled with
a RASS; the circle represents a wind profiler only; and the triangle represents a RASS
only. The symbol colors represent data availability which vary daily. SOURCE: NOAA’s
Forecast Systems Laboratory.
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lems in flash-flood-prone areas (Figure 3-7). These data are being incorpo-
rated in hydrological prediction models to forecast river and stream flows.

Monitoring the vast tropical oceans is a job that satellites do very well.
GOES allows large regions of the tropical ocean to be continuously moni-
tored throughout the life of a tropical cyclone, from genesis to dissipation.
When in situ monitoring of tropical cyclones1 by aircraft, ocean buoys, or
ship reports is not available, minimum pressure and maximum winds can
be estimated in a variety of ways using remotely sensed data. Most com-
monly, tropical cyclone intensity is estimated from cloud patterns and tem-
peratures using visible and infrared satellite imagery. Other instruments,
such as the Advanced Microwave Sounding Unit, the Special Sensor Micro-
wave/Imager, and scatterometers, are being used to estimate intensity and
wind structure. GOES data provide frequent updates of track and intensity
changes as the tropical cyclone moves toward land, contributing to substan-
tial improvements in the forecast of land-falling tropical storms and hurri-
canes. A new product, the Tropical Rainfall Potential, utilizes both GOES

a b

FIGURE 3-6 Fog location (a) and depth (b) over San Francisco Bay. SOURCE: NOAA.

1“Tropical cyclone” is the generic term for all tropical low-pressure systems, including
tropical depressions, tropical storms, and hurricanes. A tropical cyclone is named when it
reaches tropical storm intensity (maximum sustained winds of 39–73 miles per hour), and it
becomes a hurricane when reaching maximum sustained winds of 74 miles per hour or
greater.
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and microwave data from polar satellites as well as the storm track forecast
to estimate the potential rainfall of a system when it makes landfall. Ideally,
data from satellites, radars, and rain gauges should be combined to provide
the best estimate of rainfall.

Geostationary and polar satellites can also provide other variables of
potential relevance to the roadway environment. GOES sensors can moni-
tor land temperature changes under clear sky conditions. Other sensors on
recent satellite series (e.g., the Polar Orbiting Environmental Satellite, Earth
Observation Satellites, Defense Meteorological Satellite Program) can moni-
tor a variety of surface properties daily to weekly. For instance, the Normal-
ized Difference Vegetation Index is used to monitor vegetation greenness
and health; these data can be correlated with blowing dust, which limits
visibility, and they could be important for modeling the moisture flux of the
roadway environment. A variation of the satellite vegetation product uses
current weather information, particularly precipitation and temperature data,
in a new experimental fire risk product that might provide additional in-
sights for roadway managers regarding the spread and impact a wildfire
might have on surface transportation and evacuation operations. GOES
near-infrared data can be used to monitor the fire locations as well as the
coverage and changes in smoke plumes (Figure 3-8).

FIGURE 3-7 Satellite and radar precipitation estimates from tropical storm Allison: (a) in situ observations
from rain gauges and (b) satellite observations from the Hydro-Estimator. Each panel shows total rainfall
in inches for the 24 hour period ending on June 6, 2001 at 12:00 UTC. SOURCE: National Aeronautics and
Space Administration.

a b
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More than a hundred new sensors under development will be installed
on satellite platforms within the next decade. Improved resolution, more
frequent imaging, hyperspectral imaging, and new sounders are slated for
launches by U.S. and global satellite partners. These sensors will provide
new and improved observations of the atmosphere, including variables
such as soil wetness, snow water equivalence, and smoke and aerosol
detection over land. Examination of and development of applications from
today’s satellite-based observations will prepare the surface transportation
community to maximize the use of these data now and in the future.

Modeling the Atmosphere

Numerical weather prediction is the foundation of modern weather
forecasting. Today’s state-of-the-science models are run multiple times per
day and on horizontal grids with spacing as fine as just a few kilometers.
The NWS currently is running the Eta model on a 12-km horizontal grid out
to 3.5 days (84 hours) four times per day (http://www.nco.ncep.noaa.gov/
pmb/nwprod/analysis/). Most forecast models are “full-physics” versions
that provide explicit predictions of temperature, dewpoint temperature,
wind, and precipitation. Forecasts for related sensible weather parameters,
such as visibility and clouds, are generally derived by statistically post-

a b

FIGURE 3-8 (a) Smoke from large fires in Montana and Idaho, August 22, 2000; (b) Narrow plumes from
fires in Louisiana and Texas, September 5, 2000. SOURCE: National Aeronautics and Space Administration.
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processing the numerical model output, in some cases with direct human
forecaster involvement.

Numerical weather prediction models have steadily improved since
their inception (Figure 3-9). Accounting for this improvement are more
accurate representations of subgrid-scale processes (e.g., clouds, precipita-
tion, radiation), improved numerical methods including the ability to specify
the initial conditions for the model using data assimilation, increased avail-
ability of observations, and increased power of supercomputers. When the
accuracy of human-produced forecasts is assessed, it is noted that it tracks
closely with the skill of the objective numerical weather prediction models,
reflecting the strong dependence of human forecasters on the increased skill
of numerical models (Figure 3-10). For the shorter-range forecasts extending
out to three days, forecasters continue to add incrementally to the numeri-
cally generated forecasts using their knowledge and expertise.

The highest-resolution NWS models are currently run on horizontal
grids on the order of 10 km, which limits resolvable features to those with
horizontal dimensions greater than about 60 km. While this is sufficient to
capture extratropical cyclones and the smoother characteristics of associ-

FIGURE 3-9 The skill score, an objective measure of the accuracy of numerical fore-
casts, of the National Centers for Environmental Prediction 500-hPa 36-hour forecast
geopotential height has been tracked from the beginning of operational numerical
weather prediction in 1955. A skill score of 100 is deemed perfect, where “perfect”
means the average error is less than 20 percent. The complete history is presented in a
review article by Kalnay et al. (1998). SOURCE: NRC (2000).
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ated fronts, it is not sufficient to capture, for example, phenomena on the
scale of individual thunderstorms, fine-scale precipitation bands, or local-
ized wind events, all of which are critical to surface transportation. As a
result additional applications or approaches are necessary to downscale to
the domain of the highway. Such applications include additional numerical
models at finer resolutions, physical models, statistical post-processing, or
human-produced forecasts.

Regional mesoscale numerical weather prediction models, with grid
spacings down to a few kilometers and that are typically nested within a
larger operational model, are currently being run by university researchers,
private sector forecasting businesses, and local NWS partnerships. These
efforts are proving themselves to be useful for highway maintenance deci-
sion making. For example, a Pacific Northwest consortium of weather
users has pooled partner resources to develop and support a real-time
mesoscale modeling program (Mass et al., 2003). The Washington State
Department of Transportation is such a partner and utilizes the 4-km grid
forecasts for a number of transportation applications. To date, these efforts
have been rather ad hoc in where they have developed, generally being

FIGURE 3-10 Relationship between the evolution of three- and five-day human and
numerical forecasts. On average, the human forecasts are more skillful, but their im-
provement is strongly tied to improvements in numerical weather prediction forecasts.
The score is the sea-level pressure anomaly correlation over North America, where the
correlations are standardized to account for latitudinal dependence of the variability.
SOURCE: Kalnay et al. (1998).
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driven by a combination of local interest, operational demand, and fund-
ing opportunities. Unfortunately, this approach leads to a lack of coverage,
by any regional model, for some parts of the United States. Additional
limitations include intermittent operations vulnerable to outages and un-
certain funding.

The NWS is currently evaluating a new forecast presentation that in-
volves a blending of numerical weather prediction forecasts, statistical and
downscaling algorithms, and human forecaster decisions (Glahn and Ruth,
2003). The forecast is prepared using the Interactive Forecast Preparation
System’s Graphical Forecast Editor. This software allows forecasters to ma-
nipulate and edit grids, which can be initialized directly from a variety of
operational numerical weather prediction models. A variety of graphical,
tabular, and text products can then be derived from the gridded informa-
tion. The forecast is composed on a fine horizontal grid (less than or equal
to 5 km), has temporal resolutions on the order of 1 hour for the first few
days, and includes a full suite of forecast parameters. Smaller domain grids
prepared at local forecast offices are combined to form a grid with complete
national coverage and 5-km grid-point spacing called the National Digital
Forecast Database. In addition to direct delivery to a number of weather-
information users via the Web and other media, the system is being de-
signed by the NWS to encourage private sector businesses and partners to
extract weather forecast information for desired regions or domains. These
could easily include highway transects and domains.

As computing resources improve, it becomes increasingly easy to run
very fine spatial resolution mesoscale models on smaller and smaller com-
puting platforms. While increased resolution has many benefits, it can
present a mismatch between what is known about the initial state of the
atmosphere and the resolution of the prediction. A skillful forecast requires
good observations of the initial state of the atmosphere and surface bound-
ary conditions, but most current atmospheric observation networks do not
provide adequate spatial resolution of the initial conditions. An exception is
the NEXRAD radar network, which has a resolution of a few hundred meters.
Both experimental and quasi-operational models initialized with radar data
have shown great skill in predicting the onset of thunderstorms, for ex-
ample, on time scales of six or more hours. Work is currently under way to
develop a national mesoscale model for both research and operations.
Termed the Weather Research and Forecasting (WRF) model, this modeling
system will likely use radar data as a primary high-resolution input. Addi-
tional data sets that are likely to provide value in high-resolution modeling
include the ACARS, profiler, and satellite data.
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One way to deal with uncertainty in the initial conditions and derive
useful forecast information is to use multiple, equally likely representations
of the initial state. There are multiple techniques to obtain these initial state
conditions, and each one is then used to initialize the numerical weather
prediction model for multiple model realizations. This approach to deter-
mining a forecast, known as ensemble forecasting, provides useful informa-
tion about the possible future evolution of the atmosphere in a probabilistic
sense. Ensemble forecasting contrasts with the traditional method of taking
the best available model and running it until it loses skill due to the growth
of errors introduced in the initialization.

Ensemble forecasting approaches are successful in extending the period
of forecast skill and also provide valuable probabilistic information on the
likelihood of different conditions occurring. Figure 3-11 shows the prob-
ability of precipitation amounts exceeding certain thresholds. The precipita-

FIGURE 3-11 Ensemble-based probability of precipitation amounts exceeding thresholds of
0.1 inch, 0.25 inch, 0.5 inch, and 1 inch, September 18-19, 2003. SOURCE: NOAA
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tion signature of hurricane Isabel can be seen along the mid-Atlantic coast.
An American Meteorological Society (AMS) public statement “Enhancing
Weather Information with Probability Forecasts” (http://www.ametsoc.org/
AMS/policy/enhancingwxprob_final.html) was adopted by the AMS Coun-
cil on January 13, 2002, and argues strongly for increased delivery of
weather forecast information in probabilistic terms. This kind of information
allows various user groups, including departments of transportation and
transportation industries, to make cost-benefit decisions based on the likeli-
hood of particular outcomes. These might include the threat of heavy snow,
extreme cold, or critical thresholds of wind speed.

ROAD WEATHER FORECASTS

Operators and maintainers of roadways need specific, customized
weather and road condition information in order to make the best opera-
tional planning decisions to provide a safe, efficient roadway system for
users. Observed and forecast data needed most include temperature (pave-
ment surface, air, dewpoint temperature), atmospheric conditions (cloud
cover, visibility, and precipitation including probability, type, start and stop
times, and amount including snow accumulation), and wind speed and
direction. Ideally this information would be disseminated by common me-
dia (e.g., radio, cell phones) or displayed concisely in one integrated soft-
ware interface that is easily interpretable.

Significant challenges remain in producing forecasts with spatial resolu-
tion on the scale of the roadway, but some efforts are already under way to
provide targeted road weather forecasts for drivers and roadway mainte-
nance workers. There are a few areas of the country where road weather
forecasts are made available to the driving public. One such effort is being
coordinated by the Washington State Department of Transportation in coor-
dination with the Northwest Regional Modeling Consortium. The depart-
ment joined the consortium, which has established meteorological real-
time observing networks and modeling capabilities over the past 10 years,
and added data from its own Environmental Sensor Stations (ESS) resulting
in over 450 sites from which in situ meteorological data are gathered. These
data, coupled with weather forecasts, are disseminated to provide real-time
and forecast weather and road condition information to drivers and state
maintenance crews with the objectives of helping drivers make better pretrip
and en route decisions and providing roadway maintainers valuable infor-
mation about the operability of the roadways. A pavement prediction model
integrated with a land surface model also is available to provide current and
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forecast pavement temperatures to assist road crews with anti-icing deci-
sions and operations. A single Web site (http://www.wsdot.wa.gov/
Rweather/) provides these weather and model data as well as traffic incident
and construction information, highway surveillance cameras, and highway
advisory radio messages.

Another major effort supported by the Federal Highway Administration
(FHWA) is the development of the Maintenance Decision Support System, a
prototype tool for providing decision support to winter road maintenance
managers. The prototype is being developed cooperatively by six national
labs, which the FHWA selected according to their expertise and tools that
could be applied to the problem. Based on the declared needs of the winter
maintenance community, the Maintenance Decision Support System was
designed to be an easily usable, single-platform decision support tool for
displaying comprehensive information and providing recommended courses
of action as well as the anticipated consequences of action or inaction. The
system uses existing road and weather data sources and augments them as
necessary to produce diagnostic and prognostic maps of road conditions
with emphasis on the 1- to 48-hour timeframe. This timeframe is defined by
the maintenance community’s monitoring of incoming storms beginning
approximately 48 hours before the event beginning, their activation of staff
approximately 15 hours before, and their management (i.e., reassessment,
coordination, and mitigation activities) approximately 1 to 3 hours before.
During the winter of 2002–2003 the Maintenance Decision Support System
prototype was deployed for field demonstration. Although only a few winter
storms occurred, sufficient data were available to exercise the system. Field
personnel responsible for winter maintenance operations felt that forecast
accuracy must be improved before the system would be useful in improving
the efficiency and effectiveness of winter maintenance control operations.
Another, more comprehensive field demonstration is ongoing for the winter
of 2003–2004.

Another project being supported by the FHWA with additional state
departments of transportation, private, and international collaboration is
FORETELL (http://www.foretell.com), an advanced weather prediction sys-
tem that is being developed with the goals of reducing winter-related acci-
dents and creating a viable road and weather information network. This
Internet-accessible system acquires weather, agricultural, and road weather
data to provide 10-km gridded 24-hour forecasts and nowcasts mapped to
interstates and U.S. and state highways four times each day. FORETELL also
uses advanced temperature models to calculate road surface temperature
and predict future road conditions. After three seasons of test and evalua-
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tion, most elements of the program are working well, but forecast accuracy
needs some improvement to be able to meet the high expectations of users.

In addition to the previously mentioned collaborations, the private sec-
tor also has been instrumental in leading the development of road weather
forecast products. For example, the Advanced Transportation Weather In-
formation System developed by Meridian Environmental Technology, Inc.
was designed to provide decision support in planning and managing road
construction and maintenance activities. The system includes multiple prod-
ucts, providing (1) site-specific weather and road forecast information for
selected highways; (2) 36- to 48-hour area-specific forecasts; (3) current and
forecast road restriction recommendations (e.g., to increase pavement life)
based on freezing and thawing indexes combined with soil moisture data;
and (4) a five-day site-specific, hour-by-hour weather forecast. Perhaps the
most commonly used product is #SAFE, a phone system that served as a
basis for the 511 system (described later), which drivers can call to learn
about current and forecast road conditions along their corridor of travel.
More information about these products can be found at http://
www.meridian-enviro.com/products/trans.html.

Communicating Weather Information to Drivers

A variety of methods are available for communicating weather informa-
tion to drivers. These include television, radio, and Web sites used to com-
municate weather information more generally, as well as mechanisms cur-
rently being developed to deliver targeted road weather information through
Web sites, satellite radio, and the telephone, among others. Weather and
traffic reports on television and radio are familiar to most. These reports
typically provide current conditions and forecasts for metropolitan areas
and substate regions, corresponding to their audience. Some television and
radio stations have begun to take advantage of pavement sensor and weather
data from ESS. These observations specific to the roadway might be dis-
played separately, rolled into an overall analysis of driving conditions, or
used to make predictions, for example, when the pavement temperatures
are well above freezing, that the road will not freeze for the next few hours
even though snow is falling.

Most states have developed road weather Web sites that display real-
time ESS (Box 3-1), ASOS, and other relevant data, including pavement
temperature, air temperature, wind direction and speed, dewpoint tempera-
ture, precipitation, pavement condition, and subsurface temperatures (Fig-
ure 3-12). These Web sites may also show real-time cameras that monitor
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BOX 3-1

Many states have implemented access to real-time road weather information through their
state department of transportation Web pages. A few examples are listed below.

Alaska—http://www.dot.state.ak.us/iways/roadweather/rwisindex.html
Illinois—http://gis.dot.state.il.us/idotgis/rwis/
Kansas—http://www.ksdot.org/burcompser/generatedreports/weather.htm
Kentucky—http://www.kytc.state.ky.us/RWIS/index.htm
Maryland—http://www.chart.state.md.us//mapping/CHARTMap.asp?tab=Emergency
Montana—http://www.mdt.state.mt.us/travinfo/weather/rwis.html
Nevada—http://www.nevadadot.com/traveler/rwis/
Ohio —(standard site) http://www.buckeyetraffic.org/rwis/nosvg/

(enhanced site) http://www.buckeyetraffic.org/rwis/default.asp?w=1280&h=994
Washington—http://www.wsdot.wa.gov/Rweather/

FIGURE 3-12 Example of a map from the Iowa Winter Road Conditions Web site (http:
//www.iowaroadconditions.org). SOURCE: Iowa State Patrol.
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FIGURE 3-13 511 deployment status as of December 11, 2003. SOURCE: Resource 511.

weather and traffic. Some of these Web sites are displayed in interstate
highway rest areas.

In July 2000 the Federal Communications Commission designated 511
as a single national traveler information telephone number to be imple-
mented by states and local jurisdictions. It is estimated that 511 will replace
and consolidate nearly 300 travel information telephone numbers around
the country. Great progress has been made in implementing this system,
with most states supporting some level of activity (Figure 3-13). In snowbelt
states where 511 is operational, the highest call volumes occur during the
winter months when travelers use the service to receive road condition
information. Ideally the system will be updated frequently so that near-real-
time data will be reported. Many states are developing systems that allow
users to interact with the system using voice recognition, which is a particu-
larly important feature for cell phone users calling from the road.

Dynamic message signs are another important way to communicate to
drivers (Figure 3-14). These signs have been in general practice for many
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FIGURE 3-14  A dynamic message sign. SOURCE: Delaware Department of Transpor-
tation.

years, and they use a number of permanent and portable technologies such
as reflective flip-disk, light-emitting diode, and fiber optics. Drivers tend to
pay close attention to these signs because they are displayed so close to
traffic and have changing messages; however, it is not known how well
drivers respond to such signs. Only a limited amount of information can be
placed on the signs. Care must be taken to ensure that the optimum infor-
mation is conveyed, at the right place, and with the end of a hazardous
stretch of road signed as well. In some places, the signs advise motorists to
dial 511 or tune into Highway Advisory Radio, a traffic information dissemi-
nation tool widely used by traffic managers, construction crews, and road-
way maintenance personnel. Only limited use has been made of dynamic
message signs to alert drivers of poor weather conditions, even though the
signs are an attractive communication mechanism because drivers do not
need to take any special information retrieval action. Although Highway
Advisory Radio often has a limited broadcast range and poor sound quality,
its appeal is its immediate and simple accessibility. Nearly every vehicle has
access to AM and FM radio, so it is immediately available to the average
driver who does not invest in new, specialized technologies.
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Special Communication Needs and Tools for Motor Carriers

Roadway information services generally have been developed to most
effectively meet the needs of the general motoring public. These services
are sometimes limited to peak commuting times and travel routes, with
information geared toward passenger car drivers in and around metropoli-
tan areas. Trucking companies benefit from this information, but these com-
mercial operators differ from the general motoring public in several ways,
thus they require more specialized information to fully meet their opera-
tional and safety needs. Motor carriers operate 24 hours a day and 7 days a
week; their trips often cover wide geographic areas comprising both metro-
politan and rural areas. Routing and trip decisions usually are determined
by a motor carrier’s dispatch center, often in advance of trips and according
to tight pickup and delivery schedules. Commercial drivers generally have
less flexibility in certain aspects of their travel decisions (e.g., arrival time)
than passenger vehicle drivers.

Motor carriers currently access roadway information through several
channels. Dispatchers regularly poll information sources to determine
whether trucks are heading into severe conditions. They then communicate
with the drivers over citizens band (CB) radio or cell phone and route them
around the problem. Drivers frequently use CBs to get information from
other drivers, but do not rely on this information alone due to the large
amount of erroneous information circulating the airwaves. Drivers also rely
on the 511 system because the single number makes it easy to access
information as they travel across state lines. A major concern for motor
carriers and their drivers is the level of potential distraction of drivers while
they are on the road; therefore, delivery of information into a truck cab
should be as unobtrusive as possible. Drivers usually review the dispatch
messages when they stop their vehicles. Dispatch centers prefer exception-
based information; that is, information that falls outside normal operational
expectations. Dispatchers are extremely busy and do not want to be dis-
tracted by information that does not directly require their attention.

An objective for improving communication in the trucking industry is
the complete integration of roadway and weather information into a
dispatcher’s routing and dispatching software. This would allow all the
information to be displayed in the dispatcher’s daily work environment,
thereby minimizing effort to retrieve and use it. Such an integrated system
should include graphical maps showing color-coded trouble areas and
comprehensive information in a one-stop format for the carrier’s operating
region.
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More accurate information about traffic and weather conditions would
have many benefits for the trucking industry. With accurate estimated ar-
rival times, trucking companies could better coordinate pickup and delivery
schedules to minimize wait time. When a truck is running behind schedule
or is expected to face a weather delay, the dispatcher could call ahead and
reschedule the pickup or delivery for more efficient loading or unloading of
the truck. Customers could be informed when a shipment is expected to be
delayed due to roadway conditions. With accurate real-time information
and predictive capabilities, dispatchers could more accurately determine
whether additional loads or stops were feasible, taking hours-of-service
constraints and roadway conditions into consideration. Dispatchers and
managers could use roadway information to verify whether drivers are un-
able to meet their schedules due to adverse road conditions.

OBSERVING AND MODELING THE ROADWAY ENVIRONMENT

Observing the Roadway Environment

In many areas multiple sensors have been installed to monitor critical
roadway conditions. These sensors measure atmospheric, pavement, and
water level conditions, and they are collectively referred to as Environmen-
tal Sensor Stations (ESS) (Figure 3-15). The complement of sensors can
include a subsurface temperature probe, a surface sensor, a precipitation
and visibility monitoring system, and atmospheric sensors that measure
wind speed and direction, temperature, and relative humidity. Surface sen-
sors, such as the one shown in Figure 3-16, can provide information on
water coverage, snow, black ice, temperature, and even the amount of
chemical present in a slurry on the pavement surface. There are over 2,000
ESS owned by state transportation agencies; over 1,400 are field compo-
nents of Road Weather Information Systems (RWIS), which typically are
used to support winter road maintenance activities. Field data from ESS are
collected and processed by RWIS collection centers, where modeling and
dissemination services are furnished to automated warning centers, traffic
operations, emergency managers, and road maintenance facilities for deci-
sion support. Careful monitoring of the roadway is an important element of
intelligent transportation systems (ITS), described in more detail later in this
chapter.

Vehicle detection is an important observational component for modern
traffic control systems. The most common technology used for vehicle de-
tection utilizes inductive loop detectors installed in the roadway subsurface,

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


56 WHERE THE WEATHER MEETS THE ROAD

FIGURE 3-15 Environmental Sensor Station. SOURCE: Curt Pape, Minnesota Depart-
ment of Transportation.
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which report the presence of a vehicle. Several newer technologies for
vehicle detection allow for direct measurement of additional traffic param-
eters including traffic density, travel time, and vehicle turning movement.
Most of these new technologies observe traffic remotely; for example, mi-
crowave Doppler radar can be used to observe vehicle speeds, passive
infrared and acoustic detectors can determine vehicle presence or passage,
and active laser radars can report vehicle passage, presence, and speed
(Mimbela and Klein, 2000).

Video detection (Figure 3-17) of traffic and road conditions has become
popular recently. With sophisticated image processing algorithms, informa-

FIGURE 3-16 Pavement sensor. SOURCE: Jerry
Waldman, Surface Systems, Inc.

FIGURE 3-17 Visual detector. SOURCE: Joseph
Perrin, University of Utah.
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tion about vehicle passage, presence, speed, length, and lane change move-
ment can be obtained from video (Mimbela and Klein, 2000). Video data
can also be presented on weather or traffic Web sites so that drivers and
roadway maintainers can check road conditions. Additionally, video data
have great potential for providing weather information, particularly visibil-
ity, presence of fog, and precipitation type. Algorithms to automate retrieval
of weather information from video data are currently being developed
(Hallowell, 2003).

Challenges abound in operating and maintaining road weather obser-
vation networks as well as in collecting and quality controlling the data.
Currently there are no international or U.S. national standards for the basic
ESS suite of sensors, nor for the siting, operating range, accuracy, survivabil-
ity, calibration, and maintenance of these systems. Development of stan-
dards is being considered, but they are not yet mandated. However, com-
munication standards for RWIS are being developed to exchange data
between RWIS and other sensors and to communicate weather and road
conditions to end users (FHWA, 2002). A more detailed description can be
found in the section below on intelligent transportation systems.

In situ collection of road characteristics and environmental conditions
by instruments on moving vehicles could evolve into a system similar to the
ACARS system that collects weather observations on aircraft. Vehicle probes
are available that can collect information on (1) roadway conditions, such
as surface temperature, subsurface temperature, moisture, chemical con-
centration, and surface condition; and (2) roadway characteristics, such as
the friction coefficient and road geometry. They also provide another source
for in situ meteorological data, including air temperature and dewpoint
temperature, wind speed and direction, precipitation, and visibility. With
their inclusion in the National ITS Architecture, the exploitation of vehicle
probes as opportunistic data sources is likely to increase. As exciting as this
is, research is needed to determine how best to handle the millions of
observations obtained, including who will organize and process the data,
how it can usefully be incorporated into models and disseminated to users,
and whether the most critical elements are being observed.

Modeling the Roadway Environment

Most current efforts to model the roadway weather environment use
idealized energy balance models to predict pavement temperature. Energy
balance models include weather information, heat and moisture exchange
between the surface and the atmosphere, and the effects of precipitation,
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melting, freezing, and human activities (e.g., snow removal, application of
salts to prevent freezing, and the traffic flow itself). The equation that de-
scribes the balance between sources and sinks of energy is

Rnet= H + LE + G + Qmelting + Qprecip+runoff + Qanthro

where Rnet includes the downwelling radiation from the Sun and atmo-
sphere, the reflected solar radiation, and the upwelling infrared radiation
from the surface; H and LE represent heat loss from the road to the atmo-
sphere by convection and evaporation, respectively; G represents warming
or cooling of the road; and the source/sink terms Q account for the effects of
melting, precipitation and runoff, and human modifications to the surface.
Qanthro includes heat originating from vehicles or the urban environment, or
in the case of road construction, the heat released as the concrete or asphalt
sets. Anthropogenic effects can also be included by modifying the other
terms in the equation. Surface temperature can be determined by using an
application of this equation. To estimate road slickness from frost or snow,
one would combine a water-budget approach with temperature prediction
that includes water phase changes and runoff.

Energy balance models have been used to predict road surface tem-
perature since the 1980s when the U.K. Meteorological Office first used an
energy balance model to predict the surface temperature of a dry road
(Rayer, 1987). Such models have since become increasingly sophisticated
and include the effects of water, ice, and traffic (e.g., Crevier and Delage,
2001; Jacobs and Raatz, 1996; Prusa et al., 2002; and Sass, 1992). Some of
the complexities that can significantly affect road temperature are summa-
rized in Table 3-1. An important limitation of energy balance models is their
one-dimensionality; they are thus completely accurate only when surface
conditions are horizontally homogeneous.

Energy balance approaches deal with energy exchange across the
ground surface. Several approaches have been developed for roads in deep
ravines, on steep hillsides, surrounded by high trees, and in other types of
complex environments. Some researchers have approached this problem by
solving the full three-dimensional energy balance for an area, as illustrated
in Figure 3-18. These models tend to be computationally expensive and
require substantial input data that are not readily available, and so they
have not been widely applied.

Alternative approaches have been developed to investigate the com-
plex roadway environment in models to predict surface temperature. Iden-
tifying scenarios and developing semi-empirical relationships or expert sys-
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tems to predict hazardous road conditions have been useful. For example,
Eriksson (2001) identified combinations of synoptic conditions and road-
way sheltering by trees and high banks that lead to slippery roads, and
Postgard (2001) developed a set of empirical relationships between changes
in weather conditions and road surface temperature. Takle (1990) devel-
oped an expert system to predict roadway frost 20 hours in advance based
on temperature, cloud cover, forecast early-morning dewpoint temperature,
precipitation, and wind speed and direction. Although such approaches
may not be universally applicable, they work well in particular regions.

TABLE 3-1 Factors Affecting Pavement Temperature

Factor Effect

Shading by road banks, Cools pavement during the day
vegetation, and bridges

Radiative heating in the Reduces radiative cooling at night relative to what is expected for well-
infrared in steep terrain, exposed places
from trees, etc.

Thickness of pavement Changes heat transfer into the ground and evaporation rates

Pavement composition Changes heat transfer into the ground and evaporation rates

Pavement structure Changes heat transfer into ground, evaporation rates, and runoff
patterns

Structure and moisture of Changes heat transfer into the ground
roadbed and ground beneath

Traffic Mixes air near the road; frictional production of heat from tires “grabbing”
the road; radiative exchange between road surface and vehicle; heat
and moisture fluxes from exhaust gases; air conditioning, etc.

Bridges Vents beneath as well as above leads to more surface area to exchange
heat with environment; cooler at night; variety of construction
materials involved

Urban environment Input of energy by city, known as the “heat island” effect; structures
affect mixing and hence fluxes at surface

Clouds and fog Affect radiative transfer (cooler during day, warmer during night)

Precipitation on the road Phase changes affect heat exchange; creates additional interface

Road treatment strategies Reduces snow cover, leads to melting, or prevents ice from forming

Road contaminants Creates additional interface; affects heat exchange; affects precipitation on
road
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a

b

c

FIGURE 3-18 (a) Map of land type and elevation over the study area near where I-90
crosses from Idaho into Montana. These data are used as input to the three-dimension-
al energy-balance calculation. (b) Calculated land surface temperatures over the study
area. (c) Road surface temperature and wind speed along the roadway as presented to
the user community. SOURCE: Edward Adams, Montana State University.
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FIGURE 3-19 Winter storm treatment life cycle. SOURCE: Robert Hallowell, MIT Lincoln Laboratory.

ROADWAY OPERATIONS

Maintenance Management

To date, weather-related roadway maintenance activities have focused
on responding to winter weather. The informational needs to support winter
maintenance are fairly well defined (Figure 3-19). Snowplow operators, for
example, need information that will allow them to determine the correct
amount of chemical or abrasive to apply to the roadway. This decision
depends on road surface conditions (e.g., temperature, chemical levels, and
precipitation) during a 2- to 4-hour window, the typical time for a mainte-
nance route. Inaccuracies in forecasts and the sensors that measure road-
way conditions result in over- and misapplication of chemicals and abra-
sives, which adversely affects both budgets and the environment.
Maintenance area supervisors, on the other hand, need to know the storm
start time, the precipitation type and intensity, the storm ending time, road

Chemicals dilute         
∝ Precipitation rate
Slowly become
ineffective

Chemical Application

Plowing                                               
Removes loose snow

Compaction                  
∝ Water Content

Melting
∝ Pavement Temperature

Free-Falling     
Snow Depth

Winds
- Blow snow on and off the road

Chemicals
- NaCl
- MgCl
- CaCl

Traffic
- Blows snow/chemicals
  off road
- Compacts loose snow
- Heats road surface
- Reduces chemical effectiveness
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surface temperatures throughout, and the weather conditions following the
storm. Accurate storm forecasts are needed 18 hours ahead of the storm for
the purpose of assigning shifts and mustering additional resources.

Current efforts build on the foundation laid in the early 1990s by the
Strategic Highway Research Program (TRB, 2001a) and the Winter Mainte-
nance International Scanning Tours conducted in 1994, 1998, and 2002.
The highway operations section of the program contained a unit focused on
winter operations research. The scanning tours created opportunities for
exchanging snow and ice control technology and best practices with Euro-
pean countries and northern regions of Japan. These efforts have moved
snow and ice control from being reactive, initiating operations only after the
snow or ice begin to form, to proactive, beginning operations before the
storm to prevent the bonding of ice or snow pack to the pavement. As
implementation of the research results progressed, it became apparent that
improvements in training, decision support, and equipment would be nec-
essary to optimize the value of the research. This led to the pursuit of three
ongoing activities:

1. innovative interactive training on Road Weather Information Sys-
tems and Anti-Icing led by the American Association of State Highway and
Transportation Officials (AASHTO),

2. development and evaluation of the Maintenance Decision Support
System led by the FHWA’s Road Weather Management Program (described
in the “Road Weather Forecasts” section earlier in this chapter), and

3. development and evaluation of the next-generation snow and ice con-
trol equipment led by a consortium of state departments of transportation.

With the introduction of new methods and technologies, winter mainte-
nance managers and supervisors needed a better understanding of weather
forecasting, snow and ice control chemicals, effective brine-making tech-
niques, optimal application rates, dilution caused by weather and traffic,
and pavement temperatures. Individual state agencies developed ad hoc
training, but reductions in roadway maintenance staffs and the increased
use of contractors resulted in a less experienced and smaller workforce. To
meet these training needs AASHTO developed a computer-based, interac-
tive, Road Weather Information System and Anti-Icing training program.
Over 90 percent of the snowbelt states intend to use this training program,
which will facilitate similar approaches to snow and ice control by their
maintenance operators.

The correct snow and ice control equipment performing the right op-
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erations is needed to optimize winter maintenance operations. A consor-
tium of snowbelt states led by the Iowa Department of Transportation has
developed and field tested a new generation of snowplow truck. This truck
is outfitted with off-the-shelf technology that uses real-time geolocated mea-
surements of road temperature, surface chemistry, and surface friction, along
with the ability to customize chemical application rates to predicted road
conditions. This information is displayed for the plow operator and the
supervisor so that both can monitor real-time operations. These automated
features let the operator concentrate on driving the truck and allow the
supervisor to monitor the entire fleet.

Traffic Management

Traffic management is the effort of roadway managers to optimize the
efficiency and capacity of the roadway network. Over the past six decades
the roadway system in the United States has expanded significantly, begin-
ning with a U.S. highway system, followed by an interstate highway system
and interconnecting arterials in metropolitan areas. The general public and
commercial vehicle operators responded with ever-increasing traffic vol-
ume. New highway construction has now decreased markedly, yet the
demand for roadway capacity continues to increase. The challenge to road-
way operators is to manage the existing infrastructure with ever-increasing
efficiency to produce a system that is safe with decreasing congestion and
delays. Weather information is needed to improve roadway efficiency and
capacity (Goodwin and Pisano, 2002).

Travel time, reliability, and delay are critical measures for system per-
formance, both in real time and in archived applications. Traffic delay is
being scrutinized in more detail to ascertain underlying causes. Weather is
one of those causes as shown in Figure 3-20.

Traffic managers monitor roadway conditions and traffic incidents from
traffic management centers. They use weather observations and forecasts
from the commercial sector, including the media, to execute control strate-
gies to manage traffic flow and advisory strategies to disseminate road
weather information (Pisano et al., 2002). One control technique being
employed in a few locations is the management of traffic signals when
adverse weather is present or forecast (Perrin et al., 2001). When heavy
rain, snow, slush, or icy conditions occur, operators access a traffic signal
control system and manually implement longer-cycle signal-timing plans.
Operators can further lengthen these cycles during peak commuting periods
or worsening weather conditions. This technique reduces speeds and mini-
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mizes the average number of stops per vehicle, thereby improving the safety
and efficiency of the roadways. Once the road weather conditions improve,
traffic signal operations are restored to normal.

Other control strategies used by traffic managers during inclement
weather include speed management, land or vehicle restrictions, and guid-
ance techniques (Pisano et al., 2002). Driver speed is managed based on the
visibility, pavement, and traffic conditions by reducing speed limits to a
safer velocity that is conveyed to drivers via dynamic message signs or
variable speed limit signs. Traffic managers may also restrict access to road
segments, lanes, or bridges or restrict the type of vehicles (e.g., tractor-
trailers, vehicles without tire chains) allowed on portions of the roadway
when visibility is low or lanes are obstructed due to snow or flooding.
Finally, when visibility is poor, traffic managers may use pavement lights
embedded in the road surface to delineate travel lanes, or they may use
patrol vehicles with flashing lights to lead drivers safely through affected
areas.

FIGURE 3-20 Causes of nonrecurring traffic delay. SOURCE: John Wolf, California De-
partment of Transportation.
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Although these traffic management tactics can greatly improve driver
safety during inclement weather or poor road conditions, they are reactive
rather than proactive. Better system performance relies on deployment of
transportation management systems that account for weather (Nelson,
2002). Most authorities are quite familiar with the range of weather events
that can affect their roadways, but only some organizations have mitigation
strategies in place to exploit the use of advanced weather information.

Emergency Management

Major advances in intelligent transportation systems, weather research,
vehicle technologies, electronics, and geographic information systems have
created tremendous opportunities for improved emergency management
practices for the transportation industry. Although emergency response to
weather disasters such as tornadoes has been studied to some extent
(Goodwin, 2003a), responding to tropical cyclones has received the most
attention from the surface transportation research community because they
call for massive evacuations relying primarily on highways. Efforts to ad-
dress surface transportation implications of other weather-related emergen-
cies are less developed and are not discussed in detail here.

The intensity of tropical cyclones  and the damage they inflict when
making landfall create considerable transportation-related problems (Figure
3-21). From the 1970s through the early 1990s hurricane activity was mod-
erate in the Atlantic basin (Gray et al., 1993), and there was a concurrent
explosion in population along the Gulf and East Coast regions of the United
States (Pielke and Landsea, 1998). The rapidly growing coastal population
and increased tropical cyclone activity necessitated thorough, efficient
evacuation plans. The United States is among a small number of countries
that rely on mass evacuations to protect their population during hurricanes.
Evacuations used to be the responsibility of emergency management and
law enforcement officials, but after the major traffic jams associated with
Hurricane Georges in 1998 and Hurricane Floyd in 1999, the professional
transportation community took a more active role in the planning, manage-
ment, and operation of evacuations (Wolshon et al., 2001). These two
hurricanes highlighted the need for better planning and coordination, in-
creased evacuation route capacity, and better information exchange.

The most important aspects of effective hurricane evacuations are ad-
vance warning times and access to transportation; this is especially impor-
tant because the majority of deaths associated with hurricanes result from
inland flooding, and drivers are particularly susceptible. Track and intensity
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forecasts from the NOAA/NWS National Hurricane Center are used to moni-
tor a hurricane and determine if evacuation is necessary. This decision
usually is based on the hurricane’s intensity (Table 3-2), size, track, and
speed. A hurricane technically makes landfall when its eyewall—the most
intense region of the storm—reaches land, but tropical storm- or hurricane-
force winds can occur much earlier when strong outer rainbands reach
land. Timing is of the essence when allowing for configuration of all traffic
control elements on evacuation routes, the actual evacuation process, clear-
ing of all routes, and removal of evacuation-coordination personnel once
deteriorating conditions commence. According to Wolshon et al. (2001),
medium-size cities need at least 12 hours to initiate and complete evacua-
tion, but larger cities with limited evacuation routes, such as New Orleans,
may require up to 72 hours. The preferred minimum evacuation-advance-
notification times of several coastal states is given in Table 3-3. Although
initiating evacuation earlier gives more time for people to leave, it also gives
more time for the track of a hurricane to change; the average 24-hour track
error during 1992–2001 was 93 miles (Franklin et al., 2003).

Several technologies and procedures have been explored and, to some
extent, adopted to improve the efficiency of evacuation procedures. One
issue that often has been overlooked is the interference of work zones and

FIGURE 3-21 Flooding during Hurricane Floyd, September, 1999. SOURCE: Louisiana
State University Hurricane Center.
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TABLE 3-2 The Saffir-Simpson Hurricane Scale, which Rates a Hurricane
Based on Its Maximum Sustained Winds

Category Winds (mph) Effects

1 74-95 No real damage to building structures. Damage
primarily to unanchored mobile homes, shrubbery,
and trees. Some coastal road flooding and minor
pier damage.

2 96-110 Some roofing material, door, and window damage
to buildings. Considerable damage to vegetation,
mobile homes, and piers. Coastal and low-lying
escape routes flood 2 to 4 hours before arrival of
center. Small craft in unprotected anchorages
break moorings.

3 111-130 Some structural damage to small residences and
utility buildings with a minor amount of curtainwall
failures. Mobile homes are destroyed. Flooding
near the coast destroys smaller structures, with
larger structures damaged by floating debris. Terrain
continuously lower than 5 feet above sea level
may be flooded inland 8 miles or more.

4 131-155 More extensive curtainwall failures with some
complete roof structure failure on small residences.
Major erosion of beaches. Major damage to lower
floors of structures near the shore. Terrain
continuously lower than 10 feet above sea level
may be flooded, requiring massive evacuation of
residential areas inland as far as 6 miles.

5 > 155 Complete roof failure on many residences and
industrial buildings. Some complete building
failures with small utility buildings blown over or
away. Major damage to lower floors of all
structures located less than 15 feet above sea level
and within 500 yards of the shoreline. Massive
evacuation of residential areas on low ground
within 5 to 10 miles of the shoreline may be
required.

SOURCE: http://www.aoml.noaa.gov/general/lib/laescae.html.
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the congestion caused by lane closures or detours. Most construction oc-
curs during the summer, coinciding with the Atlantic tropical cyclone sea-
son, which extends from June 1 through November 30. To minimize this
problem, some departments of transportation have included special provi-
sions in construction contracts that require contractors to cease activities,
clear their equipment, and reopen lanes in the event of an evacuation.
Other states simply do not allow construction that reduces normal traffic
capacity.

ITS information is being used increasingly during evacuations to collect
and disseminate real-time data about traffic flow rates, road closures,
weather conditions, and availability of alternate routes. Traffic cameras can
be used to give visual confirmation of evacuation conditions. Highway
advisory radio and dynamic messaging signs are being used to communi-
cate important information to evacuees in a timely manner. Such informa-
tion may include shelter locations, alternate evacuation routes, congestion
and accident information, and services such as lodging and rest areas. The
main limitation of such systems is that they most often exist in urban areas,
whereas the majority of evacuation routes are in rural regions (Wolshon et
al., 2001).

Since the traffic jams caused by hurricanes Georges and Floyd in 1998
and 1999, respectively, an evacuation procedure called “contraflow,” which
reverses one or more lanes of traffic flow to increase capacity, has been
explored (Figure 3-22). There are four variants to this contraflow technique,
assuming two inbound and two outbound lanes divided by a median (e.g.,
an interstate, a four-lane divided highway): (1) all lanes reversed; (2) one

TABLE 3-3 Preferred Minimum Evacuation-Advance-Notification Times (in
hours) for Several Southern and Eastern Coast States

Hurricane Category

State 1 2 3 4 5

Massachusetts 9 9 12 12 1
Rhode Island 12-24 12-24 12-24 12-24 12-24
Maryland 20 20 20 20 20
Virginia 12 18 24 27 27
South Carolina 24 24 32 32 32
Georgia 24-36 24-36 24-36 24-36 24-36
Mississippi 12 24 24 48 48
Louisiana 24 48 72 72 72

SOURCE: Wolshon et al., 2001.
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lane reversed and one lane with inbound flow for emergency service; (3)
one lane reversed and one lane for normal inbound flow; and (4) one lane
reversed and the use of left shoulder of outbound lanes. The reversal of all
lanes increases capacity by about 70 percent. Reversing just one lane and
leaving the other for either emergency or regular inbound flow increases
capacity by 30 percent, but it also increases the potential for accidents.
Usage of the left shoulder for extra outbound traffic improves capacity by
only 8 percent, and it has the potential for the greatest problems due to lack
of pavement suitable for driving and the inconsistency of shoulder widths
(Wolshon et al., 2001).

There currently are no standards or guidelines for designing contraflow
operations. Typically a median is used for the crossover, but it also can take
place at a freeway interchange. The decision about when to use contraflow,
under what conditions, for how long, and how to communicate the infor-
mation to the public usually falls on state governors, although they often
task local law enforcement and state departments of transportation to man-
age the operations. The main criteria for deciding whether to use contraflow

FIGURE 3-22 Contraflow along I-26 near Charleston, South Carolina, during reentry
after Hurricane Floyd in September 1999. SOURCE: South Carolina Department of Trans-
portation.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


CURRENT METEOROLOGICAL AND TRANSPORTATION ACTIVITIES 71

procedures are the characteristics of the hurricane (i.e., size, intensity, track,
track speed), traffic volume, setup time, time of day, land use, and traffic
conditions and patterns. By the time barricades are erected, traffic is cleared,
and law enforcement is positioned, it can take 12 hours or more just to
prepare a contraflow. Although contraflow operations are beneficial in pro-
viding increased evacuation capacity, the procedure can be inconvenient,
confusing, unsafe, labor intensive, and difficult to enforce. Overall, the cost-
versus-benefits remains unknown.

Several research efforts will be necessary for effective emergency man-
agement of the roadway environment. These include development of real-
time detailed evacuation models that simulate actual roadway operations
and combine various types of weather data with transportation and geo-
graphic data in one standardized display. Accomplishing this will require
relationships between the meteorological and transportation researchers
and practitioners to be further developed. In addition, these research efforts
must be combined with tools for communicating reliable real-time informa-
tion to the public, more complete data regarding the real-time operation of
the transportation system, and improved mechanisms for sharing data and
information. Institutional issues must also be addressed, as many different
agencies and jurisdictions are usually involved in emergency management.

Roadway Design and Construction

Designers and builders of roadways must account for weather in their
daily operations and long-term planning. For example, air temperature,
humidity, wind, and precipitation play a fundamental role in the drying,
hardening, and shaping of both concrete and asphalt. Ideally roads should
be strong enough to carry loads, be durable and have low permeability to
resist water and chemical penetration, be resistant to cracks and chemicals
to prevent deterioration, and be aesthetically pleasing. However, for con-
crete, hot weather (75 to 100°F) can (1) accelerate setting, which inhibits a
smooth finish; (2) increase the concrete temperature, which reduces the
long-term strength of the pavement; and (3) increase the rate of hydration,
which causes shrinkage and cracks. On the other hand, cold weather (<
40°F) can slow hydration, which retards hardening and strengthening (Smith,
2003). For asphalt the surface temperature before the mix is laid is critical,
with higher surface temperatures (> 55°F) required for thinner slabs and
cooler temperatures (> 35°F) allowed for thicker slabs (Spaid, 2004). Pre-
cipitation of any kind or amount can be very detrimental to concrete or
asphalt construction. Liquid precipitation can create an imbalance in the
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moisture load, while hail can damage the surface, especially during the first
4 to 6 hours of placement. For asphalt, rain can wash away the tack coat
placed on the surface before the mix is laid, leading to costly cleanup and
replacement. Differences in temperature and moisture on either side of a
concrete slab can cause it to curl (Figure 3-23).

The effect of weather on roadway construction goes beyond physical
damage; it has an economic impact as well. Money can be lost even before
paving begins if weather prohibits concrete or asphalt from being poured.
For instance, concrete mixture can remain in the truck for only 30 minutes,
so the mixture may have to be dumped if unexpected high winds or precipi-
tation occurs. Inaccurately forecast or sudden storms also can result in lost
wages for idle paving crews. Once the pavement has been placed, hail or
rain can damage a slab to the extent that total removal ($8 to $10 per square
yard) and reconstruction ($25 per square yard) are warranted. If only super-
ficial damage is done, the concrete can be diamond grinded ($4 to $8 per

Warm and Dry Air Conditions
(typical day-time)

Temperature Curling

Warmer

Cooler

Moisture Curling

Dryer

More Moist

Counteracted by: Counteracted by:

OR Compounded by:

Cool and Moist Air Conditions
(typical night-time)

Moisture Curling

More Moist

Dryer

Temperature Curling

Cooler

Warmer

Moisture Curling

Dryer

More Moist

FIGURE 3-23 Schematic showing how temperature and moisture differentials above
and below a concrete slab can cause it to curl up or down. SOURCE: Harold Smith,
Center for Transportation Research and Education, Iowa State University.
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square yard) to restore its surface (Smith, 2003). Even with notice of inclem-
ent weather there is some loss in production as work is suspended and the
pavement is covered to minimize damage, then uncovered to resume pav-
ing. Despite such efforts, surface damage still may ensue. Ideally contrac-
tors want better than 85 percent accuracy with a minimum 0.5- to 2.0-hour
notice for at least a 2 km2 or smaller grid (Smith, 2003).

Most construction supervisors obtain weather information from the
NWS, free Web-based services, and in some cases, specialized forecasts
produced by private sector companies. However, the information often is
not as timely or on as fine a scale as is needed by the roadway construction
community. Decision support tools that meet the needs of the roadway
industry are starting to be developed; for example, High Performance Pav-
ing is a prediction tool specific to the roadway construction community that
uses temperature, wind, and humidity information to predict optimum pav-
ing windows and the impacts of adverse weather on roadway construction
(see http://www.hiperpav.com). The weather information needs of the con-
struction community were recognized by the inclusion of the Maintenance
and Construction Operations user service in the National ITS Architecture
in 2002.

INTELLIGENT TRANSPORTATION SYSTEMS

A major effort of the last decade by the surface transportation commu-
nity has been to design and implement ITS. These systems take detection,
computer, and communication technologies and apply them in an inte-
grated fashion to increase the safety and efficiency of road transportation.
For example, ITS is employed in Minneapolis and St. Paul, Minnesota, using
a network of real-time freeway traffic detectors as part of a ramp metering
system. The traffic flow information from the detectors is used as input to
automated freeway capacity algorithms that regulate entry of additional
vehicles onto the freeway system through modified traffic lights located at
the entry ramps. Almost all state and local transportation authorities are
using ITS to some extent today. ITS can be vehicle-based systems (e.g.,
adaptive cruise control, rear object detection) or infrastructure-based sys-
tems (e.g., vehicle surveillance, dynamic message signs). Typically it is the
interaction between vehicles, the roadside, management centers, and trav-
elers along with the synergy of data and information flows working in
harmony that yield spectacular results.

Linking vehicles and infrastructure electronically is expected to ad-
vance rapidly in the coming years, as it is viewed as a very cost-effective
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means of improving safety and mobility. The application of sophisticated
technologies in an integrated fashion across a number of transportation
system components (i.e., vehicles, roadside, centers, and travelers) clearly
requires a master plan. The transportation infrastructure (i.e., roadside and
centers) in our highly decentralized transportation system must interact with
vehicles of many types from many suppliers and travelers of all sorts need-
ing to cover great distances across multiple jurisdictions. The U.S. federal
government initiated extensive multistakeholder consultations in the mid-
1990s leading to the development of the National ITS Architecture (Na-
tional ITS Architecture Development Team, 2003). It is essentially a high-
level blueprint for the application of information technologies to road
transportation. First issued in 1996, the ITS Architecture continues to be
refined. In 2000 the Architecture was adopted by Canada with some modi-
fications. It is therefore well on its way to general use over most of North
America, an enviable situation to promote freedom of movement and trade
throughout the continent as well as collective security and global competi-
tiveness. Indeed, the National ITS Architecture is a major body of work that
will influence the evolution of road transportation for decades to come.

Enhanced use of ITS can mitigate some of the negative impacts of
weather on road transportation by making it possible to provide the best
weather and traffic information to users in a timely and appropriate manner
(Andrey et al., 2003b; Cambridge and Mitretek, 2003). For example, in
response to reduced surface friction during winter weather conditions, an
advanced traffic management system could modify signal timing and ramp
metering to adjust vehicle spacing accordingly, alert roadway maintenance
crews to treatment needs, and inform drivers in their vehicles of potentially
hazardous conditions. Version 4.0 of the National ITS Architecture, intro-
duced in 2002, included the Maintenance and Construction Management
Center and the Maintenance and Construction Vehicle to more formally
capture road weather and the transportation components mandated to deal
with it.

ITS has also been instrumental in the development of standards; for
example, a group of communications standards referred to as the National
Transportation Communications for ITS Protocol (NTCIP) includes stan-
dards for an ESS, NTCIP-ESS, which are open, industry-based standards that
facilitate information exchange between RWIS and other ITS devices with a
common communications interface. The standardization of terminology
and graphical displays as well as the format and structure of messages are
under development and will facilitate communication of road weather in-
formation to the public. The ESS sensors can be linked to an automatic spray
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system, perhaps developed by a different vendor, to dispense freeze-point
depressants the instant that snow or icing conditions are detected on the
road surface. Likewise, with sensors deployed according to agreed-upon
standards in a coherent network over one or more jurisdictions, more so-
phisticated mesoscale modeling solutions could be pursued. Indeed, ITS
provides a framework with which to extend road weather and other services
in a fully integrated fashion across the nation, and eventually, throughout
North America.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


76

4

Opportunities to Enhance the
Road Weather System

Many of the building blocks for creating the road weather system of the
future are available today. Chapter 3 of this report summarizes the capabili-
ties and technologies that are already being applied to road weather prob-
lems or that could easily be used. However, fully achieving the vision for a
highly effective road weather system will require the research and opera-
tional communities to address a number of gaps in existing knowledge and
infrastructure. These gaps at least partly reflect the lack of integration be-
tween ongoing surface transportation and meteorological activities. Thus,
the committee recommends that a focused and coordinated national road
weather research program be established to provide leadership in defining
priorities, supporting the necessary research, and implementing operational
infrastructure. With an improved overarching direction for the road weather
community, there are substantial opportunities to produce improved prod-
ucts of interest to the user community through increased coordination of
efforts (e.g., Nixon, 2001). At the same time there is a need to address
fundamental scientific unknowns and make required observations that have
been lacking.

As a framework for this program the committee identifies the following
five key research and development requirements:

1. a robust, integrated observational network and data management
system specifically designed to meet the need for enhanced road weather
research and operational capabilities;

2. a coordinated research effort to increase understanding of road
weather phenomena and options for increasing safety, mobility, and effi-
ciency of the nation’s roadways during all types of weather;

3. improved modeling capabilities and forecast tools designed to pro-
vide relevant, useful information to those who build, manage, maintain, and
use the nation’s roadways;
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4. multiple mechanisms for communicating road weather information
to varied users in ways that support better informed decision making; and

5. an infostructure that takes advantage of new technologies to effec-
tively monitor and predict road conditions and then effectively convey road
weather information to end users.

Opportunities for improving understanding, capabilities, and products
in these areas of a new road weather research program are discussed in the
following sections. The committee believes that advances in each of these
areas will be necessary to attain significant improvements in road weather
services and the benefits that are expected, as a result, in safety and effi-
ciency on the nation’s roads.

Coordinating this body of work will require a management structure
that engages the multifaceted “road weather community.” This community
includes FHWA, NOAA, departments of transportation in each state, an
important and vigorous private sector, the academic community, and pro-
fessional societies (e.g., the American Meteorological Society) and other
nongovernmental organizations (e.g., the American Association of State
Highway Transportation Officials). One role of a national road weather
research program would be to coordinate research, development, and
implementation efforts undertaken by the various members of this road
weather community. The recommendations in this chapter identify specific
research needs that a new road weather research program should address,
though in many cases the actual research, development, and implementa-
tion will fall to various members of the broader road weather community.
Issues pertaining to management of a national road weather research pro-
gram are addressed in Chapter 5.

OBSERVATIONS

A major objective of a new road weather research program should be to
develop a robust, integrated observational and data management system
specifically designed to meet the need for enhanced road weather research
and operational capabilities. Many of the other objectives of the research
program will depend on having implemented a road weather observation
system, broadly defined; for example, improvements in understanding of
road weather phenomena, modeling capabilities, and products and tools for
end users require appropriate observations.

This road weather observation system should bring together a wide
variety of existing data streams and new data as necessary to obtain a
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comprehensive picture of the roadway environment. Table 4-1 lists many of
these observations. Several of the meteorological observations are currently
used in an integrated fashion by weather forecasters and as input to numeri-
cal weather models. Other data, particularly those collected by the trans-
portation community, are not yet integrated to the same extent or in a
routine or standardized manner. Improved data management that enables
efficient data sharing will be an important component of an improved road
weather observation system.

Take Advantage of Existing Observations and Databases

As shown in Table 4-1, numerous observation networks are already
available for assessing road weather; for example, many states have in-
stalled environmental sensor stations (ESS) along roadways to obtain tar-
geted road weather observations. Data from ESS are essential to detecting
and forecasting the effects of weather events on the roadway; however, they
fall significantly short of the total amount of weather information needed to
do this job well. The ESS data should be augmented with weather informa-
tion from weather satellites, Next Generation Radar (NEXRAD) national
radar network, surface sensors in other networks (e.g., Automated Surface
Obsreving System (ASOS), aviation, agriculture, energy, water resources),
vehicle probes, and weather data that can be derived from global position-
ing system satellites (e.g., see http://www.cosmic.ucar.edu).

Bringing all these data sources together allows a much more compre-
hensive picture of the roadway environment to be derived and used to
provide information to drivers, roadway managers, and researchers. New
technologies are rapidly emerging to assimilate data from disparate sources,
but very little has been implemented to directly benefit road weather. Some
private sector companies have pioneered the process of aggregating weather
data from ESS and other weather observing networks to prepare targeted
road weather forecasts.

In the case of winter road maintenance, data must become targeted
specifically to the microclimate existing at or near the pavement surface. To
accomplish this, sensor needs change significantly, and integration of other
information, such as recent surface treatment history (e.g., plowing, sand-
ing, and chemical application), become important factors. Treatment his-
tory collection and availability vary widely, but most of the larger state
transportation agencies keep some type of records on time, equipment, and
chemicals used in maintaining roads during snow and ice conditions. Meth-
ods for recording this information range from having operators manually
record it to entering by means of computers when they input their duty time.
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At the Minnesota Department of Transportation, for example, individual
operators input this information along with their duty times using a Web-
based application. Information on individual routes—including time ex-
pended, equipment and materials used—allows managers to analyze past
actions, plan for future events, and determine whether current strategies are
producing the desired results. Research in the areas of Automated Vehicle
Location systems and Web-enabled cell phones is allowing road treatment
and condition information to be reported more frequently. In the future it
may become common practice to have in-vehicle equipment installed on
snowplows to continuously measure and report this information.

Another untapped source of information are data on the characteristics
of the surface and subsurface of the roadway that most state departments of
transportation collect and retain during roadway planning and construction.
This information is updated each time any construction or repairs are per-
formed. Data on the road surface and subsurface composition are valuable
inputs to pavement temperature models, in which the heat balance is af-
fected by what is under the surface as well as what is above it. Research
must be done to determine how changes in this profile affect the road
surface and what would be the most efficient way to use this information to
obtain more accurate pavement forecasts. Although many departments of
transportation store this information in electronic format, they frequently
identify it by mile posts, centerline distance, or stationing, which is signifi-
cant only in its relationship to that particular road. In addition, different
layers are identified by a numerical code that may be unique to that agency.
If this information were to be used by an outside agency or vendor or shared
among states, it would have to be converted to a geographic information
system (GIS) format and layers identified with standard codes.

A final set of observations that could greatly enhance the road weather
system is average and real-time traffic information. Data such as the average
number of vehicles and average vehicle velocities, as well as real-time
values of these parameters, are useful for strategic planning and reactive
purposes. The speed and volume of vehicles influences the heat and mois-
ture balance of roadways as well as their operability. These factors change
diurnally (e.g., rush-hour traffic, early-morning hours), intra-annually (e.g.,
during prime vacation travel times), and during special events (e.g., con-
certs, sporting events). All departments of transportation have some type of
statewide traffic-data-recording system composed of a remote-sensing sys-
tem (i.e., pavement loops) and a data recorder that is used for monitoring
and assessing traffic volume and speed characteristics (Wolshon et al.,
2001). Surveillance cameras also monitor speed and volume, with direct
visual confirmation. As with other previously mentioned observation net-
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TABLE 4-1 Existing and Potential Observations That Should Be Applied to Road Weather
Research and Operations

Road Weather
Observation Description Operated By Application Limitations

Automated About 1,000 surface • Federal Aviation Provides weather • Observations are
Surface sites providing Administration observations used representative of small
Observing observations of sky • Department of as input to area directly adjacent
System and visibility, Defense numerical weather to site

pressure, temperature, • National Oceanic  prediction models • Mostly sited to meet
dewpoint temperature, and Atmospheric to ascertain aviation requirements
wind, and precipitation Administration/ real-time weather • Lack of good winter
amount National Weather conditions on a precipitation

Service mesoscale basis observations
and aid in weather
forecasting

Automated Over 600 surface sites • Federal Aviation Provides weather • Observations are
Weather providing observations Administration observations used representative of small
Observing of wind data, • State, local, and as input to area directly adjacent
System temperature, dewpoint private numerical weather to site

temperature, visibility, organizations prediction models • Mostly sited to meet
present weather, to ascertain aviation requirements
precipitation, cloud real-time weather • Lack of good winter
height, thunderstorms, conditions on a precipitation
and lightning mesoscale basis observations

and aid in weather
forecasting

Various Similar observations as • Oklahoma Provides weather • Observations are
surface ASOS operated on a Mesonet observations used representative of small
mesonets regional basis with • Atmospheric as input to area directly adjacent

higher density of sites Radiation numerical weather to site
Measurement prediction models • Sited to meet needs of
Cloud and to ascertain specific mesonets
Radiation Testbed real-time weather • Data are not always

• Many others conditions on a easily accessible across
mesoscale basis mesonets
and aid in weather • Lack of quality control
forecasting and standards

Environmental A complement of Individual states or Provides most • Observations are
Sensor atmospheric sensors municipalities direct observations representative of small
Stations adjacent to the roadway of roadway area directly adjacent

(air temperature and environment to site
dew point, wind speed • Individual networks are
and direction, and not linked
optionally, pressure, • Insufficient standards
precipitation occurrence, for instruments and
other precipitation siting
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characteristics and • Improvements in
visibility), pavement instrument technology
surface sensors needed
(temperature, moisture,
residual chemical
composition, freeze
point temperature), and
sub-surface temperature
probes

Aircraft Observations of Aeronautical Input to numerical Not directly relevant to
Communication temperature, humidity, Radio, Inc. weather prediction the roadway
Addressing and wind collected on models and as aid environment
and Reporting commercial aircraft up in weather
System to 15 km altitude forecasting

In situ Observations of air and Some prototypes • Information • Challenges in
observations surface temperature, being developed provided directly communicating
from vehicles humidity, surface and tested, but not to drivers observations
on the roadway friction, and visibility in yet operational • Input to road • Possibility for more

the roadway weather forecasts observations than can
environment • Input to be usefully applied

numerical
weather
prediction models

Weather Nearly continuous • National Weather Input into • For NEXRAD, scans
radars, monitoring of Service numerical weather below 0.5° above
including precipitation, including • Federal Aviation prediction models horizon not permitted
NEXRAD severe weather, and an Administration (e.g., the Weather so areas distant from

ability to determine • Private sector, Research and radar not well
winds and detect including Forecasting model) monitored
blowing dust television stations • Network not very

• Military dense
• Cannot discriminate

precipitation phase
(liquid or frozen)

• Excessive ground
clutter contamination
from anomalous beam
propagation

• Conflicting user
requirements

TABLE 4-1 Continued

Road Weather
Observation Description Operated By Application Limitations

Continued
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TABLE 4-1 Continued

Road Weather
Observation Description Operated By Application Limitations

Wind and Remotely sensed • National Oceanic • Input into • Representative of a
temperature observations of and Atmospheric numerical small area
profilers temperature, moisture, Administration weather • Network not very

and wind up to 16 km • Other state and prediction dense
above the surface federal agencies models

• Academia • When combined
• Private sector with SODARS,

the 900-MHz band
profilers can be
used for microscale
modeling of the
roadway

• Improve weather
forecasts

Geostationary Observations at • National Oceanic Improve weather Cannot resolve features
Operational multiple wavelengths and Atmospheric forecasts on the roadway
Environmental (e.g., visible, infrared, Administration
Satellite, Polar microwave) used to • National
Orbiting derive, for example, Aeronautics and
Environmental integrated water vapor Space
Satellite, and and cloud-track winds, Administration
other satellites tropical cyclogenesis • Military

Traffic Traffic detectors and Individual states • Managing the • No standard format or
observations cameras or municipalities traffic system reporting procedure

during inclement • Expensive to store
weather

• Input to energy
balance models

• Study of weather
impacts on traffic

Recent Data record indicating Individual states Input for No standard format or
treatment the chemical or municipalities forecasting road reporting procedure
history application, plowing, surface conditions

or sanding of a given and providing
stretch of roadway decision support

for further
treatments

Roadway Surface and subsurface Individual states Input for energy Network not very
surface and sensors used to or municipalities balance models dense
subsurface measure temperature that forecast road

surface
temperature
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TABLE 4-1 Continued

Road Weather
Observation Description Operated By Application Limitations

Streamflow Measurement of the • U.S. Geological Useful for Network not very
movement of surface Survey forecasting floods dense
runoff traveling in a • National Oceanic
stream and Atmospheric

Administration
• Others

Landsat Land surface National Input for energy Maps and data require
cover/land type Aeronautics and balance models some user

Space that forecast road interpretation
Administration surface

temperature

Global Satellite-based Department of • Useful for Selective availability
Positioning system to show Defense operates providing leads to degraded
System position on Earth’s the satellites; targeted accuracy in position

surface; can also be receivers are geolocated readings
used to derive total widely available information
water vapor column • Derived water

vapor useful for
improving weather
forecasts

works, if traffic data are to be used by other agencies or vendors, standards
for displaying the information must be established.

Recommendation: Take advantage of existing observation networks and
databases.

The committee recommends that the road weather research program
take full advantage of established environmental monitoring networks,
including those from in situ and remote-sensing platforms and existing
databases on soil type and land use characteristics. As a first step, efforts
are needed to integrate and use information from environmental sensor
stations and meteorological mesonets with particular attention to
seamlessness across state boundaries. A nationwide repository in which
weather observations relevant to the roadways are collected and shared
by all interested parties would be of great use to the road weather
community.
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The committee recommends that the road weather research program
support the design and establishment of a portal that allows access to
(1) weather data relevant to the roadway; (2) state databases of relevant
road characteristics, including pavement or concrete composition, road
surface depth, and underlying soil type; (3) real-time road surface con-
dition information; and (4) traffic information. Access to these data
currently is constrained by the limited data availability and disparity of
data formats used by states and municipalities. Having access to these
data in standard formats would allow private sector companies to de-
velop forecasting tools that could be easily and reliably applied in
different states.

Expand the Network

Exploiting weather information to increase the efficiency of the road-
way system requires weather, road condition, traffic, and other observations
that are representative of the roadway. Additional observations are required
at locations especially susceptible to adverse weather conditions, such as
valleys where fog often forms, frost hollows, or roadways subject to high
winds. Over the last 20 years most states have implemented ESS networks to
collect valuable weather data in targeted locations. At the same time, vari-
ous meteorological observing networks have been established to meet gen-
eral weather forecasting needs, as well as those of more specialized sectors,
such as aviation, forestry, or agriculture. These observational efforts must be
expanded and customized to fully meet surface transportation needs by
collecting tailored information along the roadways, particularly at vulner-
able locations susceptible to adverse weather conditions; for example, the
National Weather Service (NWS) should consider road weather needs in
planning new observation sites.

Although Road Weather Information Systems (RWIS) technology has
been used for many years, research is needed to make optimal use of it; for
example, only a few states have attempted to determine optimum sensor
density. RWIS companies have recommendations for spacing of the sensors,
but in most cases they are based on regional or national average estimates
rather than site-specific analyses. Given funding limitations, roadway man-
agers need refined methods to prioritize sensor locations in the network. A
science-based method allows the determination of which sensors give the
operator the largest value for the investment costs. Roadway managers also
need methods of determining where to locate sensors, such as the optimal
height above the road surface, distance from the roadside, or placement in
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the road surface; for example, in some cases it might be more advantageous
to locate a sensor far from the roadway to detect weather conditions that
influence that segment of the system.

Tapping into the data from vehicle probes would vastly increase the
number of observations available for the roadway, much the way observa-
tions from aircraft have been exploited. Although the technology is already
available, it is not used routinely. Commercial fleets represent an excellent
opportunity for experimentation and evaluation of these data because they
provide a representative sample from a manageable amount of data with
tighter institutional control.

Observational technology ranging from soil and pavement sensors to
universal vehicular highway reporting is possible, providing exciting oppor-
tunities for expanding knowledge of the roadway environment; however,
determination of what is to be measured, and where and when, are chal-
lenges. Research is needed to explore the quantity and accuracy of data
needed for mesoscale forecast models, decision systems, and highway main-
tenance personnel. Who will do the research and where it will be con-
ducted also must be explored.

Recommendation: Improve the existing observation system.

To attain an improved road weather observation network the road
weather research program should support efforts to establish standards
for observing procedures and station siting to ensure that (1) the data are
representative of the roadway environment and (2) new road weather
stations and traffic monitors are added to optimally address both mod-
eling and special observing needs. The National Weather Service, states,
and other entities that perform weather observations should use these
standards as they establish new sites to fill gaps in the current observa-
tional network.

In addition to improving fixed road-weather-observation sites, expanded
use should be made of mobile observing platforms. Such platforms
could consist of a fleet of state- or city-owned vehicles, commercial
trucks and buses, and even private vehicles. Vehicle observations of
roadway temperature and surface traction could be of great use in
providing a more complete and accurate picture of roadway condi-
tions. The road weather community should collaborate with the auto-
mobile industry in the design and deployment of these mobile observ-
ing platforms and ensure that these data remain open to access.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


86 WHERE THE WEATHER MEETS THE ROAD

Instrument Technology

A final way to ensure robust observational capabilities is to make cer-
tain that the instrumentation provides high-quality, accurate data. Careful
testing and calibration of sensors is an important step in improving instru-
mentation. Although testing and calibration standards have existed for at-
mospheric sensors for some time, current sensors, sensor standards, and
instrument placement are tailored to meteorological needs and, in many
cases, do not meet the specialized needs of maintenance, traffic, and emer-
gency managers. For instance, precipitation sensors must be capable of
accurately identifying precipitation type and amount as well as the liquid
equivalent through all temperature ranges.

There currently are no standards for surface and subsurface environ-
mental sensors. More concerted research is needed to test and compare the
pavement sensors. To deliver the accuracy and response time required by
sensor users, close attention must be paid to sensor design, installation, and
calibration. This is needed to ensure that the thermal properties of the
surrounding pavement are accurately represented by the sensor.

The majority of research and development of environmental sensors
takes place in the private sector, which has led to new and improved
sensors being offered by multiple companies; however, most of these sen-
sors have not been rigorously tested and compared, meaning that it can take
many years to design and get funding for an experiment that tests the
sensors in a real-world setting, and then run the experiment long enough to
get sufficiently representative weather conditions. By the time a research
group has undertaken all of these steps it is likely that the sensors being
tested will be outdated. An additional problem for testing pavement sensors
is the difficulty of creating a controlled experiment as roadway maintenance
engineers prefer to treat the roadway when called for. As a result, insuffi-
cient information is available to consumers when choosing which sensor to
purchase. To date, environmental sensor users have relied almost exclu-
sively on accuracy, installation, and calibration information provided by
product manufacturers. While this information can be useful (e.g., Partanen
et al., 2003), it is often produced in controlled laboratory or test-bed condi-
tions, and therefore can be far removed from real-life conditions that affect
sensor performance. There are currently two projects under way to test
environmental sensors in an operational setting: (1) Aurora project 2001–
2004, Temperature Sensor Accuracy, and (2) an Aurora-initiated project
that has now developed into National Cooperative Highway Research Pro-
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gram Project 6-15, Testing and Calibration Methods for RWIS Sensors. Al-
though both of these projects represent a move in the right direction, pave-
ment sensing is a continuously developing field, and a structured test and
evaluation procedure needs to be developed and administered on an ongo-
ing basis.

In addition to the need for improved testing of existing environmental
sensors, improved sensor technology specific to road weather applications
must be developed. In particular, environmental sensors must be robust,
reliable, and accurate under a wide variety of weather conditions. Research
is needed to develop improved techniques for measuring quantities of spe-
cial relevance to road weather applications, such as the amount of ice,
precipitation, and chemical treatment on the road surface.

Of particular concern is that current pavement sensors are limited in
their spatial representativeness, in their ability to function in all moisture
conditions, and in the assumptions made in signal processing. Presently
there are several different pavement sensor technologies in use or being
developed. Some of these include fiber optics, active sensors, resistance,
spectral cameras, and even analysis of photos from still and video cameras.
While each of these methods has merit, they all have weaknesses that must
be more thoroughly understood in a field environment; for example, sensors
measuring chemical concentration on pavement function with a reasonable
degree of accuracy only when there is plenty of moisture on the road
surface. Under dry conditions passive sensors cannot distinguish different
types of chemicals or surface contaminants, and active sensors change the
environment surrounding them, sometimes enough to affect these measure-
ments. To be truly effective in making equipment control decisions during
frost or other low moisture conditions, pavement sensors need the ability to
measure when little or no moisture is present.

Besides changes in sensor technology, research is needed to improve
information processing capabilities in environmental sensors. In most cases
raw information collected from a sensor undergoes some processing in the
field before it is reported, however the processor technology does not seem
to have advanced far enough to fully meet user needs at this time. Pavement
sensors hold great promise for significantly expanding the spatial coverage
of observations and thereby act as an important constraint in models of road
conditions; however, these instruments may require substantial research
and development to attain required levels of accuracy and reliability.
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Recommendation: Improve road weather instrumentation.

The road weather research program should support efforts to establish
science-based standards for road weather sensors and to implement
procedures to test, compare, and certify that sensors meet these stan-
dards. The comparison and testing procedures need to ensure that the
results are applicable to a field setting. The committee recommends
support for the development of improved sensor technology specific to
road weather applications, such as for the amount of ice, all-season
precipitation, present weather, and chemical composition of the slurry
on the road surface. Research is needed on design and deployment of
sensor systems to provide data more generally representative of the
traveled road surface and that are reliable under a wide variety of
weather and traffic conditions.

Data Quality Control, Dissemination, and Archiving

Systematic quality assurance, dissemination, and archiving of road
weather data are fundamental steps to making progress on all the recom-
mendations made here. Some types of data must be collected at the time of
road construction (e.g., soil type and road construction materials) and
archived as a semipermanent database, and updated during renovations.
Other forms of data (e.g., change of land use along the roadway) need
periodic updating within the database.  On the other hand, collection of
real-time data leads to a very dynamic, ever changing database. The utility
of road weather data would be enhanced if the data were easily accessible
in common data formats and geolocated to the extent possible (Reichardt,
2003). Many state departments of transportation are already taking advan-
tage of GIS in storing road composition data, but this is not yet standard
practice in the meteorological community (Wilhelmi and Brunskill, 2003).
An encouraging development is the NWS designing the National Digital
Forecast Database to be GIS compatible. This will greatly increase the value
of these forecasts for both direct use and private sector partners.

Quality assurance is essential for data reliability and accuracy. Much of
quality assurance can be handled automatically, with checks performed
continuously on the data stream.  Periodic automatic scans of datasets using
statistical tools can identify longer-term trends indicative of instrument drift;
however, careful visual scrutiny of data displayed either as time-series graphs
or as two-dimensional data fields by an experienced analyst is still an
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essential part of quality assurance.  Quality control supported by field main-
tenance teams and calibration laboratories is a necessary extension of the
quality assurance program.

A dissemination program ensures that data necessary for research or
operations are provided when and where needed. Often research programs
can be satisfied by providing researchers direct access to the database (a
“pull” situation), whereas operations often require that specified data be
sent to them (a “push” operation). Data portals, providing easy access to
data stored in a variety of formats, often at different locations, are a growing
trend but require significant investment in professional time and technology
to establish.  A particularly demanding criterion in providing real-time data
is latency, or the time lapse between taking a measurement and providing
the resulting value to the user.  Some applications (e.g., warning of severe
weather events) have latency demands of a few seconds.

There are many state, regional, and national programs undertaking the
challenge of merging available observations and disseminating the informa-
tion in a timely, meaningful, and easily interpretable format. One such
program is the Meteorological Assimilation Data Ingest System operated by
the National Oceanic and Atmospheric Association’s (NOAA) Forecast Sys-
tems Laboratory. This system collects surface, profiler, upper air, and avia-
tion data (Figure 4-1) from meteorological networks, both public and pri-
vate, for North and Central America (Miller and Barth, 2003). Data are
processed continuously at five-minute intervals and can be acquired by
interested user groups over the Web (http://jailbird.fsl. noaa.gov/MADIS/). A
new proposal, the Sensor Web (Reichardt, 2003), provides an opportunity
to collect and make available multisource, formatted sensor data to scien-
tists, traffic managers, disaster managers, and others. This appears to be a
viable opportunity to collect the high volume and varied types of data that
are or will be available.

Archiving of data requires not only storage in readily accessible form of
the data itself, but also of the accompanying metadata.  Metadata provide
the history of data and are a dynamic quantity in their own right. Records
can contain both descriptions of the data formats and a wide range of
information, such as sensor calibration history, exposure imagery, and
records on how frequently the data are used and by whom. Management of
a data archive is a technical challenge as the data must be secured against
physical hazards and unauthorized changes but still be readily accessible.
An additional archival challenge is forward migration of large databases as
the storage medium is upgraded.
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Recommendation: Maximize utility and quality of road weather informa-
tion.

The committee recommends that the road weather research program
take steps to maximize the utility and quality of road weather informa-
tion. First, to facilitate sharing among multiple entities, the road weather
community should help standardize formats of geolocated data and
associated metadata (e.g., the National Transportation Communications
for Intelligent Transportation System Protocol for Environmental Sensor

FIGURE 4-1 Meteorological Assimilation Data Ingest System observations available in
North America. Green represents surface data, blue represents aircraft data, red repre-
sents radiosonde data, and the yellow “P” represents profiler data. SOURCE: NOAA’s
Forecast Systems Laboratory.
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Stations). Second, the community should standardize the presentation
of road weather information (e.g., in terms of units, colors, or symbols)
to user groups across North America. Third, to facilitate integration of
information from different research communities, the community should
use geographic information systems to analyze, manipulate, and dis-
play road weather observations, model output, and forecasts. Fourth,
the community should establish standards and implement data quality
assurance and control procedures. It is critical to ensure that all road
weather observations are of sufficient quality to be used in the numer-
ous desired data applications.

Observations and Infrastructure for Validating Models

Specific observational data also are needed to validate and improve
both road and atmospheric boundary layer models. In addition to exploiting
untapped data sources and expanding current observational capabilities,
separate sustained support is needed for establishing an infrastructure to
obtain observations specifically for both model and road weather forecast
validation. Ideally as many validation systems as possible should be de-
ployed, but at a minimum they should be located along the national dem-
onstration corridors (see Chapter 5, “Establish National Demonstration Cor-
ridors”) and possibly in conjunction with regional research centers (see
Chapter 5, “Establish Regional Research Centers”).

To capture the diverse roadway environment that exists across the na-
tion, the observational facilities should be located along roads with various
types of land cover, terrain, and uses. In some cases these facilities should
consist of permanently instrumented arrays in key areas that should be
routinely maintained and operated. These core networks should provide the
long-term data records necessary to investigate a number of road weather
challenges. In addition to the permanent arrays, instrumentation is needed
for rapid deployment for occasional intensive observation periods. To be
cost-effective the deployments should likely occur in and be complemen-
tary to the permanent arrays. The platforms should cover a sufficient area
and depth to be representative of both the roadway and the environment on
either side. Where possible the facilities also should be augmented by
existing mesonet facilities to obtain even more data and further increase
cost-effectiveness.

The most important parameters that should be recorded at all observa-
tional facilities are temperature, precipitation amount and type, wind speed
and direction, relative humidity, insolation, pavement temperature, road
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surface cover, and surrounding surface cover. The data from these observa-
tional facilities should be of sufficient temporal resolution (e.g., data collec-
tion as frequently as every minute) to provide a sufficient amount of data
and to capture rapid environmental changes. These specialized arrays will
facilitate the evaluation and improvement of road weather models and
forecasts.

Recommendation: Develop observing capabilities to measure the perfor-
mance of road weather forecasts.

The committee recommends that the road weather research program
develop special observing facilities to validate forecast tools and verify
road weather forecasts. Ideally, these observing facilities would be lo-
cated along the national corridors and at the regional centers identified
previously. In some cases these facilities could consist of permanently
instrumented arrays, but to be cost-effective most should consist of
supporting infrastructure that facilitates the rapid deployment of instru-
mentation for occasional intensive observation periods. An important
aspect of the recommended work would be the collection of microme-
teorological measurements necessary to develop, improve, and validate
the models.

ADVANCING THE SCIENCE AND DEVELOPING THE TECHNOLOGY

The national road weather research program will need to coordinate
and support efforts to increase understanding of road weather phenomena
and options for increasing safety, mobility, and efficiency of the nation’s
roadways during inclement and other high-impact weather. Because little
research has been conducted specifically on these issues to date, targeted
support of research on the road weather environment could potentially
yield substantial returns in understanding and consequently managing the
roadway system. Areas of meteorology where increased attention to the
roadway environment is needed include boundary layer meteorology;
weather-influenced phenomena that impact roadway transportation, such
as flash floods and fires; and the development of a reliable winter severity
index. Several aspects of transportation research would benefit from in-
creased attention to weather, such as quantifying how weather affects traf-
fic, human factors associated with driver behavior during inclement weather,
and improvements in vehicle technology to better equip drivers to respond
to weather conditions. These topics, discussed in more detail in the follow-
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ing sections, are those that the committee believes require increased atten-
tion initially; they do not, however, represent an exhaustive list of basic
research needs. Indeed, as the research program is established and grows,
the research must evolve to meet changing needs.

Meteorological Phenomena That Affect the Roadway

Micrometeorological processes that occur near the bottom of the atmo-
spheric boundary layer, which is the layer of air that directly feels the effects
of the ground surface, can be quite complicated and make it difficult to
analyze weather along roadways. On sunny days the boundary layer is
roughly 1 to 2 km deep and is formed by turbulent mixing of air currents
rising from the warm surface and compensating downdrafts. At night the
boundary layer is much shallower. During both day and night, vertical
gradients in wind, temperature, and humidity are concentrated near the
surface, and observations of atmospheric conditions even 2 to 5 m above
the surface may not capture the conditions that affect driving and the road
surface. To understand the effects of the surface on the atmosphere, particu-
larly at scales relevant to roadways, micrometeorologists often must ac-
count for the effects of canopy, terrain, natural and built structures, surface
vegetation, and soil characteristics (see Figure 4-2); for example, the wet-
ness of the ground affects the partition of solar energy into evaporation and
heating, whereas natural and built structures can alter heating and cooling
through radiative processes and can deflect or channel the wind.

Significant research challenges remain in understanding and predicting
micrometeorological influences on temperature in the roadway environ-
ment. Nocturnal cooling, for example, can strongly affect the roadway
environment. On nights with light wind and clear skies, the ground cools
rapidly by radiating heat to space and then cools the shallow layer of air
immediately above by contact. On a slope, this cold air nearest the ground
slides downhill because it is heavier than the air at the same height further
out into the valley. These down-slope winds are reinforced by flow from the
valley sides and continue down the valley, eventually forming pools of cold
air in the valley floor (Figure 4-3). Even in gentle valleys, air can be as much
as 10°C cooler than the air on the ridges. Cooling in depressions protected
from the wind and wind-induced mixing (“frost hollows”) can be even more
significant. In both cases the low-lying areas will be most susceptible to fog
or frost.

Nearby obstacles and terrain further increase the complexity of the road
weather environment. Trees, bluffs, bridges, and buildings can deflect and
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FIGURE 4-2 (a) Wind speed reduction in the vicinity of shelter belts with different densities. (b) Airflow in a
regeneration area and under a screen of old trees. SOURCE: Oke (1987).
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funnel wind, potentially causing drifting snow and unpredictable, hazard-
ous gusts. Heat exchange between the road surface and the atmosphere is
complicated by the heterogeneity of the road surface and its nearby envi-
ronment. This environment is complicated further by the traffic itself, which
introduces heat, mixes air, splashes fluid on the road, and reduces the
radiative warming and cooling of the road surface.

The importance of local effects to the roadway environment suggests a
two-step approach to simulating road weather conditions: (1) running atmo-
spheric models with land surface data (except for ESS data from stations
sited to document nonrepresentative effects) to solve the future state of the
atmosphere at scales down to 5 to 10 km; and (2) using that future state of
the atmosphere along with the road information (pavement and near-road
environmental sensors) to produce road surface temperature and road con-
dition forecasts. For roads in flat terrain and fairly uniform environments,
idealized models that characterize the exchanges of heat, moisture, or mo-
mentum between the air and the surface can be useful. For roads in com-
plex terrain one must resort to higher-resolution atmospheric models with
detailed surface characteristics or to empirical techniques to successfully
capture the fine-scale variability.

Another micrometeorological research challenge is the observation and
forecast of conditions that reduce visibility, such as fog or blowing snow.
Although many fog-prone stretches of road are known locally, there has
been relatively little research on the fog problem specific to road transpor-

FIGURE 4-3 Development of a frost hollow in a depression. SOURCE: Geiger et al. (1995).
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tation. No one has succeeded in the operational modeling of the develop-
ment of radiation fog. Similarly, enough is known about how snow accumu-
lates in certain areas to install snow fences to mitigate snow accumulation
on the road, but less attention has been paid to loss of visibility from falling
or blowing snow, or slush splashed on windshields by passing traffic.

Research is needed to improve visibility detectors. Currently available
visibility sensor equipment takes samples over a very short distance or
baseline (1 to 3 feet) and assumes this to be representative of the entire area.
Clearly this assumption is not always valid because visibility in fog, snow,
blowing dust, and other inclement weather conditions, tends to vary greatly
over short distances. One possible means of achieving a more representa-
tive measurement is through analysis of video frames or still images. While
there has been some research done in this area, the technology has not been
commercialized and is not available for use at this time. Care must be taken
to seek instruments that measure low visibility specifically under all lighting
conditions.

Weather-Influenced Phenomena

Many weather-induced hazards, such as flash floods, fires, avalanches,
snowdrifts, rock falls, mudslides, and other debris flows, rapidly impede
roadway use. Many of these hazards are in regions with sharp regional and
local gradients in weather and climate behavior; for example, an ava-
lanche may flow over several thousand feet of vertical distance before
reaching a roadway and then affect only a small length of the road where
it crosses. The region in which the avalanche began may have completely
different weather conditions than where the avalanche covers the roadway
(Figure 4-4). Thus, not just the roadway conditions require monitoring and
forecasting but all of the regions that either directly or indirectly affect the
roadway. Research is needed to improve both observing and forecasting
these hazards and how best to respond to them.

Observational, forecasting, and emergency response capabilities vary
from region to region. Most NWS offices have service hydrologists on staff;
many counties, towns, and cities have active search and rescue teams;
some regions of the country have avalanche prediction, research, and warn-
ing centers. Many universities, private companies, and government agen-
cies are investigating weather-influenced hazards with new and improved
simulation and modeling research, improved sensing and measurement
technologies, and merging of hydrometeorological data. To effectively
implement this research for use in the roadway environment requires (1) an
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operational focus; (2) information that is easy to implement and use; and (3)
weather liaisons between the research and development entities and the
practical application by users.

A number of significant gaps should be addressed in order to improve
the forecasting and warning of these weather-related roadway hazards.
First, research is needed to improve the understanding of the causes of these
hazards. Second, efforts are needed to (1) improve sensing and measure-
ment technologies (e.g., snow depth, precipitation, mountaintop winds); (2)
develop the ability to combine various types of hydrometeorological data;
and (3) facilitate sharing of real-time data and products among entities.
Using a GIS-based system, “smart maps” should be created for hazard
regions across the country that contain information such as roadways, po-
tential weather-related risks, and weather information. Eventually, improved
simulation and modeling of these weather-influenced incidents can be used
to develop improved site-specific forecasts for weather-induced hazards
that could be incorporated into these smart maps. Finally, emergency re-
sponses to these events require proper coordination, as many agencies may
be involved.

FIGURE 4-4 Removal of avalanche debris along US-2 in Washington. SOURCE: North-
west Weather and Avalanche Center, Seattle, Washington.
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Recommendation: Improve prediction and warning of weather-influenced
hazards that rapidly impede roadway use.

The road weather research program should support research to improve
predictions and warnings of weather-induced hazards that rapidly im-
pede roadway use, such as flash floods, avalanches, mudslides, and
other debris flows. Better understanding of the causes of these hazards
and how best to respond to them could help avoid loss of life and
property. Existing observational and forecasting capabilities need to be
assessed and significant gaps should be addressed.

Winter Severity Index

Winter weather indexes have been developed in several states as a
means to normalize the classification of weather events and the environ-
ment in which they occur. Similar indexes have been developed for the
accumulated effect of storms through an extended period of time or season.
One such winter weather index is a multipurpose tool that determines the
relative severity of winters and enables practitioners to determine the effi-
cacy of their responsive operations. It can be used to (1) estimate winter
maintenance costs for improved budgeting and resource planning; (2) mea-
sure outcome in terms of regain time (i.e., the rapidity of the clearing of
roadways); (3) compare different types of operations to determine which
practices are best; (4) compare new equipment, chemicals, and technolo-
gies for improving road-clearing efficiencies; and (5) develop modeling and
sophisticated scenarios to optimize strategies. These indexes can be devel-
oped locally, for instance, to develop best and worst case budgeting sce-
narios; or they can be developed for interregional use to compare severity of
winter weather conditions.

Depending on its purpose, the components of a winter severity index
can vary greatly, but the types of variables used fall into the three main
categories of geography, solar input, and weather conditions. Geography
accounts for elevation, latitude, longitude, topography, and road orienta-
tion. Solar input is based on cloud cover, the surrounding environment
(e.g., trees, rocks), and the time of year, which influences both temperature
and ground cover. The wind speed and direction, temperature, and pre-
cipitation type, quantity, and duration are among the important weather
conditions.

An example of a winter severity index—the Hulme index—is given in

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


OPPORTUNITIES TO ENHANCE THE ROAD WEATHER SYSTEM 99

the following equation. This index has been used to evaluate interannual
variability of salt use and other winter road maintenance costs, and to assess
the cost-effectiveness of environmental sensors.

WI T F S C= ±10 18 5
1
3– – ( . )

In this equation WI is the winter index value, T is the mean maximum air
temperature in degrees Celsius, F is the total number of nights with frost on
the ground, S is the total number of days with snow cover at 9:00 a.m. local
time, and C is a constant such that the climate averaged WI equals zero.
Negative values of this index imply more severe winter conditions than
average, and consequently are associated with greater road maintenance
costs (Andrey et al., 2003a).

Relatively little research has been devoted to devising optimum winter
weather indexes, even though many road weather maintenance operations
depend on such indexes to evaluate their operations and to make the case
to state and local governments for additional funding. Research is needed
to improve the formulation and standardization of winter weather indexes.
ESS data and other localized in situ weather measurements offer an oppor-
tunity to automate a winter weather index with objective, fine-scale mea-
surements.

Weather Impacts on Traffic

Despite a general appreciation among transportation practitioners that
weather has significant effects on traffic, little observational data are avail-
able to quantify these effects. Data routinely collected from vehicle detec-
tors and video cameras could be used by researchers to better understand
the relationships between weather and traffic. For the most part these data,
which are collected by traffic operations centers in some states and cities,
are used for real-time management of the transportation system but are not
archived. There is an opportunity to learn from these data about impacts of
weather on traffic flow and to refine estimates of traffic simulation param-
eters; for example, comparing traffic conditions on days when inclement
weather took place with those on fair weather days could help constrain
parameters used in traffic simulation models. Taking better advantage of
these traffic data for research purposes will require finding ways to archive
research-quality data cost-effectively.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


100 WHERE THE WEATHER MEETS THE ROAD

Recommendation: Archive and mine operational traffic observations to
assess weather impacts.

Some states and cities monitor traffic throughout their area and rou-
tinely collect data from traffic detectors, video cameras, and other sen-
sors. Often these data are used for real-time management of the trans-
portation system but are not quality assured or archived in formats or in
locations readily accessible to the research community. The committee
recommends that the road weather research program take better advan-
tage of these data, as they provide many opportunities to learn about
impacts of weather on traffic flow and refine estimates of traffic simula-
tion parameters. This will require finding cost-effective ways to quality
assure these data, archive them in easy-to-use formats, and make them
accessible to researchers.

Human Factors

The discipline of transportation human factors addresses a wide range
of human responses to driving conditions, vehicle behavior, traffic, and
information intended to assist the driver. A number of factors related to
driver behavior affect decision making, particularly during periods of stress.
Some of these factors are (Badger, 1996)

• Experience: Time and experience behind the wheel in all types of
weather conditions

• Familiarity: The extent to which the driver is familiar with the vehicle
and roadway characteristics

• Memory: The ability to recall previous warnings and appropriate
action

• Vision: The ability to discriminate highway features, traffic, and
weather and roadway conditions

• Perception: The way people view the weather conditions, their se-
verity, and impact

• Information processing: The willingness to access available informa-
tion about driving conditions and the ability to comprehend and respond to
information appropriately

• Driver response time: The ability to react to changing conditions,
warning signs, and weather information

• Fatigue: Fatigue adds to an already complex set of circumstances
when adverse weather enters the picture
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• Alcohol, drugs, medications: Similar problem to fatigue
• Age: Older drivers have slower reactions but younger drivers are

more impulsive drivers
• Neuropsychological, medical, psychiatric disorders: These problems

compound response time and comprehension of weather information

Given the wide variety of factors affecting driver decision making, un-
derstanding the variability in driver behavior in adverse weather conditions
is particularly challenging. Additional complexity is introduced by the way
weather information is transmitted (e.g., radio, dynamic message signs, in-
car display), received, and processed.

Research on human factors considers the type of information that should
be provided to drivers to elicit a desired response and how drivers will use
and respond to new technologies and information. Current research is be-
ginning to consider the relative value of in-vehicle and roadside dissemina-
tion of weather information, the type of information that should be provided
to drivers, and how the urgency of the information should affect presenta-
tion (Collins et al., 1999). For example, researchers are experimenting with
visual, auditory, and haptic methods (e.g., a pedal vibration when antilock
brakes engage) for communicating to drivers. Another research emphasis is
on how to increase visibility during inclement weather through innovative
visual enhancement systems or pavement markings. Researchers at Virginia
Polytechnical Institute and State University have investigated the ability of
high-output halogen, bending light, motorway light, ultraviolet A, and infra-
red radiation in enhancing the ability of motorists to visualize objects
through rain, fog, and other conditions that degrade visibility (Chrysler et
al., 1997; Gish et al., 1999; Nilson and Alm, 1996; Olson et al., 1990).

Despite these initial efforts little research exists that relates human fac-
tors and weather situations. Not well understood are such simple things as
reaction to weather information and highway condition messages on high-
way dynamic message signs and severe weather warnings on the car radio.
Additional research is needed to understand how driver behavior changes
when new tools or capabilities are made available to them; for instance, do
they become overconfident in their ability to drive in inclement weather or
do in-vehicle display or communication systems distract the driver? The
same applies to human factors in highway maintenance and engineering.

Weather and roadway research must consider human factors in effec-
tive implementation of results. The Federal Highway Administration
(FHWA), through its Advanced Traveler Information System (ATIS) program,
has acknowledged that while technology exists to display information to the
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driving public, there is little knowledge to guide the proper selection of
methods and displays. The agency knows that key factors in such selection
include “accessibility, legibility, and understandability of ATIS information,
the potential for ATIS information to facilitate driver decision-making, and
the potential for ATIS information to distract the driver from the primary task
of controlling the vehicle” (http://www.fhwa.dot.gov/tfhrc/safety/pubs/
96147/sec4/body_sec4_04. html). Figure 4-5 captures this concern. Road
weather research that considers the human factors in driver decision mak-
ing will help frame the best methods and formats by which information is
transmitted to the driving public.

Message style
Display location
Sensory modality
ATIS reliability and availability

Percent compliance
Compliance onset
Compliance speed

ATIS Design

Trust
Self-confidence

Acknowledgment accuracy
Acknowledgment time

Situational awareness accuracy
Situational awareness confidence

Mental effort
Physical effort

Intervening Variables

Driver Characteristics
   • Age
   • Gender

Environmental Characteristics
   • ATIS reliability and availability
   • Road sign prevalence

Driving Context

Compliance with warnings

Perceived driving performance
Number of crashes
Lane tracking
Use of turn signals

Driving safety

FIGURE 4-5 Factors moderating the effect of ATIS design characteristics on driving safety and warning
compliance. SOURCE: Federal Highway Administration.
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Recommendation: Support human factors research to obtain desired re-
sponses to road weather information.

The road weather research program should support research into the
human and cultural factors involved in driver decision making under a
variety of weather conditions and in driver response to new technolo-
gies for the delivery of road weather information. Important aspects of
this research include the information, content, and format for optimum
response, and safe methods for communicating with vehicle operators,
especially during hazardous weather conditions. The FHWA’s program
for an Advanced Traveler Information System has acknowledged that
technology exists to display information to the driving public, but there
is little knowledge to guide the proper selection of methods and dis-
plays. This research should build on the work done by the Advanced
Traveler Information System, Commercial Vehicle Operations, and Ad-
vanced Traffic Management Systems and be compliant with the Na-
tional ITS Architecture Maintenance and Construction Operations user
service bundle. Additional research is needed on effective communica-
tion of road weather information to traffic managers, maintenance per-
sonnel, and emergency managers, as they have specialized needs that
are significantly different from those of the general public.

Vehicle Technology

Major advances in vehicle technologies for providing drivers with im-
proved weather information have come about through research and devel-
opment of “telematics,” or in-vehicle information and communication tech-
nologies and services. The private sector has led research and development
efforts in the field of telematics to date. A variety of telematics features are
available or under development, including

• safety, security, and location services;
• remote vehicle functions (e.g., door unlock, sound horn);
• vehicle maintenance diagnostics and prognostics;
• personal information services (e.g., stocks, news, weather, traffic,

text-to-speech e-mail); and
• hands-free phone with voice-activated calling.

Several of these technologies require a capability for a vehicle to com-
municate directly to a central server where data processing takes place and
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appropriate responses are set into motion. A centralized repository and
server is also needed for providing information to vehicles and drivers. In
some cases this central server may be operated by the automobile manufac-
turers, while in others a third-party vendor may be involved in retrieving
and processing data from automobiles and responding to driver requests for
information.

Telematics systems require technology in the vehicle, a wireless carrier
of voice and data (e.g., cellular), and a service delivery network. Typical
technologies used on the vehicle include the global positioning system,
communication capabilities (i.e., audio interface, microphone, antenna),
and hardware and software to implement instructions to the vehicle. Either
embedded telecommunication units or portable telephones, or both, are
used to communicate between the vehicle and the service delivery net-
work. The embedded units have the advantage of always being “on” but are
less portable than portable phones. Using both an embedded unit and a
portable phone provides the highest level of functionality but is more ex-
pensive. The service delivery network includes databases that store infor-
mation of potential interest to motorists and those that store information
about performance and possible maintenance needs downloaded from the
vehicle. The service delivery network may also include a workforce to
respond individually to driver requests.

Ford Motor Company estimates that there will be 12 million telematics
service users by 2008 (Miller, 2003). Even so, many original equipment
manufacturers are stepping back from major telematics commitments as
they reevaluate the business model to determine which services customers
want and how much they will pay for them. In the United States, emergency
roadside assistance has been the most widely adopted. The OnStar system is
the most extensively used telematic service in the United States, with re-
sponses monthly to 500 air-bag deployments, 15,000 remote-door unlocks,
375 stolen-vehicle tracking calls, 200,000 route-support calls, and 14,250
road assistance calls (http://media.gm.com/division/2003_prodinfo/03_
corporate/telematics.html). European telematic systems that include naviga-
tional services in addition to roadside assistance have gained popularity,
while the Japanese have more quickly adopted both services and Internet-
based infotainment.

The development of “smart vehicles” is a critical component of intelli-
gent transportation systems. Intelligent vehicle systems can complement the
information gathered by highly instrumented roadways. Some examples of
technologies under development include precrash sensing using radar and
optical sensors along with wireless communication between vehicles; sens-

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


OPPORTUNITIES TO ENHANCE THE ROAD WEATHER SYSTEM 105

ing of vehicle occupants so as to optimize vehicle performance; instruments
to assess the surrounding environment, including surface friction, tempera-
ture, and precipitation; reconfigurable and “head-up” displays; and auto-
matically adjusting such features as windshield wiper function and the
temperature of the car interior. Of particular relevance to weather is smart
navigation, in which sensors on the vehicle report road conditions (e.g.,
iciness, traffic, incidents, construction) back to a traffic operations center,
and the server sends to all drivers on that road alternate routes as necessary.
Further research is needed for the roadway community to take full advan-
tage of these new vehicle technologies.

Part of the vision for the new generation of vehicles is that they should
communicate with each other about their speed, location, and heading
information. This capability, combined with omnidirectional sensors that
would alert the driver to potential collisions, could dramatically decrease
the likelihood of accidents. Sensors in the vehicle that identify poor road
conditions (e.g., iciness) could communicate the location and problem to
vehicles traveling behind it. This would allow the driver or the vehicle to
adjust to the conditions.

Most original equipment manufacturers are looking to provide new
telematics technologies with an open architecture. They are not planning to
be service providers and will not develop content or the service delivery
network. Rather, the open architecture will allow other businesses to enter
that market. Several manufacturers have agreed to standardize the inter-
faces between vehicles and communication networks. They have founded
the Automotive Multimedia Interface Collaboration to facilitate the devel-
opment and standardization of multimedia interfaces to vehicle communi-
cation networks. For these standards to be of optimum utility they should
have an open architecture and be integrated into ongoing intelligent trans-
portation systems (ITS) development.

MODELING CAPABILITIES AND FORECAST TOOLS

Improving modeling capabilities and forecasting tools should be a key
objective of a new road weather research program. These efforts should
build on existing capabilities in both the meteorology and transportation
communities and exploit potential new capabilities (Table 4-2). As dis-
cussed in more detail in Chapter 3, numerical weather prediction has in-
creased substantially in sophistication and performance since its inception
in the 1950s. However, these efforts have largely centered on forecasting
synoptic and mesoscale weather conditions on scales larger than the spatial
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TABLE 4-2 Existing and potential models that should be applied to road weather research
and operations

Model Function Model Description

Numerical weather Eta Highest-resolution National Centers for
prediction Environmental Prediction model with a

12-km grid spacing. All of North America
is included in domain with forecasts to
84 hours. Model output includes
conventional fields such as pressure,
precipitation, dewpoint temperature,
temperature, heights, and winds, plus
many other derived quantities.

Regional mesoscale models, Fine horizontal scale (grid spacing of a
including, for example, Regional few km) with grids usually multiple
Atmospheric Modeling System nested. Lateral boundary conditions from
(RAMS) and Fifth-Generation larger-scale operational models.
National Center for Atmospheric
Research (NCAR)/Penn State
Mesoscale Model (MM5).

Weather Research and High-resolution research and forecast
Forecasting (WRF) National Weather Service model with

horizontal grid of 1 to 10 km. A new
community model being jointly
developed. Plans include assimilation
of very-high-resolution data such as radar.

Modeling the One-dimensional Models vertical exchanges of heat and
roadway energy-balance models moisture within a vertical column by
environment including weather information and

road surface properties

Multi-dimensional energy Models full three-dimensional energy
balance models balance by accounting for the complex

terrain of an environment (e.g.,
vegetation, topography)

Traffic simulation and Dynamic Network Assignment- Mesoscale (areawide) planning model
management Simulation Model for Advanced that provides estimates of traffic

Road Telematics (DYNASMART-X) conditions, flow patterns, and rerouting
based on simulated driver choices
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Operated by Road Weather Application Limitations

• National Weather Service • General weather outlook • Insufficient resolution to capture
• Workstation version available through day three finer mesoscale phenomena (e.g.,

to private sector and academia • Subsynoptic-scale weather thunderstorms, small terrain-
prediction influenced circulations)

• Highway maintenance • Much too coarse to provide direct
decision making forecast for roadway environment

• Can provide initial conditions • Inadequacy of data to define
and boundary conditions for initial atmospheric conditions and
road-surface models the surface boundary conditions

(e.g., landscape, soil, and
vegetative conditions)

• Inherent limits of predictability on
the desired time and space scales

• Academia • Mesoscale weather predictions • Incomplete or lack of coverage for
• National Weather Service specific to a certain region parts of United States

local partners • Highway maintenance • Intermittent operations
• Private sector decision making • Vulnerable to outages

• Can provide initial conditions • Unsteady funding
and boundary conditions for
road-surface models

• Government labs Mesoscale weather prediction • Relatively new model still in
• Academia development
• U.S. Air Force • Not currently available for routine

operations
• Development research is ongoing

• Academia Predicts the temperature and • Only completely accurate when
• Private sector wetness of a roadway surface atmosphere and road surface
• Government labs for tactical (< 6 hours) and conditions are horizontally

strategic (> 6 hours) purposes homogenous

• Academia Predicts the temperature and • Computationally intensive
• Private sector wetness of road surfaces and • Expensive
• Government labs their surrounding environment • Requires substantial input data

• University of Maryland Traffic management in • Difficult to model human behavior
• University of Texas adverse weather • Relies on good time-varying

origin-destination data

continued
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Traffic simulation and Dynamic Network Assignment Mesoscale (areawide) planning model
management (continued) for the Management of that integrates historical databases

Information to Travelers with real-time data to estimate traffic
(DynaMIT) conditions, predict future conditions,

and provide information to drivers

Hurricane evacuation models Models that simulate roadway operations
(e.g., congestion, clearance times) using
weather, flood, traffic, and geographic
data to determine best routing and
re-routing decisions

Decision Support Maintenance Decision Assembles weather conditions of an
Systems Support System area, predicts the potential for

deteriorating conditions, plans
treatment scenarios, and provides
decision makers with treatment
recommendations

High Performance Paving Prediction tool that uses temperature,
(HIPERPAV) wind, humidity, and cloud cover

information to predict optimum paving
windows for roadway construction

Coupled End-to-end models that integrate
atmospheric-traffic weather and traffic data to
simulation models guide decision support

TABLE 4-2 Continued

Model Function Model Description

scale of a roadway. Models of traffic and road surface conditions are avail-
able, though they are not used as routinely as are weather models.

The road weather system of the future will depend on greatly improved
forecast capabilities, but attaining the desired skill in forecasting weather
and road conditions on the scale of the roadway will require significant
advances in modeling and empirical techniques. For example, current nu-
merical weather prediction capabilities, described in more detail in Chapter
3, are limited in several ways, including

• inadequacy of data to define initial atmospheric and surface bound-
ary conditions (e.g., landscape, soil, and vegetative conditions);
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Massachusetts Institute of • Traffic management in • Difficult to model human behavior
Technology  adverse weather • Relies on good time-varying

origin-destination data

• Academia • Traffic management during Real-time models require
• Private sector evacuations substantial data input
• Government labs • Can be used in real-time by

emergency management officials
• Locate emergency shelters for

drivers

Federal Highway Administration Provides maps of road weather Relies on the accuracy of weather
conditions along road corridors forecasts
for 1 to 48 hours for
maintenance crews

The Transtec Group Optimal roadway construction Relies on accuracy of weather
based on weather conditions input data

Not yet developed • Improved traffic management • Computationally intensive
in adverse weather • Requires substantial input data

• Simple, more uniform information
for users and maintainers

Operated by Road Weather Application Limitations

• suboptimal resolution and accuracy of numerical weather prediction
or empirical models; and

• inherent limits of predictability on the desired time and space scales.

Advances in future roadway weather forecasts will depend on how well
the high-resolution land surface properties (e.g., soil moisture, topography,
vegetation type, soil type), hydrological aspects (e.g., soil infiltration, run-
off), cloud microphysics, and boundary layer physics are parameterized and
incorporated into numerical weather prediction models. As shown in Table
4-2, other modeling approaches applied to the road weather problem are
similarly limited, for example, by computational capabilities or difficulty in
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representing human choices or for institutional reasons. How to support the
development of these models and other forecasting tools strategically and
cost-effectively will be a challenge facing the proposed road weather re-
search program.

Deficiencies in the parameterizations within the numerical weather
prediction model are frequently responsible for significant biases in pre-
dicted parameters especially within the boundary layer, which is the most
critical to road weather forecasts. As such, post-processing of model output
is often necessary. Historically, this has been done subjectively by the
human forecaster with the aid of statistical tools and experience. In
addition, the forecaster has routinely added value by “smoothing” run-to-
run inconsistencies and offering expert interpretation of the objective
predictions.

The NWS has just started to present its forecasts digitally through the
Interactive Forecast Preparation System and the National Digital Forecast
Database. This system is designed to take advantage of the resolution of the
prediction models, yet allow the forecasters to continue to play a significant
role in the process. The forecasts are delivered on a 5-km grid through seven
days and deliver many forecast parameters. The National Digital Forecast
Database system should provide basic high-resolution forecasts directly to a
broad spectrum of users. In addition, it will provide the private sector an
excellent opportunity to add value through customization and tailoring for
their customers, especially in the area of transportation and road weather
applications.

New road weather modeling and forecast tools should be developed to
provide relevant, useful information to those who build, maintain, and use
the nation’s roadways. The road weather research program must support a
range of model development and forecasting activities. For example, im-
provements are needed for models of weather in the microscale roadway
environment. This advancement will require modifications to current nu-
merical weather prediction techniques, which typically apply to much
coarser spatial domains. Likewise, roadway transportation models need
significant improvements to dynamically account for weather. Currently,
most models of traffic flow ignore the impacts of weather. A long-term
objective of the road weather research program should be to develop end-
to-end models that seamlessly integrate real-time observations of weather
and traffic, now-cast and forecast models for weather and traffic, and deci-
sion support systems for applying the model output to user needs. These
end-to-end models will build upon the advances in the meteorological and
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transportation modeling efforts. The following sections describe this range
of modeling efforts in more detail.

Modeling the Microscale Roadway Environment

Energy-balance models provide information useful to road managers on
both tactical (< 6 hours) and strategic planning (> 6 hours) time scales
(Crevier and Delage, 2001). These models can be strengthened by con-
straining them with assimilated weather and road condition data. Even if
road weather models have imperfect parameterizations, accurate and well-
placed road weather information systems will lead to improved forecasts. In
the short term, maintaining an accurate, up-to-date database describing
road and bridge properties (e.g., composition, structure, depth, roadbed
characteristics) for the network of interest would enable more accurate
estimates of the thermal characteristics and thus should result in improved
forecast accuracy. Such databases could be evaluated using qualitative
methods such as comparing recorded road properties to model predictions
and the results of road thermal mapping. The relevance of chemical reac-
tions involved in road treatment needs to be examined and if necessary
included in the energy-balance models. On a time scale of 5 to 10 years,
continued expansion of RWIS installations to areas identified as critical
either because of known hazards or poor model performance would lead to
forecast improvements.

Alternative semi-empirical approaches to determining the energy bal-
ance at the road surface, such as expert systems, also show promise, par-
ticularly in the context of improved RWIS, pavement sensors, and weather-
forecast inputs. These will be particularly useful for vulnerable areas, such
as bridges or ravines, where local conditions frequently create hazardous
conditions but the local physics compromise the validity of the one-dimen-
sional energy-balance approach.

Modeling of conditions that produce dangerous winds or drifting snow
is an important consideration for many rural areas. Wind-tunnel (physical)
modeling, large-eddy simulations, or empirical approaches could be used
for this purpose, as well as for designing mitigation strategies (e.g., built or
living structures for protection from drifting snow).

In the intermediate to longer term (10 to 15 years), improvement in road
surface forecasts will require more accurate mesoscale weather forecasts
and better representations of the local heat, moisture, and momentum ex-
changes. Such improvements will enhance abilities to simulate localized
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weather phenomena, such as fog development and nocturnal drainage
flows. Improved modeling of both mesoscale fields and local energy bal-
ances under conditions of strong vertical gradients in the atmospheric
boundary layer or significant temperature differences between the atmo-
sphere and the surface is especially needed.

Many factors that affect the roadway environment (See Table 3-1) are
represented in the newer roadway models through parameterizations. Fol-
lowing the development of such parameterization schemes, they should be
tested and refined using further observations. Such testing should concen-
trate on individual factors (e.g., traffic intercepting infrared and visible ra-
diation, how much heat is generated by vehicles), common but simpler
combinations of factors (e.g., traffic on a dry road, traffic on a wet road with
steady precipitation), or the final model product (e.g., road temperature).
Measurement of the heat loss from the road to the atmosphere will be a
challenge in the heterogeneous roadway environment, but Wojcik and
Fitzjarrald (2001) have been able at least to make estimates within useable
limits.

Recommendation: Improve empirical and numerical modeling techniques
to account for both the roadway atmosphere interface and the surround-
ing environment.

The roadway environment consists of two components: (1) the road
surface and (2) the weather and visibility conditions directly above
the road. For the former the committee recommends that research
be pursued to improve one-dimensional modeling techniques for
the roadway-atmosphere interface, the region that extends a few
meters above and below the road surface. Advances in this area
would enable better forecasts of road surface temperature, leading
to better forecasts of frost and black ice. For the latter, empirical
and multidimensional modeling approaches should be developed
to account for local terrain, land cover, surface composition, and
other geographic features that affect the exposure of the roadway to
infrared and solar radiation (direct and indirect), wind, and precipi-
tation. Such models need to provide improved forecasts of road
surface temperature and condition (e.g., dry, wet, frozen surfaces)
as well as fog, wind, and other localized atmospheric phenomena.

The information required for decision makers, like the available op-
tions, varies according to the time frame. Builders planning new roads in
snow-prone areas will want to know where the combination of terrain and
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wind indicate a need for snow mitigation devices (snow fences). Bridge
construction crews that want satisfactory conditions for the curing of con-
crete may want a projection of temperature over the first few days after the
concrete is to be poured (Wojcik and Fitzjarrald, 2001). Trucking compa-
nies can use 1- to 3-day weather forecasts to plan cross-country routes.
Road managers deciding whether to put their snowplow crews on call
would use the 18- to 24-hour projection of the timing and severity of a
predicted snowstorm. Over shorter times the road manager would be inter-
ested in how the weather, snow mitigation strategies, traffic, and roadway
properties affect roadway performance and safety.

In the tactical 0- to 6-hour time frame a mix of observations and road
weather models is needed to provide the most useful results. In the absence
of such models empirical relationships of road temperature or slickness at a
given location to weather conditions can also be useful, especially for the
shorter time frame changes. Indeed, simple measurements of road surface
temperature, images of fog or snow on roadway Web cams, or reports of
accidents can override model predictions on the less-than-2-hour time frame
in decisions to keep a road open or closed. As lead times approach 6 hours,
current data become less useful, and some models may not have “spun up.”
For such situations, ways to optimize the information available at these
intermediate time scales must be developed. This likely will be the domain
of the human forecaster, especially in cases of severe and hazardous
weather, until the objective techniques become skillful within this “gap”
period between observations and numerical weather predication forecasts.

Recommendation: Improve accuracy and resolution of road weather fore-
cast products supporting both tactical and strategic decision making.

The road weather research program should support development of
tailored road weather information products to support real-time opera-
tions and both near-term tactical (0 to 6 hours) and longer-term strategic
(> 6 hours) decisions by road users and managers. More accurate
weather information products should be developed on fine spatial and
temporal scales appropriate to the roadway environment, in part by
taking advantage of advances in nested and ensemble models. Produc-
ing road weather forecasts for the 2- to 6-hour timeframe presents the
greatest research challenge because current data become less useful
and some models may not have reached the point where they can
provide useful output. As a result, this short-term forecast problem likely
will remain a focus of the human forecaster and newly emerging statis-
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tical tools for the near future. The newly developed National Digital
Forecast Database from the National Weather Service provides fore-
casts across the United States on grid spacing no greater than 5 km and
may provide a logical starting point for either user-developed applica-
tions or further enhancement by the private sector.

It is possible that current approaches to attaining finer spatial resolution
information from numerical weather prediction models will not yield fore-
casts of sufficient accuracy for the roadway environment. These approaches
include developing finer resolution versions of existing models, downscaling
output from mesoscale models, and nesting methodologies. It may be nec-
essary to pursue alternative methods for producing road weather forecasts.
These might include statistical applications such as neural nets, empirical
models, or probabilistic estimates derived from ensemble forecast systems.
The leadership of the road weather research program must support research
to determine the best strategy for maximizing predictive skill at minimum
cost, this leadership will also have to determine whether a numerical
weather prediction model development approach that focuses on down-
scaling of the conventional mesoscale modeling technology is the correct
strategy.

Roadway Transportation Models That Account for Weather

The transportation community has long recognized the relationship
between weather conditions and the operation of the transportation system;
however, for many reasons the impacts of weather have generally not been
incorporated into the tools used by transportation professionals to evaluate
alternative transportation strategies.

Transportation planners and engineers use a variety of tools to plan for
and operate the transportation system. Development of numerical traffic
models began in the 1950s with simple car-following algorithms, followed
by regional travel demand forecast models in the 1970s (macroscale), and
evolved into complex models that simulate traffic flow and individual ve-
hicle movement for major traffic corridors in a metropolitan area (meso-
scale), along a given traffic route, such as a stretch of interstate highway
(microscale), or flow through a given complex highway interchange
(picoscale). Such models are used to identify the most effective physical
improvements to make and to determine the optimum strategies for operat-
ing the system.

To date, these models have predominantly been used to make planning
decisions. In planning the system, alternatives are studied for how best to

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


OPPORTUNITIES TO ENHANCE THE ROAD WEATHER SYSTEM 115

accommodate demand on a portion of the transportation system. Such
options as adding lanes, adding turn lanes, and designating lanes for special
purposes (e.g., commuting) are analyzed. More recently traffic models have
been used in a few places to operate the system, providing predictive traffic
information for real-time traffic management. Such alternatives as differ-
ences in signal timing or ramp metering can be evaluated and immediately
implemented. Strategies for best handling of incidents, such as accidents or
flooding, can be analyzed with these models.

While these models consider many variables in their analysis, and while
weather is known to be a significant variable, virtually all the tools assume
the system is operating under acceptable, dry weather conditions. Consider-
able research has been conducted to identify the impact of factors such as
lane width and shoulder width, but little research has been done to establish
the impact of weather conditions on the operation of the transportation
system. Significant research in this area is needed to conduct sensitivity
studies over a plausible range of weather conditions. For example, efforts
are needed to determine the relationship between rainfall intensity or dura-
tion and key traffic variables, such as roadway capacity, maximum speed,
acceleration or deceleration rates, car-following parameters, lane-changing
parameters, headways and startup times, and the range in driver speeds, all
of which are important in evaluating transportation options.

Recommendation: Integrate available weather information into traffic
planning and management models.

The committee recommends research to improve the way weather ef-
fects are included in traffic and emergency management models, which
currently are used for offline design and planning of transportation
systems. Better accounting for weather in these models will allow re-
searchers to assess the benefits of improved weather monitoring and
forecasts on transportation operations and enable practitioners to more
efficiently manage the nation’s roads.

The committee believes that over the next 15 years there is significant
opportunity for the roadway community to couple atmospheric and traffic
simulation models for real-time management of the transportation system.
Such an initiative would not have been possible 10 years ago because
numerical weather prediction and traffic simulation models were not suffi-
ciently mature to be linked efficiently. That is not the case today. Indeed,
traffic simulation models that can ingest real-time data—such as incident
reports, traffic flow data, and work zone status reports—and even predict
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near-future traffic conditions are being developed. Two such models are the
Dynamic Network Assignment-Simulation Model for Advanced Road
Telematics model (DYNASMART-X) and the Dynamic Network Assignment
for the Management of Information to Travelers model (DynaMIT). These
models try to predict the behavior of vehicles by simulating thousands of
driver choices every few seconds and predicting when those choices will
converge to create congestion (Vatalaro, 2001). These models show great
promise for supporting traffic management in developing real-time routing
and rerouting scenarios for more efficient system management, but they do
not ingest weather data.

Coupling atmospheric and traffic simulation models provides opportu-
nities to address significant problems related to roadway safety, capacity,
and efficiency. Some of the areas of opportunity are as folllows.

• Congestion Mitigation: Coupled models for urban roads to detect
and predict weather elements that contribute to congestion assimilate the
dynamic data into the traffic simulation model and modify the traffic flow
accordingly. The resultant output could trigger mitigation strategies, such as
access control, ramp metering, speed management, weather-related inci-
dent detection, weather-related traffic signaling, and public advisories.

• Emergency Evacuation Strategy Development: Coupled models cov-
ering regional areas that contain urban areas, nuclear power plants or other
facilities that have potentially hazardous releases, and hurricane-prone
stretches of the U.S. coast could predict the movement and concentration of
hazardous materials by local winds that feed into traffic simulation models
that identify safe and unsafe evacuation corridors. These identified areas
could trigger mitigation strategies, such as contraflow, access control, inci-
dent response and public advisories to facilitate the movement of people
away from the danger in the most efficient manner. Use of the system for
hurricane evacuation would identify similar hazardous areas to be avoided
and initiate similar mitigation strategies, particularly contraflow and access
control.

Although both model development paths are fairly mature, there is still
much research that is required to tap the opportunities outlined above.
Work needs to be done to determine how to best use weather information in
traffic simulation models to allow them to further optimize traffic flow for a
range of weather conditions in a robust and stable manner.

A phased approach to development is likely the best path, beginning
with more straightforward problems, including simple prototypes, and then
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migrating to more complex problems; for example, determining the effect of
light, moderate, and heavy precipitation on traffic flow along certain corri-
dors could be a beginning point. More complex problems, such as drifting
snow on the roadway and crosswind effects on high-profile vehicles, would
be addressed at a later stage. Given the current strong focus on homeland
security, it might be appropriate to begin the research with coupled systems
that take a simple, first-guess estimate of a toxic plume’s location and
movement and determine how this information can be effectively used in a
traffic simulation model. Predictions of plumes that are highly complex in
their movement to local winds and atmospheric stabilities could be ad-
dressed later as confidence in the coupled system increases.

Recommendation: Use real-time weather information in the operation of
the transportation system.

The road weather research program should support development of
operational modeling systems for roadway management that include
real-time weather information. The use of real-time weather informa-
tion to support the operation of the transportation system is in its in-
fancy but should be encouraged; for example, the road maintenance
community has made advances in incorporating real-time weather in-
formation in decision support systems for winter operations. Real-time
road weather information would also be useful for warning drivers of
dangerous weather conditions and for optimizing commercial vehicle
operations.

End-to-End Models

Decision support systems are the largest category of weather-related
needs for the transportation system manager. For decades weather informa-
tion has been assimilated by these managers using a method that some refer
to as “swivel chair integration.” That is, the decision maker considers each
separate category of weather-related information independently and then
tries to integrate the accumulated information manually to make a critical
decision. Many managers have learned to do this quite well, but their
decision making process will almost always be different than their col-
leagues; this means that inherent inconsistencies exist across the team of
decision makers in any given facility.

If one adds to this a process that is very inefficient by its nature, there is
no wonder that most facilities have come up with a consensus process that
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is conservative for the group. In other words each decision associated with
a weather scenario is not optimized in a benefit-cost sense. Winter mainte-
nance rules of practice, for example, tend to be too conservative, usually
resulting in a higher than required margin of safety and the application of
more chemicals to the roadway. This practice results in higher costs and
negative effects on the environment.

The roadway management decision process is further complicated by
the fact that weather is only one of several decision criteria that need to be
assessed. A reliable, consistent decision maker must integrate all these fac-
tors to be successful. Modern decision support systems can integrate all this
information consistently and reliably, but use of such systems is rare in
today’s roadway management systems.

The need for decision support applications is widespread, even in the
traffic management community. Some of the needs are as follows.

• Integration of weather-based decision support systems with traffic
simulation numerical models is required to diagnose and predict traffic flow
in urban areas for short periods into the future. The primary weather-related
information needed is pavement condition (e.g., wet, dry, icy, snow-cov-
ered), precipitation type and rate, wind speed and direction, road friction
measurements, and obstructions to the driver’s vision (e.g., sun glare, fog,
smoke, dust, or blowing snow). This decision support information is needed
to advise motorists of predicted and prevailing conditions, to alter the state
of roadway devices to control traffic flow and regulate roadway capacity,
and to supply resources to roads to mitigate weather impacts.

• Decision support technology is needed to trigger warnings of dan-
gerous conditions along the roadway resulting from weather events. Some
examples are reduced driver visibility ahead, cross-winds exceeding 50
mph ahead that can tip over high-profile vehicles, severe thunderstorms
(hail, heavy rain, high winds), tornadoes, icy road conditions ahead, flood-
ing on the roadway, hurricane conditions, movement of wildfires near the
roadway, and the movement of chemical, biological, or nuclear hazardous
material along the roadway (OFCM, 2002a).

• Decision support technology is needed to optimize commercial ve-
hicle operations. This would enable truck routing to exploit weather infor-
mation for just-in-time delivery and to minimize fuel consumption and
allow the safest routing for hazardous cargo shipments based on road con-
dition and winds relative to vulnerable assets and temperature.
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An end-to-end road-modeling system has enormous potential to enable
road managers and emergency responders to develop better responses to
everything from developing strategies for safer driving in fog and responding
to extreme conditions, such as evacuating the coastline in anticipation of
hurricane landfall. The required modeling system would have to incorpo-
rate changing weather conditions, preferably with high horizontal and tem-
poral resolution to account for local variability; a model of road conditions,
especially road temperature and slipperiness; a traffic simulation model that
includes the reaction of drivers to such conditions as precipitation, wind,
and traffic; and traffic mitigation procedures, such as timing traffic lights,
switching direction of highway lanes, and dynamic message signs.

Recommendation: Develop end-to-end models that assess and predict
weather impacts on roadway conditions and operations.

The road weather research program should support a long-term, inter-
disciplinary effort to develop end-to-end road-modeling systems. The
required modeling system would have to incorporate (1) current weather
and pavement conditions; (2) “future” or forecast weather conditions;
(3) a model of road conditions, especially road temperature and trac-
tion; and (4) a traffic simulation model that includes the reaction of
drivers to such conditions as precipitation, high winds, low visibility,
slick pavement, and congestion mitigation strategies (e.g., timing traffic
lights, commuter highways, weather-controlled dynamic speed limit
signs). Used in an offline planning mode, such a system has enormous
potential to enable road managers and emergency responders to de-
velop better proactive responses to extreme weather conditions. As
understanding, modeling sophistication, and computer capabilities al-
low, such models ultimately could be run in real time to assist in the
routine management of the transportation system, thereby enhancing
safety, capacity, and traffic flow.

COMMUNICATION SUPPORT FOR ROAD WEATHER INFORMATION USERS

The road weather research program should support the development of
multiple mechanisms for communicating road weather information to a
range of users in a manner that supports more informed decision making.
Communication is important for making the research results useful to driv-
ers and those who build, maintain, and operate the roadways. Development
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of improved mechanisms for communicating weather information to road-
way users is already under way: traffic and weather information is often
relayed together in radio and television broadcasts; many states have imple-
mented 511, a single nationwide phone number for traffic and road condi-
tion information; and roadway managers are making greater use of dynamic
message signs. The Maintenance Decision Support System pilot project has
developed a prototype tool with which winter maintenance operators can
obtain highly targeted road weather observations and forecasts, as well as
assistance in choosing the best treatment options.

The committee sees a road weather research program in which two-
way communication allows researchers to learn from stakeholders about
their needs and thus build better decision support tools for them. In addition
to setting up effective mechanisms for communication, the road weather
research program should support research on ways to improve communica-
tion. Two areas on which this research should focus are improving the
ability to convey levels of confidence associated with road weather infor-
mation and taking advantage of newly available communication tools.

Conveying the Confidence Level

Testimony to the committee by both users and providers of advanced
weather technology indicated a strong need for conveying not only timely,
accurate, and reliable diagnostic and prognostic information to decision
makers, but also the degree of uncertainty in this information. Users have
historically shied away from probability metrics associated with forecasts,
in some cases because the need is misunderstood and the metrics are
considered merely a way for prognosticators to dodge their real need: a
perfect weather forecast out to a week or so. Even though the user might
have understood the need for the uncertainty metric, intelligent use of the
information was another problem; very few users had systems that could
ingest this information and analyze its value to the decision maker. Now,
advanced weather decision support systems that assimilate many diverse
sources of weather and operational databases have uncertainty metrics as a
by-product, and in many ways depend on the metrics for their value to the
user, for example, cost analyses can be done effectively by ingesting proba-
bilistic weather data along with information about available resources and
operational status.

In addition to developing robust methods for estimating the degree of
confidence in road weather information, it is important to devise effective
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methods of conveying uncertainty information to users. Communicating
uncertainty was the subject of a recent National Research Council work-
shop during which lessons learned from several weather and climate case
studies were discussed (NRC, 2003a). The workshop participants found that
communicating uncertainty is a critical part of decision making for users of
weather information, and it is important to communicate both why informa-
tion is uncertain and why that uncertainty matters. The workshop report
stresses that multiple measures of uncertainty, both quantitative and qualita-
tive, should be communicated, along with a context to tie the information to
past experiences and to make the uncertainty information more tangible.

Despite advances, much research is needed on conveying uncertainty
in road weather information products and improving easily understood
metrics to facilitate user decision making. New ways are needed to include
a more complete representation of the sources of uncertainty and to com-
municate the context of the information. The format of information (e.g.,
text, graphics, numbers) may serve to modify its interpretation even when
the underlying information is unchanged. Simply repeating the same infor-
mation tends to convey that it is more credible. Recent memory of similar
events may color interpretations, whereas prior education about how to
interpret information can improve decision making. Even though the NWS
has developed products to provide uncertainty information to address some
user needs (e.g., the probability of measurable precipitation or the seasonal
and monthly outlooks), much work needs to be done with users to address
the full expanse of their needs and determine the best ways to convey
uncertainty to them. This is particularly true with the newly implemented
National Digital Forecast Database, which presents very high resolution (5
km grid spacing) forecasts through seven days without the benefit of confi-
dence or uncertainty information.

Recommendation: Develop methods for estimating and conveying the de-
gree of confidence in road weather information.

The road weather research program should support the development of
means for estimating the inherent uncertainty in road weather informa-
tion. Advanced weather decision support systems that assimilate many
diverse sources of information need to estimate uncertainty and provide
easily understood metrics to aid users in making optimal decisions.
New methods are needed to enable more effective communication of
uncertainty to a wide variety of users.
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New Communication Tools

Systematic collection and dissemination of road weather data are criti-
cal to the success of the road weather research program and require robust
communication technology. For example, collection of real-time data in-
variably involves some form of data logger at the measurement site, tele-
communication means (e.g., telephone line, fiber line, microwave relay),
and a reception facility that moves the inflowing data stream to archival
servers. These communication means are often already in place in roadway
right-of-ways, either for commercial communications providers, law en-
forcement, or state departments of highways themselves.

A number of new wireless technologies may enable communication
with motorists when and where they need it. The technologies that hold the
most promise are satellite radio, cellular, and wireless local area networks.
When considering how each of these technologies may be used for commu-
nicating road weather information with drivers, it is necessary to consider
how much information can be transmitted and whether it is possible for
two-way communication, how far the signal can be transmitted, and how
ubiquitous the technology is. Also weighing into the decision are human
factors, such as familiarity, ease of use, and cost. Each of these technologies
is capable of transmitting different bandwidths, which affects the type of
information that can be sent.

Satellite-based Digital Audio Radio Service, which provides radio cov-
erage across the continental United States, has been implemented recently.
With a satellite-capable radio receiver and a subscription to a satellite
radio service, consumers at home or in their automobiles are able to re-
ceive detailed graphic weather and traffic reports that are customized for
their location. Although this technology currently is available only to emer-
gency response vehicles, it may become commercially available soon.
Several automobile manufacturers are beginning to offer satellite radio as
an available factory option. Satellite radio is an improvement over regular
radio because it has better coverage and bandwidth, while allowing
geolocated transmissions. Nevertheless, regular radio remains critical for
transmitting weather information to drivers because the costs to consumers
are minimal.

Cellular communication provides many features that match the needs
for communicating weather information to drivers. In most parts of the
country, cellular signals have a range of miles (see Figure 4-6) and a rela-
tively ubiquitous infrastructure in place, with many of the cellular towers
installed along interstate highways. The technology is flexible and the focus
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of much innovation, making it likely that applications for the road weather
problem might be developed. In particular, it is possible to send individual-
ized broadcasts, for example with information about weather on an adja-
cent stretch of road, from each cell tower. Again, human factors, such as
familiarity, ease of use, and cost will play a role in the feasibility and
success of such applications.

Wireless local area networks have a much larger bandwidth than cellu-
lar and recently were tested successfully at highway speeds of over 200
mph (http://wireless.itworld.com/4260/031020necwifi /page_1.html). Imple-
mentation of this technology may occur soon, but until then wireless local
area networks are well suited for in-car communications with other devices
and for communication between the vehicle and physical points, such as a
home, gas station, or rest stop. Very detailed information about local weather
and road conditions, including animated forecasts or other large-bandwidth
data, could be transmitted to a vehicle located at a rest stop. As with

Wireless LAN (802.1x)
500 feet

Radio
100s of miles

Cellular Data
1000 feet - miles

FIGURE 4-6 Schematic illustrating the spatial range over which different communication technologies
extend. SOURCE: Ian Ferrell, Microsoft Corporation.
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cellular, wireless local area networks support two-way communication and
are the focus of much technological innovation; however, little infrastruc-
ture has been developed to support wireless local area networks communi-
cation with vehicles, so coverage is very poor at this time.

Recommendation: Develop new means to effectively communicate road
weather information to a wide range of users.

The road weather community should take advantage of new and up-
coming advances in technology that will enhance communication to
users. Along with expanded observational capabilities, advanced com-
munications technology must be deployed to enable instruments to
transmit data back to central processing centers and to relay processed
weather information back to drivers and other users. Advances in wire-
less communication hold much promise for providing location-specific
weather information to mobile users, but the challenge of determining
how best to use these communication technologies remains.

INTEGRATING WITH THE EMERGING INFOSTRUCTURE

A final but nonetheless critical emphasis of the road weather research
program should be to develop a telecommunication infrastructure that takes
advantage of new technologies to effectively convey road weather informa-
tion to end users. Previous recommendations in this report have included
the establishment of a nationwide real-time road weather observation sys-
tem. Such a national integrated network of fixed and mobile stations would
generate an enormous amount of valuable information about the weather
affecting roads and travelers and the resultant condition of the road net-
work. All of these data would need to be carefully and uniformly quality
controlled to common national standards to ensure consistent and appropri-
ate use by multiple agencies (also a prior recommendation). The meteoro-
logical community, both public and private, would make use of this rich
dataset to refine numerical weather predictions of the atmosphere and de-
termine future impacts on the roadway environment (Smith, 2001). Weather
impacts permeate the entire transportation system and must be factored into
all manner of road transportation operations and systems. Clearly, there is a
substantial telecommunications requirement to first collect road weather
and condition data from multiple fixed and mobile platforms and then move
road information and finished products to transportation managers and road
users.
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A national telecommunications and information technology infrastruc-
ture or “infostructure” is required to move all this information. This info-
structure must be adapted to respond to the specific needs of the road
transportation sector. The National ITS Architecture, discussed in Chapter 3,
provides the overall blueprint for this infostructure. It starts out by identify-
ing the basic elements of road transportation and then groups them into four
categories or systems: travelers, vehicles, field, and centers. Within each of
these systems, specific elements or subsystems with unique needs are de-
fined; for example, the vehicles group includes maintenance and construc-
tion, transit, commercial, emergency, and regular passenger vehicles. Sub-
systems are defined, based on extensive user interviews, for the other main
systems: centers, field, and travelers.

The National ITS Architecture then goes on to define basic telecommu-
nications links between all of these systems. These are grouped into four
classes: (1) from the centers to the field, regular wireline (fixed-point to
fixed-point) communications suffice and are specified; (2) between the field
and vehicles, Dedicated Short Range Communications provides the solu-
tion from fixed points to moving vehicles; (3) vehicle-to-vehicle communi-
cations; and (4) wide-area wireless communications.

The very serious safety and efficiency impacts that weather exerts on
road transportation are recognized and have been included throughout the
Architecture. Each of the fundamental activities leading to better manage-
ment is covered: data acquisition, processing, dissemination, and integra-
tion into end-to-end applications. In responding to the needs of road trans-
portation the meteorological community must take full advantage of the
infostructure as specified by the Architecture. Road weather and condition
data are collected from multiple fixed sites and from vehicle fleets hosting
road and weather sensors. Links are specified to move the data to primary
operators of the sensing equipment, the road maintenance and construc-
tion community. The architecture then provides for the data to be moved to
other agencies for processing into useful information. This includes quality
assuring the data, analyzing them, generating road weather forecasts from
them, and finally packaging and returning all this information to all manner
of road transportation users. The applications range from integrating time
and location information into future in-vehicle audio and video display
systems to ensure rapid and easy assimilation by motorists while driving
to integrating high-resolution road weather modeling outputs directly
into end-to-end solutions for road maintenance and traffic and emergency
management.
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The transportation community has taken the first and most important
step of recognizing the impacts of weather and the need to factor weather
information into their operations. The National ITS Architecture incorpo-
rates design elements for road weather telecommunications. The weather
community needs to work through the Architecture with transportation pro-
fessionals to respond to road transportation’s specific needs. This process is
already engaged. Weather and transportation professionals worked together
on ITS America’s Weather Information Applications Task Force and the
FHWA’s own Maintenance and Construction Operations (MCO) User Fo-
rums to develop the MCO User Service. Other activities are currently being
pursued in the standards area, another main application area for the Archi-
tecture. Such standards as the National Transportation Communication for
ITS Protocol Object Definitions for Environmental Sensor Stations have
benefited from the participation of weather and transportation profession-
als. That standards effort is nearing maturity, but others are at an early stage
and will need the participation of both communities in order to succeed.
Numerous other future applications will require both weather and transpor-
tation expertise.

The transportation community is developing, with the National ITS
Architecture as the fundamental design, a robust national infostructure
adapted to the specific needs of road transportation. That infostructure pre-
sents an enormous opportunity for weather professionals to work with the
transportation community to prepare and effectively deliver uniquely
adapted road weather products. It is therefore crucial for the meteorological
community to develop road weather professionals and engage the transpor-
tation community in the development of weather solutions for road trans-
portation.

Recommendation: Develop a robust national roadway infostructure.

Major components of a roadway infostructure (a network of data collec-
tion and dissemination necessary to support real-time management and
operation of the roadway transportation system) are being developed.
The committee recommends that the road weather research program
proactively participate in this effort to ensure that the road infostructure
of the future incorporates a sophisticated network of road weather ob-
servations, including sensors embedded in the pavement, weather sta-
tions adjacent to the roadway, water level sensors near flood-prone
routes, remote observations from satellite platforms, and instruments on
vehicles themselves.
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5
Implementing Improved Road Weather
Research and Management Programs

Coordinating the research and services described in Chapter 4 will
entail a complex management structure that engages the many entities
conducting road weather research and related services and products. Up to
the present, research relevant to road weather problems has been con-
ducted largely independently in the meteorological and surface transporta-
tion communities. Many road weather services and products have been
produced by the private sector and implemented by individual states. To
attain the vision for the road weather system of the future, laid out in
Chapter 2 of this report, the committee believes that a focused, coordinated
research program is needed. Many of the research needs and opportunities
that this program should address are presented in Chapter 4. In this chapter
existing research programs are described, followed by a discussion of why
they are not able to meet the future needs for road weather research. Op-
tions for an organizational, management, and funding strategy to meet fu-
ture needs are then presented. Finally, the need to develop robust technol-
ogy transfer and education is discussed.

CURRENT ROAD WEATHER RESEARCH EFFORTS

Highway Research Programs

Highway research is coordinated by the Federal Highway Administra-
tion (FHWA), the states, the National Cooperative Highway Research Pro-
gram, academia, and the private sector. Federal funding, derived largely
from dedicated revenues in the highway trust fund, supports FHWA re-
search, more than half of state highway research, and the National Coop-
erative Highway Research Program. These programs coordinate with each
other informally, and in some cases through formal partnerships, though
more commonly through professional relationships and collaborations
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among decision makers, researchers, program managers, and state highway
personnel. See Table 5-1 for a summary of research funding for surface
transportation.

In FY 2001 the FHWA spent nearly $184 million on surface transporta-
tion research, technology deployment, training and education, and intelli-
gent transportation system research and development (TRB, 2001b). About
$2.5 million of this funding is devoted to road weather research and devel-
opment (see Table 5-2). The FHWA also supports the Turner-Fairbank High-
way Research Center, the Highway Safety Information System database,1

and the Intelligent Transportation Systems Joint Program Office. The FHWA
conducts some research itself and contracts for the remainder with private
firms, universities, and research institutes. The administration typically se-
lects its research contractors through merit-based competition. In recent
years, however, Congress has designated more research projects and re-
search performers. Congressional designations under the Transportation
Equity Act for the 21st Century for 1999, 2000, and 2001 amounted to 44

1The Highway Safety Information System database includes crash, roadway inventory, and
traffic-flow data from eight states and is used to study safety issues in roadway design, mainte-
nance, and safety treatments.

TABLE 5-1 Funding for Surface Transportation Research

Transportation Research Program FY 2001 ($ in millions)

Federal Highway Administration
Surface transportation research 86.1
Technology deployment 39.6
Training and education 15.8
Intelligent transportation systems 42.5
University transportation centers 23.9

State Highway
National Cooperative Highway Research Program 30.6
Other federal funds 185
State funds 153

Private Sector 75–150

Totala 621–696

aTotal federal funds spent on surface transportation in FY 2001 were $393 million.
SOURCE: TRB (2001b).
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percent, 42 percent, and 51 percent of the FHWA’s research and technol-
ogy spending, respectively (TRB, 2001b). According to a recent report of the
Transportation Research Board, the FHWA’s research program has pro-
duced “incremental improvements leading to lower construction and main-
tenance costs, better system performance, added highway capacity, re-
duced highway fatalities and injuries, reduced adverse environmental
impacts, and a variety of user benefits” (TRB, 2001b).

The Department of Transportation’s Research and Special Programs
Administration administers the University Transportation Centers program,
which was initiated under the Surface Transportation and Uniform Reloca-
tion Assistance Act of 1987. The act authorized the establishment and
operation of transportation centers, designated through a competitive pro-
cess, in each of the 10 federal regions. The program was reauthorized by

TABLE 5-2 Funding for Federal Meteorological Research (in millions of
dollars)

FY 2001 FY 2002 FY 2003

Department of Agriculture 15.5 15.5 32.9

Department of Commerce 102.7 109.2 102.1

Department of Defense 97.8 72.3 54.0

Department of Transportation 27.8 26.4 27.5
Aviation 25.1 24.0 25.0
FHWA 2.7 2.4 2.5

Environmental Protection Agency 6.4 6.4 7.5

National Aeronautics and Space Administration 165.7 154.3 154.5
Aviation 35.3 35.3 55.7

National Science Foundation 188.9 202.0 218.9

Totala 604.8 586.1 597.4
Aviation 60.4 59.3 80.7
Other Transportation 2.7 2.4 2.5

aAlthough the Department of Energy does conduct meteorological research, they do not spe-
cifically report the amount in their annual budget, thus their portion is not included in the total.

SOURCE: OFCM Federal Plans for Meteorological Services and Supporting Research and the Na-
tional Science Foundation Summary of Budget Request to Congress from FY02 (OFCM, 2001; NSF,
2002), FY03 (OFCM, 2002a; NSF, 2003), and FY04 (OFCM, 2003; NSF, 2004).
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Intermodal Surface Transportation Efficiency Act and again by the Transpor-
tation Equity Act for the 21st Century, which provided up to $158.8 million
for grants to establish and operate as many as 33 centers throughout the
United States in FY 1998 to 2003. University programs must match the
federal funds they receive, usually on a one-to-one basis, with federal, state,
or other funds. Ten of these centers, designated as regional centers, were
selected competitively in 1999. The other 23 centers are located at univer-
sities specified in the Transportation Equity Act for the 21st Century.

Each state highway agency conducts applied research to address tech-
nical questions about planning, design, construction, rehabilitation, mainte-
nance, and environmental conditions of highways in the state. Projects are
typically expected to produce rapid results that can be immediately applied
to specific problems within the state. A 1999 survey by the American Asso-
ciation of State Highway and Transportation Officials (AASHTO) found that
approximately $322 million was spent by states on research that year, $144
million of which were federal funds provided through the State Planning
and Research Program and $32 million were from other federal funds made
available for state research.

Many states also participate in pooled-fund projects, which leverage
the limited funds available in individual states to tackle problems of mutual
interest. The largest pooled-fund project is the National Cooperative High-
way Research Program, a voluntary program established in 1962. The states
contribute 5.5 percent of their State Planning and Research Program funds
to the National Cooperative Highway Research Program, a total of $30.6
million in FY 2001. General topic areas for projects are selected by
AASHTO’s Standing Committee on Research with assistance from its Re-
search Advisory Committee and approval by its board of directors. The
Transportation Research Board convenes expert panels to select the re-
searchers for each topic.

Research is also conducted by a number of private sector companies
and associations. Their research agendas are largely problem oriented and
profit driven. Funding for private sector research in 2001 was estimated to
be $75 to $150 million (TRB, 2001b).

The highway research community has conducted a number of special
highway research initiatives designed for problems that are particularly
challenging or are ready for significant advances. The most recent example
was the Strategic Highway Research Program, a five-year, $150 million
program authorized by Congress in 1987. The program was recommended
by the Transportation Research Board to improve the performance of high-
way materials and highway construction and maintenance practices (TRB,
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1984). The program yielded substantial advances in winter maintenance
practices, particularly by identifying the value of RWIS proactive anti-icing
and evaluating the effectiveness of several new chemicals to control snow
and ice.

A recent Transportation Research Board report requested by Congress
identified several topics for a follow-on to the Strategic Highway Research
Program, named the Future Strategic Highway Research Program. The re-
port recommended a research program aimed at developing a systematic
approach to highway renewal, preventing or reducing the severity of high-
way crashes, providing highway users with reliable travel times, and sys-
tematically integrating environmental, economic, and community require-
ments into the analysis, planning, and design of new highway capacity. The
proposed efforts are currently being considered for inclusion in the reautho-
rization of the Transportation Equity Act.

Some highway research is also conducted by the federal government
through the Federal Motor Carrier Safety Administration, the National High-
way Traffic Safety Administration, the Federal Transit Administration, and
the U.S. Department of Transportation’s Research and Special Programs
Administration. Intermodal research projects that address highway issues
are conducted by the U.S. Department of Transportation’s Office of Inter-
modalism and in some cases by other agencies such as the Federal Aviation
Administration and the Federal Transit Administration.

Meteorological Research Programs

Similar to the case for transportation, meteorological research is con-
ducted by many different entities, although in the case of meteorology most
research is funded by the federal government. Reflecting the many effects
that weather has on human activities, seven federal agencies support me-
teorological research: the Departments of Agriculture, Commerce, Defense,
and Transportation; the Environmental Protection Agency; the National
Aeronautics and Space Administration; and the National Science Founda-
tion. The Office of the Federal Coordinator for Meteorology coordinates
research and operational activities conducted by individual agencies.

The total federal expenditures on meteorological research in FY 2003
were $597 million (see Table 5-2), with the largest portions contributed by
the National Science Foundation (37 percent in FY 2003) and the National
Aeronautics and Space Administration (26 percent in FY 2003). The De-
partment of Commerce, which houses the National Oceanic and Atmo-
spheric Administration, National Weather Service, National Environmental
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Satellite Data Information Service, National Ocean Service, and the Office
of Atmospheric Research, has the largest overall expenditures on meteorol-
ogy when operational activities are considered ($1.529 billion in FY 2003).
Only 7 percent of the Commerce meteorological budget, or $102.1 mil-
lion, is devoted to research. Much of the federal funding is used to support
universities and nonprofit research institutes, such as the National Center
for Atmospheric Research, which conducts the majority of meteorological
research.

States and the private sector also support some meteorological research,
albeit less than the federal government. Most states have a state climatolo-
gist and also contribute funding to regional climate centers and to state
agencies with meteorological requirements. Private sector meteorology is
very operationally oriented and invests a significant but unknown amount
of money in developing new meteorological products and services for the
media and industry, and in providing consulting services to lawyers, engi-
neers, and architects. About 400 commercial weather companies and inde-
pendent contractors operate in the United States, with revenues of about
$500 million (NRC, 2003b). Market incentives encourage private compa-
nies to generate innovative products and ways of presenting weather infor-
mation. These products are usually developed to address specific customer
requirements.

The U.S. Weather Research Program is a partnership among several
federal agencies, the American Meteorological Society, academia, and the
private sector intended to coordinate efforts among these groups to acceler-
ate forecast improvements of high-impact weather and facilitate full use of
advanced weather information. The program aims to reduce the effects of
weather-induced disasters, minimize the costs of routinely disruptive
weather, take advantage of improved weather information, and assist the
military. The current federal agencies participating in the program include
the National Oceanic and Atmospheric Administration as the lead agency,
the National Science Foundation, National Aeronautics and Space Admin-
istration, Department of Energy, Department of Transportation, Department
of Agriculture, and the navy (USWRP, 2003). The program is looking to
broaden its membership, particularly to include agencies to which im-
proved meteorological information could be beneficial (OFCM, 2002a).

CHALLENGES FACING ROAD WEATHER RESEARCH

Despite the significant funding devoted separately to both surface trans-
portation and meteorological research, an important finding of this com-
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mittee’s investigation is that road weather research is greatly underfunded in
both the transportation and meteorological sectors, in part because there is
no permanent funding. As a comparison, approximately a combined $60
million a year has been devoted to aviation weather research for the past
decade by the Department of Transportation and the National Aeronautics
and Space Administration (see Table 5-2) resulting in a substantial decrease
in weather-related accidents. It is reasonable to expect that a comparable
investment in road weather could yield a significant reduction in roadway
accidents occurring in adverse weather conditions.

In the preceding section various funding programs in both the surface
transportation and meteorological research arenas have been described.
Each community can be characterized as supporting a large number of
worthy investigations competing for limited dollars. In general this is an
environment that makes it even more difficult to develop an effective and
lasting interdisciplinary research program. Road weather research proposals
compete in a field of a large number of topics that more clearly fall within
established transportation or meteorology funding programs. Investigators
are often reluctant to fully embrace interdisciplinary programs, given the
tendency of funding to be of limited longevity and, in some cases, the merit
of the research not being fully recognized within one’s discipline.

 Addressing research and operational needs of the road weather prob-
lem requires an effective engagement of a variety of entities spanning the
meteorological and highway transportation endeavor. Research will need to
be conducted by experts in government, academia, and the private sector
who understand the roadway environment, how weather affects it, what
meteorological information will help improve surface transportation, and
how to deliver such information to users on and off the roadway. Research-
ers will need to interact with many funding mechanisms and stakeholders
from both the transportation and the meteorological communities. Critical
governmental stakeholders include federal and state highway agencies, fed-
eral agencies that produce or use weather services, emergency managers,
and agencies that represent other modes of transportation on the federal,
state, and local levels. The private sector plays an important role in develop-
ing new instruments and technologies, in road construction and mainte-
nance contracted out by government agencies, in providing highly targeted
meteorological products to specific users, and in using information to im-
prove operations (e.g., just-in-time delivery by freight haulers). Adding fur-
ther complexity is the necessary extension of road weather research topics
from purely operational arenas, with imposed real-time requirements, to
unresolved scientific challenges requiring ongoing fundamental investiga-
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tions. Effective technology transfer must also be established to avoid results
languishing in the “valley of death”; that is, the transition period between
research and operational implementation (NRC, 2000).

If road weather research is to advance, professionals in the transporta-
tion and atmospheric science communities who have not worked closely in
the past and who often do not have a shared understanding of the issues
must coordinate their efforts. There are often significant differences in the
ways various communities communicate and in the ways they address
scientific and engineering challenges. Interaction between researchers with
different areas of expertise must be fostered by creating opportunities for
meaningful collaboration and by articulating clear objectives of the road
weather research enterprise that are understood and accepted by both com-
munities.

One approach to fostering collaborations between experts is the use of
short-term, targeted funding programs to address specific challenges. These
efforts may be effective in advancing understanding of the specific objective
but may not realize the full potential benefit of working across disciplines
because researchers may seek funding to work on their part of the problem
rather than working together on the problem. Furthermore, investigators
generally retreat to their own discipline as soon as the programmed re-
search is completed. In the road weather research area there have been a
number of successful funding programs of this type, including the Strategic
Highway Research Program of the early 1990s and the Maintenance Deci-
sion Support System in more recent years. Although these early starts are
promising, this committee believes that road weather research would ben-
efit from a more permanent funding structure and the development of a
lasting alliance of the benefiting communities. Attaining this goal involves
the growth of an interdisciplinary community with a common vision, a
sharing of ideas and methods, and long-term involvement of institutions and
investigators. This second outcome is more desirable although more diffi-
cult to attain. Creating research centers specifically to bring together the
range of expertise needed to address the road weather problem is one
effective way to build this type of interdisciplinary community.

In addition to creating opportunities for meaningful collaboration, new
interdisciplinary research will benefit from a clear articulation of the objec-
tives, priorities, and path to implementation. On this topic, lessons can be
learned from the aviation weather research community, as it has developed
what is now a relatively stable and effective program. The Task Force on
Aviation Weather Forecasting was particularly important in defining an
effective path (NRC, 1994) and the Federal Aviation Administration then
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took the lead in fully delineating the goals for a new national aviation
weather program. Nationwide leadership was critical in focusing and co-
ordinating the efforts of researchers at many different institutions. The road
weather community is just beginning to develop such a focused research
plan, largely under the leadership of the FHWA.

PROPOSED ROAD WEATHER RESEARCH PROGRAM

It is clear to the committee that road weather is a scientific and techni-
cal challenge that now can be met with appropriate policy, implementation
of available technology based on current knowledge, and research that
addresses the many areas where knowledge is lacking. Over the course of
the next 15 years a focused road weather research program could deliver
improved road weather understanding and technology to the nation, saving
lives and money while increasing the efficiency of road transportation. Such
a program, with clearly defined goals, could oversee a suite of research
activities as well as efforts to foster the implementation of an operational
road weather capability. The recommendations that follow in this chapter,
combined with the more technical recommendations in Chapter 4, are
designed to help shape and guide such a focused program.

The committee’s recommended framework for a focused road weather
research program is based on careful review of the current scientific and
technological opportunities and constraints as laid out in Chapters 3 and 4
of this report. Also considered was the institutional environment that such a
program would need in order to thrive, including interaction with multiple
funding mechanisms, researchers from many disciplines, a variety of stake-
holders, and practitioners in the public and private sectors. In the
committee’s view the recommended program elements could provide an
effective structure for addressing these multiple concerns. The committee
expects that program leadership would conduct careful cost-benefit and
other policy analyses to determine an optimum strategy for implementing
the program.

Recommendation: Establish a focused, coordinated national road weather
research program.

The committee finds that there are substantial research questions and
opportunities in road weather that warrant a long-term national com-
mitment and therefore recommends the establishment of a focused,
coordinated national road weather research program. Sufficient knowl-
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edge and experience exist today to initiate such a program; however,
some aspects of the program exist only in concept and thus will require
additional research and experience before they can be completely de-
fined and implemented. A road weather research program is timely in
that it can take advantage of investments being made in weather and in
transportation research and infrastructure. An incremental investment
in integrating these efforts will reap substantial benefits by producing a
national road weather information system as part of the nation’s emerg-
ing infostructure.

The goals of the road weather research program should be to

• maximize the use of available road weather information and tech-
nologies;

• expand road weather research and development to enhance road-
way safety, capacity, and efficiency while minimizing environmental
impacts; and

• effectively implement new scientific and technological advances.

The committee believes that the goals of this road weather research
program can best be met through a nationally led program that supports
regional research centers, national demonstration corridors, and a na-
tionwide solicitation to support individual investigator-led research
projects. Establishing and sustaining such a program long enough to
achieve its goals will require dedicated funding sources over at least 15
years.

The proposed program would initially seek to take advantage of current
capabilities, both in separate research endeavors that have not yet inte-
grated their efforts and in existing observational, laboratory, and computa-
tional infrastructure. As the program matures it would also support new
research and development that would build on the early accomplishments.
Such a focused program would foster the development of a more cohesive
road weather research community, both by bringing together researchers
from different disciplines and by creating opportunities to educate the next
generation of road weather researchers.

At all stages research supported by the program would be closely inte-
grated with the development of operational capabilities and road weather
information products for specific stakeholders. It will be critical for the
program to foster interaction between the research community and users of
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the research results and to integrate user needs into all stages of research
and development. Indeed, the private sector can serve as an important
conduit for transferring research results to operations.

Establish Regional Research Centers

The committee recommends the establishment of regional research cen-
ters to develop new technologies, foster technology implementation on
regional roadways, and facilitate interaction between federal, state, and
local governments, the private sector, and academia. Such centers are an
attractive alternative to individual state programs because many states in a
particular region share the same road weather challenges. These regional
centers should be interdisciplinary, incorporating weather and transporta-
tion researchers as well as relevant practitioners in the public and private
sectors. They should be funded competitively with due consideration given
to reflect different weather conditions and transportation problems common
to their regions.

Multiple regional research centers are preferable to a single national
center because different regions of the country face quite different weather
conditions. Regional centers enable much more direct interaction with stake-
holders who ultimately use research results. In addition to addressing the
needs of their regions, individual centers should specialize to avoid redun-
dant research on the road weather challenges that are multiregional or even
national in scale; for example, one center could specialize in fog as a
visibility impediment (a national problem), while another could specialize
in evacuation strategies (a problem affecting hurricane-prone regions). The
selected regions may or may not coincide with federal transportation re-
gions. Opportunities to coordinate with existing regional centers and other
research initiatives at national laboratories, universities, and state depart-
ments of transportation should be considered when selecting regions to
house these centers.

The committee believes that it will be necessary to establish several
regional centers to adequately cover the breadth of road weather problems
and provide sufficient interaction with stakeholders. The road weather re-
search program should provide base funding that is dedicated to establish-
ing and operating these research centers. This funding should support efforts
to assemble a critical mass of researchers, acquire space and other infra-
structure, and support stakeholder interaction. To ensure that these centers
are doing the best possible research but also have enough stability to pursue
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longer-term research agendas, the committee recommends that support for
the centers be awarded competitively with five-year contracts.

Because regional research centers may require substantial investment
in infrastructure before research can be conducted, the center selection
should consider collocating with and leveraging resources, such as comput-
ing centers and strong university research programs. An alternative to re-
gional centers that avoids some of these initial costs is the concept of
“technology development teams,” which typically include researchers se-
lected competitively from various research centers; the selection process
can, however, sometimes favor larger research efforts over individual re-
searchers. This concept has been used successfully by the Federal Aviation
Administration’s Aviation Weather Research Program to provide efficient
and flexible operationally relevant research results. Because surface trans-
portation has a broader, more distributed stakeholder community, it is not
clear how effective technology development teams would be in addressing
road weather. If the technology development team approach is chosen,
strong and effective linkages to the private sector should be built into the
team structure.

Establish National Demonstration Corridors

As a means both to demonstrate the effectiveness of road weather im-
provements and to facilitate nationwide implementation of research results,
the committee recommends the establishment of national demonstration
corridors along two U.S. interstate highways. Special programs should be
established for the federal government to partner with states and their pri-
vate sector entities to showcase road weather products and services. Many
of the recommendations in this report for new technology should be imple-
mented first along these corridors. A major objective for these corridors is
for adjacent states to work together to provide a seamless stream of road
weather information to users.

The corridors will provide opportunities for researchers to implement
and test new technologies and tools designed to address weather problems.
Because they would be specially designated, these demonstration corridors
would be a highly visible and easily identifiable way to showcase the results
of the research. Another advantage of these test corridors would be the
ability to install a permanent enhanced road and weather observation net-
work. Such a network would allow multiple projects to leverage this asset,
and each project would only be required to install a reduced set of tempo-
rary observing platforms. Establishing such corridors would also provide a
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logical tie to the proposed regional research centers as a means to foster
cooperation in the road weather research program. Partnerships involving
all key parties will develop naturally around these demonstration roadways.

The committee suggests that one north-south and one east-west inter-
state highway (Figure 5-1) be designated as national road weather demon-
stration corridors. These interstates should traverse areas with diverse
weather conditions, topography, and geography. This will allow highway
problems such as flooding, fog, evacuation, landslides, and winter weather
to be addressed to a large extent. Criteria for selecting the corridors should
include the extent to which instrumentation and equipment installed for
other purposes along the selected interstate could be incorporated as part of
the road weather demonstrations, as well as the willingness of state depart-
ments of transportation located along the route to be active participants.
Further, the corridors should pass through several states that are early adopt-
ers of intelligent transportation system technology and are agreeable to
serving as leaders in the implementation of the national road weather re-

FIGURE 5-1 Map of the National Highway System. SOURCE: U.S. Department of Trans-
portation.
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search program. For example, Interstate 35, a major North American Free
Trade Agreement highway connecting Canada, the United States, and
Mexico, may be a good candidate for a designated corridor; it traverses
several climate zones and offers opportunities for early success because
several states along this route already have invested in intelligent transpor-
tation system technology.

Various transportation research and development efforts, including the
Strategic Highway Research Program, have employed demonstration
projects, and some intelligent transportation system research is being imple-
mented and tested with demonstration projects. The demonstration corri-
dor concept is consistent with transportation research strategies previously
used with success. These experiences have shown that successful imple-
mentation of results by a single state department of transportation can be
extremely beneficial in gaining the support of other states. Therefore, the
committee anticipates that the departments of transportation in each state
through which the demonstration corridors pass could serve a role similar
to that of the lead states in the Strategic Highway Research Program.

The committee foresees the road weather research program as provid-
ing seed money to develop these national corridors and then evaluate the
results of the demonstrations. Actual implementation of new technologies
would likely cost significantly more. The committee expects that costs asso-
ciated with buying, installing, and operating technologies to be showcased
would likely be covered by the states involved in the program, using other
federal and state funds. Once the corridors are established, some of this
funding would go to research to evaluate the feasibility and cost-effective-
ness of implementing the demonstration technology more widely.

Establish Dedicated Road Weather Research Funding in the FHWA

Transportation research and management are currently highly decen-
tralized, largely implemented by states, and meteorological research and
operations are spread across several federal agencies, universities, and re-
search centers. The private sector has provided many of the targeted road
weather services to date. Yet, for the proposed road weather research pro-
gram to succeed, centralized leadership at the federal level is essential in
setting research priorities, administering grants, providing a central reposi-
tory for research findings, ensuring accountability, and fostering the transfer
of new knowledge and technology to operational practice. The Federal
Aviation Administration’s Aviation Weather Research Program provides a
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good model for the federal leadership needed for a road weather research
program. The committee recommends that the FHWA have the leading role
in the national road weather research program and that the National Oce-
anic and Atmospheric Administration (NOAA) be a lead partner in this
effort. The federal government should establish an interagency coordinating
council to guide the national road weather research program. In addition to
the FHWA, participation on this council should include at a minimum
NOAA and the National Science Foundation, especially through their joint
U.S. Weather Research Program. It is no less critical that the leadership of
the proposed road weather research program foster effective partnerships
with the private sector in a manner that provides clear processes for interac-
tion.

The committee recommends that long-term dedicated funding for road
weather research sufficient to achieve the program’s goals be established as
new funding in the FHWA. The committee estimates that the research pro-
gram will require on the order of $25 million per year based on an assess-
ment of unmet needs, the capacity of the research community to conduct
the program effectively, and costs for comparable transportation research
initiatives in other areas, such as the Aviation Weather Research Program.
The committee believes that many of the research and development chal-
lenges that have been identified will require more than a decade to solve,
thus a long-term research and development program with appropriate fund-
ing commitments is required.

Although the FHWA is recommended as the primary funding recipient,
the committee recommends that the dedicated funds for this program be
highly leveraged with other initiatives that have an affinity with road
weather research and development. The Aviation Weather Research Pro-
gram is a good example; most of the focused research tracks in that pro-
gram have produced results that can be integrated into the road weather
program. The new funds will provide the necessary resources to focus both
new research and the leveraged research from other programs to address
unmet needs in the surface transportation community. Ongoing research
sponsored by NOAA and the National Science Foundation and research in
the U.S. Weather Research Program (about $60 million in FY 2002) can be
leveraged similarly. This new FHWA funding would be a small increment
to the current federal support for either transportation research (about $400
million, see Table 5-1) or meteorological research (about $600 million, see
Table 5-2).
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Fostering a Vigorous Private Sector

In addition to the need for an immediate infusion of federal funding,
public-private-academic partnerships are needed to take up the research
challenge, but this will be complicated by the several components of the
public sector (federal, state, regional, and local) that will need to cooperate
to achieve optimum results. This issue of public-private-academic partner-
ships in meteorology has received increasing attention in recent years. The
National Research Council recently completed a study, Fair Weather: Effec-
tive Partnerships in Weather and Climate Services (NRC, 2003b), which
found that boundaries in responsibilities between the public sector, private
sector, and academia are not rigid. In general, each sector has played the
following roles:

• The public sector is responsible for protecting life and property and
enhancing the national economy. To carry out its mission it maintains an
infrastructure of observation, communications, data processing, and predic-
tion systems and conducts research on which the public, private, and aca-
demic sectors rely.

• Academia is responsible for advancing science and educating future
meteorologists.

• The private sector is responsible for creating products and services
tailored to the needs of its companies or clients and for working with the
public sector to communicate forecasts and warnings that may affect public
safety.

This three-sector system has led to extensive and flourishing weather
services that greatly benefit the U.S. public and the economy. The report
concluded that it was counterproductive and diversionary to establish de-
tailed and rigid boundaries for each sector that specify who can do what
and with what tools. Instead efforts should focus on improving the processes
by which the sectors interact. These lessons clearly apply to the roles of
government, academia, and the private sector in pursuing road weather
research and development.

The committee recommends that steps be taken to foster effective pub-
lic-private-academic partnerships in the area of road weather research and
technology implementation. Essential partners in this effort include FHWA,
NOAA, National Science Foundation, American Association of State High-
way and Transportation Officials, academia, state and local governments,
the private sector, and nongovernmental organizations and associations
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such as the Intelligent Transportation Society of America and the American
Meteorological Society.

The committee believes that the preceding recommendations concern-
ing regional research centers, a focus on national demonstration corridors,
and widely accessible databases will facilitate such partnerships. Indeed,
the contributions of all sectors are essential to a successful implementation
of the program recommended here. The committee endorses the recom-
mendations of Fair Weather: Effective Partnerships in Weather and Climate
Services (NRC, 2003b) as they would apply to the road weather research
program. Well-coordinated research and operational implementation ob-
jectives in the public sector will focus the efforts of the academic sector and
provide the private sector with increased opportunities to improve their
products and services and thus grow their industry.

Research Program to Be Guided by Measures of Cost-Effectiveness

The research program described in this document should result in a
great number of research findings that can be developed further into new
road weather applications (products, services, tools, and technologies). In-
deed, multiple potential solutions may be developed to address a particular
aspect of a road weather problem. Thus, it is important that decisions about
which applications to develop and then deploy widely be guided by careful
cost-benefit analyses. This cost-benefit information must be presented in
ways that can be easily used by decision makers in allocating scarce re-
sources. In assessing cost-effectiveness, a fairly broad definition of costs and
benefits should be considered; for example, in addition to considering those
costs and benefits that can be directly quantified, other indirect factors, such
as environmental impacts that might result from reducing the amount of
chemicals that drain off the roadway, must be considered.

As an example of how cost-effectiveness analyses can be useful, this
report recommends that additional pavement sensors may be needed to
provide the level of information necessary to make informed decisions
about winter roadway maintenance. However, before installing large num-
bers of new sensors, research should be done to assess the marginal benefits
and costs associated with adding more sensors as well as how those costs
and benefits differ based on such factors as geographic location. A result of
this research might be a methodology for determining the optimal number
and location of sensors.
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TECHNOLOGY TRANSFER

It is one of the ironies of federally sponsored research that many prom-
ising results are not effectively implemented in practical applications. Many
results that do make it into practice take seemingly inordinate amounts of
time to do so (NRC, 2000). For example, about 100 research products
resulted from the Strategic Highway Research Program, a $150 million,
five-year research program. A few of the lesser products, such as new
signing concepts for work zones, were put into practice relatively quickly
by several highway agencies and private sector contractors. The major
subject of this research, improved asphalt pavements, has taken many years
to implement across the nation. This slow application of research results is
due in part to the lack of provisions to foster implementation at the state and
local levels in the original program design. It was generally assumed that
highway agencies would see the immediate benefits of the research results
and simply implement them without any external stimulus. While some of
this happened, years of effort by the FHWA, state departments of transporta-
tion, the American Association of State Highway and Transportation Offi-
cials (AASHTO), and the private sector have been required to produce
meaningful impacts across the nation. In the case of the major asphalt
research results, implementation was finally brought about by identifying
lead states and assembling producer-user groups in states and regions that
focused on implementation. AASHTO proceeded to develop and adopt
new specifications, and the FHWA provided strong support and leadership
to the project.

This report is focused on identification of research required for the
surface transportation community. As illustrated by the Strategic Highway
Research Program asphalt example, an essential component of the overall
research effort is the transfer of results to operational users in an effective
and timely manner. No matter how potentially valuable the research find-
ings may be, if the resulting technology is not effectively transferred from
the research community, this value is lost to stakeholders working in the
roadway environment. In the road research community one reason for the
research-to-operations barrier for the surface transportation community is
that research, procurement, and operations often are disconnected in a
transportation agency. Thus, the needs of the end user are seldom consid-
ered until moving into the implementation phase. Once a project has
reached this point, change becomes so difficult and expensive that it is
discouraged. Lack of any sense of ownership by the end users, who are
often the ones responsible for making the technology work in the field,
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leads to spotty, slow implementation and consequently a low benefit-cost
ratio. The old “failure to plan is planning to fail” adage could be rewritten to
read “failure to fully understand and respond to user needs, abilities, and
prevailing culture will result in failure to implement.”

Early and continuing engagement of user or stakeholder communities
throughout the research and development process is a critical aspect of
technology transfer. “End-to-end” research and development sometimes is
used to describe the identification of research needs, conducting the re-
search, presenting the research for peer review, developing identifying ap-
plications from the research results, and finally deploying the applications
and validating them in an operational environment. Unfortunately the last
step is often the most problematic primarily because so few organizations
have learned to do it well. The committee has identified several elements of
effective transfer that have been validated over many decades.

• Early and Continuing Involvement of Operational Stakeholders: Op-
erational users of the technology should be made a part of the technology
transfer team from the beginning. Their continuing involvement ensures that
the transfer path is efficient, expeditious, and relevant to the needs of the
operational community.

• Highly Resolved User Requirements: Requirements for use of the
new technology in an operational environment must be defined with as
much resolution as possible to ensure effective implementation. This pro-
cess includes time horizons for key operational decisions, specific weather-
related information required for decision making, cost-benefit analysis of
the weather-related decisions made by the user, level of technical compe-
tence of the users, training requirements, and documentation requirements.
The more that is known about the user’s operational processes, the more
effective the transfer will be.

• Iterative Development Process: An iterative process that can be de-
scribed as an ongoing dialogue between the development team and the user
community characterizes successful transfers of technology. Early proto-
types are based on a careful analysis of the user’s requirements. These
prototypes are evaluated and modified in several iterations to continually
improve the performance of the technology. Improvements cease when cost
of further iterations is judged to exceed value derived from the next change.

• Validation in an Operational Setting: It is essential to validate the
new applications or technology in operational settings that represent all the
modes of operation that the user may experience. This is often a step that is
left out of the transfer process and results in a failed attempt to transfer the
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technology since problems that surface only in an operational environment
are not detected and addressed during the validation phase.

• Comprehensive Training and Documentation: Successful technology
implementation over the long-term requires training for all users and educa-
tional programs for those in the operational community who will maintain
and upgrade the technology. Complete documentation for each group of
users is also essential.

Recommendation: Enable efficient technology transfer.

The committee recommends that the national road weather research
program involve operational users as part of the research and develop-
ment effort from the beginning. The user community for road weather
information is broad and includes the general public, commercial ship-
ping and bus transit companies, emergency managers, those who build,
maintain, and operate the nation’s roadways, and vehicle manufactur-
ers. Early user involvement helps to ensure that the technology transfer
path will be efficient and expeditious, and will produce results relevant
to the needs of the user community.

EDUCATION AND TRAINING OF ROAD WEATHER INFORMATION USERS

User education programs should be developed as the research pro-
ceeds (1) to build community between researchers and users through feed-
back; (2) to develop constituencies supporting deployment of new tech-
nologies; and (3) to ensure that road users gain sufficient benefit from
deployed road weather information systems to justify the expense. The
proposed road weather research program should include support for this
type of outreach activity. This section provides a brief discussion about the
need to educate those who are the targeted users of road weather informa-
tion. Many very diverse users of road weather information, including the
traveling public, commercial vehicle operators, road maintainers, and emer-
gency vehicle operators, must be educated on the value of using road
weather information in their decision making and then trained on how to
use the new technologies and informational tools as they are deployed.

The focus of the following sections is on training of road weather infor-
mation users; however, training for the providers of this information is no
less important. New professionals in the road weather industry must be
trained on the job because they do not gain the necessary skills in either
undergraduate or graduate academic programs. Including road weather in
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the curriculum used to train meteorologists and transportation researchers
could go far toward building a more robust road weather research commu-
nity (Osborne, 2001). Increasing support for road weather research at uni-
versities, a likely outcome of the proposed program, will create opportuni-
ties for graduate and undergraduate students to participate in such research
projects as part of their education.

Education and Training of the Driving Public

To justify the expense of developing and deploying a road weather
information system, the public must prepare for and then properly react to
inclement weather encountered while on the roadways, purchase vehicles
incorporating new technologies that enhance response to weather hazards,
and access and use specialized weather data in decisions involved in trip
planning, route selection, and safe vehicle operation. For these things to
occur the driving public must receive proper education and training on road
weather information and how to apply it. Such training begins with new
drivers, who typically receive training through a combination of interactive
instructional materials and hands-on modules. Instructional materials may
include some weather modules, but training on driving in inclement weather
is not mandatory nationwide. A national effort to develop training modules
for weather-degraded road conditions could yield improvements in high-
way safety. Development of such modules should take advantage of experts
in weather, in the physics of highway transit and automotive response, and
in human factors to maximize their efficacy.

The driving public also needs to be continually updated about and
trained to use new tools and technologies designed to improve vehicle
performance under inclement weather; for instance, the anti-lock brake
system is a safety feature now available in many new car models, but
veteran drivers may not be aware of the difference between this feature and
the classic braking system, nor may they be aware of how to use the system
properly. Thus, informative manuals and hands-on training need to be a
fundamental component of all new tools and technologies as they become
available. Veteran drivers may need supplemental training if they move or
travel to regions where they encounter weather and road conditions not
previously experienced. For example, someone who travels from Miami to
Minneapolis in winter may not know how to handle snowy or icy roads,
and thereby may pose a threat to themselves and others. Rare weather
conditions, such as snow in the Southwest, or rapidly changing situations,
such as a cloudburst, ground fog, blowing dust, or even the first snow of the
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season, may also pose dangers. Opportunities for continuing training could
help the driving public learn how to properly respond to these situations.

A wealth of weather information is available to roadway users today
and even more will be available in the future, but drivers that know what
information is available and how to access and use it are in the minority.
Many know that weather nowcasts and forecasts are available on commer-
cial radio and television but are unaware of other sources, such as from
Web sites or 511 (the telephone number for receiving traveler information,
ultimately to be available nationwide), that provide more detailed data
tailored to their needs. Effective outreach to the driving public is needed to
inform them about new road weather information and tools. As traveler
weather information services evolve the public must become aware of the
opportunity to keep informed about the driving environment and under-
stand their obligation to respond accordingly.

Drivers of commercial vehicles used for long-haul shipping or just-in-
time delivery will need specialized training on how to use enhanced road
weather information to increase safety and efficiencies (and hence a com-
petitive edge) for their companies. This training must address both how to
best operate vehicles in inclement weather and how to interpret weather
information and use it to make optimal decisions. Parallel complementary
training for dispatchers, who make choices about routes and timing for
deliveries, will also be necessary to gain full benefit.

An output of a long-term road weather research program will be the
development of “intelligent agents” that will be embedded in “smart” ve-
hicles and personal information management systems (the successors to
today’s personal data assistants). Such devices will automatically access the
necessary weather data and inform their users in tailored ways that reflect
the user preferences and needs, automatically suggest routes and itineraries,
and free the driver to focus on vehicle operation. The development of such
sophisticated personal tools is unlikely to reduce the need for education and
training—it will just change their nature.

Education and Training of Roadway Maintainers and Operators

A recent study to identify weather information needs for surface trans-
portation showed that within any given surface transportation sector, all
users did not clearly understand how weather information could make a
positive, significant difference in their operations (OFCM, 2002a). The study
also revealed a polarization in user sophistication in using weather data and
in comprehension of how better information could improve operations.
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These findings speak to the need for training of roadway maintainers and
operators on how to use enhanced weather information. Such training will
be critical for successful implementation of improved road weather tech-
nologies and services. Because many meteorological phenomena are highly
seasonal, annual refresher training will be important. Technology now al-
lows many decision support systems to incorporate just-in-time refresher
training, essentially coaching a user through an unfamiliar situation. To be
most effective, educational programs should allow feedback from the users,
enabling evaluation of new road weather products and information and
allowing assessment of the effectiveness of the instruction.

State, county, and municipal employees responsible for road mainte-
nance and construction, emergency management, law enforcement, and
traffic management will need training as new road weather technologies
and tools are deployed. In particular, equipment operators often have little
or no exposure to emerging technology, and therefore may view it as a
threat to their jobs rather than as a tool to help them perform their work
more effectively. Introducing new information and technology to them must
be done incrementally, providing extensive but practical training with user-
friendly displays in a way that allows all workers to understand how their
efforts contribute to solving the overarching problem.

A number of mechanisms are available for training transportation pro-
fessionals on new technologies and tools, including pilot projects, opera-
tional demonstrations, and tabletop exercises,2 all of which allow the users
to test out the new technologies in a real-world setting. Computer training
modules are also emerging as an effective way to train roadway maintainers
and operators. This approach allows for appropriate and understandable
information to be disseminated in a timely manner and can provide a user-
friendly, interactive training interface. Such modules can be made available
on a CD, or the Web, which allows more frequent updates. In fact, a Web
site could be staffed by people who could help users navigate the site and
answer questions pertinent to the users’ immediate needs (see http://
www.comet.ucar.edu/modules/).

Training and education of those responsible for maintaining and operat-
ing the nation’s roads will likely be performed by various public and private

2Tabletop exercises are simulated events that allow emergency managers to practice how
they would coordinate their efforts to respond effectively. These exercises are used for rare
events, such as hurricanes, chemical spills, or terrorist attacks, that require rapid response by
multiple jurisdictions and emergency management entities.
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organizations. Federal oversight would be useful in terms of interagency
coordination, facilitating transfer of knowledge from one state to another,
and identifying user training needs. Because the private sector likely will
play an important role in developing practical applications of road weather
information, it also should be involved in education and training of surface
transportation professionals.

Recommendation: Improve education and training of road weather infor-
mation users.

The road weather research program should incorporate training on the
use of road weather information and technology into driver education
nationwide. This training needs to start with new-driver education and
be reinforced periodically as new technology is introduced or other
circumstances arise, such as when a driver moves to a new region with
a different climate. In commercial settings continuing education on
road weather information is recommended for drivers and dispatchers.
Special efforts are needed in the education and training for such groups
such as road maintainers, emergency managers, and traffic managers.
When new products or decision support tools are deployed, educa-
tional and outreach programs, pilot projects, operational demonstra-
tions, and “table-top exercises” should be conducted on a regional
basis.

RESEARCH SYNERGIES AND EFFICIENCIES WITH
OTHER MODES OF TRANSPORTATION

The federal government currently supports numerous research efforts
on the impact of weather on other modes of transportation, including avia-
tion, rail, and transit. Some of these projects investigate micrometeorologi-
cal problems near the surface. Others have developed tools and techniques
that may be applicable to road weather research. Given the limited fiscal
resources available to support road weather research, it is important that the
road weather research community be knowledgeable of the research being
conducted on other modes of transport, and adopts, adapts, and applies the
results of that research where applicable. Where there is common interest in
a meteorological phenomenon, such as fog, the road weather research
community should collaborate with researchers in the aviation weather
community. It is also likely that important topics in road weather research
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will have applicability to other modes; for example, the removal of ice and
snow from hard-surfaced lanes is applicable to frozen railway switches and
to clearing of snow and ice from airport runways and along city transit
routes (Figure 5-2). Likewise, research on how to detect and predict surface
visibility is applicable to all modes of transportation.

Each transportation mode also conducts research and development fo-
cused on tactical and strategic decision support systems. Techniques for
building these tools, stakeholder interaction, and operational deployment
are needed across all modes of transportation. Some situations, such as
evacuations caused by hurricane landfall or spread of hazardous materials,
require coordination of roadway, air, rail, and transit modes, making it
appropriate to consider all modes when conducting this sort of research.

Lessons can be learned from aviation weather research, which has been
conducted for decades, and has much applicability to all surface transporta-
tion modes. The Federal Aviation Administration’s Aviation Weather Re-
search program has two decades of research results in thunderstorm fore-
casting, icing, visibility, decision support systems, and crosswinds. Other
transportation modes can clearly make use of the accomplishments of this
research. In addition, lessons can be learned from the aviation weather
experience about how to build an interdisciplinary research program with

FIGURE 5-2 Airport runway snowplow. SOURCE: Schmidt Engineering and Equipment,
Inc.
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close ties to operational applications. Given the large investment in aviation
weather that the nation has made in the last decade or so, learning from and
collaborating with the aviation research community should be an early step
in the development of a national road weather research program.

Recommendation: Seek out synergies and efficiencies between road
weather research and parallel efforts regarding other modes of transpor-
tation.

The committee recommends that the road weather research program
routinely monitor research parallel to surface operations in aviation,
rail, and transit to exploit applicable overlap. Many aspects of the pro-
posed road weather research program could benefit research in avia-
tion, rail, and other modes of transportation. Indeed, there are many
synergies and efficiencies to be gained by coordinating research on
meteorological phenomena that affect all modes and on the develop-
ment of decision support resources. In particular the well-established
aviation weather research programs offers many lessons learned that
should be examined by the emerging road weather research program.
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6

Closing Thoughts

Amy is the senior traffic manager for the Dallas–Fort Worth
Metroplex area, the “Golden Triangle” that includes Denton to the
north, Dallas to the southeast, and Fort Worth to the southwest. It is
November 25, 2030, the Wednesday before Thanksgiving, and the
American Automobile Association is predicting that 37 million
people will be traveling 50 miles or more by car; of those, 750,000
are expected in the Dallas–Fort Worth area, and many have already
begun to hit the roads. In her operations center Amy watches a late-
season line of strong thunderstorms move through the area accom-
panied by lightning, heavy rain on the order of an inch per hour,
and winds gusting to 40 mph. Her radar display indicates the heavi-
est precipitation has moved into the metro area. Amy consults her
traffic simulation model that monitors traffic and weather in real-
time and predicts congestion out to three hours; she sees that there
should be no major delays for the millions of people trying to get to
their friend’s or relative’s home to eat turkey and give thanks. Her
suite of traffic cameras confirm the model; upon onset of the heavy
rain, all vehicles have automatically slowed and reconfigured for
optimal traction on wet roads, and the automatic spacing between
the cars has increased. Although the line of storms is narrow, Amy
thinks back to earlier in this century when a line of storms similar to
this would have jammed the already busy freeways and caused
accidents, further compounding the holiday congestion and creat-
ing ripple effects that would have lasted throughout the day. Thank-
ful for the research and technology that now facilitate smooth traf-
fic flow in inclement weather, Amy sits back and relaxes, unworried
by the steady rhythm of rain on the roof of the building.

Copyright © National Academy of Sciences. All rights reserved.

Where the Weather Meets the Road:  A Research Agenda for Improving Road Weather Services
http://www.nap.edu/catalog/10893.html

http://www.nap.edu/catalog/10893.html


154 WHERE THE WEATHER MEETS THE ROAD

Now is the time for a focused research effort to be undertaken that
will allow the road weather system of the future to be realized. An
opportunity exists to leverage the knowledge from analogous programs,
the efforts from existing projects (e.g., intelligent transportation systems,
the Maintenance Decision Support System), and the expertise of the
meteorological and transportation communities in order to improve the
safety and efficiency of a transportation system that is used by millions
of people every single day and is affected by weather every single day.
Decision makers can help achieve the vision of the roadway system of
the future portrayed above and in the earlier vignettes (see Chapter 2)
by capitalizing on the framework provided in this report and bringing
the road weather research program to fruition. Such a program would
be the first of its kind; coming just over 100 years since the automobile
was invented, it is a program that is long overdue.

The advances in knowledge and operational capabilities that could
result from a comprehensive road weather research program such as that
proposed in this report have the potential to improve public safety, eco-
nomic efficiency, security, and environmental quality for the nation. Im-
proved road weather information for the driving public should reduce the
number of weather-related accidents, and the associated fatalities, injuries,
and property damage. At the same time, individual drivers and commercial
trucking operations would be able to find better routes that minimize expo-
sure to weather threats, leading to less time spent on the road and more
efficient shipping practices. Benefits also would be gained by developing
weather information products and decision support tools that would enable
a more cost-effective and optimized operation of the roadway system, from
advanced winter maintenance practices to weather-responsive traffic man-
agement. Other advantages, such as the ability to better respond to chemi-
cal spills on the roadway or reduced environmental impacts from chemicals
used to treat snow and ice on the road, are also likely (Ham and Lockwood,
2002). Although these benefits have not been quantified, they could be
substantial if the proposed road weather research program were imple-
mented to exploit the potential of current and new tools and technologies.

Beyond these direct benefits of improved road weather information and
services, an enhanced understanding of how to address road weather prob-
lems will position the nation to better respond to many other large-scale
socioeconomic and physical changes relevant to the roadway environment.
Indeed, global trends in demographics, the environment, and technology
will affect road transportation dramatically during the next decade. Thus,
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any improvements and efficiencies to be gained in the surface transporta-
tion system, for example, from more strategic responses to inclement
weather, are desirable.

Changes in the demographics of Western industrialized nations include
increased life expectancy, leading to both an increasing and an aging popu-
lation. These changes are compounded by the fact that relatively few new
roadways are being built to accommodate the increasing volume of ve-
hicles on the roadways, and the major road construction changes that are
being undertaken often take on the order of 5 to 10 years to complete. An
additional demographic change is the increase in the number of nonnative
English speakers and non-English-speaking individuals. The proposed road
weather research program will help alleviate some of the difficulties of these
demographic changes with better traffic management, improved weather
forecasting, human factors research, and vehicle telematics.

The population distribution is another demographic trend that will re-
quire attention over the next decades. Per capita vehicle ownership contin-
ues to increase while populations continue to disperse away from major
urban centers. The result of these trends is ever greater volumes of vehicles
to carry commuters to and from work. For example, from 1980 to 1990, 22
million drive-alone workers were added to the roads while car-pooling rates
dropped sharply (NRC, 1998). The high speeds and close spacing of ve-
hicles on the approaches to major urban centers provide the ingredients for
accidents involving large numbers of vehicles as soon as conditions deterio-
rate. Indeed, the last decade has seen an increasing number of very large
multivehicle accidents, sometimes involving on the order of a hundred
vehicles, brought on by a sudden drop in visibility due to fog or in traction
due to ice and snow. Integrated intelligent transportation systems solutions
have been devised that can reduce these risks substantially, for instance,
with on-vehicle safety applications that enable closer spacing and auto-
mated braking. However, mass production of affordable vehicles with this
technology is some time away, and it will be longer still before a sufficient
proportion of vehicles are equipped.

Environmental considerations have preoccupied the road transporta-
tion community for decades already, resulting in large reductions in vehicle
emissions that cause air pollution. In response to global climate change, the
transportation community is making additional technological changes in
vehicles to reduce emissions of greenhouse gases, largely through the de-
velopment of hybrid vehicles and hydrogen fuel cells. However, hydrogen
fuel cells emit only water vapor, which could substantially impact the mi-
crometeorology of the roadway environment with fog development or for-
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mation of black ice on the roadway. The proposed road weather research
program will facilitate the observation and modeling of the microscale
roadway environment, which will improve understanding of fog and ice
formation in the complex roadway environment, and it will help roadway
operators and maintainers manage these conditions with improved forecast-
ing and vehicle telematics.

Technological solutions from the intelligent transportation systems com-
munity will provide many of the required future solutions. Open systems
and common standards for vehicle systems and the road infrastructure across
the entire continentwide road system will help North America remain com-
petitive in the global marketplace. But, technology alone will not be enough
to attain the full benefits of improved road weather information and ser-
vices. Transportation professionals will need to continue to move more
aggressively from maintaining the system to managing it proactively, and
using current and forecast weather data to anticipate the effects of weather
on traffic flow is absolutely necessary to do that. Very careful planning and
management will be required to ensure effective application of the intelli-
gent transportation systems, sophisticated meteorological solutions, and
other technologies. Part of that effort will have to go toward planning on a
longer timescale to assess the potential impacts of these and other global
trends. Longer-timescale problems require longer lead times to solve, mak-
ing their early detection all the more crucial. Careful planning combined
with focused road weather research will help the nation overcome the
transportation challenges of the coming decades.
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A

Statement of Task

This study will examine the research opportunities and required ser-
vices needed to support improved weather-related information for the
nation’s roadways. It will investigate the current state of knowledge regard-
ing road weather conditions (observed and predicted) and recommend key
areas of research to enhance operational production of weather-related
information for roads. In addition, it will identify possible agency require-
ments and the observational, computing, and communication infrastructure
needed to best provide this information to users. It will have a practical
focus, stressing not just research opportunities but how to make this infor-
mation useful for improved operations and implementation. In essence, the
study will provide a framework and recommendations to engage the trans-
portation and weather communities (and other stakeholders) in the develop-
ment of a strategic plan to guide road weather research and, where appro-
priate, surface transportation more generally. Topics to be addressed will
include:

1. Briefly describe the nature and scope of road weather issues and
general economic impacts.

2. Characterize the current state of road-related weather research, in-
cluding status of ongoing Federal Highway Administration activities and
other federal and state activities, status of activities within the meteorologi-
cal community, and challenges presented by the interdisciplinary nature of
the problems.

3. Identify gaps in the scientific knowledge base needed to support
improved weather-related information for roadways and recommend re-
search areas to increase understanding of weather specific to roads.
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4. Discuss how research can be designed so it clearly supports opera-
tions and leads most efficiently to practical applications and discuss the
scientific and technical feasibility of developing useful weather information.

5. Identify needs within the meteorological infrastructure that would
be necessary to establish effective road weather research and operational
capabilities.
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ing program activities with field personnel. Mr. Pape represents the depart-
ment on several state, national, and international committees and has served
as the chair of Aurora, an international group engaged in research, develop-
ment, and implementation of advanced road and weather technology.

Leland Smithson is the Snow and Ice Cooperative Program coordinator for
the American Association of State Highway and Transportation Officials
(AASHTO). He recently retired from the Iowa Department of Transporta-
tion, where during his 45-year career he was director of various offices in
research, maintenance, planning, and administration. Mr. Smithson has
extensive highway maintenance experience and has been active in highway
maintenance research, serving on the Board of Directors of the Iowa High-
way Research Board. He was a founding member and chairman of the
Aurora Consortium, an international group engaged in research, develop-
ment, and implementation of advanced road and weather technology. Mr.
Smithson is currently developing a computer-based training program for an
anti-icing, road weather information system for the AASHTO Technical
Services Program. He chairs the Research Focus Group for the association’s
Highway Subcommittee on Maintenance. He is a graduate of Iowa State
University with a B.S. degree in civil engineering and an M.S. degree in
transportation engineering. He is a licensed professional engineer in the
State of Iowa.

Richard Wagoner is deputy director and program development manager for
the National Center for Atmospheric Research’s Research Applications Pro-
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gram. Mr. Wagoner has directed the design and implementation of dozens
of weather decision systems around the world, based on advanced science
and technology, and has pioneered the system design referred to as Intelli-
gent Weather Systems. He also has been instrumental in diversifying the
scope of the Research Application Program’s research and development
activities by developing new programs in the areas of intelligent transporta-
tion systems, agriculture, and the military. He served with the National
Weather Service as deputy chief of the Scientific Services Division in the
western region headquarters in Salt Lake City, Utah, as area manager for
Northern California in San Francisco, and as chief of the Operations Divi-
sion at the headquarters. Most recently he facilitated the design and imple-
mentation of three major programs: the Cooperative Program for Opera-
tional Meteorology Education and Training, the Local Data Analysis and
Distribution System, and the Federal Aviation Administration’s Aviation
Weather Research Program. Mr. Wagoner received B.S. and M.S. degrees in
meteorology from Texas A&M University. He is a fellow of the American
Meteorological Society.

Staff

Amanda Staudt is a program officer with the Board on Atmospheric Sci-
ences and Climate of the National Academies. She received an A.B. in
environmental engineering and sciences and a Ph.D. in atmospheric sci-
ences from Harvard University. Her doctorate research involved developing
a global three-dimensional chemical transport model to investigate how
long-range transport of continental pollutants affects the chemical composi-
tion of the remote tropical Pacific troposphere. Since joining the National
Academies in 2001, Dr. Staudt has staffed the National Academies review
of the U.S. Climate Change Science Program Strategic Plan and the long-
standing Climate Research Committee. Dr. Staudt has also worked on stud-
ies addressing air quality management in the United States, research priori-
ties for airborne particulate matter, the NARSTO Assessment of the
Atmospheric Science on Particulate Matter, and weather forecasting for
aviation traffic flow management.
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Presentations to the Committee

Edward E. Adams, Montana State University: Pavement Thermal Model
Overview

Bob Baron, Baron Services, Inc.: WxWorx
Stanley G. Benjamin, Forecast Systems Laboratory: Lessons Learned from

ACARS for Instrumenting Surface Vehicles
S. Edward Boselly, Washington State Department of Transportation: Weather

Research Needs: Highway Maintenance
Ray Derr, Transportation Research Board: Federal and State Highway Re-

search Programs
Ian Ferrell, Microsoft Corporation: Wireless Communication with Drivers
Robert Hallowell, MIT Lincoln Laboratories: Winter Weather Road Condi-

tion and Treatment
Jonathan M. Hankey, Virginia Tech Transportation Institute: Driving in In-

clement Weather
Eldon L. Jacobson, Washington State Department of Transportation: 511

Introduction
Henry Lieu, Federal Highway Administration: Weather and Traffic Simula-

tion Models
Jonathan Lister, Vaisala: Roadway Sensor Technology
Clifford F. Mass, University of Washington: Delivering High-Resolution

Weather Information for Washington State Roadways
Ronald Miller, Ford Motor Company: In-Vehicle Telematics
Joseph Perrin, Jr., University of Utah: Signal Timing during Inclement

Weather
Paul Pisano, Federal Highway Administration: Overview of the Road

Weather Management Program
Shelley J. Row, Federal Highway Administration: Surface Transportation

and Weather
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Larry Senn, Washington State Department of Transportation: WSDOT
Weather and Traffic Information

Harold Smith, Iowa State University: Impact of Weather on Pavement
Timothy Spangler, COMET: Cooperative Program for Operational Meteo-

rology, Education and Training
Richard C. Steed, University of Washington: Delivering High-Resolution

Weather Information for Washington State Roadways
Andrew D. Stern, Mitretek Systems, Inc.: The Maintenance Decision Sup-

port System: Project Overview
Jielun Sun, National Center for Atmospheric Research: Boundary Layer

Meteorology
Jerry R. Waldman, Surface Systems, Inc.: Transportation Weather and ITS

Integration
Samuel P. Williamson, Federal Coordinator for Meteorological Services and

Supporting Research: Weather Information for Surface Transportation
Chester G. Wilmot, Louisiana State University: Emergency Evacuation
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