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Abstract: Traditional techniques of monitoring roadway mobility during winter weather have relied
on embedded road sensors, roadside cameras, radio reports from public safety staff, or public
incident reports. However, widely available connected vehicle (CV) data provides government
agencies and media with a unique opportunity to monitor the mobility impact of inclement weather
events in near real-time. This study presents such a use case that analyzed over 500 billion CV records
characterizing the spatial and temporal impact of a winter storm that moved across the country
from 21 to 26 December 2022. The analysis covered 97,000 directional miles of interstate roadway
and processed over 503 billion CV records. At the storm’s peak on 22 December at 5:26 PM Eastern
Time, nearly 4800 directional miles of interstate roadway were operating under 45 mph, a widely
accepted indicator of degraded interstate conditions. The study presents a methodological approach
to systematically assess the mobility impact of this winter event on interstate roadways at a national
and regional level. The paper then looks at a case study on Interstate 70, a 4350 directional mile
route passing through ten states. Statewide comparison showed Ohio was most impacted, with 9%
of mile-hours operating below 45 mph on 23 December. High-Resolution Rapid Refresh weather
data provided by the National Oceanic and Atmospheric Administration was integrated into the
analysis to provide a visualization of the storm’s temporal path and severity. We believe the proposed
metrics and visualizations are effective tools for communicating the severity and geographic impact
of extreme weather events to broad non-technical audiences.

Keywords: interstate mobility; extreme weather; media; tv broadcast winter weather; connected
vehicles; big data

1. Introduction

Winter weather annually accounts for about 23% of non-recurrent travel delays on
highways, and results in an estimated 544 million vehicle-hours of delay [1]. The Federal
Highway Administration (FHWA) reports that, on average, freeway speed reductions may
range from 3 to 40 percent for varying snow intensities, and carry associated capacity
reductions ranging from 4 to 27 percent [1]. Historically, evaluations of the impact of
winter storms on roadway mobility by state or local departments of transportation (DOT)
have relied on embedded road sensors, roadside cameras, motorist reports or maintenance
personnel reports. However, at the state or national level with nearly 100,000 directional
miles of interstate roadway to be managed and maintained, these reporting procedures
do not easily scale. On the other hand, media reports have traditionally leveraged fixed
roadside cameras, mobile vans or weather station data to report on prevailing weather and
roadway conditions and warn the motoring public of unsafe driving conditions. These
reports often only present an instantaneous spatial and temporal snapshot of conditions
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which may not reflect the actual conditions outside of these reporting locations due to the
ever-changing nature and unpredictability of weather fronts. Neither agencies or media
routinely provide well-defined quantitative data on the severity, duration and geographic
impact of extreme weather events.

Access to emerging sources of connected vehicle (CV) data from vehicles actually
traversing the roads during such weather events presents potential opportunities for
continuous real-time tracking of roadway mobility. This paper proposes a series of metrics
based upon CV data that we believe are useful for both agencies and media to use. We
illustrate their utility using a case study based upon a winter weather event associated
with an intense arctic cold front for 21–26 December 2022 that impacted a large swath
of the United States, placing more than 200 million people under some form of winter
weather advisory or warning [2,3]. Significant temperature drops, lake-effect snowfall and
blizzards, along with winds gusting to 72 mph, caused transportation delays across the
nation, leading to flight cancellations, power outages, stranded motorists and dangerous
driving conditions [3]. Multiple sections of interstates reported closures during the period of
this winter storm, including I-70 in Colorado [4], the Ohio turnpike [5], I-90 in Washington
State [6], I-90 in New York State [7] among others. Freezing temperatures were observed
as far south as Texas and Florida, and multiple states sent out road condition warnings
and alerts to their residents. Owing to the associated nationally widespread weather and
travel impacts, the analysis presented in the sections that follow focuses on this particular
winter storm.

2. Historical Winter Weather Mobility Data

A broad spectrum of data collection and analysis techniques have been utilized by
researchers and agencies in the past to monitor the impacts of winter weather events on free-
way mobility. A comprehensive study of 64 winter storm events leveraging Road Weather
Information System (RWIS) stations and automatic traffic recorders (ATR), collected hourly
traffic volumes over three winter seasons from 1995 to 1998, and seven selected interstate
data collection locations in Iowa showed that vehicle volumes were significantly reduced
during winter storm events, with volume reductions ranging from about 16 to 47 percent [8].
Mobile video collection trailers were utilized shortly after during the 1998–1999 winter
season in Iowa to record traffic flow characteristics from a fixed site location selected on
I-35 [9]. Crowdsourced travel time data based on motorist call-ins, loop detectors and
incident reports, archived for road segments in the Washington, D.C. region from December
1999 to May 2001, were utilized to evaluate the impacts to traffic flow caused by weather
events [10]. As recently as 2012, permanent count station data coupled with RWIS station’s
data were utilized to quantify and model mobility impacts of winter weather on a selection
of 21 maintenance routes in Ontario, Canada over a three-year period [11]. Similarly, loop
detector data available at selected road sections have been leveraged by researchers in the
past to calibrate microscopic simulation models aimed at modeling the travel time impacts
of winter weather [12,13].

The above datasets, while effective in evaluating traffic flow characteristics at selected
locations, do not provide quick and easy to understand system level performance measures
at scalable costs that are useful for agency decision makers in communicating the severity,
duration, and geographic impact of a storm in a systematic manner. A recent review
study, looking at intelligent transportation systems and their benefit to reducing roadway
mobility impacts due to adverse weather, observed that spatially constrained or location-
specific fixed infrastructure monitoring solutions, such as RWIS, are cost-prohibitive for
accomplishing system-level monitoring goals [14]. A 2019 study that surveyed 31 state
departments of transportation (DOT) observed that reports by maintenance personnel,
traffic cameras and accounting records were among the most common methods used by
them to measure winter maintenance performance, and that a majority (68%) of state
DOTs that responded indicated that their road condition reports were meant only for
internal use [15].
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3. Emerging Connected Vehicle Data Opportunities

A 2015 study of Indiana Interstates introduced the ‘Congestion Ticker’ as a real-
time segment-based probe data dashboard to track interstate mobility during summer
construction, as well as inclement winter weather [16]. Since then, real-time segment-
based probe data have been leveraged extensively in multiple states, including Indiana,
Iowa, New Jersey, Wyoming and in the Pacific Northwest, among others, to monitor the
impact of winter storms on road travel, conduct after-action reviews on the effectiveness,
and planning resource allocation strategies for winter maintenance operations, as well
as improving traveler information [17–22]. Segment-based datasets such as the National
Performance Management Research Data Set (NPMRDS) have been utilized recently by
state and local agencies and practitioners to generate multi-state mobility performance
measures to monitor passenger and freight travel [23,24]. While such datasets offer much
broader coverage than traditional equipment intensive data collection techniques, they may
yet suffer from over or under representativeness issues stemming from coarse segment
lengths, which tend to wash out localized traffic flow characteristics. Secondly, such
data often suffers from inherent latency involved in the pre-processing of segment level
aggregated speeds is well documented by the existing literature [25–28], and thus may face
potential issues for use in real-time operational decision making.

Emerging near real-time CV trajectory-level data provides far greater detail on indi-
vidual passenger vehicle journey waypoints, and thus alleviates any over or underrepresen-
tation concerns. Researchers have already demonstrated local or state-level examples of the
versatility and sufficient representativeness of this CV trajectory data for use in assessing
data coverage and filling gaps in traffic counts [29–32], monitoring mobility and safety
through construction work zones [33–37], movement-level detection and performance mon-
itoring at signalized intersections [38–41], and observing human mobility dynamics [42–44].
A pair of recent reports have built upon these methodologies and evaluated the usability of
nationally available CV data sets at representative penetration rates towards analyzing the
safety and mobility impacts of summer work zone construction as well as winter storm
events on interstate travel in the United States [45].

CV data has the potential to provide a ubiquitous solution for stakeholders looking
to monitor interstate mobility in near real-time while minimizing reliance on traditional
sensor-based infrastructure. While many studies have analyzed interstate mobility impacts
due to inclement winter weather at the state or local level, there is significantly limited
research at evaluating and quantifying the mobility impacts of winter weather at a national
or even a multi-state scale. This study aims to address this research gap by providing a
first of its kind national evaluation of a major winter storm event from December 2022, and
its impact on interstate mobility that may serve as a framework for such future evaluations
and add to the state of the practice. Winter storms with a widespread spatial and temporal
footprint often require coordinated efforts at the federal level and among neighboring state
agencies to ensure an effective response to maintain an acceptable freeway mobility level
of service, and a consistent and representative data source to monitor freeway mobility is
an essential requirement for such situations.

4. Objectives and Scope

The scope of this study is to develop and present methodologies, visualizations and
performance measures using CV data to scalably quantify the impact of winter storms on
interstate mobility. The two main objectives of this study are described as follows:

1. To propose metrics that define the severity, duration and geographic impact of winter
weather on interstate mobility using CV data that can be used by decision makers and
media to monitor national, state and route level mobility.

2. To propose integrated visualizations of CV speeds and weather data to communicate
these metrics to decision makers and the general public.

The sections that follow describe the study location and the CV data used for the
analysis in detail, followed by a summary of the national-, state- and route-level visual-
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izations developed to assess interstate mobility, concluding with a case study of I-70, one
of the more significantly impacted interstate corridors by the winter storm from 21 to 26
December 2022.

5. Study Location

The US Interstate Highway System across the 48 contiguous states and the District of
Columbia, more than 97,000 directional miles long, was chosen as the study location for
this paper. Figure 1 shows an overview of this system with 1036 unique pairs of states and
interstate routes (Indiana I-65 for example). This represents more than 500 unique interstate
routes (I-65 for example), with 202 routes spanning multiple states and 326 routes spanning
a single state. I-90 is the longest cross-country route at 6174.4 directional miles, while I-95
passes through the highest number of states at 16 stretching from Maine at its northern
end to Florida at its southern end. Interstate routes in the state of Hawaii (namely H-1,
H-2, H-3 and H-201) were excluded, as the winter storm under analysis did not appear to
impact travel in the region. The state of Alaska does not host any interstate routes and was
hence excluded from the analysis. The entire study location was segmented into 0.1-mile
sections to allow for aggregate analysis at any desired geographic level ranging from local
to national. The ten longest interstates in the country have been specifically called out in
Figure 1 for geographical context.
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6. Connected Vehicle Data

CV data obtained from a third-party commercial data provider, available at 1–3 s fre-
quency, and approximately 3 m geolocation accuracy, were utilized for this study. Previous
studies have shown this dataset represents a typical penetration rate of 4–5% [46–48]. The
national CV dataset consisted of approximately 503 billion records. Each CV trajectory
waypoint has an associated anonymized trajectory identifier, timestamp, geolocation, speed
and heading, which enabled assignment and spatial referencing to a particular direction
of travel.

7. Connected Vehicle Data Curation—Segment Speed and Counts

Previous studies have established and described in detail systematic techniques to
spatially reference CV trajectory waypoint data to roadway mile markers. These techniques
were built upon and extended to a national scale for the US Interstate Highway system to
arrive at a linearly referenced CV waypoint dataset, with each pertinent waypoint having
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an associated state, interstate route and mile marker assignment. Following this geospatial
joining process, an aggregated dataset of interstate mile markers and median speeds for
each 1 min period for the month of December 2022 was prepared for the entire study
location. This processing reduced the 503 billion records covering all roads in the US over
31 days to 59 billion GPS position records covering 97,000 directional miles of interstates.
These data were then aggregated with a 0.1 mile resolution at 1 min intervals. In total,
approximately 16 billion records covering the 0.1 mile segments over 31 days in December
were generated. The 0.1 mile segments were used to aggregate counts of vehicles in those
segments on a minute-by-minute basis, as well as computing the median speed.

8. Connected Vehicle Data Curation—Vehicle Miles Travelled

Vehicle miles traveled (VMT) is a commonly used and well recognized measure for
monitoring interstate travel trends. While VMT was traditionally documented by fixed
traffic counters or recorders on major roadways, leaving room for potential underrepresen-
tation of local traffic, ubiquitously available CV data allows for a more accurate estimation
of VMT through continuous monitoring along an entire route as opposed to values recorded
only at selected locations with detection equipment. Figure 2a shows a minute-by-minute
visualization of VMT on the US Interstate System for the month of December 2022, col-
orized by nine geographic divisions made up of 48 US States and the District of Columbia.
The U.S. Census Bureau [49] has defined these divisions and the corresponding component
states as follows: New England (CT, ME, MA, NH, RI, VT), Middle Atlantic (NJ, NY, PA),
East North Central (IN, IL, MI, OH, WI), West North Central (IA, KS, MN, MO, NE, ND,
SD), South Atlantic (DE, DC, FL, GA, MD, NC, SC, VA, WV), East South Central (AL, KY,
MS, TN), West South Central (AR, LA, OK, TX), Mountain (AZ, CO, ID, NM, MT, UT, NV,
WY) and Pacific (AK, CA, HI, OR, WA). The states of Hawaii and Alaska were excluded
from the Pacific division, as explained in the preceding text. Interstates in the state of Texas
(West South Central) show the highest daily VMT. Notably, the substantial decline in VMT,
beginning nominally around 21 December 2022 (callout i), aligned with the start of the
major winter storm event.

A widely accepted indicator of degraded interstate conditions is median speeds
dropping below 45 mph [50]. Figure 2b shows a corresponding visualization of the miles
of interstate operating below median speeds of 45 mph every minute. Clear patterns of
recurring weekday and weekend traffic are visible for the first three weeks of the month.
Beginning on 22 December, a non-recurring pattern is observed with periods of sustained
interstate miles operating below 45 mph due to the impact of the winter storm. The East
North Central and East South Central divisions, home to a number of states in the Midwest
and South, show significantly sustained periods of interstate miles operating below 45 mph,
as shown by Figure 2b, thus pointing to the winter storm’s impact on interstate mobility.
The underlying data on interstate VMT and miles operating below 45 mph by minute for
December 2022, categorized by the nine geographic divisions for the contiguous US, have
been made available via a public repository [51].
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45 mph.

9. State Level Interstate Mobility

For a performance measure that can effectively represent interstate mobility for a US
state, observed mobility conditions across all interstate routes present in the state need
to be meaningfully aggregated. This section of the study excluded three-digit interstate
routes representing beltways around major cities or supplemental radial and spur routes
(I-465 around the city of Indianapolis, Indiana, for example), so we could focus on national
mobility trends that would not skew weighting toward large urban areas. This reduced the
number of directional interstate miles from approximately 97,000 to 86,000. However, these
techniques could easily include all 97,000 miles of interstate routes.

Median CV speeds at 1 min frequency and 0.1 mile fidelity along 86,000 miles of major
interstate routes (one or two digit) were tabulated. When these median speed records for
all miles of major interstate routes in a state are combined for the week into a distance
weighted measure with units of mile-hours [50], a representative value can be generated
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for the percent of major interstate route mile-hours in a state that operated below 45 mph
for a chosen time period. Figure 3a,b show these percentage values for the 48 US States
and DC for the weeks of 12–18 December 2022 (week before) and 19–25 December 2022
(week of winter storm), respectively. Figure 3 clearly depicts a number of states in the
northern half of the country experiencing much higher percentages of major interstate
route mile-hours, operating below 45 mph in the week of the winter storm compared to the
week prior. The five states that showed the highest percentage increase in major interstate
route mile-hours, operating below 45 mph in the week of the storm compared to the week
prior, were Ohio (+1.87%), Kentucky (+1.31%), Delaware (+1.15%), Michigan (+1.10%)
and Minnesota (+0.93%). States in the northeast appear to show similar percentages of
mile-hours, operating below 45 mph in both weeks as they experienced a significant winter
storm event in the week prior (on 17 December), in addition to the 21–26 December winter
storm event chosen for this analysis. While only 19 states showed greater than 1% of mile-
hours operating below 45 mph in the week prior to the storm, that number had increased
to 23 during the week of the winter storm.
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10. Cross Country Route Level Interstate Mobility

Having presented comparisons of interstate mobility at the state level, the next geo-
graphic level of aggregation of interest to practitioners or state and local agencies focuses on
evaluating interstate mobility along cross country corridors. Recent studies have presented
CV heatmaps that represent the spatial and temporal mobility along a chosen multi-state
corridor [45]. Figure 4 shows visualizations that present a summary graphic for the percent-
age of directional route miles operating below 45 mph at a given instant. For each 1 min
time period depicted on Figure 4a,b (week before and week of winter storm, respectively),
a proportion of the number of 0.1 mile route segments operating below 45 mph out of the
total length of the route are plotted. These visualizations were derived from approximately
3.7, 2.0, 1.6, 1.9, and 2.0 billion GPS records for I-10, I-40, I-70, I-80 and I-90, respectively.
For consistency, visuals for each route are plotted in Eastern Standard Time. Recurring
patterns (shown by callout I for I-10 as an example) during the morning and evening hours
are visible for most routes pointing to commuter activity causing slower speeds.
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The five interstate routes chosen for this visualization represent the five longest routes
in the country in terms of directional miles. For the week of 12–18 December, each route
shows expected recurring patterns of slow-moving traffic during the morning and evening
hours, potentially attributable to commuter activity (callout i on Figure 4a for example).
I-10 and I-40, the third and fourth longest interstate routes mainly traversing the southern
half of the country, appear relatively unimpacted for the week of December 19–25 and
mimic conditions from the prior week. However, I-70, I-80 and I-90, primarily traversing
states in the northern half of the country, each show non-recurring patterns of sustained
periods where a high percentage of the route operates below 45 mph, pointing to the winter
storm event significantly impacting interstate traffic.

11. Interstate 70 Case Study

Based on the mobility impacts seen on cross country routes in Figure 4, I-70 and
I-90 appear to be the two most impacted routes by the winter storm on account of the
highest sustained proportion of the route operating below 45 mph. I-90 has a number of
tolled sections through the states of Illinois, Indiana, Ohio, New York and Massachusetts,
accounting for over 25% of the total route length. Not all I-90 tolled sections are open road
tolling with a number of gated tolls that impact segment speeds significantly. There are
only two tolled sections of I-70, one from New Stanton to Breezewood in Pennsylvania,
where the interstate overlaps with I-76 on the Pennsylvania Turnpike, and the second from
Topeka to Bonner Springs in Kansas. Together these sections account for less than 6% of
the total route length.

Recent studies have leveraged publicly available weather data from the National
Oceanic and Atmospheric Administration (NOAA) to demonstrate the impact of precip-
itation, including rain intensity on interstate traffic speeds [52,53], predicting roadway
visibility [54], forecasting road temperatures [55], and evaluating impacts of weather fore-
cast accuracy on driver commutes [56], among others. Figures 5 and 6 represent integrated
visualizations using similar High-Resolution Rapid Refresh (HRRR) weather data (precipi-
tation rate and temperature, respectively), as well as instantaneous median speeds recorded
on every 0.1 mile section of I-70 for the ten US States it passes through. A snapshot of
conditions is presented by the four subfigures as of noon Eastern Standard Time (EST) daily
from 21–24 December to show the progression of the winter storm from west to east, as
well as corresponding I-70 traffic conditions.

Figures 5d and 6d clearly show conditions on I-70 in the state of Colorado improving
back to free flow speeds as precipitation receded and warmer temperatures returned to the
region. However, median speeds on I-70 in Ohio, remaining below 45 mph, point to the po-
tential impact freezing temperatures, in addition to precipitation, had on freeway mobility.
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11.1. I-70 Congestion Indices by State

Normalized congestion indices provide an important tool to compare mobility impacts
across routes of different lengths [50]. This study has used the congestion index concept to
report the percentage of interstate mile-hours operating below 45 mph to quantify mobility
on an interstate route. Figure 7 shows this percentage value for I-70, categorized and pareto
sorted by each of the ten states it passes through. Values in black indicate the percentage
value for the week of 12–18 December, while those in red indicate an increase, if any, in the
week of 19–25 December. I-70 in Ohio clearly shows a significant jump from about 0.5% in
the prior week, to about 3% during the week of the storm, roughly indicating a six-fold
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deterioration of interstate travel conditions. A speed threshold of 45 mph, as stated earlier,
was utilized to define congested conditions.
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11.2. I-70 Miles of Interstate Operating below 45 mph by State and Time over One Week

Figure 8 represents a subset of the national interstate mobility overview shown in
Figure 2b by only focusing on miles of I-70 operating below 45 mph for the analysis period
of 19–26 December 2022, colorized by each US State that I-70 passes through from Utah at
its western end, to Maryland at its eastern end. This visualization effectively shows the
order in which the winter storm progressed from state to state, with Colorado first seeing
the highest impacts from the evening of 21 December to the late hours of 22 December
(callout i), followed by Ohio from the early hours of 23 December through the late hours of
24 December (callout ii) as the storm moved eastward. As shown by the secondary axis to
the right, at its peak, the winter storm impacted as much as 3% of the entire length of I-70
on the evening of 22 December.
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11.3. I-70 Miles of Interstate Operating below 45 mph for Ohio in December

Figure 9 shows an overview of I-70 mobility for the month of December 2022, specif-
ically in the state of Ohio, the most impacted state as evidenced by Figure 8. Recurring
weekday and weekend patterns of interstate miles operating below 45 mph are easily
discernible from Figure 9a, as well as daily aggregated mile-hours operating below 45 mph,
as shown by Figure 9b. A secondary axis on the figure shows the percentage of I-70 miles
in Ohio operating below 45 mph. At the winter storm’s peak, almost 18% of I-70 miles in
Ohio were operating below 45 mph, which corresponds to about 9% of daily mile-hours
operating below 45 mph. Excluding the winter storm period, I-70 in Ohio only witnessed
about 2–3% of miles operating below 45 mph thus indicating that the winter storm caused
about six times the mobility impact on I-70 compared to the rest of the month.

The visualizations presented by this analysis thus show how national CV data can be
leveraged to scalably evaluate the quantitative impacts of winter storm events on interstate
mobility at the national, multi-state, state and route level.
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12. Conclusions

This study examined over 503 billion CV records to present a summary analysis of the
impact on interstate mobility for 97,000 directional miles of interstates across 48 US States
and DC, resulting from a major winter storm event for the duration of 21–26 December 2022
that affected nearly a third of the US population. Scalable methodologies were proposed to
meaningfully aggregate billions of CV data points into tractable national and state level
visualizations (Figures 2 and 3) to comparatively assess mobility impacts on interstate
routes. Cross country route-level visualizations were also presented to demonstrate the
temporal impact of a storm across an entire interstate route end to end, and easily help in
delineating recurring morning and evening slow-moving commuter traffic patterns from
non-recurring traffic operating below 45 mph due to inclement weather events (Figure 4).

These system level visualizations were able to quantify the severity, duration and
geographic impact during a 21–26 December winter storm. The analysis concludes by
presenting a case study of interstate mobility for I-70 and the ten states it passes through,
from Utah at its western end, to Maryland at its eastern end. At the storm’s peak, nearly 3%
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of the 4350 total directional route miles across ten states and nearly 18% of the directional
route miles in the state of Ohio alone were found to be operating below 45 mph, thus
highlighting the significant national and regional mobility challenges posed by this storm
(Figures 8 and 9a).

The techniques proposed by this study will aid stakeholders, practitioners and emer-
gency management agencies in systematically quantifying and documenting the mobility
impacts of inclement weather events on interstate travel for near real-time operational
decision making, as well as for after-action reviews. The percentage-based metrics and
visualizations used throughout the analysis present a systematic way for practitioners at
the federal, state or local level to comparatively assess roadway mobility performance
irrespective of the magnitude of route miles to be analyzed. The widespread availability
and growing penetration rates of CV data offer spatially and temporally unrestricted op-
portunities for continuous traffic monitoring on any functional class of roadway, which
may traditionally have only been possible by time, cost and labor-intensive, sensor-based
intelligent transportation system infrastructure. Although the contents of this study specifi-
cally focus on interstate routes in the United States, the methodologies, visualizations and
performance measures proposed are easily scalable to a route of any functional classification
provided the availability of CV data.
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