PRECIPITATION AND FATAL
MOTOR VEHICLE CRASHES

Continental Analysis with High-Resolution Radar Data
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Precipitation, even at light intensity, contributes a significant risk of fatal motor vehicle

crashes across the United States, at nearly all times of day, and in all seasons.

ccording to the Fourth National Climate Assess-

ment (USGCRP 2018), “observed increases in

the frequency and intensity of heavy precipita-
tion events in most parts of the United States are
projected to continue.” Among the many public
health concerns that these climatic changes portend
is the impact on transportation safety (Pisano et al.
2003), as evidence suggests an increased frequency
of fatal and nonfatal vehicle crashes associated with
precipitation events. Motor vehicle traffic fatality is
one of the leading causes of injury death across all
age groups in the United States (National Center for
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Health Statistics 2017), so understanding the risk of
injury attributable to precipitation events is impor-
tant. Adverse weather has implications for postcrash
care management as well, affecting the response time
for emergency medical professionals responding to a
crash (Flanigan et al. 2014).

While numerous studies have investigated the link
between rainy conditions and motor vehicle acci-
dents, most have relied on either police reports (Saha
etal. 2016) or station-based observations at the hourly
to daily time scales, which require the assumption of
a degree of homogeneity across time and space (Black
et al. 2017; Andrey 2010; Andrey and Yagar 1993). A
study area (e.g., a city or state) will be assumed to be
uniformly wet or dry for a period that typically spans
several hours. Precipitation varies on notoriously
small temporal and spatial scales (Stow and Dirks
1998; Hrachowitz and Weiler 2011), so error can be
introduced by using station observations even a few
kilometers away that do not reflect conditions at the
actual crash site (Fig. 1). For example, regarding an
entire city as having experienced a rain event, when
the reality is that 20%-30% of the area remained dry,
can lead to overestimation in the risk of rainfall by
attributing all of the crashes in the area to rain that
may not have actually fallen everywhere. Jaroszweski
and McNamara (2014) used radar estimates of pre-
cipitation to determine if an area is wet or dry. They
deemed a city to have experienced a rain event if radar
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FiG. I. (top) NEXRAD-indicated precipitation rate at the time of a fatal crash
(shown by the white dot) in Georgia. The nearest hourly weather station
is located several kilometers to the southeast (red dot) and reported no
precipitation for the entire day of the crash. (bottom) NEXRAD-indicated
precipitation rate during each 5-min period surrounding the same fatal crash.
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indicated that rain had fallen on more than 70% of
the area for all of a 3-h period. Such an approach is
necessary if one is to employ a matched-pair analysis,
but runs the risk of attributing crashes in as much as
30% of the city to rain that never fell.

The availability of high-resolution radar data gives
us the unique ability to determine prevailing meteo-
rological conditions at the time and location of a fatal
crash. Sun et al. (2011) used Next Generation Weather
Radar (NEXRAD) data to study the effect of rainfall
at high-resolution on several stretches of roadway in
Louisiana and found a strong relationship between
persistent rain and the risk of numerous types of

crash. Other studies have used radar-derived esti-
mates of precipitation to examine the risk of traffic
crashes over the course of a day (Tamerius et al. 2016)
and found a clear diurnal signal that suggests a higher
weather-related risk during periods of heavier traffic.
Virtually all previous work agrees on an increase

in the relative risk of a crash during precipitation, but
the magnitude of the increase ranges widely, from as
low as 1.10 (a 10% increase in the likelihood of a crash)
to as high as 1.76 (Black and Villarini 2019). In this
analysis, we combine two nationally representative
datasets to obtain information on 1) time and precise
location of every reported fatal crash in the United
States and 2) estimates of

actual precipitation condi-
tions at the time and loca-
tion of the fatal crash for the
continental United States.
Previous studies using
high-precision precipita-
tion data for fatal crashes
have focused on regional
or local scales (Jaroszweski
and McNamara 2014;
Perrels et al. 2015). The
National Oceanic and
e Atmospheric Administra-
tion’s (NOAA) NEXRAD
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reanalysis (Nelson et al.
2017) provides a unique
opportunity to study these
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relationships for the en-
tire continental United
States over a 6-yr period.
Given the availability of
data at such a fine spatial
and temporal resolution
(0.01° x 0.01°, 5 min), we
seek to investigate the effect
of precipitation that is ac-
tively falling (or not) at the
time of a crash, rather than
the after-effects such as a
wet or icy road. While pool-
ing statistics still allows
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for analyses grouped by
time and space, the high
resolution of this dataset
enables us to consider the
weather conditions specifi-
cally matched to each indi-
vidual crash at very nearly
its exact time and location.



In this article, we ex-
amine 1) the association of

TasLE |. Contingency table used for calculation of relative risk.

precipitation with fatal traf-

fic crashes, 2) the impact

of precipitation intensity,
and 3) how this association

Wet periods Dry periods
Number of fatal crashes A B
Number of periods under similar circum- C D

stances in which no fatal crash occurred

changes across seasons, re-
gions, and time of day.

METHODS. Database of fatal accidents. We used the
Fatality Analysis Reporting System (FARS) dataset for
2006-11 from the National Highway Traffic Safety
Administration (NHTSA) to retrieve information
surrounding 193,840 fatal crashes that occurred
throughout the continental United States (NHTSA
2018). FARS contains the census of all traffic crashes
on public roads in the United States that resulted in at
least one death within 30 days of the crash. For each
crash, the database contains information on the time
and location of the crash (latitude and longitude),
along with relevant personal and behavioral infor-
mation pertaining to known risk factors for traffic
crashes (e.g., use of alcohol and other drugs). The
law enforcement official investigating the crash scene
records all of this information on the crash report. To
eliminate as much of the effect of alcohol and other
drugs as possible, this study excludes any fatal crash
in which the involvement of either is noted in the
police report. This leaves 125,012 fatal crashes of the
original 193,840. Since the official that reports the
fatal crash is often not an eyewitness to the incident
itself, estimation errors can occur in the reporting.
For example, we observe a notable increase in the fre-
quency of crashes at the top and bottom of the hour,
likely the result of times of crashes being estimated.
This can introduce challenges when matching crash
times to precipitation estimates on such a fine scale.
However, there is little reason to suspect the introduc-
tion of any prescribed bias. Circumstances surround-
ing the crash are likewise reported by the investigat-
ing official, including weather and road conditions.
While it has been shown that these reports generally
agree with station data at short distances (Chung et al.
2018), many locations in the United States are more
distant from reporting stations, and precipitation is
known to vary dramatically even over short to mod-
erate distances. In Canada, these reports have been
shown to underestimate the frequency of weather as
a contributing factor in crashes when compared to
insurance claims (Mills et al. 2011).

NEXRAD reanadlysis. Based on algorithms developed
at the National Severe Storms Laboratory (NSSL),
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NOAA’s NEXRAD reanalysis providesa 0.01° x 0.01°
latitude-longitude estimate of precipitation rate on a
5-min time scale, derived primarily from NEXRAD
reflectivities, coupled with Rapid Update Cycle model
analysis to determine precipitation type (Zhang
et al. 2011). Estimates at the hourly scale and longer
are gauge-adjusted using hourly gauges across the
United States, but subhourly precipitation rates are
not, due to the lack of finescale subhourly gauges
available. These algorithms have been retroactively
applied to all archived NEXRAD data covering
the years 2000-11, in a joint project between NSSL
and NOAA’s National Centers for Environmental
Information (NCEI). The result is a high-resolution,
high-frequency gridded precipitation estimate that
allows for the retrieval of precipitation rates for the
continental United States (Nelson et al. 2017).

The sparsity of radar antennas in the western
United States results in many points that are quite
distant from any antenna (Maddox et al. 2002), which
degrades resolution, can result in beam overshooting
of precipitation, and provides less data with which
to create a precipitation estimate. In addition, areas
of complex terrain are subject to beam blockage in
valleys (Krajewski et al. 2006). However, in areas of
good radar coverage, the NEXRAD estimate has been
found to perform well against rain gauge networks (Wu
etal. 2012; Stenz et al. 2014), particularly in stratiform
regimes (Chen et al. 2013). Furthermore, the effect of
any imprecision in this estimate is small in this context,
as we are primarily concerned with the presence or
absence of precipitation, rather than the precise rate.

Determining risk of a fatal crash due to precipitation. The
strength of the relationship between precipitation and
crashes is tested using relative risk, which is defined
asp /p,, where p, represents the probability of a crash
in the presence of precipitation, and p, represents the
probability of a crash in its absence. Thus, using the
contingency table shown in Table 1, relative risk can
be calculated as

A/(A+C)
B/(B+D)
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To measure the increased risk, we compare the frac-
tion of crashes that occur during precipitation to a
weighted climatology based on the same time and
season at each respective point. Every 5-min pre-
cipitation estimate at the NEXRAD pixel containing
the crash site is classified as either dry or wet (A or
B), over its entire period of record (2000-11). The
climatological frequency of precipitation according to
the NEXRAD reanalysis at that location, controlled
for the time and season of the crash, provides a ratio
which can be used to supply a robust C and D that is
unique to the exact location, time, and season of each
crash. The entire table can then be summed for any
selection of crashes to obtain a single value of relative
risk for a given hour, month, region, or any combi-
nation thereof. Wet periods are further subdivided
into light (<2.5 mm h™), moderate (2.5-7.6 mm h),
and heavy (>7.6 mm h') precipitation, according
to classifications used by the American Meteoro-
logical Society’s Glossary of Meteorology (American
Meteorological Society 2012). We implicitly assume
that selecting for location, hour of day, and month
controls for all other risk factors such that they
vary randomly from one crash to another with no
relationship to the presence of precipitation or to
its climatological frequency, providing us with an
approach similar to that of a matched-pair analysis.
To quantify the uncertainty in this estimate, we per-
form a 1,000-iteration bootstrap, which provides us
with a robust 95% confidence interval in our estimate
of relative risk. This analysis is repeated for each of
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1.32-1.44
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Mean Relative Risk
1.21-1.30
1.31-1.40
1.41-1.50

N 1.51-1.60

B 1.61-1.70

I 1.71-1.80

Fic. 2. Relative risk of a fatal crash due to precipitation by region. Range

represents 95% confidence interval.
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the nine regions of the continental United States laid
out in Karl et al. (1984).

RESULTS. Out of 125,012 fatal crashes studied where
the effects of alcohol and other drugs were not noted,
NEXRAD indicates falling precipitation in 9,636
cases (7.7%), compared to a weighted climatology that
indicates such conditions only 5.8% of the time. The
overall relative risk of falling precipitation with regard
to fatal crashes is 1.343, representing a 34% increase
in the likelihood of a fatal crash during precipitation.
The 95% confidence interval is 1.315-1.371. This falls
within the range found by Black and Villarini (2019),
who noted relative risk values ranging from 1.10 to
1.76, although the bulk of these studies include all
crashes, rather than only those with fatal outcomes.
Regionally, the risk varies from a low of 1.22 in the
Northeast to 1.74 in the Northern Rockies (Fig. 2).

Precipitation intensity. Due to decreased visibility and
road traction, one may expect the effect of precipita-
tion on fatal crashes to scale with intensity. As the rate
of precipitation increases, driver visibility quickly de-
grades, and water may begin to pool on road surfaces,
increasing the risk of hydroplaning. On the daily scale,
Hambly et al. (2013) found a clear relationship between
the magnitude of daily precipitation and the risk of a
crash (with or without casualties), with the relative risk
on heavy precipitation days (>20 mm) rising to 1.47.
Black and Villarini (2019) find a similar positive re-
lationship between hourly precipitation totals and the
relative risk of a crash. We
find, on the instantaneous
level, that risk increases
more dramatically with
heavier precipitation, nearly
doubling from 1.27 during
light precipitation to 2.46
during heavy precipita-
tion (Fig. 3, blue bars). The
differences in the relative
risk for each precipitation
category are statistically
significantly different from
one another, despite the
rapidly decreasing sample
sizes at heavier precipita-
tion rates (Fig. 3, red bars).

1.23-1.35,

Variation throughout the day.
Day and night bring dif-
ferent hazards, with night-
time resulting in decreased



Relative Risk

Fic. 3. Relative risk (blue, left axis) and number of fatal crashes (red, right
axis) associated with light, moderate, and heavy precipitation. Error bars
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visibility but also decreased traffic density. The rela-
tive risk of precipitation ranges from roughly 1.0 (no
increased risk) during the overnight hours to a maxi-
mum of 1.6 during the morning rush hour (Fig. 4).
While the total number of fatal accidents peaks in
the evening hours, in agreement with Black and Mote
(2015), we still find the risk associated with precipi-
tation to peak during the morning. The difference
between day and night is statistically significant, and
can possibly be attributed

to the lack of vehicles on

regional variation in the
strength of the seasonal
signal. Figure 6 shows the
ratio of the relative risks
in winter (December-
February) and summer
(June-August). Most re-
gions show a higher risk
during the winter, with the
largest differences found
in the Northern Rockies
and Upper Midwest, areas
characterized by frequent
snowfall during the winter.
= In areas with relatively little
winter precipitation (e.g.,
Northwest, Southeast), the
signal is predictably much
weaker, or even inverted.
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DISCUSSION. Using a high-resolution precipi-
tation estimate that allows for near-instantaneous
assessment of the weather conditions surrounding
a fatal crash, we find a strong association between
precipitation and fatal traffic crashes for the entire
continental United States, and this holds true in all
regions, although at varying degrees. The relative
risk overall is approximately 1.34, which falls in line
with previous work, although much of the literature

Relative Risk by Hour (Local Time)

the road during the night, 2.0
reducing the number of 1.8
collision opportunities. 161
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ice throughout much of o \f
the United States, the risk '
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of weather-related fatal

crashes is expected to in-

Number of Fatal Crashes

crease during the winter
months (Qiu and Nixon
2008). We find this sig-
nal clearly evident, with
the winter months show-
ing a marked increase in
the risk of precipitation
(Fig. 5). This seasonal vari-
ability is likely the result of
snowfall during the winter
months, and this hypoth-
esis is supported by the
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Fic. 4. (top) Relative risk for all precipitation and (bottom) number of total
fatal crashes by hour of day.
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has investigated all reported crashes, rather than just
fatalities. Studies that have focused on fatal crashes
have typically found lower values of relative risk than
this study (Black and Villarini 2019), although these
studies have normally used coarser data in both time
and space. It is notable that we come to this number
by only investigating the precipitation conditions at
nearly the exact time of a crash, with no regard to pre-
cipitation that may have fallen earlier, thus impacting
the road conditions. This suggests that a great deal of
the risk due to precipitation is applicable only while it
is actively falling, rather than afterward. This agrees
with Andrey and Yagar (1993), who found that the
risk due to rainfall drops significantly immediately
after a rain event. In addition, finding relative risk
values in line with previous work that has employed
precipitation data aggregated over time and space
provides some validation for those methods and sug-
gests that precision is not significantly lost by doing
s0, however our risk values start to diverge from the
literature at heavier precipitation rates.

Not surprisingly, the risk of a fatal crash due to
precipitation is lowest at light rates, although still
greater than unity [relative risk (RR) = 1.29, confi-
dence interval (CI) = (1.26, 1.32)]. As heavier rates
degrade visibility and road conditions, the risk scales
accordingly, with the risk of a fatal crash during
heavy precipitation found to be more than double the
background risk [RR = 2.46, CI = (2.29, 2.63)]. This

Relative Risk by Month

finding is considerably higher than that found in
previous work (Hambly et al. 2013), which highlights
the value of being able to isolate the narrow time
window during which a crash occurred, as exception-
ally heavy precipitation rates are often washed out by
aggregating to longer time scales. Diurnally, we find
anotable difference between day and night, with the
highest risk of a fatal crash due to precipitation oc-
curring during the morning rush hour, when traffic
is congested and provides more opportunity for a
collision. This is expected based on previous studies
that found a similar pattern (Tamerius et al. 2016),
but we find the same even when looking exclusively
at fatal crashes. The lack of a second spike in relative
risk during the evening rush hour could possibly be
attributed to the lower likelihood of low visibility
conditions (Stevens 2019) or frozen precipitation in
the evening hours.

The National Climate Assessment (USGCRP
2018) reported that average annual precipitation for
the United States has increased since 1900, with vari-
ability based on the climate region (Peterson et al.
2013; USGCRP 2018). Based on the results of our
study, areas with increasing precipitation would likely
be more susceptible to fatal motor vehicle crashes
because of increased exposure. The seasonal timing
of the precipitation is also very important. The re-
gional differences in the risk of precipitation during
winter suggest that winter precipitation is particu-

larly hazardous, so areas
that experience increasing

1.8 winter precipitation may be
171 especially at risk of an in-
161 crease in fatal crashes. The
< 4 P . . .
21> way precipitation is falling
1.4 . . .
2 is also changing nation-
£ 1.34 .
T4, ally. Heavier downpours are
x 1.21 .
114 becoming more common
101 nationally and are projected
0.91— . . : . . : . . . . . to continue to increase in
Number of Fatal Crashes the future (Kunkel. et al.
17500 ] 2013). Combined with the
15000 strong correlation between
heavier precipitation and
12500 L
fatal crashes, the implica-
10000 Lo . .
tion is that ever-increasing
75001 exposure to heavy down-
5000 pours may lead to an associ-
2500 ated climb in fatal crashes,
0- a conclusion supported by
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Mar Apr May Jun Jul Nov Dec
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other work such as Hambly
et al. (2013). The contin-
ued monitoring of these

FiG. 5. (top) Relative risk for all precipitation and (bottom) number of total
fatal crashes by month of year.
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Winter/Summer Ratio of Relative Risk

2.00 A

Fic. 6. Ratio of relative risk in winter (Dec-Feb) vs summer (Jun-Aug) by region.

relationships with high precision data is necessary to
identify the changes that occur over time and build
relationships that could help reduce risks.

Our results show that precipitation at all intensities
contributes a significant risk to fatal traffic crashes.
These results highlight the need for greater research
in incorporating accurate and location-specific
weather information in designing weather-responsive
traffic management strategies (Pisano and Goodwin
2004). Deployment of environmental sensors as part
of roadway weather information systems (Jin et al.
2014) is being considered across the Department
of Transportation, which might have an impact
on injury prevention. While awareness campaigns
and laws have long been established regarding the
dangers of alcohol-impaired driving (Eisenberg
2003), recent pushes have been made to expand into
less-appreciated risk factors such as driving while
drowsy or using a mobile device (Strayer et al. 2006;
Nelson et al. 2009). Precipitation, particularly light
precipitation, may be another of these underappreci-
ated risks, with most drivers confident that their risk
is not substantially increased during a precipitation
event. A greater recognition of the added risk of pre-
cipitation with regard to traffic fatalities on the part
of traffic engineers and public safety agencies could
result in more timely advisories and more widespread
awareness of the danger posed. Warnings of icy con-
ditions on a specific curve in California were found
to significantly reduce driving speed (Veneziano

AMERICAN METEOROLOGICAL SOCIETY

et al. 2014). Effective means of communicating the
risk from hazardous weather that lead to adoption of
protective measures by the public remain an active
area of research (Barjenbruch et al. 2016). Possible
strategies include early-warning systems that alert
drivers to impending precipitation, or the expansion
of variable speed limits that adapt to road conditions.

A logical extension of this work is the exploration
of precipitation type. While precipitation type is a
part of the NEXRAD reanalysis, it is currently an
estimate based on model temperature data rather
than radar returns and was not used in this study
to make a determination of the type of precipitation
falling at the time of a fatal crash. The proliferation
of dual-polarization radar throughout the NEXRAD
network will allow for better discrimination of pre-
cipitation types in the future (Chandrasekar et al.
2013; Grazioli et al. 2015), which will result in the
ability to distinguish our results associated with rain
versus those associated with snow and ice.

The risk of a fatal crash is measurably and sig-
nificantly increased by falling precipitation, even at
light rates, in all regions of the continental United
States, even without considering after-effects such
as wet roads that may linger after the precipitation
has stopped. Investigating this relationship at high
resolution confirms results found by previous work
that utilized coarser data, and suggests that the
impact of heavy precipitation may be greater than
previously thought.
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